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Abstract
Light‐induced reactions offer a wide spectrum of possible applications in synthetic
chemistry. Simply, by means of irradiation, bonds can be formed or already existing
conjunctions can be cleaved without the need of additional catalysts, thus yielding a
versatile and clean method to design macromolecules in solution and on surfaces. In
the course of the present thesis, the light‐induced reactivity of o‐nitrobenzyl and 2‐
methoxy‐6‐methylbenzaldehyde (photoenol, PE) is applied to design patterned
surfaces for biological applications as well as to form complex macromolecular
architectures in combination with supramolecular host‐guest interactions. Such
novel and effective techniques to form complex macromolecular architectures aid in
the design of advanced functional materials.
By means of a photolithographic approach, spatially resolved functionalized
polycarbonate (PC) films are generated and employed in the context of cell culture
and guiding. The combination of photopatterning via the cleavage of an o‐
nitrobenzyl derivative and the surface‐initiated polymerization of an oligo(ethylene
glycol) (OEG) derivative creates micropatterns of passivated and non‐passivated
areas on the film. In the non‐passivated areas carboxylic acid functionalities increase
the adhesiveness of the PC surface and lead to cell/protein attachment on the film,
whereas the poly(OEG) forms a biorepellent layer. Specific areas of the polymeric
substrate can thus be made accessible for biological impact, such as strongly fouling

sera (fetal calf serum (FCS)), proteins (enhanced green fluorescent protein (eGFP))
and specific cell attachment. In addition, the patterned PC substrates are
thermoformed into 3D microchannels and cell guiding within the 3D structure is
achieved.
Moreover, for the first time the photoenol Diels‐Alder reaction and β‐cyclodextrin
(CD) host‐guest interactions are combined as an innovative tool for the modular
design of sophisticated polymer architectures. The PE unit enables the light‐induced
reaction with a reactive double bond and β‐CD is able to form strong inclusion
complexes with suitable guest molecules. In this context several chain transfer
agents (CTA) are synthesized and equipped with supramolecular recognition units
(tert‐butyl phenyl and adamantyl), a photoactive unit (photoenol, PE), and a
molecule with a reactive double bond (maleimide), respectively. By means of
reversible‐addition fragmentation chain transfer (RAFT) polymerization of water
soluble acrylamides – N‐isopropylacrylamide (NiPAAm), N,N’‐dimthylacrylamide
(DMAAm),

N,N’‐diethylacrylamide

(DEAAm),

and

N‐hydroxyethylacrylamide

(HOEAAm) – the functionalities attached to the CTAs are transferred onto the chain
termini of well‐defined polymer blocks with narrow size distributions. The
generated multifunctional blocks are combined to di‐, tri‐, and tetrablock
copolymers. Thus, partially covalent and partially supramolecularly ligated
multiblock copolymers are obtained and in‐depth analyzed via size exclusion
chromatography (SEC), high resolution (Orbitrap) electrospray ionization mass
spectrometry, dynamic light scattering (DLS) and nuclear Overhauser effect
spectroscopy (NOESY).
Furthermore, a variation of this block building technique is employed for the design
of stimuli responsive nanoparticles. The approach is based on the formation of a
supramolecularly

connected

diblock

copolymer

of

β‐CD

functionalized

poly(DMAAm) and adamantyl bearing poly(NiPAAm), which has PE crosslinking
units incorporated in its side chain. In aqueous solution, micellization of the diblock
copolymer occurs when heated above the lower critical solution temperature (LCST)
of the thermoresponsive poly(NiPAAm) block, which is subsequently cross‐linked in
its core. The statistically incorporated PE units enable photo‐induced reactions with

the maleimide end‐groups of the linker molecule. The linker is encapsulated in the
micelle during the self‐assembly of the diblock copolymer. The cross‐linked cores of
the micelles yield the thermoresponsive nanoparticles that are released from their
micellar scaffold via the removal of the β‐CD arms with trifluoroacetic acid (TFA)
featuring a trigger temperature around 30 °C. Among other characterization
techniques, DLS and atomic force microscopy (AFM) are applied to analyze micelles
and nanoparticles in detail. In summary, the efficiency of light‐induced reactions to
design surfaces and complex polymer architectures is demonstrated.

Zusammenfassung
Lichtinduzierte

Reaktionen

Anwendungsmöglichkeiten

in

haben
der

eine

synthetischen

große

Bandbreite

Chemie.

Durch

an

einfache

Bestrahlung und ohne die Zugabe von Katalysatoren können neue chemische
Bindungen geknüpft werden oder vorhandene Bindungen gespalten werden.
Dadurch sind photoinduzierte Reaktionen eine vielfältige und saubere Methode, um
makromolekulare Architekturen in Lösung und auf Oberflächen aufzubauen. Im
Verlauf der vorliegenden Arbeit wird die durch Licht induzierte Reaktivität von o‐
Nitrobenzyl und 2‐Methoxy‐6‐methylbenzaldehyd (Photoenol, PE) genutzt, um
strukturierte Oberflächen für biologische Anwendungen zu gestalten, und um in
Kombination

mit

supramolekularen

Wirt‐Gast‐Wechselwirkungen

komplexe

makromolekulare Architekturen aufzubauen. Derart neue und wirkungsvolle
Verknüpfungstechniken zum Aufbau komplexer Polymerstrukturen sind die
Grundlage für die Entwicklung von fortschrittlichen und funktionellen Materialien.
Mittels eines photolithographischen Ansatzes werden ortsaufgelöst funktionalisierte
Polycarbonat(PC)‐Filme

erzeugt,

die

für

Zellkulturen

und

Zellführungs‐

Untersuchungen eingesetzt werden. Durch die Kombination aus photochemischer
Abspaltung

eines

o‐Nitrobenzyl‐Derivats

mit

der

oberflächeninitiierten

Polymerisation eines Oligoethylenglykol‐Derivats werden Mikrostrukturen von
passivierten und nichtpassivierten Bereichen auf dem Film generiert. In den
nichtpassivierten

Bereichen

erhöhen

Carbonsäure‐Funktionalitäten

die

Haftfähigkeit der PC‐Oberfläche und führen zu Protein‐ und Zellanlagerungen auf
dem Film, wohingegen das Poly(OEG) eine bioabweisende Schicht bildet. Dadurch
werden bestimmte Bereiche des Polymersubstrats für biologische Einflüsse

zugänglich, wie z.B. für Fetales Kälberserum (FCS), grün fluoreszierendes Protein
(GFP) und für spezifische Zellanhaftung. Zudem werden die strukturierten
Oberflächen thermisch in einen dreidimensionalen Mikrokanal umgeformt, um die
Zellführung innerhalb der 3D‐Struktur zu untersuchen.
Darüber hinaus wird erstmalig die photoinduzierte Diels–Alder Reaktion in
Kombination mit β‐Cyclodextrin (CD) Wirt‐Gast‐Beziehungen eingesetzt, um auf
modulare Weise anspruchsvolle Polymerarchitekturen aufzubauen. Die PE‐Einheit
ermöglicht die lichtinduzierte Reaktion mit reaktiven Doppelbindungen, und β‐CD
kann stabile Einschlusskomplexe mit geeigneten Gastmolekülen ausbilden. Zu
diesem Zweck werden sogenannte RAFT‐Reagenzien (s.u.) synthetisiert, die jeweils
mit supramolekularen Erkennungseinheiten (tert‐Butyl phenyl), photoaktiven
Einheiten (Photoenol, PE) und Molekülen mit einer reaktiven Doppelbindung
(Maleimid) ausgestattet sind. Mittels reversibler Additions‐Fragmentierungs‐
Kettentransfer(RAFT)‐Polymerisation
N‐Isopropylacrylamid

(NiPAAm),

von

wasserlöslichen

Acrylamiden

N,N‘‐Dimethylacrylamid

–

(DMAAm),

N,N‘‐Diethylacrylamid (DEAAm) und N‐hydroxyethylacyrolamid (HOEAAm) –
werden die funktionellen Gruppen der RAFT‐Reagenzien auf die Kettenenden von
Polymerblöcken mit kontrollierter Kettenlänge übertragen. Die so erzeugten
multifunktionellen Blöcke werden zu Di‐, Tri‐ und Tetrablockcopolymeren vereint.
Dadurch entstehen teils kovalent gebundene und teils supramolekular verknüpfte
Multiblockcopolymere, die eingehend mittels Größenausschlußchromatographie,
hoch auflösender (Orbitrap‐)Elektrospray‐Ionisations‐Massenspektrometrie (ESI‐
MS), dynamischer Lichtstreuung (DLS) und Kern‐Overhauser‐Effekt‐Spektroskopie
analysiert werden.
Zusätzlich werden die modularen Bausteine für die Entwicklung thermoresponsiver
Nanopartikel eingesetzt. Der Ansatz basiert auf der Herstellung von supramolekular
verbundenen Diblockcopolymeren, bestehenden aus einer β‐CD‐funktionalisierten
Poly(DMAAm)‐Einheit und eines Adamantyl‐funktionalisierten Poly(NiPAAm)‐
Blocks mit zusätzlich eingebauten PE–Vernetzungspunkten in der Seitenkette. In
erhitzter wässriger Lösung ordnen sich die Diblockcopolymere zu Mizellen an, wenn
die

untere

kritische

Lösungstemperatur

(LCST)

des

thermoresponsiven

Poly(NiPAAm)‐Blocks erreicht wird. Die Mizellen werden anschließend durch

Bestrahlung in ihrem Inneren vernetzt. Dabei ermöglichen die statistisch
eingebauten PE‐Einheiten die photoinduzierte Reaktion mit den Maleimid‐
Endgruppen eines während der Mizellenbildung eingeschlossenen Linkermoleküls.
Die

quervernetzten

Kerne

der

Mizellen

ergeben

die

thermoresponsiven

Nanopartikel, mit einer kritischen Kontraktionstemperatur von 30 °C, die durch das
Entfernen der β‐CD‐funktionalisierten Arme, mittels Zugabe von Trifluoressigsäure
(TFA),

aus

ihrem

Mizellengerüst

Charakterisierungsmethoden

werden

befreit
dynamische

werden.

Neben

Lichtstreuung

anderen

(DLS)

und

Rasterkraftmikroskopie (AFM) eingesetzt, um Mizellen und Nanopartikel eingehen
zu untersuchen.
Im Allgemeinen wird gezeigt, dass lichtinduzierte Reaktionen äußerst wirkungsvoll
sind, um Oberflächen zu bearbeiten und komplexe makromolekulare Architekturen
zu konstruieren.
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1. Introduction

Nature has inspired scientists at the beginning of the 20th century to employ light as
an energy source to trigger chemical reactions.1,2 Since that time, a plethora of
research on photochemical reactions has been performed in organic chemistry and
polymer science alike and has led to a wide application range, due to their advanced
features.3‐5 Light‐induced chemical reactions provide spatial and temporal control
over covalent bond formation or molecular cleavage, by focusing the light beam on
specific areas and with defined exposure times. The wavelength and the intensity of
the incident light can be varied to trigger reactions that are susceptible to a certain
range of the electromagnetic spectrum only, thus providing a level of selectivity and
orthogonality,6 also towards light‐insensitive units, which is not achievable with
conventional thermally induced reactions. Since light‐induced reactions proceed at
ambient temperature without the need of additional reagents and toxic catalysts,

1
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they can be applied to highly sensitive systems, e.g. in bio‐orthogonal
conjugations.7,8,9 Furthermore, photo‐triggered reactions can proceed with high
yields and minimum side reactions which simplifies or even prevents the need for
purification of the sample.5
The present thesis exploits photo‐induced reactions for the design of patterned
surfaces aimed towards advanced applications and the construction of complex
macromolecular architectures in solution. Thus, the study is divided into two major
chapters: Chapter 3) The modification of chemical surfaces via photo‐induced
deprotection and Chapter 4) The design of complex macromolecular architectures,
combining light‐induced reactions with supramolecular chemistry (Figure 1.1).
Although photochemical reactions have already been extensively employed in
polymer science, the range of these reactions is still not exhausted, especially in
combination with other ligation techniques and novel substrates.

Figure 1.1. Draft of the projects presented in the present dissertation.

There is an emerging need in biological research to develop microscaffolds which
can mimic organs as structural subunits of the body, e.g. hollow tubes that can
resemble the central nervous system (CNS) or non‐tubular structures such as the
heart.10, 11 To further advance the biological platform or to study defined co‐cultures,
boundaries have to be introduced as they are naturally occurring in a living
system.12‐14 Part of the current study has the aim to develop a general method for
spatially functionalizing polycarbonate (PC) films for advanced cell culture and
guiding experiments, followed by a thermoforming step (the so‐called SMART
method). 15‐17 The hollow microchannel structures that are generated in this manner
2

can simulate the neural channels of zebra fish. Since light‐induced reactions provide
a mild and efficient tool to precisely introduce defined patterned onto a surface, a
photolithographic approach is employed to modify the PC films. Accordingly, a
photo‐active moiety, acting simultaneously as an initiator for controlled radical
polymerization, is covalently attached to the surface and subsequently released in
defined areas, by means of soft UV irradiation and a photomask. Followed by the
surface‐initiated polymerization of a biorepellent polymer – evolving at the
remaining initiator –micro‐patterns of polymer brushes in the non‐irradiated areas
and hydrophilic moieties in the irradiated areas are generated. Thus, certain areas
on the substrate are activated for cell attachment, whereas other areas have bio‐
repellent properties. Furthermore, a 3D microchannel is shaped on the photo‐
patterned polycarbonate film via a thermoforming process. In cooperation with a
biology research group, specific cell‐attachment to the pre‐defined areas on the
patterned film is investigated, on the 2D substrate and in the 3D shaped
microchannel.
The second part of the present dissertation addresses the development of complex
polymer architectures, which has been driving polymer scientists in recent
years.18,19,20 Since the emergence of reversible deactivation radical polymerization
methods, also referred to as controlled radical polymerization (CRP), it is possible to
synthesize well‐defined polymer chains with regard to molecular weight, size
distribution and end‐group functionality.21 In combination with highly efficient
organic reactions, summarized under the term click reactions, a toolbox of polymeric
building blocks can be compiled, which allows for the access of tailor‐made
functional materials and sophisticated macromolecular architectures.22‐24
The study is motivated by the strong demand for the simple design of
macromolecular architectures via the versatile coupling opportunities offered by
light‐induced and supramolecular chemistry. In particular, host‐guest interactions of
cyclodextrins (CD) have found broad application in polymer science as an important
tool for non‐covalent conjunctions, e.g. in drug delivery systems25 or self‐healing
materials.26 By merging the efficient light‐induced Diels–Alder click reactions with
supramolecular host‐guest interactions of CDs, materials with new and improved
3
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properties can be developed. Both linking techniques have the advantage of
orthogonal and quantitative conversion without the need of further reactants and
purification steps. Since the supramolecular host‐guest complexes of CDs are
generally formed in water, a set of water soluble polymer building blocks is
synthesized with CRP protocols, to be precise with reversible addition‐
fragmentation chain transfer polymerization (RAFT). Thus, a range of newly
designed chain transfer agents (CTA) is employed to introduce the desired
functionalities – supramolecular recognition sites and light‐responsive units – into
the polymer blocks. By means of irradiation and supramolecular self‐assembly, tri‐
and tetrablock copolymer structures are obtained. Moreover, a variation of this
block building technique is employed in the design of stimuli responsive
nanoparticles from thermoresponsive monomers.
The methods introduced in the course of the present thesis critically expand the field
of photochemical reactions by associating them with other ligation techniques such
as supramolecular chemistry or with innovative substrates, e.g. thermoformable PC
films. Thus, a valuable contribution is provided to readily construct complex
macromolecular architectures with advanced features and to design biological
platforms.

4

2. Theoretical Background and
Literature Overview

In the following chapter a brief overview on the theoretical background of the
methods which were employed in the course of the present dissertation is given.
First, the development of light‐induced reactions is summarized, followed by specific
examples of photochemically activated reactions. Subsequently, an outline on radical
polymerization techniques is given, with a focus on applied syntheses. In addition to
light‐induced reactions, supramolecular host‐guest interactions of cyclodextrins
were utilized to ligate polymer building blocks and are therefore described.
Furthermore, surface modification approaches are presented. Finally, a general view
on modular ligation techniques for polymeric building blocks is given along with
possible architectures that can be obtained via modular ligation. The individual
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topics are briefly summarized and the reader is referred to the literature for further
coverage of the topic.

2.1 Light‐Induced Reactions
The thesis addresses novel applications of light‐induced reactions in the context of
surface modifications and macromolecular design. Therefore, a brief description of
the development of photochemical reactions is given, along with the theoretical
background that is needed in order to understand the processes occurring after
photochemical activation. Moreover, the reaction mechanism of the applied
photochemistry together with a literature overview is presented.

2.1.1 Photochemistry – a Brief History
The pioneers in the field of photochemistry were Trommsdorf, who was the first to
hypothize that light interacts with matter and can induce chemical reactions27 and
Einstein with the discovery of the laws governing the photoelectric effect and the
quantum equivalence.28,29 Followed by Planck and its quantum hypothesis as well as
Bodenstein and Stark who gave insight into the kinetics of radiated molecules,30,29
the foundation for light‐induced chemical reactions was laid. The first systematic
study on the influence of light on organic compounds was performed by Ciamician
and Silber with the intention to employ sunlight for chemical reactions.1,2,31‐33
Furthermore, the combined work of Paternò and Büchi, known as the famous
Paternò‐Büchi reaction, described the photochemically induced [2+2]‐cycloaddition
of a carbonyl with olefins to oxetans (Scheme 2.1).3 The Paternò‐Büchi reaction is to
this date the most widely used method for oxetanes synthesis.34

Scheme 2.1. Paternò‐Büchi reaction: Addition of an excited‐state carbonyl compound to an olefin to
form an oxetan.3

6
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Furthermore, Norrish and coworkers investigated the photochemical decomposition
of carbonyl compounds and thus, gave insight into the occurring photochemical
processes, using laser flash photolysis.35‐38 Their discoveries (depicted in Scheme 2.3
and Scheme 2.4) are referred to as the Norrish Type I and Norrish Type II reaction
and will be explained in more detail later in the current section. Firstly, however the
processes occurring in a photochemically excited molecule are explained.
Photochemical reactions occur through absorption of a photon by a compound,
which initially leads to the excitation of electrons from the electronic singlet ground
state of the molecule to its exited singlet state from which further electron
transitions can occur. Such electron transitions can be visualized by a Jablonski
diagram, depicted in Figure 2.1.39

Figure 2.1. Jablonski diagram of a three level system, with singlet ground state (S0), exited singlet
state (S1) and an excited triplet state (T1).The following photochemical processes are shown:
Excitation of an electron via absorption (red), internal conversion (IC) and vibrational loss (non‐
radiative), fluorescence, intersystem crossing (ISC), phosphorescence and chemical reactions.

After absorption, the excited molecule can now undergo several radiative or non‐
radiative deactivations:
Internal conversion(IC) and vibrational relaxation: The absorbed energy is released
via a radiationless transition from the excited singlet state to the singlet ground
state. Since the transfer occurs between two states with equal spin multiplicity, IC

7
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occurs relatively fast and the energy is released into the environment via collisions
or vibrational relaxation.
Fluorescence: After excitation into the excited singlet state, the molecule releases a
part of its energy via collisions with its environment. Through this radiationless
deactivation, the molecule can reach its exited singlet ground state. Since the
remaining energy is too high to be absorbed by the environment and to deactivate
the molecule, the energy is released by spontaneous emission of a photon
(fluorescence).
Intersystem crossing (ISC): The molecule undergoes radiationless spin conversion
from the excited singlet into an energetically lower excited triplet sate, characterized
by the presence of two unpaired electrons with parallel spin. Especially in molecules
where the S1‐T1 energy gap is low (e.g. ketones) ISC rates are enhanced.
Phosphorescence: After ISC, the molecule is located in its triplet state. Here, as well as
in the excited singlet state, some of the energy is released by vibrational relaxation
until the ground level of the excited triplet state is reached. As it was the case for
fluorescence, the energy of the molecule is too high to be absorbed by the
environment. As a consequence, emission of a photon (phosphorescence) from the
triplet ground state occurs, yet is rather slow, since the probability of a spin change
from triplet to singlet is reduced. The later restriction results in longer emission
times even after the light source has already been removed. Furthermore, the
molecule can return to the S0 ground state via chemical reaction.
Chemical reactions and dissociation: Chemical reactions can either occur from the
exited singlet state or the excited triplet state, depending on the absorbing molecule.
An overview of possible chemical reactions which can occur after photochemical
excitation is summarized in Scheme 2.2.

8
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Scheme 2.2. Overview of chemical processes which can occur after photochemical excitation. A, B, C,
and D are arbitrary molecules.40

Especially light triggered isomerization is important for the photo‐induced reactions
employed in the current thesis and will be further discussed in sections 2.1.2 and
2.1.3.
In order to quantify photochemical reactions, the quantity of the incident light
absorbed by the sample needs to be determined. In general, light absorption is
quantified through Beer‐Lambert`s law which is the relationship between
absorbance and the concentration of an absorber of electromagnetic radiation:

log
I0
It
ε
l
[J]

= Intensity of the incident light
= Intensity of the transmitted light
= molar extinction coefficient
= path length of the light
= concentration of the absorbing species.

Equation 2.1. Beer‐Lambert’s law.40

To measure the absorption, the intensity of irradiation before (I0) and after passing
through a sample (It) is determined. After calculation of the negative logarithm of
the ratio of both intensities and plotting against sample concentration and path
length, the molar extinction coefficient can be determined. The later characterizes
the absorbance of a molecule.40
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Norrish and coworkers revealed that the electron transition in carbonyls derives
from the excitation of an electron stemming from the free electron pair at the oxygen
(n) into an unoccupied antibonding π*‐orbital of the carbonyl double bond. This
transition is referred to as n → π* excitation, which is in fact symmetry forbidden.
However, due to the small triplet‐singlet energy gap, the ISC rates of carbonyls are
high. Thus, photochemical reactions from the excited singlet state can occur, yet
reactions from the excited triplet state are more likely. The cleavage of a carbon‐
carbon bond in α‐position to the carbonyl group, resulting in two radicals, is shown
in Scheme 2.3, and is referred to as Norrish Type I reaction. Subsequently, the
formed acyl‐ and alkyl‐ radicals, which are obtained either from the excited singlet
or the excited triplet state, can undergo several reactions to yield in a variety of
possible products: Recombination of the radicals to the starting compound (I),
decarboxylation (II), intermolecular hydrogen transfer (III) and intramolecular
hydrogen transfer (IV).34,41 For example, radical initiation methods in polymer
chemistry, such as the light‐induced decomposition of benzoin into benzoyl‐ and
benzyl alcohol radicals, follow a Norrish Type I mechanism.42

Scheme 2.3. Norrish Type I reaction: intramolecular α‐cleavage. 4‐Methyl‐3‐hexanon was
exemplarily chosen to demonstrate the processes described in literature.41,34

Furthermore, a second dissociation mechanism was itemized by Norrish. The
Norrish Type II reaction, shown in Scheme 2.4, describes the intramolecular
abstraction of a hydrogen atom from the γ‐position, generating a 1,4‐diradical which
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can recombine to its initial state (I), cyclize to cyclobutanol (II) or undergo cleavage
to give an alkene and an enol (III).

Scheme 2.4. Norrish Type II reaction: Intramolecular hydrogen abstraction from a carbon‐hydrogen
bond in γ‐position to the carbonyl bond.43

The background information, given in the past section, aids to understand the
photoenolisation mechanism of o‐methyl substituted aromatic ketones and
aldehydes as they were applied in the course of the present thesis.

2.1.2 Photo‐Induced Diels–Alder Reactions
The photo‐ligation strategy employed in Chapter 4 is based on the light‐induced
isomerization reaction of 2‐methoxy‐6‐methylbenzaldehyde, which forms an
extremely reactive diene, a so called o‐quinodimethane (photoenol), upon
irradiation with UV light. The so formed diene can further react in a [4+2]
cycloaddition (Diels–Alder reaction) in the presence of a dienophile. This light
induced Diels–Alder (DA) reaction is highly orthogonal towards other ligation
methods, e.g. conventional DA reactions or copper catalyzed azide alkyne
cycloaddition. Furthermore, light as trigger provides spatial and temporal control
over the chemical reactions.

11

2. Theoretical Background and Literature Overview
Only light‐induced Diels–Alder (DA) reactions are addressed in the following
paragraph. A summary on DA reactions in general is given later on in this chapter
(see section 2.5.2) in the context of modular ligation strategies.

2.1.2.1 Photoenol Chemistry
In 1961, Yang and Rivas reported the photo‐induced enolization of o‐alkyl
benzophenones, which were trapped in a DA reaction in the presence of a
dienophile, thus giving the base for photoenol click chemistry.

44‐46

The term click

chemistry is discussed in more detail in section 2.5.1. The actual mechanism of the
photoenolization reaction was finally revealed by Tchir and Porter on the example of
2,5‐dimethyl benzophenone via flash photolysis and is depicted in Scheme 2.5.47‐51
Via irradiation, the o‐methyl substituted carbonyl is excited to a transient singlet
state through an n→π* transition of the carbonyl, followed by fast ISC to the excited
triplet state. From the excited triplet state, abstraction of the γ‐hydrogen (Norrish
Type II reaction) takes place, resulting in a conjugated 1,4‐biradical. The biradical
relaxes into two possible conformations, the E‐ and Z‐isomer of the photoenol. The
lifetime of the Z‐isomer is much shorter compared to the E‐isomer and thus rapidly
rearranges to the starting compound via a (1,5)‐sigmatropic proton shift. Due to its
increased lifetime the E‐isomer of photoenol can subsequently react in a thermally
induced DA reaction with a dienophile or rearrange to the o‐methyl carbonyl.52 In
fact, to avoid misunderstandings, the photoenol DA reaction is not triggered via
irradiation, since according to the Woodward‐Hoffmann rules (see section 2.5.2) the
[4+2] cycloadditions are thermally activated. Light, in this context, only generates
the reactive diene – the photoenol – and the actual DA reaction proceeds at ambient
temperature.
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Scheme 2.5. Mechanism of the photo‐induced formation of o‐quinomethanes (photoenol, PE). The
mechanism was adapted from Tchir and Porter who measured 2,4‐dimethyl benzophenone in
degassed cylcohexane.47

Furthermore, the group of Barner‐Kowollik investigated the influence of the
substituent (R) on the reactivity of the photoenol. Two photoenol derivatives –
2‐methyl benzophenone and 2‐methoxy‐6‐methyl benzaldehyde – showed high
reactivity, also in the context of polymer conjugation.53‐55 However, only the
2‐methoxy‐6‐methyl benzaldehyde derivative was employed for the studies in
Chapter 4 of this dissertation. Compared to 2‐methyl benzophenone, the synthesis of
2‐methoxy‐6‐methyl benzaldehyde is straightforward and it showed higher
reactivity, even towards less activated dienophiles.
The rapid and orthogonal reaction of the photoenol, resulting in high yields without
any side products has led to a broad variety of applications. For example, photoenols
were utilized by Barner‐Kowollik and team in the spatially resolved modification of
silicon wafers,56 gold surfaces57 and cellulose.58 They were also employed by the
same group for the preparation of single chain nanoparticles59 or for the generation
of polymeric Janus spheres, in combination with reversible addition‐fragmentation
chain transfer (RAFT) polymerization.60
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Two alternative approaches to the photoenol chemistry are given below which also
generate highly reactive intermediates triggered by light and then are able to
undergo DA reactions.

2.1.2.2 o‐Naphthoquinone Methides (NQM)
An alternative to the photoenol DA reaction is given by o‐naphthoquinone methides
(oNQMs). oNQMs can undergo photo‐induced hetero Diels–Alder (HDA) reactions
upon irradiation with light. The general mechanism is shown in Scheme 2.6. oNQMs
are formed via irradiation of 3‐hydroxy‐2‐naphthalenemethanol under abstraction
of a water molecule. An equilibrium is established in which the reactive oNQM can
either be rehydrated or react in a [4+2]‐cycloaddition reaction.61 In contrast to the
photoenol, the formed diene is electron deficient, thus it only reacts with electron
rich dienophiles, e.g. vinyl ethers and enamines.62

Scheme 2.6. General mechanism of the photoactivation of 2‐naphquinone‐3‐methides (oNQMs) and
subsequent Diels–Alder reaction.62

The research group around Popik employed the light‐induced HDA reactions of
oNQMs in several reactions,62‐70 especially for surface grafting approaches in order
to produce patterned surfaces. 62,64,65 In this way, Popik and coworkers were able to
immobilize fluorescent markers on glass substrates.65 In addition, they employed
the photo‐induced oNQM reaction in combination with azide alkyne click chemistry,
featurering high orthogonality.66,71 Moreover, it was discovered that NQMs can
undergo Michael additions with nucleophilic groups (e.g. thiols).66 Although, the
possibility to undergo Michael addition adds to the versatility of oNQMs, the reaction
loses its orthogonality.64
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2.1.2.3 Thioaldehydes
Furthermore, photochemical activation cannot only generate reactive dienes, such
as photoenol and oNMQ, but also form reactive dienophiles for DA reactions. The
photo‐fragmentation of phenacyl sulfide into a thioaldehyde, shown in Scheme 2.7,
yields such reactive dienophiles which can be trapped in HDA reactions.72,73

Scheme 2.7. Photo‐induced generation of a thioaldehyde and subsequent HDA reaction.74

The light‐induced formation of thioaldehydes has been employed for the spatially
resolved surface patterning of silicon wafers by our team. 74 In this study, phenacyl
sulfide was covalently attached to the silicon surface and thioaldehydes were
generated in defined areas (on the surface) via irradiation with a shadow mask.
Thus, cyclopentadiene‐functionalized poly(ethylene glycol) could be grafted to the
reactive dienophiles on the surface. In the same manner, cellulose substrates could
be modified with diene end‐capped peptides and polymers by us.58
Similar to oNQMs, the reactive thioaldehyde intermediates also react with many
other functional groups, which leads to side‐product formation. Therefore, also no
orthogonality is given.75
In conclusion, thioaldehydes and o‐naphthoquinone methides are versatile light‐
triggered intermediates. However, high orthogonality is only given via photo‐
induced reactions with photoenols.
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2.1.3 Photolabile Protecting Groups
Photolabile protecting groups (PPGs) which can be simply removed via irradiation
are highly attractive to protect the functionalities of sensitive molecules.76,77 Thus,
compounds which are incompatible with harsh treatment conditions, such as acidic
or basic ones, can be easily protected under the mild conditions of PPGs, which do
not require addition of further compounds.78 Employing light as trigger to release
PPGs also allows for temporal and spatial control over the deactivated species and is
therefore often applied for the modification of solid substrates.76,79 In general, PPGs
should guarantee full protection of the targeted functionality in a molecule.
Moreover, the deprotection reaction should proceed in a fast, efficient, clean and
orthogonal manner, preferably solvent independent. Furthermore, wavelengths in
the soft UV range – above 320 nm – are desired in order to prevent degradative side
reactions, e.g. in sensitive biological systems. Possible side‐products generated in
the course of the deprotection should be chemically inert and not interfere with the
photolysis.80 So far, no PPG system has been developed which fulfills all mentioned
criteria, yet this does not affect the wide applications of PPGs, especially on
surfaces,77,81,82 and in biological systems.83‐85 In the context of biochemistry, PPGs
are often referred to as caged compounds, that is to say that the deprotected bio‐
molecule is released from a cage or, in other words, is “uncaged”.9 The efficiency of
the deprotection reaction strongly depends on the quantum yield Φ (ratio of the
number of photons emitted to the number of photons absorbed) and the absorption
coefficient ε of the PPG. As a consequence, photoreactions occur if high quantum
yields and strong absorbance is reached with the excitation wavelength.80
For a more detailed background the reader should refer to the numerous reviews
published on PPGs.

4,8,9,67,76‐80,85‐93

An overview of simplified basic structures of

selected examples of PPGs is depicted in Figure 2.2 to demonstrate the versatility of
compounds which can be employed in photodegradation reactions.
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Figure 2.2. Selected examples of photoremovable protecting groups (PPGs), which were summarized
by Klán et al. in a very detailed review.67

The following section only focuses on o‐nitrobenzyl derivatives, which were
employed in Chapter 3 to pattern the surface of a polycarbonate (PC) film in
association with cell cultures. An approach based on o‐nitrobenzyl derivatives was
chosen, since they can be activated by soft UVA irradiation (i.e. 320‐365 nm) and
their synthesis is rather facile.94

2.1.3.1 o‐Nitrobenzyl Photoprotecting Group
The o‐nitrobenzyl (oNB) group is a well‐known photo‐removable protecting group
which reacts in a photoisomerization reaction, resulting in o‐nitrobenzylaldehydes
and simultaneously releasing carboxylic acids.78 The photoisomerization of
o‐nitrobenzylaldehyde to o‐nitrobenzoic acid was already observed by Ciamician
and Silber in 1901.31 The first applications of the oNB were later reported by
Woodward and coworkers in the 1970s.90
The mechanism, depicted in Scheme 2.8, illustrates the excitation of oNB to the
excited singlet state, where either ISC to the excited triplet state or a hydrogen
transfer from the o‐alkyl substituent can occur. Hydrogen transfer can also occur
from the excited triplet state but is less likely. As a result, aci‐nitro intermediates are
formed in an E/Z‐mixture, which undergo irreversible cyclization. The cyclic
intermediate ring‐opens to a hemiacetal intermediate and finally releases methanol
under hydrolysis.67
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Scheme 2.8. Mechanism of the photoisomerization of o‐nitrobenzyl alcohol derivatives, forming the
corresponding o‐nitrobenzaldehyde and simultaneously releasing a carboxylic acid.67,94,95

In some applications, the formation of the highly reactive o‐nitrobenzylaldehyde can
lead to undesired side products.80 Nevertheless, oNBs are still frequently employed,
e.g. in the context of polymer science, since their absorption wavelength can be fine‐
tuned according to the substituent attached to the aromatic ring or at the benzyl
position.96,97 In this way, oNBs have been employed as cross‐linkers in
photodegradable

networks,98‐100

for

the

side

chain

functionalization

of

polymers101‐103 and in many biological applications as mild protecting group.7,104,105
Furthermore, oNBs have been applied as photocleavable junctions in block
copolymers,106‐108 and for thin film patterning.109‐111
Due to the mild and orthogonal conditions for the oNB photodeprotection, the
system is ideal for the surface modification of thin thermoformable polycarbonate
films, described in Chapter 3.
Furthermore, a variation of photodeprotection of oNB derivatives has been
successfully employed to produce patterned surfaces. Paulöhrl et al. introduced the
photo‐triggered oxime ligation where an oNB acetal is irradiated with UV light and
releases an aldehyde moiety (Scheme 2.9).112 The aldehyde, which is usually formed
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as a byproduct in the oNB deprotection reaction is, in this regard, the actual product
and subsequently participates in an oxime ligation reaction with reactive
nucleophiles (e.g. hydroxyl amines). In this way, the photo‐triggered oxime ligation
was employed to graft molecules and peptides onto an 2‐[(4,5‐dimethoxy‐2‐nitro‐
benzyl)oxy]tetrahydro‐2H‐pyranyl

functionalized

silicon

surfaces,

producing

molecular patterns in the deprotected areas on the surface.

Scheme 2.9. Photo‐triggered oxime ligation.112
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2.2 Radical Polymerization
Due to facilitated reaction conditions and the high tolerance towards a broad variety
of vinyl monomers, radical polymerizations are applied to a high extent for the
development of industrial manufactured plastics, e.g. polyethylene (PE), polystyrene
(PS) and poly(vinyl chloride) (PVC).113 The following paragraph comprises an
outline of conventional free radical polymerization in comparison to its advanced
version, the controlled/living radical polymerization (CRP). Furthermore, the three
fundamental CRP techniques – nitroxide mediated polymerization (NMP), atom‐
transfer radical polymerization (ATRP) and reversible addition‐fragmentation
(RAFT) polymerization – are briefly discussed.
In the scope of the present thesis, ATRP (section 2.2.2.2) and RAFT polymerization
(section 2.2.2.3) techniques were employed for the generation of well‐defined
polymer chains. The surface‐initiated (SI) ATRP of biorepellent polymers from
polycarbonate surfaces is described in Chapter 3. In addition, the synthesis of chain‐
end‐functionalized polymer blocks via RAFT polymerization and their modular
ligation to block copolymers is addressed in Chapter 4.

2.2.1 Free Radical Polymerization (FRP)
In free radical polymerization (FRP), a large range of monomers are polymerizable.
Furthermore, FRP can be performed in bulk, suspension, emulsion and solution
which usually can be easily purified. Additionally, facile copolymerization of various
vinyl monomers is possible due to their similar reactivity. Moreover, radicals are in
general tolerant towards many functional groups, e.g. acidic, hydroxyl‐ and amino
groups, wherefore this polymerization technique is very attractive for industrial
applications.114
The mechanism of a FRP is depicted in Scheme 2.10 and comprises four elemental
steps: Initiation, propagation, termination and transfer. The reaction starts with the
initiator fragmentation as part of the initiation step, thus generating primary
radicals (I·). Initiator fragmentation can be generated for example via thermal or
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photoactivated dissociation. Two regularly employed initiators are, e.g. 2,2′‐
azobis(2‐methylpropionitrile) (AIBN) or dibenzoyl peroxide (DBPO). Subsequently,
the initiating radicals (I·) react with monomer (M), thus starting the propagation
step. During propagation the growing radicals repetitively add to monomers,
elongating the growing polymer chain (Pn+1·). Finally, termination of the growing
polymer chains can either occur via the coupling of two radicals (recombination) or
by transfer reactions, i.e. transfer to the monomer (X) or disproportionation,
resulting in a saturated (PmH) and an unsaturated polymer chain (Pn=). Furthermore,
transfer reactions can result in branching or crosslinking of the polymer chains.114

Scheme 2.10. Mechanism of a free radical polymerization. (I = Initiator, M = Monomer, Pn and Pm =
growing polymer chains, X = small molecule (e.g. monomer, solvent), Pdead = non‐functional/dead
polymer chain).115 In general, ktc and ktd are dependent on the chain length of the terminating
radicals, since in contrast to kp they are diffusion controlled.

The reaction mixtures of radical polymerizations must be deoxygenated to avoid
radical quenching by oxygen. Gases such as nitrogen or argon are usually employed
to create an inert atmosphere for radical polymerizations. In FRP, high molecular
weight polymers are obtained at an early stage of the polymerization in relatively
short reaction times.114 Usually, FRP yields atactic polymers, since radicals add to
the less substituted carbon of the monomer. However, conventional FRP also
comprises some drawbacks. The major disadvantage of FRP is the high frequency of
termination reactions, due to the high radical concentration. Even though the radical
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concentration of the reaction mixture can be reduced via dilution – since
termination is diffusion controlled – most of the polymer chains are dead and cannot
be further modified.115 Ultimately, no control over polymer chain lengths, their
architectures and their size distributions – as can be obtained via anionic
polymerization116 – is accessible via FRP. Thus, research was inspired to adjust FRP
in order to obtain well‐defined polymers. Finally, controlled/living polymerization
protocols managed to combine the versatility of FRP with some attributes of anionic
polymerization, described in the following paragraph.

2.2.2 Controlled/Living Radical Polymerizations (CRP)
Controlled living radical polymerization (CRP) techniques were developed to
eliminate the limitations noted above for FRP. The IUPAC term for these kinds of
reactions is reversible deactivation radical polymerization (RDRP) – according to the
control mechanism of the polymerization – but in this section they are still referred
to as CRP. The term living polymerization was introduced by Szwarc in the context
of anionic polymerization, stating that living polymerizations are molecular chain
growth processes without termination or transfer reactions.117 Moreover, the living
character of a polymerization is defined by linear evolution of molecular weight with
increasing monomer conversion, narrow weight dispersity (Ð) and – importantly –
the possibility of chain extension.115
In order to minimize the termination reactions of FRPs and thus gaining control over
the polymerization process, reversible deactivation techniques were introduced.
The

three

most

commonly

employed

methods

are

nitroxide

mediated

polymerization (NMP), atom‐transfer radical polymerization (ATRP) and reversible
addition‐fragmentation chain transfer (RAFT) polymerization and are shortly
discussed in the present section. The principle of CRPs is based on a dynamic
equilibrium between growing radicals and dormant species, thus minimizing the
possibility of termination. However, termination cannot be completely avoided in
CRPs, which is why they are rather referred to as controlled polymerizations than
living ones. Two types of equilibria exist: i) In a deactivation/activation process
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radicals are reversibly trapped (see NMP and ATRP) or ii) the radicals undergo a
degenerative exchange process (see RAFT polymerization). The reversible trapping
of the radical – as it is performed in NMP118 or ATRP119,120 – relies on the persistent
radical effect in which newly generated radicals are trapped, e.g. by a stable
nitroxide radical. Subsequently, the trapped species is reactivated, either thermally,
light‐induced, catalytic or spontaneously.115 Since the growth of the radical polymer
chain is controlled through constant activation and deactivation, the radical
concentration is reduced which results in lower termination rates. Furthermore,
termination is reduced since the growing radical species more likely reacts with the
trapping species than with itself. 121, 122 In addition, simultaneous polymer growth is
obtained via efficient initiators, since initiation is faster than termination. The
resulting polymer chains are only deactivated and can be reactivated at any time
again, leading to a wide variety of possibilities for further functionalization. In
contrast to NMP and ATRP, RAFT polymerization is based on a degenerative chain
transfer mechanism.123‐125 In this process the polymer chains are reversibly
transferred to a so‐called chain transfer agent (CTA), which provides control over
the polymerisation. Similar to FRP, slow initiation and fast termination are observed
and the radical concentration is not reduced.
In contrast to FRP, CRP protocols allow for well‐defined polymers with control over
architecture, chain length, polydispersity and end‐group‐functionality.

2.2.2.1 Nitroxide Mediated Polymerization (NMP)
As mentioned earlier, nitroxide mediated polymerization (NMP) relies on the
persistent radical effect.122 In NMP, stable nitroxide radicals such as 2,2,6,6‐
tetramethyl‐1‐piperidinyloxy (TEMPO) and its derivatives activate and deactivate
the growing radicals by forming a relatively weak covalent bond with the polymer
chain, yielding an alkoxyamine.126 The chains are reactivated by the thermally
induced reversible homolytic cleavage of the polymer‐nitroxide bond, thus
regenerating the growing radicals (see Scheme 2.11).127 NMP can be initiated with
conventional initiators (e.g. AIBN, DBPO) or with specially designed alkoxyamine
initiators which thermally decompose to form the stable nitroxide radical. Crucial
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for the control of the polymerization is that the controlling species only reversibly
react with the propagating polymer chains but neither with themselves nor in any
side reaction.

Scheme 2.11. Mechanism of NMP exemplarily shown with TEMPO (Pn· = growing polymer chain, kda
= rate coefficient of deactivation, ka = rate coefficient of activation).118

Compared to other CRP methods, NMP is the least versatile technique since it is
limited to monomers which form stable radicals (e.g. styrene, acrylamides etc.) so
that the equilibrium can return to the active species. Besides, NMP requires high
polymerization temperatures in order to cleave the covalent bond of the
alkoxyamine. In addition, further modifications of the alkoxyamine‐terminated
polymer chains are indeed possible, but are rather difficult to perform.115

2.2.2.2 Atom Transfer Radical Polymerization (ATRP)
Atom transfer radical polymerization (ATRP) was first reported in 1994 by
Matyjaszewski121 and Sawamoto.128 The same controlling principle which was
described for NMP applies as well for atom transfer radical polymerization (ATRP).
In the case of ATRP, a transition metal complex (CuX/L) – for example CuBr/bpy2 –
reversibly cleaves an alkyl halide bond (Pn‐X), as depicted in Scheme 2.12.120 In the
reaction with the halogen atom the metal halide complex is oxidized (CuX2/L),
simultaneously allowing the formation of a growing radical chain (Pn·). The
propagating chains are formed in situ due to thermal decomposition of the so‐called
ATRP

initiators,

which

are

small

organic

compounds

(e.g.

2‐bromo‐2‐

methylpropionyl bromide). Thus, no addition of radical starters is necessary. As
explained previously, termination reactions in ATRP are suppressed by the
persistent radical effect.122 However, at the same time the radical concentration is
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decreased and the equilibrium is shifted towards the dormant species, resulting in
reduced propagation rates.

Scheme 2.12. Mechanism of atom‐transfer radical polymerization (ATRP).129

Even though ATRP can be catalyzed by many transition metals,120 copper is by far
the most efficient catalyst in ATRP.113 Usually, the copper complexes are formed
with polydentate alkyl amines (e.g. N,N,N’,N”,N”‐pentamethyldiethylenetriamine
(PMDETA)), which provide better catalyst solubility and can adjust the ATRP
equilibrium. Possible side reactions in ATRP are solvent or monomer coordination
to the transition metal, oxidation or reduction of radicals to carbanions or
carbocations or HBr elimination.115 In addition, ATRP has some limitations towards
nitrogen containing monomers, since they have a higher tendency to form
complexes with the transition metal catalyst.115 However, a wide range of reaction
conditions can be employed for ATRP such as temperatures reaching from the
subzero region up to 130 °C, or a variety of solvents (e.g. organic, aqueous).
Resulting from that, the quantity of polymerizable monomers for ATRP is much
higher than in NMP. Furthermore, ATRP polymers retain their halide functionality
which can be readily modified in post‐polymerization reactions.
Surface initiated ATRP (SI‐ATRP) was employed in Chapter 3 in order to grow
biorepellent polymer brushes with controlled thickness and density from a
polycarbonate film. ATRP was chosen for the surface modification since it proceeds
in aqueous solution at ambient temperature and no addition of radical starter is
necessary, as such conditions as well as organic solvents could potentially harm the
thin and un‐crosslinked polycarbonate film.130
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2.2.2.3 Reversible Addition‐Fragmentation Chain‐Transfer Polymerization
(RAFT)
In Chapter 4, modular polymeric building blocks are synthesized via RAFT. Among
all CRP methods available, RAFT polymerization is one of the most versatile polymer
design strategies, since it can directly introduce end‐group functionalities without
the need of post‐polymerization modifications. The core principle of RAFT is a
significant suppression of irreversible chain termination events.124 The overall
mechanism of a typical RAFT process is depicted in Scheme 2.13. A radical initiator,
such as AIBN, generates primary free radicals (I·) which then react with the
monomer species (M) to produce growing chains (Pn·) (i). In the first step of the
chain growth, a pre‐equilibrium (ii) is created in which the RAFT agent (a) is
converted into its polymeric form, i.e. the so called macro‐RAFT‐agent (c). The
macro RAFT agent c is integral to the main equilibrium. The growing radical (Pn˙)
adds to the carbon‐sulfur‐double bond and produces a carbon centered intermediate
radical (b). The intermediate radical releases a new radical by β‐scission, which
again initiates a growing radical chain (iii). The following addition fragmentation
steps constitute a main equilibrium (iv) between the growing chains Pn˙, Pm˙ and the
periodically inactive thiocarbonylthio‐compound (d). Control of the polymerization
process is provided by a fast establishment of the equilibrium in which there is a
constant and rapid exchange between active and inactive species. At the end of the
polymerization process the majority of chains carry a thiocarbonylthio‐functional
group with only a small amount of conventionally terminated material or “dead”
(non‐functional) polymer (v).131 During RAFT polymerization, the radical
concentration is ideally not reduced, thus keeping the reaction rate high and
comparable to FRP, but also enhancing the chance of termination.
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Scheme 2.13. The basic mechanism of reversible addition fragmentation chain transfer (RAFT)
polymerization: Initiation of the polymerization (i), the formation of the macro RAFT agent (c) in the
pre‐equilibrium (ii), the release of a new radical (R·) (iii), the chain growth in the main equilibrium
(iv) and finally the termination of the polymerization, which still occurs to a certain percentage
(v).132,131

Depending on the choice of the chain transfer agent (CTA), consisting of
thiocarbonyl thio compounds (shown in Figure 2.3), a broad variety of monomers
can be polymerized. In general, CTAs should provide fast addition and fast
fragmentation of the growing polymer chains. Therefore, the constitution of the CTA
needs to be selected carefully as the chemical structures of the R‐ and the Z‐group
play an important role for the control over the polymerization.

Figure 2.3. General structure of RAFT agents: Trithiocarbonates a, dithioester b, dithiocarbamate c
and xanthate d.
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The influence of the R‐ and the Z‐group is demonstrated in Figure 2.4.132 Strongly
stabilizing Z‐groups (e.g. a phenyl group) efficiently control the polymerization of
styrene or methacrylate (which from tertiary radicals), however they decelerate or
even inhibit the polymerization of acrylates. For monomers which form less stable
radicals, weaker stabilizing groups such as dithiocarbamates or xanthates are
employed.132 The selection of the R‐group also depends on the radical structure of
the monomer. It is important that the R‐radical can efficiently initiate
polymerization and while being more stable than the polymer radical to be able to
be formed. However, the stability of the generated dormant species must be
considered, since reactivation is crucial for the propagation rate and also the
addition of R· to the Monomer is an influencing factor.132,131

Figure 2.4. Overview for the selection of an appropriate RAFT agent. The solid line indicates full
control over the polymerization, whereas the dashed line refers to only partial control of the
polymerization. (MMA = methyl methacrylate, VAc = vinyl acetate, S = styrene, MA = methyl acrylate,
AM = acrylamide, AN = acrylonitrile). The image was redrawn from Ref. 112. Copyright (2005) CSIRO
Publishing.132

As mentioned earlier, RAFT agents can further be modified with specific functional
groups. In this way, the functional chain termini can be introduced into the polymer
chains directly during polymerization, thus avoiding post‐polymerization reactions.
However, contaminations from polymer chains which were initiated via the radical
starter cannot be prevented.
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2.2.2.4 Macromolecular Architectures Accessible via CRPs
As previously stated, CRPs allow for the design of well‐defined polymers. Features,
as for example polymer functionality, composition and topology, can finally be
controlled in the context of radical polymerizations. An outline of the structures
which can be obtained in CRPs is given in Figure 2.5. In general, the controlling agent
is incorporated into the polymer chain resulting in alkoxyamine‐terminated chains
for NMP, halide functional chains for ATRP and thiocarbonyl thio‐functional polymer
chains for RAFT. The opposing chain end bears the initiator functionality in the case
of ATRP and NMP and for RAFT the functionality of the R‐group. As a consequence,
the easily modifiable design of the controlling species can be harnessed in order to
introduce defined functionalities to the polymer chain or to produce complex
architectures, e.g. stars,133 brushes134 or even cyclic structures.119 Furthermore, the
resulting polymers are dormant species and can be reactivated for chain extensions.
However, chain extension and copolymer formation is restricted to monomers with
similar reactivity. Still, the versatility which was gained by means of CRP techniques
led to the emerging of an entire new field of research.

Figure 2.5. Overview of macromolecular architectures, which are accessible via CRPs.115,119
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2.3 Cyclodextrins
Cyclodextrins (CDs) are naturally occurring cyclic compounds which are applied in
supramolecular host‐guest chemistry. Due to their cheap production and
biocompatibility,

CDs

are

highly

attractive

for

large

scale

industrial

applications.135,136
In 1891, Villiers was the first to discover cyclodextrins137 which was followed by the
isolation and detailed description by Schardinger at the beginning of the nineteenth
century.138,135 Further, contributing to the field of molecular recognition, Emil Fisher
(1894) defined the “lock and key” principle for enzyme recognition of substrates139
and Pauling described the complementary nature of antigen and antibody
structures.140 Moreover, Pederson discovered crown ethers as the first artificial
molecules with molecular recognition features.141 Subsequently, D. J. Cram applied
the concept of artificial hosts to different guest molecules, thus introducing the field
of host‐guest chemistry.142,143 Finally, the term “supramolecular chemistry” was
defined by Jean Marie Lehn, thus combining the chemistry of molecular recognition
and molecular assembly.144 According to his definition, a supramolecule is an
organized complex entity created by the association of two or more chemical
species, which are held together by intermolecular forces.145 In 1987, Pedersen,
Cram and Lehn received the Nobel Prize in chemistry "for their development and
use of molecules with structure‐specific interactions of high selectivity."146
Compared to molecular chemistry, which is based on the formation of
intramolecular covalent bonds, supramolecular chemistry forms intermolecular
non‐covalent bonds. Several types of non‐covalent interactions are for example:
hydrogen bonding, hydrophobic interactions, electrostatic interactions, dipole‐
dipole interactions, ionic interactions and van der Waals interactions. Furthermore,
the coordinate bond between a metal atom and a ligand is assigned to the class of
supramolecular chemistry.145
The following paragraph focuses on the supramolecular recognition chemistry of
CDs, which were employed in the course of the present thesis. In Chapter 4, the host‐
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guest interactions of β‐CD with appropriate guest molecules are discussed in the
context of complex macromolecular architectures and modular ligation.

2.3.1 The Structure of Cyclodextrins
CDs are cyclic oligosaccharides which feature a hollow truncated cone structure
(Figure 2.7).147 In general, CDs are obtained from starch – a polysaccharide with α‐
1,4‐linked glucose units – via enzymatic degradation.145 Usually, amylase of Bacillus
macerans (cyclodextrinase) is added to the starch, resulting in a starch digest, which
contains a mixture of CDs with varying number of glyosidic units. The mixed CDs are
easily separated via selective precipitation in specific organic compounds.148,149
Figure 2.6 illustrates specific features of the most commonly employed CDs, which
are α‐CD with six glucose units, β‐CD with seven glucose units and γ‐CD with eight
glucose units.

Figure 2.6. Left: Glucose units of CDs. Depending on the number of repetition units (n) CDs are
categorized in α‐ (n = 6), β‐ (n = 7) and γ‐ CDs (n = 8). Right: Table comprising some properties of
native CD, such as cavity size, cavity length and the water solubility at 25 °C.135, 147

The diameter of the cavity increases according to the number of glucose units,
whereas the cavity length remains constant. Furthermore, the water solubility is
influenced by the agility of the glucose scaffold. For example, β‐CD has a very stiff
structure, compared to the relatively more flexible glucose scaffold of α‐ and γ‐CDs.
As a result, the secondary hydroxyl groups (see Figure 2.7) form intramolecular
hydrogen bonds, which reduce the water solubility of β‐CD.145
As mentioned before, CDs have a rigid 4C1‐conformation of the glucose units.
Therefore, the primary hydroxyl‐groups (at the C6‐atom) are located at the narrow
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side of the inlet and the secondary hydroxyl‐groups (at the C3‐atom) are located at
the reverse side of the truncated cone structure, illustrated in Figure 2.7. The C2‐
hydroxyl group on the wide side is turned insight into the direction of the cavity,
which is lined with H3 and H5 protons. However, no hydroxyl groups exist on the
walls of the CD structure. In summary, the exterior of CDs is hydrophilic, whereas
the cavity of CDs is hydrophobic. As a result, CDs form inclusion complexes with
hydrophobic guest molecules in polar solvents (most preferably water).145

Figure 2.7. General truncated cone structure of CD and the chemical structure of a β‐CD.145,147

2.3.2 Complex Formation of Cyclodextrins
Host‐guest complexes with CDs can be prepared in various ways, e.g. in
solution,147,150 by co‐precipitation150,136 or in the solid state via co‐grinding or
milling.136,147,150 More important is the selectivity with which CDs form the inclusion
complexes. The molecular recognition of CDs strongly depends on the size of the
cavity as well as on the size of the selected guest molecule. Figure 2.8 comprises
some examples of guest molecules assigned to α‐ and β‐CDs, along with the
corresponding association constants. Furthermore, the complex formation is also
influenced by the solubility of the guest molecule and sometimes requires the
addition of a co‐solvent to better access the guest unit.147 In fact, the host‐guest
complex formation is a reversible process, which is based on the dynamic exchange
of the compounds.
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The complex formation, which is expected to follow a bimolecular process, can be
summarized by the following equilibria, shown for the formation of three simple
types of complexes. 150,151

The host‐guest complexes are formed in equimolar amounts (1:1), with two guest
molecules and one CD, or with two CDs and one guest molecule (1:2). The binding
constants (K) of these equilibria are defined by equations 2.1 – 2.3.

The brackets denote molar concentrations and the binding constants (K) have the
unit L mol‐1. The general formation of any type of host‐guest complex is defined by
the subsequent equilibrium (2.4):

The general equilibrium thus yields the overall association constant:

Furthermore, the connection between the binding constant (K) and thermodynamic
parameters (Gibbs free energy (ΔG), standard enthalpy of formation (ΔH) and
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standard entropy of formation (ΔS)) is given via the van't Hoff equation and the
Gibbs–Helmholtz equation (2.5).

In order to determine the value of K, any physical property of either host or guest
molecule, which changes throughout the complex formation, can be observed.
Usually, spectroscopic methods (e.g. fluorescence, UV‐vis, NMR), in addition to
conductivity measurements can be employed to obtain the binding constant.151‐154
Complex formation occurs when the system has a negative standard enthalpy of
formation. Several factors exist, contributing to the driving force of the complex
formation, which to the present day is still not fully understood:147 i) Release of
enthalpic water molecules to the surrounding water solution, thus increasing the
entropy of the system. ii) Removal of the polar hydration shell from the guest
molecule. iii) Hydrophobic and van der Waals interactions between host and guest
molecule, as well as hydrogen bonding between the guest and the hydroxyl groups
at the rim of the CD cavity. iv) Restoration of the polar hydration shell around the
supramolecular complex.135,147 The association constant (β) strongly depends on the
structure of the guest molecule and no inclusion complex is formed, if the guest
exceeds the size of the CD cavity. Furthermore, β is influenced by temperature. Since
the enthalpy usually has a negative value, increasing the temperature leads to
dissociations of the complex.147,150‐155 In addition, pH values and concentration of the
solution can affect the complex formation.150 Moreover, the guest molecule can
either enter the cavity from the primary (narrow) side or from the secondary
(wider) side of the truncated cone structure. The formation of the intermolecular
complex, and from which side the guest molecule has entered the CD cavity can be
analyzed via 2D NMR spectroscopy or X‐ray crystallography.
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Figure 2.8. Examples of guest molecules suitable for α‐ and β‐CDs along with the appropriate
associations constants (Pβ = log(β mol L‐1)).156‐161

In fact, the inclusion of the guest molecule in the CD cavity also changes several of its
properties, e.g. the water solubility is enhanced, the vapor pressure decreases and
the molecule is more stable against oxidation, air or light‐induced degradation.155 As
a result, CDs are frequently employed in foods, cosmetics or toiletries in order to
mask unpleasant odors.136 Furthermore, they are utilized in drug formulations,162
catalysis163 and as analytical separation method in chromatography.164
Research on CD complex formation has increased in recent years, in particular in the
field of complex macromolecular architecture formation and in the context of
controlled radical polymerization techniques. In this way, several architectures were
designed via supramolecular host‐guest interactions. For example, Zhang and
coworkers were one of the first to synthesize a supramolecular AB‐diblock
copolymer of poly(NiPAAm) and poly(4VP) via RAFT polymerization, which had
thermoresponsive and pH responsive features, thus leading to micelle formation.165
Additionally, Liu and coworkers developed a thermo‐ and pH‐responsive
supramolecular diblock copolymer via ATRP.166 Furthermore, supramolecularly
formed core‐shell nanoparticles formed via a supramolecular AB‐diblock copolymer,
were reported by Stenzel and coworkers.167 The formation of a supramolecular
block copolymer via a di‐linker molecule – equipped with α‐ and β‐CD – was
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reported by Zhou and coworkers168. Moreover, supramolecular polymer topologies,
such as brushes in solution169‐171 and on surfaces,172‐174 stars,175‐177 cyclic
structures178 and branched polymer gels179‐181 were reported.
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2.4 Spatially Resolved Surface Design
In Chapter 3, a general method for obtaining spatially resolved functionalization of
polycarbonate films is introduced via a photolithographic approach, followed by the
attachment of cells. The next section provides a brief overview of surface
modification and patterning techniques.
The need of patterned surfaces reaches from computer technology (e.g.
microchips)182 over medical technology to biological applications183 and tissue
engineering.184 Especially in the context of cell culture investigations patterned
surfaces are of major scientific interest.183,185‐191 Patterned surfaces can be created
on a variety of substrates, e.g. inorganic‐ (glass, silicon, gold), bio‐ (cellulose,
hyaluronic acid) or polymeric devices (polystyrene, polycarbonate). The choice of
modification method depends on the choice of substrate and polymer films can be
attached to the surface either by deposition methods or chemical reactions.
Inorganic substrates have the advantages that their smooth surfaces can readily be
analyzed, and that they resist to organic solvents. Furthermore, the introduction of
chemical handles is facilitated for gold and glass, since thiols are strongly attracted
to gold, and silanes have an affinity to glass surfaces.192‐195 Bio‐based materials, such
as cellulose or hyaluronic acid possess free hydroxyl‐functionalities to which
reactive species can be esterified.196,197 Polymer substrates can be modified via their
end‐ or mid‐chain functionalities if present in the substrate, or by directly
introducing reactive moieties into the polymer backbone.198,199 However, if no
binding sites are available on the substrate, they have to be introduced prior to
further modification approaches.
For example treating the surface of a substrate with non‐thermal plasma
(Figure 2.9A) is a versatile technology to introduce variable functional groups to the
surface.200 Plasma is a gaseous or fluid mixture, which is typically generated when
gases are excited into energetic states (e.g. by radio frequency). The plasma mixture
contains ions, free electrons, radicals and also neutral particles, thus creating a very
reactive environment.200 The kind of functional group which is created on the
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surface depends on the type of plasma gas. Argon or helium gas usually introduces
free radicals, which further react with oxygen to (hydro)peroxides, whereas oxygen
and

nitrogen

generate

hydroxyl‐

or

amino‐groups.

In

addition,

plasma

polymerization is possible by converting a monomer into reactive fragments which
polymerize and are further deposited on the surface.200 Alternatively, ozon
treatment200 or UV‐irradiation200 is often used to activate polymer surfaces. Another,
very simple technique to apply thin polymer films onto substrates is spin coating of
a polymer solutions (Figure 2.9B).201 During spin coating a liquid is applied to a
substrate which is either already spinning or is accelerated subsequent to the
application of the solution.202 In this way, homogenous films can be coated on
substrates over a large area. The film thickness depends on rotational speed,
volatility and molecular weight of the solutes.202 The spin coating technique is
frequently employed in the microelectronic industry, e.g. in the production of
compact disks or organic solar cells.202 However, the method is rather wasteful,
since the majority of the applied solution is ejected.202
In order to covalently, bind polymer chains to surfaces two routes exist: the so called
grafting to or grafting from approach. Each of the mentioned approaches has its
benefits and drawbacks. Employing the grafting from approach (Figure 2.9C),
initiator molecules are primarily introduced onto the surface and polymer brushes
are subsequently grown from the substrate.130 Usually, CRP protocols such as ATRP
and RAFT are utilized to mediate SI polymerizations. In particular, SI‐ATRP is
frequently employed in surfaces modification reactions, due to the fact that the
ATRP equilibrium can be easily shifted towards the inactive species (e.g. with
systems with higher halide‐carbon bond energy), which reduces the polymerization
rate and thus solution polymerization is minimized.130,203 Furthermore, the grafting
from approach yields high grafting densities, which are necessary if the grafted
polymer chains serve as a passivating layer.130,190 In the grafting to approach the
polymer chains are synthesized prior to attachment to the surface (Figure 2.9D),
which has the advantage that the polymer chains can be fully characterized, e.g. via
SEC, ESI‐MS and NMR. The surfaces are generally pre‐modified with a reactive
moiety and the pre‐synthesized polymers are attached via their functional chains
ends. Attachment can occur for examples via thermally or light‐induced
38

2.4 Spatially Resolved Surface Design
cycloaddition, as it was often performed by Barner‐Kowollik and coworkers, e.g. on
cellulose,58,204 gold57 or silicon wafers.56,112 Yet, the drawback of the grafting to
approach are the rather low grafting densities.130
Common surface characterization techniques are for example X‐ray photoelectron
spectroscopy (XPS) and time of flight secondary ion mass spectrometry (ToF‐SIMS),
but are not further described in this context. The reader is referred to a book edited
by M. Stamm which summarizes surface characterization methods.205

Figure 2.9. Schematic representation of substrate modification techniques. A) Plasma treatment to
introduce chemical binding sites. B) Spin coating to apply a polymer layer to the surface C) Grafting
from approach and D) grafting to approach to introduce polymer brushes to a surface.

In the following section three methods are introduced in order to obtain spatially
resolved surfaces. Photolithography in particular is described as it was employed in
Chapter 3. Furthermore, two approaches without light – microcontact printing and
inkjet printing ‐ are shortly presented to demonstrate alternative patterning
techniques.

2.4.1 Photolithographic Surface Patterning
Photolithographic surface patterning is a facile and straightforward approach to
introduce defined patterns on surfaces. As illustrated in Figure 2.10, patterns are
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obtained on a substrate via the exposure of a pre‐coated photo‐resist – e.g. light‐
sensitive polymers or small organic molecules – to UV light. The structure of the
pattern is defined via a photomask, which protects the covered areas on the surfaces
and releases the photo‐resist in the exposed areas on the substrate. Subsequently,
the released photo‐resist is removed by washing procedures. If the photo‐resist is a
photoactive initiator molecule, e.g. an o‐nitrobenzyl derivative as described in
Chapter 3, polymer brushes can be grown from the surface with the remaining
initiator. Thus, the generation of patterns from the macro‐ to the submicrometer
scale is possible, but higher resolution are not accessible.182 Moreover, for a variety
of structures individual masks have to be designed for each pattern. Nevertheless,
photolithography is frequently used in laboratories and in the manufacturing of
microelectromechanical systems.182 The method is especially suitable for sensitive
substrates such as polymer films, since organic solvents can be avoided.
In the context of biomolecule and cell patterning, Welle and Gottwald utilized a
photolithographic approach via simple UV irradiation of polymeric substrates
through a photo‐mask.206,207 Furthermore, the successful guiding of cells was
demonstrated on a gold substrate via the removal of an ATRP initiator in defined
areas on the surfaces and subsequent grafting of biorepellent polymer brushes from
the non‐irradiated areas by our team.208

Figure 2.10. Photolithographic surface patterning. Patterns are introduced to the surface via the
light‐induced cleavage of a photoreactive layer, attached to the substrate, by employing a shadow
mask. Subsequently, polymer chains can be grafted from or to the non‐exposed surface of the
substrate.

Further lithographic approaches include electron beam lithography, focused ion
beam lithography, nanoimprint lithography and scanning probe lithography.182
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2.4.1.1 Microcontact Printing
The microcontact printing technique employs so‐called stamps which consist of an
elastomer, e.g. polydimethylsiloxane (PDMS), to introduce patterns to surfaces
(Figure 2.11).209 The stamp is fabricated by applying a liquid polymer (PDMS) onto a
master (e.g. silicon), followed by curing and the release of the stamp. Subsequently,
the stamp is incubated with the desired molecule, which is then transferred to the
surface upon brief contact of the stamp and the substrate.209 As a result, reactive
moieties are introduced to the contact areas on the substrate, from which polymer
chains can be grown or grafted to. In general, microcontact printing yields a precise
and gentle method to transfer biomolecules onto substrates, without the loss of
biological activity. In this way, Bernard et al. as well as Tolstyka et al. managed to
pattern proteins onto a polystyrene surface.210,191 However, a drawback of
microcontact printing is the preparation of the stamps, which can be time‐
consuming and the fact that the molecules are only adsorbed on the surface rather
than covalently attached.

Figure 2.11. Spacially resolved surface modification via microcontact printing.

2.4.1.2 Inkjet Printing
Inkjet printing is known from the everyday life such as printing a text onto paper.
The same principle as for conventional printing techniques also applies for the
preparation of patterned substrates in the context of chemical surface modifications.
In the inkjet printing process very small volumes (1‐100 picoliters) of a so‐called
“ink” – which consists of solutions of either polymers or reactive molecules – are
precisely positioned on a surface followed by the evaporation of the solvent
(Figure 2.12).211 The droplets are directed via electrostatic forces and the resolution
is defined by the spreading of the ink and the interactions of droplets on the surface.
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Thus, substrates with high surface tension are preferred in order to obtain high
resolution, as well as substrates which are not affected by the solvent. Sometimes
even pre‐patterning of substrates is necessary for a better attachment of the ink.
Additionally, dried ink can clog the tip of the nozzle, which interrupts the
automatized process.211,212 As already mentioned, inkjet printing is mainly employed
in graphics and other conventional printing, but is also employed in the production
of plastic electronics213 and tissue engineering.187

Figure 2.12. Inkjet printing technique in order to design patterned surfaces.

A variety of inorganic materials has been patterned for cell attachment in the last
decades.208,214‐216 However, amorphous polymers (e.g. poly(methyl methacrylate,
polystyrene and polycarbonate) have gained great attention as attractive platforms
for tissue engineering applications. The chemistry of polymer substrates is versatile
and due to their flexible structure their mechanical properties can be adjusted.
Moreover, polymer devices have low manufacturing costs, as well as good
biocompatibility and are accessible for thermoforming processes.15‐16,217‐219
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2.5 Modular Ligation of Polymers
Modular ligation of polymers is based on the synthesis of individual functionalized
polymeric building blocks which can be assembled into any desirable geometric
structure via facile, orthogonal and highly efficient reactions. Modular ligation
strategies

were

developed

to

design

sophisticated

macromolecular

architectures220,221 as well as functional soft materials with unique physical
properties.222,223 The advantage of the modular conjugation approach compared to
the conventional sequentially controlled synthesis of macromolecular architectures
– as for example via CRP protocols (see section 2.2) – is the increased number of
structures which can be prepared from a single polymer chain and the possibility to
combine different polymerization techniques.224 The individual building blocks can
be fully characterized prior to ligation and monomers which would be incompatible
in a conventional synthetic approach, due to different reactivity or solubility can be
combined via modular ligation. Figure 2.13 depicts several polymer architectures
which can be obtained via modular ligation approaches.

Figure 2.13. Overview of selected polymer architectures designable via modular ligation.
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For example, high molecular weight block copolymers can be constructed from
single polymer chains.224,53 Furthermore, α,ω‐functionalized polymer chains can
either lead to multiblock sequences at high concentrations or form cyclic structures
at high dilution of the sample.178 Via the incorporation of functional side chains in
the polymer backbone, brush or comb polymers can be synthesized.225 Additionally,
star and miktoarm star polymers are accessible via a single branching point.226,177
The reactions which enable the efficient formation of such large and advanced
macromolecular architectures are summarized under the term click reactions, which
are described in the following section.

2.5.1 Click Chemistry
The concept of click chemistry was introduced in 2001 by Sharpless and coworkers,
and describes highly efficient reactions between so‐called modular building blocks
to synthesize novel molecules.227 In order to be categorized as “click” the reaction
has to fulfill – strictly speaking – all of the following criteria:
i) Simple reaction conditions (e.g. ambient temperature, no need for exclusion of
oxygen and water) with nearly quantitative yields
ii) The reaction should be modular, wide in scope and orthogonal to other
reaction steps involved
iii) Generated byproducts should be inoffensive and the reaction should proceed
in no or environmentally benign or easily removable solvents (e.g. water)
iv) The starting materials should be readily available, the reaction products should
be stable under physiological conditions and easy to purify.
v) In addition, the reaction should be stereospecific
In general, click reactions have a high thermodynamic driving force which supports
fast reaction rates.228 With regard to macromolecular synthesis, the term click
reaction was adjusted by Barner‐Kowollik and coauthors.229 Since the purification of
polymer samples is limited to simple precipitation or dialysis – as opposed to time
consuming and costly preparative size‐exclusion chromatography – the click criteria
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of high yields and simple purification in particular apply to polymer‐polymer
conjugation. In order to guarantee a facile purification of the polymer samples,
equimolar amounts of starting materials are mandatory. Whereas stereospecificity is
less relevant for polymer ligation, orthogonality is necessary to avoid undesired side
products.229
Reactions which comply with click criteria are for example: i) The addition of cabon‐
carbon multiple bonds (e.g. Michael type additions, epoxidation or aziridination), ii)
nucleophilic substitution (e.g. ring‐opening of strained heterocycles, such as
epoxides or aziridines), iii) cycloaddition reactions (see sections 2.5.2 and 2.5.3),
carbonyl chemistry (e.g. formation of oxime ethers, amides or ureas).
Two of the most relevant click type reactions in the context of polymer conjugations
are depicted in Scheme 2.14: The Diels–Alder (DA) reaction230,231 and the copper
catalyzed azide‐alkyne cycloaddition (CuAAC)232‐235 which are further discussed in
sections 2.5.2 and 2.5.3.

Scheme 2.14. Examples of commonly employed click reactions for polymer conjugations.

At this point the thiol‐ene reactions should be mentioned, which are also frequently
employed for the conjugation of polymer chains, but in the context of polymer
conjugation do not fulfill click criteria.236‐238 The thiol‐ene reaction denotes the
addition of an alkyne and a thiol resulting in an alkyl sulfide.237 Two pathways are
possible: The reaction can either proceed via free radical coupling, induced by
thermal or photochemical activation of a radical starter, or via a Michael addition
reaction (Scheme 2.15).236,239‐241 The radical initiated reaction has been widely
employed in polymer synthesis,237,242‐244 but to stay within the scope of the present
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dissertation, the reaction is not further discussed. Furthermore, the reader is
advised to the numerous reviews on modular ligation techniques.18,22‐24, 222‐223,245‐249
In fact, the thiol‐ene reaction was initially believed to have click potential,250
however in the context of polymer ligation the radical initiated reaction revealed
significant side reactions, e.g. disulfide formation or head to head coupling of the
carbon centered radicals, wherefore the term click does not apply anymore.251,252

Scheme 2.15. Thiol‐ene reactions.

2.5.2 Diels–Alder Reaction
The concept of photo‐induced DA reactions was already introduced in section 2.1.2
on the examples of photoenols (2.1.2.1), o‐naphthoquinone methides (2.1.2.2) and
thioaldehydes (2.1.2.3). In all of the aforementioned reactions, the reactive species
was formed via irradiation, followed by the actual DA reaction. In the following
section, an overview on DA reactions in general is given along with a short summary
of the various types of DA reactions and some mechanistic background.
The DA reaction was discovered in 1928 by Otto Diels and Kurt Alder who received
the Nobel Prize for their work in 1950.253 DA reactions belong to the class of
pericyclic reactions, which are defined by a cyclic transition state and a concerted
mechanism of bond formation or cleavage respectively, without the formation of
intermediates.254 Generally, pericyclic reactions can be categorized into four classes:
Cycloadditions, electrocyclic reactions, sigmatropic rearrangements and group
transfer reactions. However, only cycloadditions – in particular [4+2] cycloadditions
– will be in the focus of the following discussion. The DA reaction is classified as a
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[4+2]‐cycloaddition, according to the number of π‐electrons participating in the
ring‐forming reaction. The π‐orbitals are reorganized in the course of the
cycloaddition resulting in the formation of two σ‐bonds.255,256 The compounds
participating in a DA reaction are a so‐called diene (hydrocarbons with two carbon
double bonds) and a dienophile (hydrocarbons with an isolated double or triple
bond), which form a six‐membered cyclic product. The stereochemistry of the diene
and the dienophile is preserved during the reaction, thus the stereochemistry of the
product is well predictable. This can be rationalized with the Woodward‐Hoffmann
rules,257 which are applicable for pericyclic reactions in general. As the orbital
symmetry is retained, it is possible to predict whether a certain reaction can be
induced by light or by thermal energy.258,259 According to these rules, the Diels‐Alder
reaction is symmetry‐allowed under thermal conditions in a suprafacial* manner,
but photochemically forbidden.260 The mechanism of the reaction can be analyzed by
the orbital interactions of the reacting systems which are summarized in the frontier
molecular orbital (FMO) theory, giving an explanation for the Woodward‐Hoffmann
rules.261 Figure 2.14 illustrates the orbital interactions in DA reactions, also
demonstrating the influence of electron‐donating (EDG) and electron‐withdrawing
groups (EWG) on the diene or the dienophile respectively. The cycloaddition occurs
through the interactions of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of the diene and the dienophile. Only
interactions between molecular orbitals (MOs) with the same symmetry stabilize the
cyclic transition state and thus result in bonding. In general, the diene must be in cis
conformation and cyclic dienes are more reactive due to their rigid cis configuration.
Moreover, the FMO theory can predict the rate of DA reactions, which is influenced
by electronic and structural factors lowering or increasing the HOMO‐LUMO gap.
The smaller the energy gap between the HOMO and the LUMO of the reacting
species, the faster the reaction proceeds.228 Furthermore, the FMO can also explain
the regio‐selectivity that is observed for the reaction of asymmetric dienes and/or
dienophiles, by taking into account the unbalanced spatial electron distribution in
the frontier orbitals induced by the substituents.262
Suprafacial means that the π‐system of the diene and the dienophile interact with the same face at
both ends, see also Figure 2.14.

*
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Figure 2.14. Frontier molecular orbital (FMO) theory demonstrating the orbital interaction between
a diene and a dienophile in DA reactions with different electron demand (EDG = electron donating
group; EWG = electron withdrawing group).228,263

According to the electronic situation of the interacting species, the reaction can be
categorized into three types of DA reactions, depicted in Scheme 2.16: Normal
electron demand DA reactions (i), inverse electron demand DA reactions (ii) and
hetero DA (HDA) reactions (iii).
In a DA reaction with normal electron demand (i) the cycloaddition occurs between
an electron‐rich diene, optionally substituted with an EDG (e.g. NH2, OR, NR2) and an
electron poor dienophile which bears an EWG (e.g. CO, COOR, CN, NO2). The EWG
lowers the HOMO as well as the LUMO of the dienophile, thus reducing the energy
difference between the dienophile’s LUMO and the diene’s HOMO (Figure 2.14),
resulting in fast reactions rates.228,264 With regard to a DA reaction with unbalanced
electron demand – such as the reaction between butadiene and ethylene – it is
obvious that this reaction is less favored than the normal electron demand DA
reaction, as both conceivable HOMO‐LUMO interactions exhibit a large energy gap.
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The potential of normal electron demand DA reactions for the modular construction
of polymer architectures was demonstrated, for example, by Tunca and Hizal who
employed a maleimide‐anthracene system to synthesize block copolymers,265 star
polymers266 and graft polymers.267 In addition, the maleimide‐cyclopentadiene
cycloaddition (shown in Scheme 2.16i) was successfully employed in the formation
of cyclic polymers.268
The electronic situation in a DA reaction can also be inverted, giving rise to DA
reactions with inverse electron demand (ii), in which an electron deficient diene
reacts with an electron rich dienophile. The EWG in the diene lowers its HOMO and
LUMO energies, whereas the EDG in the dienophile raises its HOMO and LUMO
energies. Thus, the reaction proceeds via the interaction between the LUMO of the
diene and the HOMO of the dienophile.228 A typical example of an inverse electron
demand DA reaction is the cycloaddition of diphenylethyne to diphenyl‐1,2,4,5‐
tetrazole to yield tetraphenylpyridazine, which is depicted in Scheme 2.16ii.228,269
Several inverse DA reactions have been applied in polymer chemistry by Popik and
coworkers.64‐66
In addition, DA reactions in which a hetero atom is included in the cyclic ring are
summarized under the term hetero DA reaction (HDA). The example given in
Scheme 2.16iii demonstrates the HDA reaction of cyclopentadiene with an electron
deficient hetero‐dienophile which can additionally react as a CTA in a RAFT
polymerization. In this way, RAFT polymers can be directly conjugated without the
need of further end‐group modifications. This atom efficient and versatile method
was successfully employed and initially developed by our team for the formation of
block copolymers,22,231,270‐275 star polymer structures226 and graft polymers225 and is
also referred to as RAFT‐HDA reaction. Given the correct substitution on the initial
RAFT agent, the HDA reaction can be completed at ambient temperature within less
than one minute.
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Scheme 2.16. Overview of three types of DA reactions: i) DA reaction with normal electron demand,
ii) DA reaction with inverse electron demand, iii) hetero DA (HDA) reaction (a. t. = ambient
temperature).

An additional important feature with respect to advanced material design is the
thermally induced reversibility of some DA reactions276,277 which has been
frequently employed in the development of self‐healing materials.278‐280
In conclusion, it can be stated that DA reactions are highly stereospecific and
regioselective reactions, due to their well‐defined cyclic transition state.
Furthermore, the reaction is compatible with a broad variety of readily available
starting materials, proceeds with fast reactions rates and without the formation of
byproducts, due to its high orthogonality. Another example of a very efficient click
reaction is given below with the copper catalyzed azide‐alkyne cycloaddition
(CuAAC).
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2.5.3 Azide‐Alkyne Cycloaddition
The copper catalyzed azide‐alkyne cycloaddition (CuAAC) is referred to as the
paramount example of click chemistry and is among the most powerful existing
ligation methods for polymer conjugation.232‐235, 281,282 The CuAAC reaction was first
reported by Medal283 and Sharpless284 and is a variant of the Huisgen 1,3‐dipolar
cycloaddition. However, compared to the thermally induced cycloaddition which
yields a mixture of regioisomers, the copper catalyzed reaction is regioselective and
only produces 1,4‐substituted 1,2,3‐triazoles (Scheme 2.17).

Scheme 2.17. Azide‐alkyne cycloadditions. A) Thermally induced 1,3‐dipolar cycloaddition yielding
1,4‐ and 1,5‐ substituted 1,2,3‐triazoles. B) Copper catalyzed 1,3‐dipolar azide‐alkyne‐ cycloaddition
yielding only 1,4‐substituted 1,2,3‐triazoles.

The catalyst system consists of a Cu(I) complex with appropriate ligands, e.g. CuBr in
combination with N,N,N’,N’’,N’’‐pentamethyldiethylenetriamine (PMDETA). A less
oxygen sensitive catalyst system is CuSO4 and ascorbic acid, since Cu(I) is formed in
situ via the reduction of Cu(II) to Cu(I).285
The catalytic cycle illustrated in Scheme 2.18 was proposed by Sharpless and
coworkers.284 The mechanism proceeds via the reaction of a Cu(I) species with an
alkyne under proton abstraction and the formation of a copper acetylide complex. In
the subsequent step, a 1,2,3‐triazole is formed in the cycloaddition reaction with an
azide, followed by the release of the Cu(I) species and the regeneration of the
catalyst.
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Scheme 2.18. Suggested catalytic cycle for copper catalyzed azide‐alkyne cycloadditions.286,287

In polymer chemistry, the CuAAC reaction was first employed in the modular
synthesis of dendrionized linear polymers288 and dendrimers.289 Subsequently,
Opsteen and van Hest synthesized amphiphilic block copolymers via the coupling of
alkyne‐functionalized hydrophobic polymers with azide telechelic PEG.282 Ever
since, a broad variety of macromolecular architectures was obtained via CuAAC click
conjugation of polymer building blocks, e.g. stars,290,291 hydrogels,292 and combs,293
just to name a few. In addition, the CuAAC reaction is orthogonal to DA reactions
which was employed in the sequential or one‐pot synthesis of block
copolymers.294,295
Even though the CuAAC reactions feature many advantages, they still require a
catalyst which in some applications can be unfavorable, e.g. in biological systems
due to the cytotoxicity of copper.296,297 As an alternative, the catalyst free azide‐
alkyne cycloaddition in combination with the light‐induced in situ formation of the
reactive species is depicted in Scheme 2.19A. Furthermore, two examples of light‐
induced and highly efficient 1,3‐dipolar cycloadditions are illustrated in
Scheme 2.19B and C, which also allow fast ligation at ambient temperature.
The reactivity of cyclooctynes employed in the copper free reaction of azides and
alkynes is attributed to a ring strain of the alkyne and thus referred to as strain
promoted azide‐alkyne cycloaddition (SPAAC).298 The reactivity of cycloocytnes can
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be further enhanced via the introduction of electron withdrawing substituents, e.g.
fluorine moieties in α‐position of the carbon‐carbon triple bond,299,300 or via an
increase of the ring strain by merging the cyclooctynes with aryl structures as
shown in Scheme 2.19A.301 The photo‐induced variant of the in situ formation of the
cyclooctyne species from a cyclopropenone percursor (photo‐SPAAC) was
introduced by Popik and coworkers and employed in the selective labeling of living
cells.302

Scheme 2.19. Overview of 1,3‐dipolar cycloadditions. A) Light‐triggered catalyst free azide‐alkyne
cycloaddition, B) Tetrazole chemistry (NITEC), C) Azirine photoligation (EWG = electron withdrawing
group).

As a further example for a catalyst free 1,3‐dipolar cycloadditon, the photo‐induced
nitrile imine‐mediated tetrazole‐ene cycloaddition (NITEC) is depicted in
Scheme 2.19B. The reaction is based on the light‐induced decomposition of a diaryl
tetrazole via the release of nitrogen and the in situ formation of the nitrile imine
1,3‐dipole which subsequently undergoes a cycloaddition with olefins.303 NITEC has
proven to be a powerful tool by us in biorthogonal304,305‐307 and modular polymer
conjugation in solution308,309,310 and on surfaces.204,208,311
The second example for a photo‐induced 1,3‐dipolar cycloaddition is the azirine
photoligation (Scheme 2.19C).266 By a light‐induced ring‐opening of azirine
derivatives, highly reactive nitrile ylide 1,3‐dipoles are generated and form
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cycloadducts with electron deficient multiple bonds.312,313 Lin and coworkers
employed the azirine‐based cycloaddition in the fast and selective conjugation of
proteins and our team recently demonstrated the visible light‐triggered conjugation
of pyrene‐substituted azirine with functional polymeric substrates.314
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Modification for Guided Cell
Attachment
†

Cell experiments were performed in collaboration with S. Geyer and S. Scholpp (Institute of
Toxicology and Genetics, KIT). ToF‐SIMS measurements were performed by A. Welle (Institute of
Functional Interfaces, KIT). The thermoforming of the PC film was carried out by P. Nikolov and S.
Giselbrecht (Institute for Biological Interfaces, KIT; MERLN Institute for Technology‐Inspired
Regenerative Medicine, Maastricht University). B. Yameen (Harvard Medical School, Boston, MA, USA)
and G. Delaittre (Institute of Toxicology and Genetics, KIT) are thanked for discussion. Parts of this
chapter were reproduced with permission from Hirschbiel, A. F.; Geyer, S.; Yameen, B., Welle, A.;
Nikolov, P.; Giselbrecht, S.; Scholpp, S.; Delaittre, G.; Barner‐Kowollik, C.; Adv. Mater. 2015, 27, 2621‐
2626 (DOI: 10.1002/adma.201500426). Copyright 2015 Wiley.

55

3. Light‐Induced Surface Modification

3.1 Motivation
In recent years biologists have been looking for advanced substrates to mimic the in
vivo conditions of cells for detailed cell studies as an alternative to the petri dish.
Such substrates preferably possess a three‐dimensional structure and boundaries in
the cell culture as they naturally occur in a living system, e.g. for neural cells and
networks.315,316 Furthermore, boundaries in a cell culture system facilitate the
investigation of defined co‐cultures12,13 as well as intercellular communication.317,318
UV irradiation,206,207 chemical319,320 or plasma treatment321,322 of a solid substrate
represent effective ways to obtain spatially resolved functionalization in order to
guide cells into specific areas. Especially, amorphous polymers such as
polycarbonate or polystyrene are predestinated for the generation of disposable
biological devices due to their low manufacturing cost and the various shapes in
which they can be processed.219
In the following chapter a facile methodology to pattern cells onto a flexible polymer
substrate is introduced. By combining photolithographic cleavage of a photoactive
molecule and surface initiated polymerization of a cell repellent oligo(ethylene
glycol) derivative, patterned surfaces with pre‐defined areas for cell guiding were
obtained. The PC substrate was further shaped into a 3D microchannel generating
an instructive environment for cells which resembles in vivo conditions.
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3.2 Results and Discussion
3.2.1 Modification of Polycarbonate Surfaces
Polycarbonates are widely employed in industrial applications since they are
transparent and have a high temperature and impact resistance. Furthermore,
polycarbonate (PC) substrates can be easily thermoformed into any structure. Thus,
a thin and precast PC film (gauge 65 µm, it4ip, Belgium) was chosen for the
development of a biological platform. The purchased membrane was additionally
irradiated with swift heavy ions, prior to the chemical treatment, in order to etch
pores into the PC film subsequent to the thermoforming process. The pores will later
serve to pervade cells on the PC surface with nutrient solution. Due to its low surface
free energy, the PC surface shows a relatively low adhesiveness leading to the
necessity of chemical treatment for cell attachment to the surface. In a first
modification approach, a nitration of the aromatic ring of the PC was performed,
which is shown in Scheme 3.1 (2). Subsequently, the nitro groups were reduced to
the desired amino groups by sodium borohydride (3).323

Scheme 3.1. Initial approach: Amino‐functionalization of the PC‐film via nitration (2) and subsequent
reduction (3).

Functionalization of the PC films was followed by ATR‐IR measurements. A new
band at 1667 cm‐1 corresponding to the asymmetric stretching vibration of NO2
appeared (Figure 3.1) for the treated PC surface (red trace) in comparison with the
pristine PC surface (black trace), confirming the nitration of the film. After the
reduction step, the mentioned band disappeared, indicating full conversion of the
nitro group to the amino function (blue trace). Even though the functionalization of
the PC surface with amino groups seemed to be successful, the PC membrane lost its
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flexibility, which is essential for the thermoforming process even with very low
concentrations of nitric acid.

Figure 3.1. IR spectra showing the absorbance of the pristine PC film 1 (black trace), the PC film after
the nitration 2, showing the NO2 asymmetric stretching vibration at 1667 cm‐1 (red trace) and the
absorbance of the aminated film (blue trace). Reproduced with permission from Wiley, 2015 (DOI:
10.1002/adma.201500426).

Thus, an alternative functionalization strategy was developed, employing a milder
chemical treatment to retain the flexible properties of the PC film. A further
challenge of treating a very thin and non‐crosslinked PC substrate was in the
restricted range of suitable solvents. Only water, ethanol and methanol conserved
the initial surface roughness, while other solvents such as tetrahydrofuran,
dichloromethane or ethyl acetate increased it or even dissolve the entire film.
Scheme 3.2 depicts the novel modification strategy for the chemical surface
patterning of the PC film.
Initially, the PC films were treated with air plasma, generating hydroxyl‐
functionalities on the surface (4) which allowed the attachment of (3‐

58

3.2 Results and Discussion
aminopropyl)triethoxysilane (APTES) via silanization (5). After thoroughly washing
the membrane with water and ethanol, unreacted ethoxy groups of APTES were
cross‐linked on the surface in a subsequent annealing step. The complete
functionalization of the surface with APTES was evidenced with time of flight
secondary ion mass spectrometry (ToF‐SIMS). ToF‐SIMS is an ideal and sensitive
analysis method for surfaces. During the measurement the analyzed surface is
bombarded with a high energetic primarily ion beam consisting of bismuth clusters,
which results in the emission of secondary ions directly from the surface. The
secondary ions are then further analyzed in a time of flight mass‐analyzer according
to their mass to charge ratio. Figure 3.3A depicts the ToF‐SIMS images of the PC film
after silanization revealing the presence of NH4+ (18.03 u) and Si+ (27.98 u) fragment
maps of 5.

Scheme 3.2. Synthetic route for the spatially resolved surface modification of a PC film via UV
irradiation und subsequent passivation with MeOEGMA. Reproduced with permission from Wiley,
2015 (DOI: 10.1002/adma.201500426).

In order to obtain spatial resolution on the PC surface, an acid‐functionalized atom
transfer radical polymerization (ATRP) initiator carrying a photo‐active o‐
nitrobenzylmethyl ester linker (6) was coupled to the aminated surface in an
EDC/NHS mediated reaction to obtain 7. Figure 3.3B shows the Br‐ signal (78.92 u)
stemming from the ATRP initiator and the NO2‐ fragment (45.99 u) of the o‐
nitrobenzyl unit which were detected in the ToF‐SIMS analysis. The measurement
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confirmed the modification of the PC film 5 with the ATRP initiator 6. The approach
was based on the photo‐cleavage of o‐nitrobenzyl derivatives which can be
performed via UV irradiation around 365 nm. The advantage of this strategy is the
facile synthesis of the derivatives (refer to the experimental section 3.4.3) as well as
the employment of mild irradiation conditions for the photo‐cleavage. The 1H NMR
spectrum of the photo‐cleavable ATRP initiator 6 is shown in Appendix A, Figure A.3,
revealing characteristic signals of the triazole ring at 8.30 ppm and the methylene
groups of the carboxylic acid spacer at 2.53 ppm and 2.22 ppm. In the subsequent
step, a metallic shadow mask was employed to generate a defined pattern on the
surface

via

light‐induced

cleavage

of

the

o‐nitrobenzyl

derivative.

The

photolithographic approach allows to create clearly defined patterns in the range of
micrometers. Therefore, the PC film was positioned in a sample holder, covered with
the shadow mask and fixed with screws (shown in Appendix A, Figure A.4).
Subsequently, the samples were placed in a custom built photo‐reactor (Appedix A,
Figure A.5) and irradiated in the dry state with a low–pressure mercury lamp
emitting at a maximum of 350 nm (36 W). The emission spectrum of the employed
lamp is shown in Figure 3.2 along with the UV‐vis spectrum of the o‐nitrobenzyl
ATRP initiator, measured in acetonitrile.

Figure 3.2. UV‐vis spectrum of the o‐nitrobenzyl linker 6 measured in acetonitrile and the emission
spectrum of the employed compact low pressure fluorescent lamp (Philips CLEO Compact PL‐L,
36 W). Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).
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Figure 3.3. ToF‐SIMS images illustrating each functionalization step of the PC surface. A) NH4+ and Si+
fragment maps of 5. B) NO2‐ and Br‐ fragment maps of 7. C) OEG fragment maps of 9. For spectra and
peak integrals refer to Appendix A, Figure A.6 and Table A.1. Reproduced with permission from
Wiley, 2015 (DOI: 10.1002/adma.201500426).

After the irradiation procedure, the PC film 8 was thoroughly washed with ultrapure
water (Milli Q) and distilled methanol, removing the detached initiator from the
surface and leaving carboxylic acid functionalities in the irradiated areas. The
carboxylic acid functionalities increase the adhesiveness of the PC surface and
generate bio‐friendly domains where proteins and cells can attach. The efficient
removal of the ATRP initiator via irradiation is demonstrated in the ToF‐SIMS image
depicted in Figure 3.4. The picture reveals the wave‐like pattern of the shadow mask
in the irradiated areas in contrast to two Br‐ typical fragments (sum of 78.92 u and
80.91 u) of the remaining ATRP initiator in the non‐irradiated areas.
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Figure 3.4. ToF‐SIMS image of the PC film after irradiation with a metallic shadow mask, revealing its
wave pattern in contrast to the Br‐ signals (blue areas) stemming from the remaining initiator. The
picture was modified with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

Finally, a biorepellent layer was grafted from the non‐irradiated areas on the PC film
via the surface‐initiated ATRP (SI‐ATRP) of oligo(ethylene glycol) methyl ether
methacrylate (MeOEGMA) thanks to the remaining initiator molecules on the
surface. Oligo(ethylene glycol) (OEG) derivatives possess excellent antifouling
properties since they are hydrophilic, electronically neutral and possesses hydrogen
bond acceptors, but no hydrogen bond donors.324,325,326 Figure 3.3C refers to the
ToF‐SIMS image of the non‐irradiated area, demonstrating the homogeneous coating
of the film with poly(OEG). The measurement refers to the presence of the
characteristic fragments of OEG: C2H3O‐ (43.02 u) and C2H5O2‐ (61.03 u) among
other distinctive fragments. In Figure 3.5 a photographic image of the pristine PC
film is depicted, along with a picture of the film after the light‐induced cleavage of
the ATRP initiator and subsequent passivation with OEG, showing the wave pattern
of the irradiated areas.

Figure 3.5. Photographic images of A) the untreated PC film and B) the PC film after photocleavage of
the o‐nitrobenzyl ATRP initiator and subsequent functionalization with poly(MeOEGMA), showing
the wave pattern of the irradiated area at a certain angle of incident light. The picture was modified
with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

62

3.2 Results and Discussion
Apart from the observed wave pattern, the PC film remained optically unchanged
when compared to the untreated film. As a result, a substrate with cell/protein
adhesive areas was created on an overall biorepellent surface, which will be
demonstrated in the next section.
In addition, the presence of potential copper residues after the SI‐ATRP of
MeOEGMA was analyzed via ToF‐SIMS in order to perform cell tests on the surface,
since copper is known to have cytotoxic effects.296,297 The extremely sensitive ToF‐
SIMS analysis, shown in Figure A.7, implied very small amounts of remaining copper.
However, the quantities of copper were significantly low, and as shown in sections
3.2.3 the copper residues did not have cytotoxic effects on the cells.

3.2.2 Protein Adhesion on the Polycarbonate Film
In the subsequent step the patterned PC films were tested for the affinity of proteins
only to the pre‐defined areas on the surface. Fetal calf serum (FSC) and enhanced
green fluorescent protein (eGFP) were selected as suitable proteins for the
experiment.
In the first case, the PC film was treated with FCS, which is a mixture of varying
proteins and frequently employed to test surface resistance to biofouling.204,327 The
protein adsorption protocol including exact concentrations and conditions is
described in the experimental section (3.4.5). ToF‐SIMS analysis confirmed the
attachment of FCS only to the irradiated wave‐shaped pattern on the treated PC film,
referring to the CN‐ (26.0 u) and the CNO‐ (42.0 u) fragments, which are
characteristic for FCS and result from the peptide bonds of the protein, shown in
Figure 3.6.328
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Figure 3.6. ToF‐SIMS image of the CN‐ and CNO‐ fragments of FCS, reproducing the wave‐shaped
pattern of the photomask. The picture was modified with permission from Wiley, 2015 (DOI:
10.1002/adma.201500426).

Additionally, a second protein – enhanced green fluorescent protein (eGFP) – was
tested for its attraction to the structured surface. Furthermore, the affinity of eGFP
to the irradiated area was evaluated by measuring the fluorescence intensity inside
and outside of the wave pattern and compared to the intensity of a non‐patterned
area on the same film. Figure 3.7A exhibits the brightfield image and the
fluorescence image of a patterned surface after the treatment with eGFP solution.
The white arrows in the fluorescence image indicate the measured zone about one
millimeter across the partially irradiated and subsequently passivated area. Both the
fluorescence microscope image and the data of the fluorescence intensity state that
eGFP attaches primarily to the irradiated wave pattern and is less adsorbed on the
non‐irradiated areas. The quantitative evaluation of the fluorescence intensity (min
= 0; max = 256), illustrated in Figure 3.7B, shows an average fluorescence value of
90.40 ± 5.61 (mean ± standard error of the mean, SEM) in the irradiated area in
comparison to an intensity of 59.80 ± 5.12 in the non‐irradiated area. The promising
results were an encouragement to test the patterned films in the context of cell
guiding (section 3.2.3).
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Figure 3.7. A) Attachment of eGFP to the irradiated areas on the PC surface. B) Fluorescence intensity
of eGFP based on an average of 5 measurements. The intensity of eGFP inside the patterned area is
compared to the intensity in the non‐patterned area. The picture was modified with permission from
Wiley, 2015 (DOI: 10.1002/adma.201500426).

3.2.3 Cell Guiding on the Polycarbonate Film in 2D
The successful adsorption of proteins in the irradiated areas of the patterned PC
film, as described in the previous section, led to the next step to cultivate cells on the
film in the context of guided cell adhesion. Cells from a robust vertebrate fibroblast
line (PAC2)329 were seeded on the PC film and cultivated for 24 h in L‐15 medium
(containing 50 µg ml–1 Gentamycin, 100 units mL–1 Penicillin, 100 µg mL–1
Streptomycin and 15 % FCS). Subsequently, the PAC2 fibroblasts were washed with
PBS‐/‐‡ (2 × 5 min) to remove non‐adherent cells and fixed with 4 %
paraformaldehyde (PFA) for 30 min. Afterwards, the cells were stained with
markers for cell nuclei (DAPI) and actin cytoskeleton (Phalloidin). The fluorescence
microscope images and the quantitative evaluation of the cell density and the
surface coverage of cells on the film are illustrated in Figure 3.8. As a result, it was
observed that PAC2 cells accepted the pattern, whereas they avoided the non‐
irradiated areas and mainly adhered to the irradiated areas on the surface
‡

‐/‐ indicates without MgCl2 and CaCl2
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(Figure 3.8A, B, C). Information about the density of cells on the surface was
obtained from the quantification of the cell nuclei (DAPI). The cell density inside the
irradiated areas is significantly higher, with 0.0004 cells µm‐2 (blue bar) than on the
non‐irradiated surface where a cell density of only 0.0001 cells µm‐2 (red bar) was
detected. Interestingly, it was also noticed that fibroblast feature different shapes,
depending on the area on the surface where they are located. The observation was
highlighted by pseudo‐coloring the cells in the irradiated areas in red and the cells in
the non‐irradiated areas in yellow (Figure 3.8C). On the non‐passivated surface area
cells are flatter and cover a larger area compared to the passivated surface where
cells display a small, round phenotype. The actin cytoskeleton (Phalloidin) relates to
the surface area covered by cells. Thus, a quantification of the surface coverage,
shown in Figure 3.8E, indicates that 70.3 ± 6.3 % (mean ± SEM) of the irradiated
surface were covered with cells compared to only 15.1 ± 4.9 % on the non‐irradiated
surface. As a matter of fact, fibroblasts exist in a much higher density in the
irradiated areas on the surface. According to the cellular shape analysis the
assumption was made that fibroblast migrate from the passivated surface to the
non‐passivated surface. However, it was not possible to further explain the observed
cellular distribution, since the cell division rate for PAC2 fibroblasts in culture is too
slow.329
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Figure 3.8. Adhesion of PAC2 fibroblast cells to the patterned PC film. A) Brightfield picture of the
microscope merged with PAC2 fibroblast cells, stained with nuclei marker (DAPI) and actin
cytoskeleton (Phalloidin). B) Surface rendering of the nuclear DAPI signal and localization of cell
nuclei to quantify the cell distribution. C) Pseudo coloring of the cells: irradiated area (red) and non‐
irradiated area (yellow). D) Density of cells on the surface: irradiated area (blue) and non‐irradiated
area (red). E) Percentage of surface covered by cells: irradiated area (blue) and non‐irradiated area
(red). The cells were stained and measured after 24 h. To determine significance of difference
between the data sets Student’s T‐Test was used and a p‐value of < 0.0001 (***) was calculated.
Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

3.2.4 Thermoforming and Cell Guiding in 3D
Finally, the cell guiding strategy was tested in a three‐dimensional environment.
Therefore, the pre‐modified PC film 8 was shaped in a thermoforming process using
the so‐called SMART approach (substrate modification and replication by
thermoforming).15,16,330 During the thermoforming process the PC film is three‐
dimensionally stretched under mild conditions which allows to manufacture film‐
based microstructures.330 In this way, a 3D microchannel was generated on a
patterned PC film. Figure 3.9A depicts the film after thermoforming with the channel
located in the middle of the round PC piece. The brass mold employed for SMART is
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shown in Figure 3.9B and Figure 3.9C illustrates a novel shadow mask in order to
generate a divided channel structure on the surface. The shadow mask matching the
channel was constituted from the brass mold with a narrow strip of aluminum foil
placed in the middle of the slit. Exact conditions for the SMART process can be found
in the experimental section (3.4.6). Following this, the thermoformed film was
passivated by grafting MeOEGMA from the surface. The grafting of the biorepellent
polymer was performed after the thermoforming step to prevent possible polymer
degradation.

Figure 3.9. A) Photograph of a patterned PC film after thermoforming. B) Photograph of the brass
mold employed for SMART. C) Schematic depiction of the homemade shadow mask employed for
irradiation, consisting of the brass mold and a narrow strip of aluminum foil placed in the middle of
the slit. Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

The channel like structure is envisaged to mimic the neural channel of a zebrafish, in
order to explore the development of the thalamus. Scholpp and co‐workers have
investigated signaling processes between small groups of cells which are divided by
naturally occurring boundaries, such as the mid‐diencephalic boundary whose
impact on cell signaling processes needs to be investigated.10,11 Via insertion of a
boundary inside the microchannel the in vivo conditions for the in vitro investigation
of neural zebrafish cells are partly reconstructed.
PAC2 fibroblasts were cultivated in the patterned channel for 5 days under similar
conditions as described in section 3.2.3. In addition, a control experiment was
performed by cultivating cells for 5 days in a pristine 3D channel. The outcome of
the experiments is shown in Figure 3.10. Fibroblast in the control channel
(Figure 3.10B) cover the entire area whereas cells in the patterned channel almost
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exclusively attach to the irradiated areas while avoiding the passivated zone. Higher
magnification images of the non‐passivated zone, the border region and the
passivated zone of the patterned channel are depicted in Figure 3.11.
Hence, the effectiveness of the herein described photolithographic approach is
demonstrated even in combination with thermoforming, resulting in isolated cell‐
populated zones within a single 3D microchannel.

Figure 3.10. Adhesion of PAC2 fibroblast cells to a patterned 3D microchannel shaped on a pre‐
modified polycarbonate film. A) Outline of a thermoformed 3D microchannel with a non‐irradiated
zone dividing the irradiated channel. B) Frontal view and top view of an untreated microchannel
(control) with PAC2 fibroblast cells stained with DAPI and Phalloidin. C) Top view of PAC2 cells in the
patterned microchannel. The cells were cultivated in both cases for 5 days. Reproduced with
permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

Figure 3.11. High magnification pictures of adherent fibroblast cells in the patterned microchannel.
Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).
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3.3 Conclusion
A general method for the spatially resolved functionalization of polycarbonate films
via a combination of photopatterning and reversible deactivation radical
polymerization was described. Thus, micropatterns of an OEG derivative and
carboxylic acid moieties were obtained and tested under biofouling conditions. It
was observed that proteins – FCS and eGFP ‐ which were applied to the patterned PC
surface primarily attached to the non‐passivated, irradiated areas whereas less or
almost no protein adhesion was detected outside of the irradiated areas.
Furthermore, cells of a PAC2 fibroblast line were cultivated on the modified films.
Similar to the proteins, the cells preferred the carboxylic acid functionalized regions
on the surface where a much higher cell density was detected compared to the
passivated areas. In addition, a 3D microchannel was shaped into a pre‐modified PC
film in order to create a thin walled and transparent microwell for sophisticated cell
studies. Thus, it was proven that the developed chemistry withstands the process
and that cell patterning can be achieved inside the microchannel.
The introduced methodology paves the way for the development of patterned
surfaces which can be further shaped into any desired 3D structure and thus can
serve as novel and disposable devices for advanced cell culture applications.
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3.4.1 Materials
5‐Hydroxy‐2‐nitrobenzyl alcohol (Aldrich), succinic anhydride (99%, Alfa Aesar), 1‐
(3‐dimethylaminopropyl)‐3‐ethylcarbodiimide hydrochloride (EDC*HCl) (98+%,
Alfa Aesar), 1,1,4,7,7‐pentamethyldiethylenetriamine (PMDETA) (99+%, Acros),
CuBr (99.9%, Sigma‐Aldrich), potassium carbonate (K2CO3, Alfa Aesar), N,N‐
dimethylformamide extra dry (DMF) (Acros), propagyl bromide (80 wt.% in toluene,
Sigma Aldrich), MgSO4 (Roth), 4‐dimethylaminopyridine (DMAP, 99%, ABCR), 3‐
aminopropyltriethoxysilane (APTES) (99%, Acros), N‐hydroxysuccinimide (NHS)
(98%, Aldrich), 2,2´‐bipyridyl (BiPy) (99%, Sigma‐Aldrich), sodium bisulfate
(NaHSO4) (Roth), CuBr2 (99.9%, Sigma‐Aldrich), CuCl (99.9%, Sigma‐Aldrich), 3‐
azidopropyl 2‐bromoisobutyrate was synthesized according to the literature and
oligo(ethylene glycol) methyl ether methacrylate (MeOEGMA, Sigma‐Aldrich,
average Mn ~ 300 g mol‐1) was filtered over a column of aluminium oxide 90 active
basic (Merck) before usage. Ethyl acetate, dichloromethane, cyclohexane, ethanol,
and methanol were purchased as analytical grade (Aldrich) and used as received.
Employed polycarbonate (PC) membranes were ion‐irradiated polycarbonate films
(it4ip, Belgium, fluence 106 ions cm–2, thickness 65 μm).

3.4.2 Instrumentation
3.4.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy
The structures of the synthesized compounds were confirmed via 1H and

13C

NMR

spectroscopy using a Bruker AM 400 MHz spectrometer for hydrogen nuclei and
100 MHz for carbon nuclei. Samples were dissolved in DMSO‐d6. The δ scale was
referenced with tetramethylsilane (δ = 0.00) as internal standard. Abbreviations
used below in the description of the synthetic steps include singlet (s), doublet (d),
triplet (t), quartet (q), multiplet (m).
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3.4.2.2 UV‐vis Spectroscopy
UV‐vis spectra were recorded on a Varian Cary 300 Bio spectrophotometer.
3.4.2.3 Time‐of‐Flight Secondary Ion Mass Spectrometry (ToF‐SIMS)
ToF‐SIMS (Time‐of‐Flight Secondary Ion Mass Spectrometry) was performed on a
TOF.SIMS5 instrument (ION‐TOF GmbH, Münster, Germany). This spectrometer is
equipped with a Bi cluster primary ion source and a reflectron type time‐of‐flight
analyzer. UHV base pressure was < 10‐8 mbar. For high mass resolution the Bi source
was operated in the “high current bunched” mode providing short Bi1+ or Bi3+
primary ion pulses at 25 keV energy and a lateral resolution of approx. 4 μm. The
short pulse length of 1.1 to 1.3 ns allowed for high mass resolution. The primary ion
beam was rastered across a 500×500 µm2 field of view on the sample, and 128×128
data points were recorded. Primary ion doses were kept below 1011 ions/cm2 (static
SIMS limit). Since the PC films are good electrical insulators, charge compensation
was necessary. Therefore, an electron flood gun providing electrons of 21 eV was
applied and the secondary ion reflectron was tuned accordingly. Spectra were
calibrated on the omnipresent C‐, C2‐, C3‐, or on the C+, CH+, CH2+, and CH3+ peaks.
Based on these datasets the chemical assignments for characteristic fragments were
determined.
3.4.2.4 IR Spectroscopy
IR spectra were measured on a Bruker Vertex 80 FT‐ IR/NIR spectrometer with an
InGaAs detector, CaF2 beam splitter, as well as an ATR unit.
3.4.2.5 Fluorescence Microscopy
Images of cells were obtained with a Leica TCS SP5 X confocal laser‐scanning
microscope using 20×, 40× or 63× dip‐in objectives. Image processing was
performed with the Imaris 6.3.1 software (Bitplane AG).
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3.4.3 Syntheses
(2‐nitro‐5‐(prop‐2‐yn‐1‐yloxy)phenyl)methanol: In a Schlenk round
bottom

flask

under

a

nitrogen

atmosphere,

5‐hydroxy‐2‐

nitrobenzylalcohol (1.70 g, 10.10 mmol, 1 eq.) and freshly ground
K2CO3 (4.16 g, 12.06 mmol, 1.2 eq.) were emulsified in dry DMF and
heated at 60 °C for 1 h. Subsequently, propargyl bromide (80 % in toluene, 1.30 mL,
12.06 mmol, 1.2 eq.) was slowly introduced into the reaction mixture, which was
stirred for 15 h at 60 °C. The solvent was removed under reduced pressure, the
residue dissolved in ethyl acetate and washed three times with distilled water. The
organic phase was dried over MgSO4 and the solvent was evaporated to afford a
brown solid, which was recrystallized in cyclohexane/ethyl acetate (1:1). The pure
product was obtained as a slightly brown solid (1.12 g, 54%). 1H NMR (500 MHz,
256 scans, DMSO‐d6) δ = 8.23 (dd, 1 H, 3JHH = 9.1 Hz, Ar‐H), 7.48 (s, 1H, Ar‐H), 7.17 (d,
1 H, 3JHH = 9.1 Hz, Ar‐H), 5.69 (ds, 1 H, 3JHH = 3.3 Hz, CH2‐OH), 5.05 (s, 2 H, CH2‐OH),
4.93 (s, 2 H, O‐CH2‐C≡CH), 3.75 (s, 1 H, C≡CH) ppm.331 The 1H NMR spectrum of the
structure is shown in Appendix A, Figure A.1.
3‐(5‐((3‐(hydroxymethyl)‐4‐nitrophenoxy)methyl)‐1H‐
1,2,3‐triazol‐1‐yl)propyl
Cu(I)Br

(13.85 mg,

2‐bromo‐2‐methylpropanoate:

0.10 mmol,

0.2 eq.)

and

PMDETA

(16.73 mg, 0.10 mmol, 0.2 eq.) were placed in a Schlenk tube
and stirred for 10 min. under a nitrogen atmosphere. In a
second Schlenk tube under a nitrogen atmosphere, (2‐nitro‐5‐
(prop‐2‐yn‐1‐yloxy)phenyl)methanol (100.00 mg, 0.48 mmol,
1 eq.) and 3‐azidopropyl 2‐bromoisobutyrate (120.00 mg, 0.48 mmol, 1 eq.) were
dissolved in dry DMF (3 mL). Subsequently, this solution was added to the
CuBr/PMDETA mixture and the reaction was stirred overnight. The reaction mixture
was then filtered over silica to remove CuBr and the solvent was evaporated under
reduced pressure. The residue was dissolved in dichloromethane, washed twice
with distilled water and dried over MgSO4. After removal of the solvent, the pure
product was obtained as a light brown solid without any further purification
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(142.64 mg, 65%). 1H NMR (400 MHz, DMSO‐d6) δ = 8.30 (s, 1 H, C=CH‐N), 8.14 (d, 1
H, 3JHH = 9.1 Hz, CArH‐C‐NO2), 7.42 (s, 1 H, HCAr), 7.17 (dd, 1 H, 3JHH = 9.1 Hz, CArH‐C‐
O), 5.57 (t, 1 H, 3JHH = 5.5 Hz, CH2‐OH), 5.31 (s, 2 H, O‐CH2‐C), 4.85 (d, 2 H, 3JHH =
5.5 Hz, CAr‐CH2‐OH), 4.49 (t, 2H, 3JHH = 6.9 Hz, N‐CH2‐CH2), 4.14 (t, 1 H, 3JHH = 6.1 Hz,
O‐CH2‐CH2), 1.77 (quin., 2 H, 3JHH = 6.5 Hz, OCH2‐CH2‐CH2) ppm. MS (ESI) m/z
calculated for C17H21BrN4O6 [M+Na]+: m/z theo: 479.05, m/z exp: 479.12. The 1H NMR
spectrum of the structure is shown in Appendix A, Figure A.2.
4‐((5‐((1‐(3‐((2‐bromo‐2‐methylpropanoyl)oxy)propyl)‐1H‐
1,2,3‐triazol‐5‐yl)methoxy)‐2‐nitrobenzyl)oxy)‐4‐oxobuta‐
noic

acid

(6):

3‐(5‐((3‐(hydroxymethyl)‐4‐nitrophenoxy)‐

methyl)‐1H‐1,2,3‐triazol‐1‐yl)propyl 2‐bromo‐2‐methylpropa‐
noate

(100.00 mg,

0.07 mmol,

0.3 eq.),

0.22 mmol,
and

1 eq.),

succinic

DMAP

anhydride

(6.66 mg,
(30.76 mg,

0.31 mmol, 1.4 eq.) were dissolved in dichloromethane (5 mL) and left to react
overnight. The solution was then extracted four times with NaHSO4 (10 %). The
organic phase was subsequently dried with MgSO4, filtered, and concentrated. The
product was obtained as brown oil which crystallized to a light brown solid (106 mg,
87% yield). 1H NMR (400 MHz, DMSO‐d6) δ = 8.30 (s, 1 H, C=CH‐N=N), 8.19 (d, 1 H,
3J

HH

= 9.4 Hz, HCAr‐CNO2), 7.24 (m, 2 H, HCAr‐C‐O, HCAr), 5.46 (s, 2 H, Ar‐CH2‐CO2),

5.34 (s, 2 H, Ar‐O‐CH2‐C), 4.49 (t, 2 H, 3JHH = 6.9 Hz, N‐CH2‐CH2), 4.14 (t, 2 H, 3JHH =
6.2 Hz, CH2‐CH2‐O), 2.68 (m, 2 H, CO‐CH2‐CH2), 2.53 (m, 2 H, CO‐CH2‐CH2‐COOH),
2.22 (quin., 2 H, 3JHH = 6.6 Hz, CH2‐CH2‐CH2), 1.88 (s, 6 H, CO2‐C‐C2H6‐Br) ppm. MS
(ESI) m/z calculated for C21H25BrN4O9 [M+Na]+: m/z theo: 579.07, m/z exp: 579.08. The
1H
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NMR spectrum of the structure is shown in Appendix A, Figure A.3.
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3.4.4 Surface Reactions
Treatment of the PC film with air plasma (4) and functionalization with 3‐
aminopropyltriethoxysilane (APTES) (5)
A round piece of polycarbonate film (⌀ 4 cm) (1) was treated with air plasma
(power: 100 W) for 5 minutes. Subsequently, the film was immersed in an aqueous
solution of APTES (6 % v/v) at 90 °C for 4 h. The film was removed from the solution
and thoroughly washed with Milli Q water and distilled ethanol in an ultrasonic bath
as well as rinsing the sample by using a pipette. The sample was finally dried under a
stream of nitrogen gas and placed in a drying oven at 90 °C for 15 h to anneal the
APTES bonds on the surface.
Functionalization

of

the

PC

film

with

4‐((5‐((1‐(3‐((2‐bromo‐2‐

methylpropanoyl)oxy)propyl)‐1H‐1,2,3‐triazol‐5‐yl)methoxy)‐2‐
nitrobenzyl)oxy)‐4‐oxobutanoic acid (6)
Compound 6 (78 mg, 0.25 mmol, 1.00 eq.) was dissolved in distilled methanol
(5.5 mL) and N‐hydroxysuccinimide (25 mg, 0.22 mmol, 1.57 eq.) was added. The
solution was stirred and deoxygenated by purging with nitrogen for 5 min at
ambient temperature. Subsequently, the solution was added to a flask containing a
piece of APTES functionalized film (4.5 cm2) (5) under nitrogen atmosphere. To this
solution, EDC*HCl (30.58 mg, 0.16 mmol, 1.14 eq.) dissolved in methanol (1 mL) was
added. The reaction mixture was shaken overnight at ambient temperature in the
dark. Subsequently, the film was extensively rinsed with distilled methanol and
distilled water and additionally ultrasonicated for 2 min (3 times) in the same
solvents. Finally, the film was dried in a stream of nitrogen gas and stored in the
dark.
Irradiation of the PC film
The PC film functionalized with the o‐nitrobenzyl ATRP initiator (7) was placed on a
silicon wafer for fixation purposes. The wafer and the film were subsequently
positioned in a sample holder and covered with a shadow mask, which was then
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secured with screws (Figure A.4). The complete assembly was positioned in a glass
vial, placed in the UV photoreactor (Figure A.5), and irradiated for 12 h in the dry
state. Subsequently, the film was removed from the sample holder and thoroughly
washed with Milli Q water and methanol, by rinsing and ultrasonic treatment
(6 times). Finally, the patterned film (8) was dried under a stream of nitrogen gas.
Functionalization of the PC film with poly(MeOEGMA) (9)
In a Schlenk tube, MeOEGMA (3.99 g, 3.70 ml, 13.32 mmol, 1.00 eq.) was dissolved in
Milli Q water (3.7 mL) at 30 °C. To this solution, 2,2’‐bipyridyl (53.25 mg, 0.34 mmol,
0.03 eq.) and Cu(II)Br2 (3 mg, 0.01 mmol, 0.001 eq.) were added. The mixture was
stirred and degassed by purging with nitrogen for 1 h before Cu(I)Cl (13.17 mg,
0.13 mmol, 0.01 eq.) was added. The mixture was subsequently deoxygenated for an
additional 15 min. A piece of the ATRP initiator functionalized film (1 cm2) (8) was
sealed in a Schlenk tube and deoxygenated by four high‐vacuum pump/nitrogen
refill cycles. The reaction mixture was transferred by a degassed syringe into the
film containing Schlenk tube, adding enough to cover the film completely. The
polymerization was allowed to proceed at 30 °C for 1 h. Subsequently, the film was
removed and thoroughly rinsed with deionized water and ultrasonicated for 2 min
several times to remove any physically adsorbed materials to yield film 9.

3.4.5

Protein adhesion studies

Fouling studies with fetal calf serum (FSC)
Fouling resistance of the pre‐treated PC film was assessed by challenging the
surfaces with fetal calf serum (FCS). After irradiation with a shadow mask and
subsequent passivation with poly(MeOEGMA), the PC films (9) (1 cm2) were
immersed in vials containing 2 mL of phosphate buffered saline (PBS, pH 7.4).
Subsequently, FCS was added (1 mL). The sample was gently shaken for 15 min. The
surface was rinsed by addition of copious amounts of PBS and subsequent removal
of 75% of the volume. This operation was repeated five times with special care to
prevent any solid‐air interface which would induce additional protein adsorption.
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Finally, the surface was rinsed with Milli Q water and dried at reduced pressure for
5 h.
Enhanced Green Fluorescent Protein (GFP) affinity assay
The polycarbonate film (9) was incubated for 15 min in a solution containing a 1 µM
concentration of enhanced green fluorescence protein (eGFP) in PBS. 1.93 µL were
taken from a stock solution of eGFP in PBS (154 µM, 100 µL) and diluted in 3 mL
PBS. After incubation, the polycarbonate film was washed 3 × 5 min in PBS‐/‐§ and
finally 2 × 15 min washing steps in PBS. The fluorescence intensity was measured on
an Olympus SZX16 microscope. In this context, five linear scans passing non‐
irradiated and irradiated areas were carried out across the polycarbonate film and
compared with the fluorescence intensity measured in a non‐irradiated zone on the
same film.

3.4.6 Thermoforming
Microthermoforming of the patterned PC film
For the thermoforming process a round piece of PC film with a diameter of 40 mm
was functionalized with the o‐nitrobenzyl ATRP initiator 6 as previously described.
Subsequently, the film was irradiated in the presence a homemade shadow mask,
consisting of the brass mold for thermoforming and aluminum foil, in the same
conditions as stated above (shown in Figure 3.9C). Thereafter, the microchannels
were formed on an in‐house developed thermoforming device with lockable brass
tool.16 The brass mold with an outer diameter of 40 mm and dimensions of mold
20 mm × 0.8 mm × 0.3 mm (l × w × d) was mounted within the brass tool, connected
to a vacuum pump. The irradiated area of the PC film with a thickness of 65 µm was
oriented to match the channel of the brass mold and the lockable tool was evacuated
and heated up to 157 °C. Upon reaching the forming temperature, gas pressure of
1.3 MPa was applied, resulting in forming of microchannels. Afterwards, the tool was
cooled down and the microchannels with an average depth of 200 µm were carefully

§

-/-: indicates without MgCl2 and CaCl2
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removed from the mold. Finally, MeOEGMA was graft‐polymerized from the ATRP
initiator present in the previously non‐irradiated zones on the thermoformed film.
The polymer passivation was performed after the thermoforming process to avoid
possible polymer degradation.

3.4.7 Cell Guiding Experiments
Cell guiding experiment in 2D
In the 2D cell guiding experiment PAC2 fibroblasts were seeded on a patterned
polycarbonate film (9) and cultivated in L‐15 medium containing 50 µg mL‐1
Gentamycin, 100 units mL‐1 Penicillin, 100 µg mL‐1 Streptomycin and 15% FCS
(thermo cabinet Lovibond) at 28 °C – the optimum temperature for PAC2 cells – for
24 h. Afterwards, the cells were washed in PBS‐/‐ (2 × 5 min) to remove non‐
adherent cells. Next, the cells were fixed with 4 % paraformaldehyde (PFA) for
30 min and stained with the nuclei marker DAPI and the actin cytoskeleton marker
Phalloidin.
Cell guiding experiment in a thermoformed 3D microchannel
The microchannels were coated with a Laminin‐1/fibronectin mix (0.02 mg ml–1,
0.02 mg mL–1, respectively) for 2 h at 31 °C. Afterwards the coating solution was
removed and unbound proteins were washed out by incubation with PBS‐/‐ (3 × 5
min). Cells were seeded in the microchannel and incubated in L‐15 medium
(ingredients as described) at 28 °C for 5 days. Subsequently, the cells were washed,
fixed and stained as mentioned above.
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NOESY NMR measurements were performed in collaboration with D. Schulze‐Sünninghausen and B.
Luy (Institute for Organic Chemistry, KIT). AFM measurements were performed by P. Krolla‐
Sidenstein (Institute of Functional Interfaces, KIT). W. Konrad (Institute for Chemical Technology and
Polymer Chemistry (ITCP), KIT) is thanked for the synthesis of the tBuBn‐trithiocarbonate during his
advanced lab‐course under the author’s supervision. J. Blinco (Queensland University of Technology)
and S. Wiedmann (ITCP) are thanked for discussions. Parts of this chapter were reproduced with
permission from Hirschbiel, A. F.; Schmidt, B. V. K. J.; Krolla‐Sidenstein, P.; Blinco, J. P.; Barner‐
Kowollik, C.; Macromolecules 2015, 48, 4410‐4420 (DOI: 10.1021/acs.macromol.5b00923) and from
Hirschbiel, A. F.; Konrad, W.; Schulze‐Sünninghausen, D.; Wiedmann, S.; Luy, B.; Schmidt, B. V. K. J.,
Barner‐Kowollik, C.; ACS Macro Lett. 2015, 4, 1062‐1066 (DOI: 10.1021/acsmacrolett.5b00485).
Copyright 2015 American Chemical Society.
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4.1 Motivation
In order to design innovative and advanced materials, one approach is the
combination of polymeric materials via efficient and facile ligation methods. The
modular ligation of polymer chains with varying properties, e.g. crystallinity,
flexibility or even stimuli responsive qualities is an effective tool to generate
complex macromolecular architectures which are further employed in the
development of functional soft materials.332,333 Such polymer architectures such as
multiblock copolymers,334,224 polymer stars335,336 or networks337,310 can be obtained
via the incorporation of active moieties in the side chain of the polymer or the
functionalization of the polymer termini with reactive groups.338,339,247 Organic
chemistry concepts in combination with macromolecular design have led to a
multiplicity of mild and rapid polymer conjugation techniques.22,18 In particular,
click chemistry is employed as a mild, efficient and fast coupling strategy and has
found broad application in the synthesis of tailor‐made polymer structures.24,23
Furthermore, controlled radical polymerization techniques result in well‐defined
polymer chains with narrow molecular weight distributions. Among atom‐transfer
radical polymerization (ATRP) and nitroxide mediated polymerization (NMP),
reversible addition‐fragmentation chain transfer (RAFT) polymerization is a
powerful tool to polymerize a multitude of monomers and to introduce functional
chain termini to a polymer, depending upon the choice of chain transfer agent
(CTA).21,123,340
In the present chapter, the supramolecular host‐guest interaction of β‐cyclodextrin
(CD)341,342,343 is combined with light‐induced Diels‐Alder reactions of 2‐methoxy‐6‐
methylbenzaldehyde (photoenol, PE)55,60,6 for the preparation of block copolymers.
RAFT

polymerization

is

employed

to

synthesize

polymer

chains

with

supramolecular recognition units, as well as photo‐active moieties and reactive
double bonds. Both β‐CD host‐guest interactions and photoenol chemistry are
mutually orthogonal ligation methods and highly appealing, since no coupling agents
or initiators are necessary and the polymeric building blocks are simply added in
stoichiometric amounts. Furthermore, it is demonstrated that the thus obtained

80

4.2 Results and Discussion
block copolymers can be employed for the synthesis of thermoresponsive
nanoparticles.

4.2 Results and Discussion
4.2.1 Synthesis of Chain Transfer Agents
CTAs or so‐called RAFT agents are, for example, trithiocarbonates or dithioesthers
which transfer their R‐ and Z‐ groups to the α‐ and ω‐ chain ends of the polymer
during the polymerization process (see section 2.2.2.3). In order to obtain polymers
with defined chain termini, a range of RAFT agents were synthesized with
corresponding functionalities, e.g. guest molecules for β‐CD or photoenol units. The
trithiocarbonates were prepared as reported by Skey and O´Reilly via a facile
synthetic strategy.344
4.2.1.1 Synthesis of the Bifunctional CTA tBuBnPE‐Trithiocarbonate
The aim was to develop block copolymers via the combination of the supramolecular
assembly of β‐CD with a guest‐molecule and the light‐induced reaction of PE with a
maleimide. Thus, a bifunctional RAFT agent – equipped with a tert‐butyl phenyl
guest and a PE – was synthesized for the preparation of an α,ω‐functional polymer
center block (Scheme 4.1). tert‐Butyl phenyl was chosen since it is an ideal guest
molecule for the inclusion in β‐CD with high complexation constants (K ∼ 18000 ‐
25000 L·mol‐1).345

Scheme 4.1. Synthetic route for the bifunctional RAFT agent 11‐(2‐formyl‐3‐methylphenoxy)undecyl
3‐((((4‐(tert‐butyl)benzyl)thio) carbonothioyl)thio) propanoate (tBuBnPE‐trithiocarbonate) 12.

81

4. Complex Macromolecular Architectures
The trithiocarbonate precursor for the bifunctional RAFT agent 10 was synthesized
with the mercaptan of the tert‐butyl phenyl guest molecule 8 and 3‐bromopropanoic
acid 9 together with carbon disulfide (CS2) and tripotassium phosphate (K3PO4) in
acetone. During the reaction the thiol is deprotonated by the K3PO4 and performs a
nucleophilic attack on the carbon disulfide. The resulting trithiocarbonate salt then
again attacks on the bromo‐compound. The crude product 10 was purified via
column chromatography (Appendix B, Figure B.1:
subsequently

used

in

the

following

step.

A

1H

NMR spectrum) and

PE

derivative,

2‐((11‐

hydroxyundecyl)oxy)‐6‐methylbenzaldehyde 11, was synthesized according to the
literature55

and

esterified

under

Steglich

conditions

with

N,N'‐

dicyclohexylcarbodiimide (DCC) and 4‐(dimethylamino)‐pyridine (DMAP). After
purification, the product 12 was obtained as a yellow oil with yields up to 88 %. The
1H

NMR

spectrum

of

3‐((((4‐(tert‐butyl)benzyl)thio)

carbonothioyl)thio)

propanoate (tBuBnPE‐trithiocarbonate) 12 is illustrated in Figure 4.1, revealing the
proton resonances of the highly pure product.

Figure 4.1. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of 11‐(2‐formyl‐3‐methylphenoxy)‐undecyl 3‐
((((4‐(tert‐butyl)benzyl)thio)carbonothioyl)thio)propanoate
(tBuBnPE‐trithiocarbonate)
12.
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).
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4.2.1.2 Synthesis of an Alkyne‐Terminated CTA
Furthermore, a second RAFT agent with an alkyne function (alkyne‐trithio‐
carbonate) at the R‐group 14 was employed in the present work for the introduction
of a β‐CD host molecule to several chain termini after polymerization. 2‐
((ethylthio))‐thioxomethyl))thio)‐2‐methyl‐propionic acid (EMP) was synthesized
following a literature procedure346 in the same fashion as described for tBuBnPE‐
trithiocarbonate 12 and esterified with propargyl alcohol 13, shown in Scheme 4.2.
The alkyne‐trithiocarbonate 14 was received from B. Schmidt (KIT).347,177 For the
analytic data and experimental procedure please refer to “Novel Macromolecular
Architectures via a Combination of Cyclodextrin Host/Guest Complexation and RAFT
Polymerization” Schmidt, B. V. K. J, Dissertation 2013, KIT.

Scheme 4.2. Synthesis of prop‐2‐yn‐1‐yl 2‐(((ethylthio)carbonothioyl)thio)‐2‐methyl‐propanoate
(alkyne‐trithiocarbonate) 14.177,347

4.2.1.3 Synthesis of a Maleimide‐Functionalized CTA
As counterpart for the light‐induced PE Diels‐Alder reaction, a maleimide‐
functionalized RAFT agent (Mal‐trithiocarbonate) 17 was prepared (Scheme 4.3).††
The above synthesized EMP was transformed to the acid chloride 16, employing
oxalyl chloride and was subsequently esterified with the protected maleimide
compound 15 without further purification. The synthesis of the protected
maleimide‐compound

2‐(2‐hydroxyethyl)‐3a,4,7,7a‐tetrahydro‐1H‐4,7‐epoxyiso‐

indole‐1,3(2H)‐dione 15 was performed as described in the literature.348

The Mal‐trithiocarbonate RAFT agent 17 was synthesized by T. Claus during her advanced lab‐
course under the supervision of B. Schmidt (Claus, T.; Advance Lab‐Course Report 2012, KIT).

††
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Scheme 4.3. Esterification reaction of a protected maleimide compound with a trithiocarbonate to
obtain 2‐(1,3‐dioxo‐1,3,3a,4,7,7a‐hexahydro‐2H‐4,7‐epoxyisoindol‐2‐yl)ethyl 2‐(((ethylthio)carbo‐
nothioyl)thio)‐2‐methylpropanoate (Mal‐trithiocarbonate) 17.349,350,351

The crude product 17 was purified via column chromatography and analyzed via 1H
NMR spectroscopy, shown in Figure 4.2. The spectrum shows the proton resonances
of the furan protecting group (a, b), along with the resonances of the methylene
spacer (c, d) and the ethyl resonances next to the trithiocarbonate (e, h).

Figure 4.2. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of 2‐(1,3‐dioxo‐1,3,3a,4,7,7a‐hexahydro‐2H‐
4,7‐epoxyisoindol‐2‐yl)ethyl
2‐(((ethylthio)carbonothioyl)thio)‐2‐methyl
propanoate
(Mal‐
trithiocarbonate) 17. Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).
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4.2.1.4 Synthesis of an Adamantyl‐Carrying CTA
In addition, a RAFT agent bearing an adamantyl molecule as an alternative guest for
β‐CD was synthesized. Hence, commercially available 2‐(dodecylthiocarbono‐
thioylthio)‐propionic acid (DoPAT) (21) was coupled with the adamantane
derivative 20, employing DCC and DMAP. N‐((3s,5s,7s)‐adamantan‐1‐yl)‐6‐
hydroxyhexanamide 20 was obtained in a ring opening amidation reaction with ε‐
caprolactone and 2‐adamantylamine hydrochloride 19.352 A spacer was introduced
to the adamantyl amine 19 to improve the accessibility of the adamantyl guest
molecule for β‐CD.

Scheme 4.4. Synthesis of the adamantyl‐functionalized RAFT agent DoPAT‐Ada 22.

Figure 4.3 depicts the 1H NMR spectrum of 6‐(((3s,5s,7s)‐adamantan‐1‐yl) amino)‐6‐
oxohexyl 2‐(((dodecylthio) carbonothioyl) thio) propanoate (DoPAT‐Ada) 22 which
was received as a yellow oil with yields of 70 % after purification via column
chromatography. The proton resonances corresponding to the adamantyl unit are
detected between 1.5 ppm ‐ 2.0 ppm (f, g, h).
Consequently, a toolbox of CTAs was established for the development of
multifunctional polymer blocks via RAFT‐polymerization.
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Figure 4.3. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of 6‐(((3s,5s,7s)‐adamantan‐1‐yl) amino)‐6‐
oxohexyl 2‐(((dodecylthio) carbonothioyl) thio) propanoate (DoPAT‐Ada) (22). Reproduced with
permission from the American Chemical Society, 2015 (DOI: 10.1021/acs.macromol.5b00923).

4.2.2 Generation of Multifunctional Polymeric Building
Blocks
Concerning the development of multifunctional block copolymers, individual
polymeric building blocks with functional chain‐termini were prepared via RAFT
polymerization, employing the RAFT agents described in section 4.2.1 (Figure 4.4).

Figure 4.4. RAFT agents for the polymerization of multifunctional polymer blocks.

Water soluble acrylamide monomers were employed for the synthesis of the
polymer blocks, since supramolecular host‐guest interactions of β‐CD are performed
in aqueous solution.
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4.2.2.1 α‐tBuBn‐ω‐PE‐Functionalized Polymer Center Block
Initially, an α,ω‐functionalized polymeric center block was prepared in a RAFT
polymerization

of

N,N’‐dimethylacrylamide

(DMAAm)

with

the

tBuBnPE‐

trithiocarbonate 12 (Scheme 4.5).

Scheme 4.5. Synthetic route for poly(DMAAm)‐tBuBnPE P23. Reproduced with permission from the
American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

The polymerization was performed in 1,4‐dioxane at 60 °C, with a ratio of tBuBnPE‐
trithiocarbonate 12 to the initiator (AIBN) of 10:1. After 90 min, the reaction
mixture was quenched by cooling with liquid nitrogen, dialyzed against deionized
water and lyophilized. Poly(DMAAm)‐tBuBnPE P23 was obtained as a yellowish
solid and analyzed via SEC, 1H NMR and ESI‐MS. The 1H NMR spectrum illustrated in
Figure 4.5 (left) reveals the typical proton resonances ascribed to the poly(DMAAm)
backbone between 1.2 ppm – 3.3 ppm together with the resonances of the chain
termini, tert‐butyl phenyl (7.31 ppm – 7.27 ppm) and PE (6.74 ppm – 6.69 ppm).

Figure 4.5. 1H NMR (400 MHz, CDCl3, 25 °C) spectrum and SEC trace of poly(DMAAm)‐tBuBnPE
(P23) measured in DMAC at 50 °C. The picture was modified with permission from the American
Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).
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The molecular weight distribution of poly(DMAAm)‐tBuBnPE P23 was determined
via SEC (Figure 4.5, right) with an average Mn of 7300 g mol‐1 and Ð of 1.1. The
narrow size distribution and the low Ð indicated the controlled character of the
polymerization. In addition, a mass spectrum of P23 was recorded which is shown
in Figure 4.6. The spectrum displays the single, double and triple charged polymer
chains of poly(DMAAm)‐tBuBnPE. No side products could be detected in the mass
spectrum, thus further confirming the successful polymerization with the
tBuBnPE—trithiocarbonate 12. Furthermore, Table 1 collates the exact masses of all
assigned peaks in the mass range between 2200 – 2270 Da in excellent accordance
with the calculated theoretical masses for P23.

Figure 4.6. ESI‐MS spectrum of poly(DMAAm)‐tBuBnPE P23 (above) and a magnification of the
spectrum (below). The spectrum shows the single, double and triple charged polymer chains of the
polymer P23, ionized with Na+. Reproduced with permission from the American Chemical Society,
2015 (DOI: 10.1021/acsmacrolett.5b00485).
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Table 1. Mass peak assignment for poly(DMAAm)‐tBuBnPE P23. Experimental and theoretical m/z
values for the labelled peaks shown in Figure 4.6. Reproduced with permission from the American
Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

m/zexp

chemical formula

m/ztheo

Δm/z

2211.129 p(DMAAm)‐tBuBnPE + Na3

[C334H588N60Na3O64S3]3+

2211.119

0.01

2214.437 p(DMAAm)‐tBuBnPE + Na2

[C224H390N38Na2O42S3]2+

2214.428

0.009

[C114H192N16NaO20S3]+

2225.358

0.007

[C339H597N61Na3O65S3]3+

2244.142

0.01

2263.970 p(DMAAm)‐tBuBnPE + Na2 [C229H399N39Na2O43S3]2+ 2263.962

0.008

2225.365

assignment

p(DMAAm)‐tBuBnPE + Na

2244.152 p(DMAAm)‐tBuBnPE + Na3

4.2.2.2 Maleimide End‐Functionalized Polymer Block
Next, a polymer block carrying a maleimide at the chain‐terminus was synthesized
(Scheme 4.6). Thus, N,N’‐diethylacrylamide (DEAAm) was polymerized in the
presence of the protected Mal‐trithiocarbonate CTA 17 and AIBN (ratio 10:1) in 1,4
dioxane. The polymerization was quenched after 90 min and dialyzed against
deionized water. In the subsequent step, the furan protecting group was removed
from the maleimide by heating poly(DEAAm)‐Mal‐protc. P24i at 120 °C in vacuo
overnight. The residue was dissolved in water, dialyzed once again and freeze‐dried.

Scheme 4.6. Mal‐trithiocarbonate 17 mediated RAFT‐polymerization and subsequent removal of the
furan protecting group in order to obtain poly(DEAAm)‐Mal P24. The scheme was modified with
permission from the American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

Figure 4.7 displays the 1H NMR spectra (left) along with the SEC analyses (right) of
poly(DEAAm)‐Mal P24 before and after the deprotection reaction. In comparison,
the two proton NMR spectra evidenced the successful deprotection of the maleimide
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via the disappearance of the furan protection group resonances at 6.51 ppm (a) and
5.26 ppm (b) in the spectrum of poly(DEAAm)‐Mal‐protc. P24i (above). In addition,
the appearance of the maleimide double bond resonances at 6.71 ppm (a) in the
spectrum of poly(DEAAm)‐Mal P24 (below) further proved the efficient
deprotection of P24i. The SEC traces (Figure 4.7, right) of poly(DEAAm)‐Mal‐protc.
P24i (red) (Mn SEC = 5400 g mol‐1, Ð = 1.2) and poly(DEAAm)‐Mal P24 (black)
(Mn SEC = 5600 g mol‐1, Ð = 1.2) exhibit narrow size distributions referring to the
controlled nature of the polymerization. Moreover, the traces are almost identical,
showing no side‐ or coupling‐products. The data corroborates the mild nature of the
deprotection reaction, which was also confirmed via ESI‐mass spectrometry.

Figure 4.7. Right: 1H NMR (400 MHz, CDCl3, 25 °C) spectra of poly(DEAAm)‐Mal‐protc. P24i (above)
and poly(DEAAm)‐Mal P24 (below). Left: The corresponding SEC traces measured in DMAC at 50 °C.
The picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

The ESI‐MS spectrum of poly(DEAAm)‐Mal P24 is illustrated in Figure 4.8, revealing
the single and doubled charged polymer chains of P24. As compared to the mass
spectrum of the protected species P24i (shown in Appendix B, Figure B.2 and
Table B.1), a clear shift of the mass peaks P24 is observed. No remaining protected
polymer chains were found in the spectrum of P24 as well as no side‐products. The
assignment of the mass peaks shown in the magnification of the mass spectrum
(Figure 4.8, below) are listed in Table 2. Here, as well as for poly(DMAAm)‐tBuBnPE
center block polymer (described in section 4.2.2.1), the experimentally found mass
peaks were in very good agreement with the theoretical mass values.
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Figure 4.8. ESI‐MS spectrum of poly(DEAAm)‐Mal P24 and a magnification of the spectrum (below).
The spectrum shows the single and double charged polymer chains of P24 ionized with Na+.
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

Table 2. Mass peak assignment for poly(DEAAm)‐Mal P24. Experimental and theoretical m/z values
for the labelled peaks shown in Figure 4.8. Reproduced with permission from the American Chemical
Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

m/zexp

assignment

chemical formula

m/ztheo

Δm/z

2531.732

p(DEAAm)‐Mal + Na

[C132H238N18NaO21S3]+

2531.719

0.013

[C272H498N38Na2O41S3]2+

2549.355

0.01

2612.915 p(DEAAm)‐Mal + Na2 [C279H511N39Na2O42S3]2+ 2612.905

0.01

2658.832

2549.365 p(DEAAm)‐Mal + Na2

p(DEAAm)‐Mal + Na

2676.467 p(DEAAm)‐Mal + Na2

[C139H251N19NaO22S3]+

2658.819

0.013

[C286H524N40Na2O43S3]2+

2676.454

0.013
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4.2.2.3 β‐Cyclodextrin Functionalized Polymer Blocks
In addition, polymer blocks of poly(DMAAm) and poly(N‐isopropylacrylamide)
(poly(NiPAAm)) were prepared and equipped with a β‐CD host molecule. The
overall synthetic strategy is shown in Scheme 4.7.

Scheme 4.7. Synthetic strategy for the preparation of β‐CD equipped polymer blocks.‡‡

In general, the alkyne‐trithiocarbonate 14 was employed in the controlled
polymerization of DMAAm and NiPAAm. Both polymerization reactions proceeded
in DMF at 60 °C. The exact reaction conditions are summarized in the experimental
section

(4.4.4).

Thus,

alkyne

end‐functionalized

poly(DMAAm)

P25i

(Mn SEC = 10100 g mol‐1, Ð = 1.1) and poly(NiPAAm) P26i (Mn SEC = 8800 g mol‐1, Ð =
1.1) were obtained and analyzed via SEC and NMR (Appendix B, Figure B.3 and
Figure B.4: 1H NMR and Figure B.5: SEC traces). The alkyne end‐group of the thus
generated polymers can be further modified via the conjugation of any desired
functionality. Subsequent to the polymerization, the trithiocarbonate was cleaved
from the polymer chains and transformed into a hydroxyl function. Therefore,
poly(DMAAm)‐alkyne P25i and poly(NiPAAm)‐alkyne P26i respectively were
dissolved in THF at 60 °C and AIBN was added. Under vigorous stirring in the
‡‡

The β‐CD functionalized polymer blocks were provided by B. Schmidt.
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presence of ambient oxygen the reaction continued until complete discoloration of
the slightly yellow solution, which indicated full conversion. Via the addition of
ascorbic acid the generated hydroperoxide‐functional polymers were reduced to the
hydroxyl‐functionalized polymers P25ii and P26ii. The NMR spectrum and the SEC
traces for alkyne‐poly(DMAAm)‐OH P25ii are depicted in Figure 4.9 and Figure 4.10
the analytical data for P26ii is comprised in Appendix B, Figure B.4 and Figure B.5.
After the transformation mechanism – which was described in detail by Dietrich et
al.340 – the SEC traces of the hydroxyl terminated polymers revealed shoulders in the
higher molecular weight region, exemplarily shown in Figure 4.10 for
poly(DMAAm).

Figure 4.9. 1H NMR (400 MHz, DMSO‐d6, 25 °C) spectra collection of pure β‐CD (bottom), alkyne‐
poly(DMAAm)‐OH P25ii (center) and poly(DMAAm)‐β‐CD P25 (top), showing the successful end‐
group modification sequence. Reproduced with permission from the American Chemical Society,
2015 (DOI: 10.1021/acs.macromol.5b00923).

The shoulder likely resulted from heating the alkyne polymer in the presence of
AIBN, which led to small amounts of coupling products. The transformation of the
trithiocarbonate was performed in order to introduce the β‐CD host molecule via
copper catalyzed azide alkyne cycloaddition (CuAAC). It was previously noted that
the CuAAC reactions proceed in a more effective manner without the RAFT
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groups.353 Finally, the azide‐functionalized β‐CD host molecule 27 was clicked to the
alkyne chain‐termini of alkyne‐poly(DMAAm)‐OH P25ii and alkyne‐poly(NiPAAm)‐
OH P26ii with CuBr and PMDETA, resulting in poly(DMAAm)‐β‐CD P25 (Mn sec =
10700 g mol‐1, Ð = 1.3) and poly(NiPAAm)‐β‐CD P26 (Mn sec = 8800 g mol‐1, Ð = 1.2).
An overview following the end‐group modification with β‐CD is depicted in the NMR
spectra collection in Figure 4.9. The NMR spectra are shown for poly(DMAAm) and
the corresponding spectra and SEC traces for poly(NiPAAM) can be found in
Appendix B (Figure B.4 and Figure B.5). The spectra illustrated in Figure 4.9 of pure
β‐CD (bottom), alkyne‐poly(DMAAm)‐OH P25ii (center) and poly(DMAAm)‐β‐CD
P25 (top) confirmed the successful synthetic sequence by the appearance of the
proton resonances of the triazole‐click product at 8.05 ppm (a) in the spectrum of
P25. Furthermore, the inner and outer proton resonances of the β‐CD guest group at
5.71, 4.83 and 3.64 ppm (b,c,d) were detected in the 1H NMR spectrum of
poly(DMAAm)‐β‐CD P25. The corresponding SEC trace of poly(DMAAm)‐β‐CD is
illustrated in Figure 4.10.

Figure 4.10. SEC trace of alkyne‐poly(DMAAm)‐OH P25ii and poly(DMAAm)‐β‐CD P25 measured in
DMAC at 50 °C. The picture was modified with permission from the American Chemical Society, 2015
(DOI: 10.1021/acsmacrolett.5b00485).

Furthermore, a polymer chain extension of poly(NiPAAm)‐alkyne P26i with N‐
hydroxyethylacrylamide (HOEAAm) was performed, resulting in an alkyne
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functionalized diblock copolymer poly(NiPAAm)‐b‐poly(HOEAAm)‐alkyne P28i
(Scheme 4.8). The diblock copolymer P28i was further transformed in the hydroxyl‐
functionalized alkyne‐poly(NiPAAm)‐b‐poly(HOEAAm)‐OH P28ii which was then
conjugated with β‐CD‐azide 27 as previously described for P25 and P26. The
1H

NMR spectra and the SEC traces before and after the chain extension of

poly(NiPAAm)‐alkyne P26i are shown in Figure 4.11. The analytical data of the final
β‐CD polymer P28 and the precursor polymer P28ii are collected in Appendix B,
Figure B.6.

Scheme 4.8. Chain extension of poly(NiPAAm)‐alkyne P26i with HOEAAm, hydroxyl transformation
of the trithiocarbonate of the diblock copolymer P28i and further conjugation with β‐CD azide 27.

Figure 4.11. 1H NMR (400 MHz, DMSO‐d6, 25 °C) spectra (left) of poly(NiPAAm)‐alkyne P26i (top)
and poly(NiPAAm)‐b‐poly(HOEAAm)‐alkyne P28i (bottom). SEC traces (right) of P26i (black) and
P28i (red) measured in DMAC at 50 °C. The picture was modified with permission from the American
Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

95

4. Complex Macromolecular Architectures

4.2.3 Modular Ligation of Polymer Chains to Multiblock
Copolymers
In section 4.2.2 the syntheses of various polymer blocks with individual functional
chain‐termini was described. In the following, the assembly of the single polymer
chains to di‐, tri‐ and tetrablock copolymers is outlined, along with a detailed
characterization. Scheme 4.9 illustrates the overall strategy for the orthogonal
formation of multiblock copolymers.

Scheme 4.9. Outline of the multiblock copolymer formation approach followed in the current section.
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

At first a diblock is formed via the light‐induced reaction of the PE chain‐terminus of
an α,ω‐functionalized center block with the maleimide end‐group of a second
polymer block. Subsequently, the freshly formed diblock copolymer is employed in
the supramolecular self‐assembly of the remaining guest molecule at its α‐chain‐end
with the β‐CD host unit of a third polymer block. For both ligation reactions no
additives such as coupling compounds or initiators were necessary, which is the
reason they are highly attractive conjugation techniques.
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4.2.3.1 Light‐Induced Diblock Copolymer Formation
By means of the photo‐induced Diels–Alder reaction, the α‐tBuBn‐ω‐PE‐
functionalized poly(DMAAm) center block P23 was conjugated with poly(DEAAm)‐
Mal P24. Therefore, the polymer blocks were dissolved in acetonitrile (MeCN) in
stoichiometric amounts at a low concentration (5 mg mL‐1). Then, the solution was
filled into headspace vials, crimped airtight with a SBR seal with PTFE inlet and
placed into the photoreactor (Figure A5). The mixture was purged with nitrogen for
15 min to remove the oxygen. Following this, the sample was irradiated with a
compact low‐pressure fluorescent lamp (Arimed B6, 36 W) at 320 nm for 40 min.
Figure B.7 in Appendix B depicts the UV‐vis spectrum of the tBuBnPE‐
trithiocarbonate 12 in MeCN and the emission spectrum of the employed lamp.
During irradiation the PE forms a reactive diene, which undergoes a DA reaction
with the maleimide, as already described in the theoretical background in section
2.1.2.

Scheme 4.10. Light‐induced diblock copolymer formation. Reproduced with permission from the
American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

Afterwards, the sample was immediately analyzed via NMR spectroscopy (Figure
B.8, Appendix B), SEC and ESI‐MS (Figure 4.12). The SEC traces of poly(DEAAm)‐Mal
P24 (black trace), poly(DMAAm)‐tBuBnPE P23 (red trace) and poly(DMAAm)‐b‐
poly(DEAAm) P29 revealed a shift to lower retention time after the diblock
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copolymer formation, indicating the success of the ligation reaction. The diblock
formation was further confirmed by the disappearance of the SEC traces of P23 and
P24. However, due to the loss of end‐group fidelity during the RAFT polymerization,
a slight shoulder remained in the SEC trace of the diblock copolymer P29. The
reduced end‐group fidelity of the RAFT polymerization results from the rather slow
decomposition of the AIBN initiator, which can replace the RAFT end‐group of some
polymer chains.354,355 Additionally, the ESI‐MS spectra (Figure 4.12 left) of the three
polymer compounds P24 (black), P23 (red) and P29 (blue) indicate a clear shift to
higher m/z for the diblock copolymer P29, confirming the effective ligation. In
analogy with the SEC measurement, the mass spectrum of poly(DMAAm)‐b‐
poly(DEAAm) P29 shows small traces of the starting materials P24 and P23. The
specific mass peak assignments of poly(DMAAm)‐tBuBnPE P23 (Figure 4.6 Table 1)
and poly(DEAAm)‐Mal P24 (Figure 4.8 Table 2) were already depicted in Section
4.2.2. The assignment for the mass spectrum of the diblock copolymer can be found
in Appendix B, Figure B.9 and Table B.2. Moreover, DLS measurements of the water
soluble polymer chains were performed, which are shown in Figure B.10 and
additionally confirm the photo‐induced ligation reaction via the shift to higher
hydrodynamic radii for the diblock copolymer P29.

Figure 4.12. Left: SEC traces of poly(DEAAm)‐Mal P24 (black), poly(DMAAm)‐tBuBnPE P23 (red)
and the diblock copolymer P29 (blue) recorded in DMAC at 50 °C. Right: ESI‐MS spectra of
poly(DEAAm)‐Mal P24 (black), poly(DMAAm)‐tBuBnPE P23 (red) and the diblock copolymer P29
(blue). The picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).
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4.2.3.2 Supramolecular Tri‐and Tetrablock Copolymer Formation
Supramolecular host‐guest interactions of β‐CD with corresponding guest molecules,
e.g. tert‐butyl phenyl or adamantane, have been widely employed for the
construction

of

complex

polymer

architectures

with

non‐covalent

conjunctions.343,341,356 Due to the dynamic nature of the supramolecularly formed
bond, the linkage is responsive to external triggers such as pH,357 light,334,358
redox359 or temperature.334,360 In this way, supramolecularly bonded polymers can
either be exchanged or completely removed, which results in a multitude of possible
applications for the development of smart materials.
Scheme 4.11 displays the formation of supramolecularly connected tri‐ and
tetrablock copolymers with the Diels‐Alder product P29, utilizing the β‐CD equipped
polymers poly(NiPAAm)‐β‐CD P26, poly(DMAAm)‐β‐CD P25 and the diblock
copolymer poly(NiPAAm)‐b‐poly(HOEAAm)‐β‐CD P28, which were described in
section 4.2.2.

Scheme 4.11. Supramolecular tri‐ and tetrablock copolymer formation with poly(NiPAAm)‐β‐CD
P26, poly(DMAAm)‐β‐CD P25 and poly(NiPAAm)‐b‐poly(HOEAAm)‐β‐CD P28. Reproduced with
permission from the American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).
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In order to form the supramolecular complex between the remaining tert‐butyl
benzyl guest molecule at the α‐chain end of poly(DMAAm)‐b‐poly(DEAAm) P29, the
diblock was dissolved in DMF and mixed with equimolar solutions of the β‐CD‐
functionalized polymers in separate vials. The mixtures were stirred at ambient
temperature for 30 min and subsequently dialyzed against deionized water. Since
DMF is a non‐selective solvent for all employed polymer blocks, the guest molecule
is better accessible in DMF than in water. Via the slow exchange of the solvent the
supramolecular

inclusion

complex

is

formed.

After

lyophilization

the

supramolecular multiblock copolymers P30, P31 and P32 were analyzed via DLS
and nuclear Overhauser effect spectroscopy (NOESY). Figure 4.13 outlines the
analytical data of the ABC triblock copolymer poly(NiPAAm)‐b‐poly(DMAAm)‐b‐
poly(DEAAm)

P30

(top),

the

AAB

triblock

copolymer

poly(DMAAm)‐b‐

poly(DMAAm)‐b‐poly(DEAAm) P31 (center) and the ABCD tetrablock copolymer
poly(NiPAAm)‐b‐poly(HOEAAm)‐b‐poly(DMAAm)‐b‐poly(DEAAm) P32 (bottom).
All DLS measurements showed a shift to higher hydrodynamic radii after the
addition of the β‐CD blocks (P25, P26, P28) to the diblock copolymer P29, which
indicated the formation of the supramolecular bond. Furthermore, the NOESY
measurements of the three compounds (P30, P31, P32) revealed cross correlation
peaks between the inner protons of β‐CD at 3.10 ppm, 3.34 ppm and 3.60 ppm and
the protons of the tert‐butyl phenyl guest unit at 6.90 ppm and 7.10 ppm. NOESY
records the homo nuclear correlation of protons in close proximity and thus
provides evidence for the host‐guest interactions. In addition, correlation between
the phenyl ring (6.90 ppm and 7.10 ppm) and the methyl protons of the tert‐butyl
group (1.86 ppm) were detected as well.
According to all analytical evidence the successful formation of partly covalent and
partly supramolecularly connected multiblock copolymers via the modular ligation
of functionalized polymer blocks was demonstrated. The following presents the
construction of even more complex architectures via the combination of photo‐
induced Diels‐Alder reactions and the supramolecular host‐guest interactions of β‐
CD.
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Figure 4.13. NOESY and DLS measurements of the supramolecularly formed ABC, AAB and ABCD
block copolymers. Top) ABC triblock copolymer poly(NiPAAm)‐b‐poly(DMAAm)‐b‐poly(DEAAm)
P30. Center) AAB triblock copolymer poly(DMAAm)‐b‐poly(DMAAm)‐b‐(DEAAm) P31. Bottom)
ABCD tetrablock copolymer poly(NiPAAm)‐b‐poly(HOEAAm)‐b‐poly(DMAAm)‐b‐poly(DEAAm) P32.
The NOESY spectra reveal cross‐correlations peaks of the inner protons of β‐CD (3.10 ppm, 3.34 ppm
and 3.60 ppm) with the aromatic protons of the tert‐butyl phenyl guest unit (6.90 ppm and
7.10 ppm). DLS measurements were performed in water with a concentration of 0.06 mmol L‐1. The
picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).
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4.2.4 Development of Thermoresponsive Nanoparticles
from Complex Macromolecular Architectures
Modular ligated di‐ and triblock copolymers often find application for the generation
of micelles and nanoparticles.361,362 Such micelles and nanoparticles can serve as
nanoreactors,363,364 microelectronic sensors,365,366,367 drug delivery systems.368,369,370
or molecular imaging agents.371,372,373 Especially, nanoparticles, which react to an
external stimulus, e.g. temperature,374,335,375 light,335,376,377 pH378,379 or voltage,362 are
of great scientific interest.
Thus, the efficiency of supramolecular host‐guest interaction in combination with
light‐induced chemistry was examined in the context of thermoresponsive
nanoparticle formation. Scheme 4.12 outlines the overall strategy for the
development of thermoresponsive nanoparticles.

Scheme 4.12. Outline of the thermoresponsive nanoparticle formation via a sacrificial micellization
approach. The picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

To begin with, a supramolecular diblock copolymer is formed via the complexation
of the β‐CD‐host molecule attached to a polymer chain with an adamantyl‐guest
group of a second polymer chain. The adamantyl‐functionalized polymer block has
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thermoresponsive features and additional photoactive PE units incorporated in its
side chain. After the supramolecular copolymer formation, the diblock undergoes
micellization when heated above the lower critical solution temperature (LCST) of
the thermoresponsive block. Subsequently, the micelle is cross‐linked in its core via
the addition of a linking molecule, which reacts with the PE units under the
irradiation with UV light. Finally, the nanoparticle is released from the micellar
scaffold by the removal of the β‐CD‐functionalized arms.

4.2.4.1 Preparation of the Thermoresponsive Guest‐Bearing Polymer Block
For the preparation of the thermoresponsive guest‐bearing polymer block, the
DoPAT‐Ada CTA 22, which was described in section 4.2.1 was employed for the
RAFT polymerization of NiPAAm. Similar to tert‐butyl phenyl, adamantane forms
strong inclusion complexes with β‐CD. With complexing constants up to 105 M‐1,380
the adamantyl/β‐CD complex is even stronger than the tBuPh/β‐CD complex, which
makes it more robust for the several reaction steps in the development of the
nanoparticles. NiPAAm is well known for its thermoresponsive features381,382 and
frequently employed in the generation of stimuli responsive materials.383,384,385
Moreover, the LCST of NiPAAm can be fine‐tuned via its chain length or the
copolymerization with other water soluble monomers (e.g. DMAAm or DEAAm). In
order to adjust the thermoresponsive polymer block to a certain chain length, a
kinetic investigation of the RAFT polymerization with DoPAT‐Ada 22 was
performed.

Kinetic Study of the DoPAT‐Ada Mediated RAFT Polymerisation of NiPAAM
The kinetic study of the DoPAT‐Ada 22 mediated RAFT polymerization of NiPAAm
(Scheme 4.13) was carried out in 1,4‐dioxane at a reaction temperature of 67 °C.
Oxygen was removed from the reaction mixture via three freeze‐pump‐thaw cycles,
prior to the polymerization. During a total polymerization time of 220 min, samples
were drawn at preset time intervals via a degassed syringe. Exact concentrations of
the polymerization solution are collated in Table 3.
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Scheme 4.13. Kinetic investigation of the DoPAT‐Ada 22 mediated polymerization of NiPAAm.

Subsequently, the samples were analyzed by 1H NMR spectroscopy to deduce the
conversion of poly(NiPAAm) via the integration of the vinyl proton resonances
against the backbone resonances of the polymer, which decrease with increasing
conversion. SEC measurements of the samples provided the experimental molecular
weight distribution (Mn

exp),

Figure 4.14A. The plot Mn

which were plotted against conversion, shown in

exp

versus conversion showed linear behavior, thus

confirming the living character of the polymerization. In addition, ESI‐MS was
recorded of selected polymer samples after precipitation (Figure 4.14C,D). The mass
spectra featured a clean RAFT‐controlled polymer distribution without further side
products. The assignments of the mass peaks shown in Figure 4.14D are listed in
Table 4.

Table 3 Reaction conditions for the DoPAT‐Ada 22 mediated polymerization of NiPAAm in 1,4‐
dioxane as well as the calculated number average molecular weight based on 100% conversion
(Mn theo). c0Mon is the concentration of the monomer, c0CTA is the concentration of DoPAT‐Ada and c0AIBN
is the initial AIBN concentration. Reproduced with permission from the American Chemical Society,
2015 (DOI: 10.1021/acs.macromol.5b00923).

c0Mon [mmol L‐1] c0CTA [mmol L‐1] c0AIBN [mmol L‐1] T [°C] Mn theo [g mol‐1]
1841.05

104

86.73

8.67

67

3000
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Figure 4.14. Kinetic study of the DoPAT‐Ada 22 mediated RAFT polymerization with NiPAAm (DPn =
27). A) Mn (relative to PS standards with the Mark Houwink parameters of poly(NIPAAm)) and Ð
versus conversion. B) SEC traces in THF at 35 °C. C) ESI‐MS spectrum. D) Magnification of the ESI‐MS
spectrum. Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

Table 4. Mass peak assignment for poly(NiPAAm)‐Ada P33. Experimental and theoretical m/z values
for the labelled peaks shown in Figure 4.14D.

m/zexp

assignment

chemical formula

m/ztheo

Δm/z

2544.000 p(NiPAAm)‐Ada + Na [C134H242N18NaO20S3]+ 2543.757

0.24

2657.091 p(NiPAAm)‐Ada + Na [C140H253N19NaO21S3]+ 2656.841

0.25

2770.000 p(NiPAAm)‐Ada + Na [C149H264N20NaO22S3]+ 2769.924

0.08

2883.273 p(NiPAAm)‐Ada + Na [C152H275N21NaO23S3]+ 2883.008

0.27
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Synthesis of 2‐methyl‐6‐((4‐vinylbenzyl)oxy)benzaldehyde (PE‐Monomer)
Furthermore, a PE monomer was synthesized to introduce PE cross‐linking units
into the side chain of the thermoresponsive block. The overall synthesis of 2‐methyl‐
6‐((4‐vinylbenzyl)oxy)benzaldehyde (PE monomer) 38 is depicted in Scheme 4.14.
At first an aldehyde was introduced to commercially available 2,3‐dimethylanisole
34 through an oxidation pathway with potassium persulfate and copper sulfate
pentahydrate.

Scheme 4.14. Syntheses of 2‐methyl‐6‐((4‐vinylbenzyl)oxy)benzaldehyde (PE monomer) 38.

Next, the ether group of the methoxy aldehyde intermediate 35 was cleaved via the
oxidation of the methyl group with aluminum chloride (AlCl3). Both intermediate
products 35 and 36 were purified by simple flash chromatography. Subsequently,
the PE product 36 was etherified with vinylbenzyl chloride 37, resulting in the
styrene derivative 2‐methyl‐6‐((4‐vinylbenzyl)oxy)benzaldehyde (PE monomer) 38.
After purification via column chromatography, the pure product was obtained as a
white solid with a yield of 47 %. The 1H NMR spectrum of the pure compound is
illustrated in Figure 4.15, showing the characteristic vinyl resonances at 6.73, 5.77
and 5.28 ppm.
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Figure 4.15. 1H NMR (400 MHz, CDCl3) spectrum of 2‐methyl‐6‐((4‐vinylbenzyl)oxy)benzaldehyde
38. Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

Copolymerization of NiPAAm with PE‐Monomer
Finally, in order to obtain the thermoresponsive block for the supramolecular
diblock formation, the PE‐monomer 38 was copolymerized with NiPAAm. Thus,
NiPAAm and the PE‐monomer 38 were dissolved in 1,4 dioxane with DoPAT‐Ada 22
and AIBN in a ratio 10:1 (Scheme 4.15). Prior to polymerization, the mixture was
degassed by three freeze‐pump‐thaw cycles. After 24 h the reaction was quenched
by cooling the mixture with liquid nitrogen and the polymer was precipitated in cold
diethyl ether. A styrene derivative was chosen for the copolymerization, as this has
been studied in detail by Nichifor and Zhu.386 According to their publication, the
resulting copolymer is of a statistical nature and the styrene content was controlled
by the added mol% of the monomer to the polymerization mixture.
Poly(NiPAAm/PE)‐Ada was analyzed via SEC and NMR measurements, which are
depicted in Figure 4.16. The SEC trace showed a monomodal and narrow size
distribution with Mn SEC = 39100 g mol‐1 and Ð = 1.2. Furthermore, the ratio of PE to
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NiPAAm units was calculated from 1H NMR (Figure 4.16C) to be 30:1 (NiPAAm/PE),
which results in approx. seven PE‐monomer (38) units (3 %) and approx. 200
NiPAAm units. The amount was calculated via the evaluation of the aldehyde proton
(10.69 ppm, a) and the methylene protons of the PE‐monomer (5.12 ppm, h) against
the single proton resonance of the isopropyl group of NiPAAM at 4.02 ppm (i).

Scheme 4.15. Copolymerization of NiPAAm and the PE‐monomer 38, resulting in the
themoresponisve, adamantyl‐functionalized copolymer poly(NiPAAm/PE)‐Ada P39. The picture was
modified
with
permission
from the
American
Chemical
Society,
2015
(DOI:
10.1021/acs.macromol.5b00923).

In addition, the molecular weight of poly(NiPAAm/PE)‐Ada P39 was calculated from
the NMR spectrum as well with the aforementioned proton resonances, which were
integrated against the proton signals stemming from the polymer backbone (Mn NMR
= 24100 g mol‐1). For further calculations the Mn values resulting from the NMR
calculations were considered. The SEC traces reflect relative molecular weight
information only, since they are calibrated relative to PS standards, thus the Mn
values obtained from the NMR were more accurate for the copolymer P39. The LCST
of poly(NiPAAm/PE)‐Ada P39 (approx.. 20 °C) was determined via UV‐vis turbidity
measurements in Milli Q water in the temperature range from 5 – 40 °C, with a
polymer concentration of 0.06 mmol L‐1. The UV‐vis traces, illustrated in Figure
4.16B show hysteresis of the LCST between heating and cooling of P39, which is due
to the amide‐functionality of poly(NiPAAm). Above the LCST of poly(NiPAAm/PE)‐
Ada P39, the amide‐functions lead to additional inter‐ and intramolecular
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interactions, which hinder the rehydration of the polymer and thus lead to the
observed behavior.387

Figure 4.16. Characterization of poly(NiPAAm/PE)‐Ada P39. A) SEC traces of the thermoresponsive
polymer P39 recorded in DMAC at 50 °C. B) LCST measurements of P39 in water with a
concentration of 0.06 mmol L‐1. C) 1H NMR (400 MHz, CDCl3, 25 °C) spectrum of P39 (Mn NMR =
24100 g mol‐1) with 3 % PE units incorporated in the side chain. Reproduced with permission from
the American Chemical Society, 2015 (DOI: 10.1021/acs.macromol.5b00923).

4.2.4.2 Formation of the supramolecular diblock copolymer
Poly(DMAAm)‐β‐CD, which was already described in section 4.2.2 and utilized in the
formation of a the block copolymer formation in section 4.2.3, was employed for the
supramolecular diblock formation with poly(NiPAAm/PE)‐Ada P39. As already
stated previously, the supramolecular interactions of β‐CD with suitable guest
molecules form dynamic bonds in aqueous solutions. Especially adamantane and β‐
CD are known to form strong inclusion complexes. Thus, the two building blocks –
poly(DMAAm)‐β‐CD P25 and poly(NiPAAm/PE)‐Ada P39 – were added in
equimolar amounts, dissolved in DMF and stirred for 30 min. Subsequently, the
mixture was dialyzed against deionized water. DMF was again chosen for the
supramolecular diblock formation. Because DMF is a non‐selective solvent for the
polymer blocks, the hydrophobic guest molecule is better accessible.
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Scheme 4.16. Formation of the supramolecular diblock copolymer: poly(DMAAm)‐b‐poly‐
(NiPAAm/PE) P40.

Here, as well as for poly(NiPAAm/PE)‐Ada P39, the Mn values obtained from the
NMR

measurement

were

applied

for

the

stoichiometric

calculations

of

poly(DMAAm)‐β‐CD P25 (Mn NMR = 10050 g mol‐1). The molecular weight calculated
via NMR spectroscopy was derived from the integration of the triazole proton
resonances of the click product against the polymer backbone (see Figure 4.9). To
analyze the supramolecular diblock copolymer P40, DLS was performed in water
with a polymer concentration of 0.06 mmol L‐1. The graph depicted in Figure 4.17
(left) illustrates the number weighted distribution of the adamantyl‐functional
poly(NiPAAm/PE) P39 (Dh = 9.0 nm, black trace), poly(DMAAm)‐β‐CD P25 (Dh =
12.5 nm, green trace) and the distribution of the resulting diblock copolymer
poly(DMAAm)‐b‐poly(NiPAAm/PE) P40 (Dh = 19.0 nm, orange trace). The shift to
higher hydrodynamic radii of the diblock copolymer P40 indicated the block
formation. In addition, LCST measurements of the supramolecular diblock
copolymer P40 were performed in comparison to the single thermoresponsive block
P39, which is shown in Figure 4.17 (right). The LCST of poly(DMAAm)‐b‐
poly(NiPAAm/PE) P40 shows a shift to higher temperatures, due to the
encapsulation of the hydrophobic adamantyl molecule in β‐CD, confirming the DLS
measurements.388
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Figure 4.17. Left) DLS measurements in Milli Q water at 10 °C, depicting the number weighted size
distribution of poly(NiPAAm/PE)‐Ada P39, poly(DMAAm)‐β‐CD P25 and the supramolecular diblock
copolymer P40 with a polymer concentration of 0.06 mmol L‐1. Right) LCST measurement of
poly(DMAAm)‐b‐poly(NiPAAm) P40 in comparison with the LCST before the diblock formation of
poly(NiPAAm/PE)‐Ada P39. Reproduced with permission from the American Chemical Society, 2015
(DOI: 10.1021/acs.macromol.5b00923).

Moreover, the connection of β‐CD with the adamantyl guest was analyzed via
NOESY. The NOESY spectrum shown in Figure 4.18 revealed cross‐correlation peaks
of the inner protons of β‐CD at 3.64 ppm with the peaks of the adamantyl unit at
1.73 ppm, 1.99 ppm and 2.05 ppm, which results from their close proximity. The
structure of the adamantyl/β‐CD inclusion complex is illustrated in Figure 4.18B.
However, additional cross‐correlation peaks were detected at 0.88 ppm and
1.31 ppm with the inner protons of β‐CD (3.64 ppm). These additional cross‐
correlation peaks result from the enclosure of the alkyl portion of DoPAT, attached
to the other chain end of poly(NiPAAm/PE)‐Ada P39 in some β‐CD units (Figure
4.18A). Bertrand et al. already observed the inclusion of the C12H25 chain in β‐CD by
employing a similar DoPAT derivative for the synthesis of an adamantane end‐
capped poly(acrylic acid) chain, which further assembled to supramolecular comb
shaped polymers.169 Nonetheless, the study pointed out that the association constant
of the alkyl/β‐CD complex (Kassoc ≈ 102 M‐1) is two orders of magnitude weaker than
for the adamantyl/β‐CD complex (Kassoc ≈ 104 M‐1), which means that the alkyl
complex is clearly less abundant.169 In general, for the temperature‐induced
formation of the micelle, it was irrelevant from which side of poly(NiPAAm/PE)‐Ada
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P39 the β‐CD‐functionalized chain attached. Thus, the supramolecular diblock
copolymer was employed without further optimization in the nanoparticle design.

Figure 4.18. 2D NOESY NMR spectrum of the supramolecular diblock copolymer poly(DMAAm)‐b‐
poly(NiPAAm/PE) P40 in D2O at 10 °C. The cross‐correlation of β‐CD (3.64 ppm) and the adamantyl
protons (1.73 ppm, 1.99 ppm and 2.05 ppm) are circled in the spectrum. A) Structure of the inclusion
complex of β‐CD and the alkyne chain of the DoPAT unit, whose cross‐correlation peaks also appear
in the circled area. B) Structure of the inclusion complex of β‐CD and the adamantyl unit of
poly(NiPAAm/PE). Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

4.2.4.3 Nanoparticle Design via Sacrificial Micellization
The successfully formed supramolecular diblock copolymer P40 was subsequently
applied in the design of thermoresponsive nanoparticles via a micellar scaffold.
Scheme 4.17 illustrates the synthetic strategy for the nanoparticle formation. For
micellization and simultaneous cross‐linking, the diblock copolymer P40 was
dissolved in Milli Q water at low concentrations (0.06 mmol L‐1). Subsequently, the
4‐arm maleimide cross‐linker 41 was added to the solution, which was cooled on ice
water while being purged with nitrogen for 1 h. In the meantime, the photoreactor
(Figure A.5) was equipped with five compact low pressure mercury lamps with an
emission maximum at λ = 320 nm (36 W). The emission spectrum of the utilized
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lamps and the UV spectrum of the PE‐monomer 38 are illustrated in Appendix B,
Figure A.5. The reactor was heated to an inside temperature of 50 °C by switching on
the lamps one hour prior to use, with the ventilation turned off. Next, the sample
was heated above its LCST and placed in the photoreactor for irradiation.

Scheme 4.17. Synthetic route for the formation of thermoresponsive nanoparticles. Reproduced with
permission from the American Chemical Society, 2015 (DOI: 10.1021/acs.macromol.5b00923).

During the micellization process, the maleimide cross‐linker was encapsulated in the
hydrophobic core of the micelle. Upon irradiation with UV light, the PE units in the
side chain of the thermoresponsive block formed reactive dienes. The PE dienes
further reacted with the maleimide cross‐linker in a Diels‐Alder reaction, thus
linking the core of the micelle. It must be mentioned that the equilibrium constant of
the adamantyl/β‐CD inclusion complex is reduced at elevated temperatures.167 For
example, Schmidt et al. degraded a supramolecular three‐armed star polymer at
70 °C.389 Nevertheless, the temperature inside the photoreactor might weaken the
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supramolecular bond, but is not sufficiently high to destroy the structure completely.
After an irradiation time of six hours, the cross‐linked micelles M42 were obtained.
Prior experiments showed that the light‐induced DA reaction in water proceeds
rather slowly, therefore longer irradiation times were necessary. Atomic force
microscopy (AFM) (Figure 4.22) and DLS measurements (Figure 4.20) were
performed to characterize the micelles. To compare the data of the micelles with the
data of the nanoparticle, the results of the analyses are discussed later in this
chapter.
Finally, the nanoparticles were released from the micellar scaffold via the addition of
trifluoroacetic acid (TFA) to the aqueous mixture of the cross‐linked micelles. TFA
destroys the β‐CD structure by hydrolyzing the α‐1,4 glucose units, resulting in a
seven membered linear glucose chain.390 Furthermore, to separate the schismatic
micelle arms from the released nanoparticles, the mixture was centrifuged at 40 °C.
The centrifugation was performed at elevated temperature with low rotation, so the
non‐responsive poly(DMAAm)‐arms stayed in solution and the thermoresponsive
nanoparticles would agglomerate. The experimental section (4.4.6) comprises a
detailed description of the centrifugation process. NMR analyses, shown in Figure
4.19, were employed to evidence the successful separation of nanoparticles and
micelle arms via the disappearance of the proton resonances between 2.75 ppm –
3.08 ppm, originating from poly(DMAAm). Alternative ways exist to separate the β‐
CD units and the guest molecules. For example the enzyme α‐amylase also cleaves
the glucose units of β‐CD, similar to TFA. However, TFA was preferred to α‐amylase,
since it is a small molecule and thus more suitable to obtain pure nanoparticles via
centrifugation. Moreover, the addition of either an excess of β‐CD or an excess of
adamantane guest molecule to the aqueous suspension of the micelles can suppress
the diblock formation. Following this, the mixture can be purified via dialysis. Yet,
the acidic cleavage of the arms and the subsequent purification via centrifugation
was an efficient and fast way to separate arms and nanoparticles. Figure 4.20
illustrates the DLS measurements to give information about the size of the micelles
and nanoparticles.
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Figure 4.19. 1H NMR (400 MHz, CDCl3, 25 °C).spectra collection. A) Nanoparticles N43 obtained after
centrifugation, without remaining poly(DMAAm) proton resonances in the spectrum. B) Isolated
substance received from the supernatant fluid after centrifugation. C) Cross‐linked micelle M42. D)
poly(DMAAm)‐b‐poly(NiPAAm/PE) P40. E) Poly(DMAAm)‐β‐CD P25. F) Poly(NiPAAm/PE)‐Ada P39.
The picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

By way of comparison, the distribution of the supramolecular diblock copolymer
poly(DMAAm)‐b‐poly(NiPAAm/PE) P40 (Dh = 19.0 nm) is depicted together with
the number weighted distribution of the cross‐linked micelles M43 with a
hydrodynamic diameter of 48 nm and the nanoparticles N43 with a size of 34.0 nm.
The shift from 19 nm of the diblock copolymer P40 to approximately 50 nm for the
micelles after the photo‐induced cross‐linking was a strong indication for the
successful formation of the micelles. After the cleavage of the micelle arms and
further purification via centrifugation the hydrodynamic diameter decreased to
34 nm.
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Figure 4.20. DLS measurements in Milli Q water at 10 °C, illustrating the number weighted size
distributions of the supramolecular diblock copolymer P40 (0.06 mmol L‐1), the micelles M42 and the
nanoparticles N43 at a concentration of 1 mg mL‐1. The nanoparticles were sonicated for several
minutes before the DLS measurement to avoid agglomeration of the particles, due to their
hydrophobic shell. Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

The shift to lower Dh for the nanoparticles is in accordance with the NMR spectra in
Figure 4.19, also confirming the release of the nanoparticles.
Furthermore, DLS was employed to investigate the thermoresponsive behavior of
micelles and nanoparticles, as presented in Figure 4.21. For both, micelles as well as
nanoparticles, a change in Dh is observed with changing temperature, which refers to
the temperature induced contraction and relaxation of the thermoresponsive
species and shows the same hysteresis as the UV‐vis turbidity measurement. The
trigger temperature of micelles as well as nanoparticles was close to 30 °C.
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Figure 4.21. Contraction and relaxation of the stimuli responsive species during temperature
sequenced DLS measurements. Left) Cross‐linked micelles M42. Right) Nanoparticles N43.
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

In addition, the expected size differences of micelles and nanoparticles were imaged
and characterized via AFM. For the measurement, diluted solutions of the samples in
Milli Q water (0.1 µg mL‐1) were adsorbed on freshly cleaved mica surfaces, dried
and measured with a scan size of 1 × 1 µm.323 Figure 4.22 depicts the two‐ and three‐
dimensional topographic maps of the micelles M42 (A) and the nanoparticle N43
(B). Higher magnification images of the AFM measurement are shown in Appendix B,
Figure B.13. In the AFM images, both samples show dispersity in particle size, which
is due to the inherently disperse nature of the polymer samples P25 and P39.
Moreover, particle analysis for each sample was performed with a NanoScope
Analysis tool and is illustrated in Figure B.11 and Figure B.12. The particle analysis
revealed a decrease in diameter – on average – when going from micelles to
nanoparticles (compare to the values in the tables of Figure B.11 and Figure B.12).
Thus, the AFM data was in accordance with the disappearance of the proton signals
of poly(DMAAm) in the NMR spectrum after centrifugation and the decrease in Dh in
the DLS measurement of the nanoparticles. Hence, AFM additionally confirmed the
degradation of the micelles to the nanoparticles. Due to tip‐convolution effects, the
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diameter values measured via AFM contained uncertainties. Furthermore, the
particle size data obtained from AFM and DLS were not directly comparable. In the
AFM measurement the particles were air dried on a mica surface, which could result
in particle shrinking effects,387 compared to the particles in the DLS measurement
which are swollen in solution. Thus, AFM rather served to visualize micelles and
nanoparticles.

Figure 4.22. 2D and 3D AFM topography images of A) micelles and B) nanoparticles. The samples
were measured on freshly cleaved mica‐surfaces and cast from a 0.1 µg mL‐1 solution in Milli Q water.
The picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

In future applications the remaining adamantyl units at the corona of the
nanoparticles could be re‐functionalized with β‐CD bearing moieties. Thus, varying
polymer chains or proteins can be attached to the nanoparticles influencing their
availability.
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4.3 Conclusion
In the course of Chapter 4, several RAFT agents, equipped with defined functional
molecules were designed and employed for the controlled polymerizations of water
soluble acrylamides. In this way several polymer chains with reactive termini,
defined chain lengths and narrow size distributions were developed and applied in
the construction of complex polymer structures. It was demonstrated that the host‐
guest complexations of β‐CD and light‐induced photoenol chemistry are highly
efficient and orthogonal conjugation techniques to form multiblock copolymers,
without the addition of coupling agents or initiators. The di‐, tri‐ and tetrablock
copolymers were precisely analyzed via NMR spectroscopy, SEC, ESI‐MS, DLS and
NOESY, which verified the successful formation of the multiblock copolymers.
Furthermore, even more sophisticated structures, such as micelles were generated
by means of photochemical cross‐linking and supramolecular self‐assembly,
evidencing the efficiency of the combination of both techniques. In this context, a
facile synthetic approach was introduced to design thermoresponsive nanoparticles
via a sacrificial micellar scaffold. A partly thermoresponsive and partly non‐
responsive supramolecularly connected diblock copolymer self‐assembled into a
micellar structure at elevated temperatures in aqueous solution. The micelle was
further cross‐linked in its core upon UV irradiation and the addition of a linker
molecule. In a final step the β‐CD units were hydrolyzed to cleave the micelle arms
and to release the nanoparticles. Micelles and nanoparticles were analyzed via 1H
NMR spectroscopy, AFM and DLS. The successful transformation of the micelle to the
nanoparticle was evidenced as well as its thermoresponsive contractions. In
conclusion, the combination of supramolecular host‐guest interactions with light‐
induced chemistry yields new possibilities in the design of complex macromolecular
architectures, which can be employed in the development of advanced functional
materials.
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4.4 Experimental Section
4.4.1 Materials
Cs2CO3 (≥ 99.9%, Roth), 11‐bromoundecanol (97%, ABCR), MgSO4 (≥ 99%, Roth), 4‐
tert‐butylbenzyl mercaptan (97%, Aldrich), K3PO4 (Roth), carbon disulfide (CS2,
>99.9%, VWR), 3‐bromopropionic acid (97%, ABCR), HCl (37%, Roth), 4‐
(dimethylamino)‐pyridine (DMAP, 99%, Acros), N,N'‐dicyclohexylcarbodiimide
(DCC, 99%, Acros), NaHCO3 (≥ 99%, Roth), MgSO4 (≥ 99%, Roth), ascorbic acid
(99%, Acros), Quantofix 100 peroxide dipsticks (1 ‐ 100 mg L‐1 H2O2, Roth), CuBr
(99.9%, Acros), N,N,N′,N′,N′′‐pentamethyldiethylenetriamine (PMDETA, 99.9%,
Merck), 2‐(dodecylthiocarbonothioylthio) propionic acid (DoPAT, Orica), 18‐crown‐
6 (99%, Acros), K2CO3 (VWR), 4‐arm PEG‐Maleimide (2 k, Creative PEGWorks),
trifluoroacetic acid (TFA, 99%, ABCR) were used as received. N,N‐Diethylacrylamide
(DEAAm, 98%, TCI), N,N‐dimethylacrylamide (DMAAm, 99%, TCI), N‐hydroxyethyl
acrylamide (HOEAAm, 97%, Aldrich) and 4‐vinylbenzyl chloride (90%, Sigma) were
filtered over basic aluminum oxide and subsequently stored at ‐19 °C. N‐
Isopropylacrylamide (NiPAAm, 98%, TCI) was recrystallized in hexane prior to use
and stored at ‐19 °C. Azobisisobutyronitrile (AIBN, 99%, Fluka) was recrystallized
twice in methanol and stored at ‐19 °C. Milli‐Q water was obtained from a
purification

system

by

VWR

(TKA

Micro‐Pure;

0.055 µS cm‐1),

N,N‐

dimethylformamide extra dry (DMF, 99.8%, Acros), 1,4‐dioxane (Sigma Aldrich),
dichloromethane

extra

dry

(DCM,

99.8%

Acros)

tetrahydrofuran

(THF)

dichloromethane (DCM), acetone, ethyl acetate (EA), cyclohexane, diethyl ether
(Et2O) and acetonitrile (MeCN) were purchased as analytical grade (VWR) and used
as received.
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4.4.2 Instrumentation
4.4.2.1 Size Exclusion Chromatography (SEC)
SEC measurements were performed with N,N‐dimethylacetamide (DMAC) as eluent
containing 0.03 wt% LiBr on a Polymer Laboratories PL‐GPC 50 Plus Integrated
System, comprising an autosampler, a PLgel 5 μm bead‐size guard column (50 ×
7.5 mm) followed by three PLgel 5 μm MixedC columns (300 × 7.5 mm), and a
differential refractive index detector at 50 °C with a flow rate of 1.0 mL min−1. The
SEC system was calibrated against linear poly(styrene) standards with molecular
weights ranging from 160 to 6·106 g mol−1.Calculations for the molecular weight of
poly(DMAAm) and poly(NiPAAm/PE) were carried out according to a poly(styrene)
calibration, i.e. K = 14.110–5 dL g–1, α = 0.70 (PS).62 The molecular weight dispersity
is abbreviated as Ð.
4.4.2.2 Electrospray Ionization‐Mass Spectrometry (ESI‐MS)
Mass spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) equipped with an HESI II probe. The instrument
was calibrated in the m/z range 74‐1822 using premixed calibration solutions
(Thermo Scientific). A constant spray voltage of 4.7 kV and a dimensionless sheath
gas flow of 5 were applied. The capillary temperature and the S‐lens RF level were
set to 320 °C and 62.0, respectively. The samples were dissolved with a
concentration of 0.05 mg·mL‐1 in a mixture of THF and MeOH (3:2) containing
100 µmol of sodium trifluoroacetate (NaTFA) and infused with a ﬂow of 5 µL·min‐1.
The mass spectra depicted in Figure 25 were recorded on an LXQ mass spectrometer
(ThermoFisher Scientific, San Jose, CA, USA) equipped with an atmospheric pressure
ionization source operating in the nebulizer assisted electrospray mode. The
instrument was calibrated in the m/z range 195‐1822 using a standard containing
caffeine, Met‐Arg‐Phe‐Ala acetate (MRFA) and a mixture of fluorinated
phosphazenes (Ultramark 1621) (all from Aldrich). A constant spray voltage of
3.5 kV, a dimensionless sheath gas of 8 and a sweep gas flow rate of 2 were applied.
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The capillary voltage, the tube lens offset voltage, and the capillary temperature,
were set to 60 V, 120 V and 300 °C, respectively.
4.4.2.3 UV‐Vis Spectrometer
UV‐vis spectra were measured on a Cary 300 Bio UV‐Vis spectrophotometer
(Varian) at either 25 °C or 10 °C, depending on the sample. Cloud points were
measured on the same instrument at 600 nm. The heating rate was set to 0.32 °C
min−1 and the concentration at 0.06 mmol L−1. For the determination of the cloud
point the point of inflection of the transmittance vs temperature plot was used.
4.4.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR measurements for structure confirmation were carried out on a Bruker Ascend
400 spectrometer with 400 MHz for hydrogen nuclei and 100 MHz for carbon nuclei.
Samples were dissolved in CDCl3, DMSO‐d6 or D2O. The δ‐scale was referenced with
tetramethylsilane (δ = 0.00) as internal standard. Abbreviations used below in the
description of the materials syntheses include singlet (s), broad singlet (bs), doublet
(d), triplet (t), quartet (q), broad multiplet (bm), and unresolved multiplet (m).
The 2D NOESY (nuclear Overhauser enhancement spectroscopy) spectra were
measured on a 600 MHz Bruker Avance III spectrometer equipped with a 1H, 13C, 15N
– TCI inversely detecting cryoprobe at 10 °C (283 K) for samples containing
poly(NiPAAm) and 25 °C for all other samples. The mixing time was set to 300 μs
and the concentration of the sample was 50 mg mL‐1 in D2O.
4.4.2.5 Dynamic Light Scattering (DLS)
Samples were prepared by dissolving the samples in Milli Q water at a constant
concentration of 0.06 mmol L‐1. The concentration for the micelles and the
nanoparticles were at 1 mg mL‐1. The solutions were filtered via a 0.2 µm syringe
filter to remove dust particles. Before the measurement the solution of the diblock
was left for 30 min, so the equilibrium between β‐CD and adamantly units could re‐
establish. Hydrodynamic diameters where determined with dynamic light scattering
(Nicomp 380 DLS spectrometer from Particle Sizing Systems, Santa Barbara, USA,
laser diode: 90 mW, 658 nm). Measurements were performed in automatic mode
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and evaluated with a standard Gaussian and an advanced evaluation method, the
latter proceeding via an inverse Laplace algorithm to analyze for multimodal
distributions. The values provided in study are the number‐weighted average values
as calculated in the NICOMP evaluation. All measurements were determined at an
angle of 90° to the incident beam. The associated auto‐correlation functions can be
found in the Supporting Information section.
4.4.2.6 Atomic Force Microscopy (AFM)
Sample Preparation: Freshly prepared and dried micelles as well as nanoparticles
(~1 mg) were dissolved in Milli Q water (1 mL). 10 μL of 1:10000 stock solutions
(stepwise diluted with Milli Q water) were pipetted onto freshly cleaved mica discs
of 12 mm diameter. The samples were covered and spread‐dried at elevated
temperature (hot plate being hand warm). Sample measurements: AFM analysis was
performed on a NanoScope IIIa controlled MultiMode 2 AFM (Bruker) equipped with
a scanner type “E” at a scan size of 1 × 1 μm, at a scan speed of 0.5 Hz, with a
resolution of 512 lines and points and a scan angle of 0°. A Silicon nitrate cantilever
was used with a typical resonant frequency of 75 kHz and force constant of
approximately 0.2 N/m (MikroMasch, HQ: NSC18/No Al). The image data were
processed with the NanoScope Analysis 1.40 software (Bruker).

4.4.3 Small Molecule Syntheses
2‐(((ethylthio)carbonothioyl)thio)‐2‐methylpropanoic acid (EMP),391 prop‐2‐yn‐1‐yl
2‐(((ethylthio)carbonothioyl)thio)‐2‐methylpropanoate (14),177 2‐(2‐hydroxyethyl)‐
3a,4,7,7a‐tetrahydro‐1H‐4,7‐epoxyisoindole‐1,3(2H)‐dione
adamantan-1-yl)-6-hydroxyhexanamide

(20)177

and

(15),348

N-((3s,5s,7s)-

mono‐(6‐azido‐6‐desoxy)‐β‐

cyclodextrin (β‐CD‐N3) (27)392 were synthesized according to literature procedures.
3‐((((4‐(tert‐butyl)benzyl)thio)carbonothioyl)thio)pro‐
panoic acid (10): 4‐tert‐butylbenzyl mercaptan 8 (5.50 g,
30.50 mmol, 1.10 eq.) was added to a suspension of K3PO4
(8.25 g, 38.80 mmol, 1.40 eq.) in acetone (150 mL) and stirred for 20 min at ambient
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temperature. Subsequently CS2 (6.54 g, 86.00 mmol, 3.10 eq.) was added to the
reaction mixture, which turned yellow. After another 20 min of stirring 3‐
bromopropanoic acid 9 (4.25 g, 27.70 mmol, 1.00 eq.), dissolved in acetone (10 mL)
was added to the suspension and the reaction was stirred at 40 °C overnight. HCl
(1 M, 100 mL) was added to the reaction mixture and the aqueous solution was
extracted with DCM (2 × 150 mL). The combined organic extracts were washed with
deionized water (150 mL) and brine (150 mL) and dried over MgSO4. After
evaporation of the solvent the yellow oil was purified via column chromatography
on silica gel in a mixture of cyclohexane and ethyl acetate which was gradually
changed from 3:1 to 1:1 to result in a yellow oil which solidified in the freezer
(8.62 g, 94%). 1H NMR (400 MHz, DMSO‐d6): δ = 12.51 (bs, 1 H, COOH); 7.36 – 7.29
(m, 4 H, Ar‐H); 4.64 (s, 2 H, Ar‐CH2‐S); 3.54 (t, 2 H, 3JHH = 6.9 Hz, S‐CH2‐CH2); 2.68 (t,
2 H, 3JHH = 6.9 Hz, CH2‐CO); 1.26 (s, 9 H, C‐C3H9) ppm. 13C NMR (400 MHz, DMSO‐d6):
δ = 223.92 (C=S) , 172.91 (O‐C‐OH), 130.68 (CAr‐C4H9), 132.41 (CAr‐CH2), 129.28
(CAr), 125.90 (CAr), 34.72 (CAr‐CH2‐S), 32.83 (CH2, C‐C3H9), 32.14 (S‐CH2), 31.32 (C‐
C3H9) ppm.
2‐Methoxy‐6‐methylbenzaldehyde(35):

2,3‐Dimethyl

anisole

34

(7.03 g, 51.6 mmol, 1.00 eq), copper sulfate pentahydrate (13.11 g,
52.5 mmol, 1.02 eq) and potassium peroxodisulfate (41.85 g, 154.8 mmol,
3.00 eq) were added to a mixture of acetonitrile/water (1:1, 500 mL). The
vigorously stirred suspension was placed in a thermostatted oil bath kept at 90°C
until the TLC showed no remaining starting material. After 45 min the mixture was
cooled to ambient temperature and the undissolved copper salt was removed by
filtration. Dichloromethane (150 mL) was added and the phases were separated. The
aqueous phase was extracted two times with dichloromethane (100 mL) and the
combined organic layers were dried over magnesium sulfate. After removal of the
solvent under reduced pressure, the crude product was purified by flash
chromatography (silica gel, hexane/ethyl acetate, 4:1), yielding 5.2 g (68%) of a
yellow solid. 1H‐NMR (400 MHz, CHCl3) d = 10.64 (s, 1H, CHO), 7.38 (t, 3JHH =7.97 Hz,
1H, ArH), 6.81 (t, 3JHH =7.97 Hz, 2H, ArH), 3.89 (s, 3H, OCH3), 2.57 (s, 3H, CH3) ppm.55
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2‐Hydroxy‐6‐methylbenzaldehyde (36): 2‐Methoxy‐6‐methylbenz‐
aldehyde 35 (5.20 g, 34.6 mmol, 1.00 eq) was dissolved in dry
dichloromethane (75 mL) and cooled to 0°C. AlCl3 (13.9 g, 103.9 mmol,
3.00 eq) was added and the mixture was stirred at ambient temperature overnight.
The reaction was quenched with H2O (100 mL) and the phases were separated. The
aqueous layer was extracted three times with dichloromethane (100 mL). The
combined organic layers were dried over magnesium sulfate and the solvent was
evaporated. The final purification was carried out by flash chromatography (silica
gel, cyclohexane/ethyl acetate, 2:1) yielding 3.9 g (82%) of a yellow solid. 1H‐NMR
(400 MHz, CHCl3) d = 11.91 (s, 1H, OH), 10.32 (s, 1H, CHO), 7.38 (t, 3JHH =7.9 Hz, 1H,
ArH), 6.76 (dd, JHH =25.3, 7.9 Hz, 2H, ArH), 2.61 (s, 3H, CH3) ppm.55
2‐((11‐Hydroxyundecyl)oxy)‐6‐methylbenzaldehyde (11): Cs2CO3
(3.25 g, 9.97 mmol, 1.67 eq.) was suspended in dry DMF (20 mL). 2‐
Hydroxy‐6‐methyl benzaldehyde (1.02 g, 7.46 mmol, 1.25 eq.) was
added and the mixture was stirred for 20 min at ambient temperature.
Subsequently, a solution of 1‐bromoundecanol (1.50 g, 5.97 mmol, 1.00 eq.) in dry
DMF (5 mL) was added dropwise to the suspension and the reaction proceeded at
50 °C overnight. The solvent was evaporated under reduced pressure. Afterwards,
the residue was dissolved in diethyl ether and washed three times with brine
(50 mL). The organic phase was dried over MgSO4 and the solvent was evaporated.
The crude product was purified via column chromatography with a mixture of
cyclohexane/ethyl acetate (2:1). The product was obtained as a slightly yellow solid
(1.66 g, 90% yield). 1H NMR (400 MHz, CDCl3): δ = 10.63 (s, 1 H, CHO), 7.35 (t, 1 H,
3J

HH

= 7.9 Hz, Ar‐H), 6.82‐6.77 (m, 2 H, Ar‐H), 4.04 (t, 2 H, 3JHH = 6.3 Hz, O‐CH2), 3.64

(t, 2 H, 3JHH = 6.6 Hz, CH2‐OH), 2.57 (s, 3 H, Ar‐CH3), 1.82 (quin., 2 H, 3JHH = 6.5 Hz,
OCH2‐CH2), 1.58‐1.57 (m, 2 H, CH2), 1.49‐1.43 (m, 2 H, C5H10‐CH2), 1.38‐1.28 (m, 12
H, CH2) ppm.

13C

NMR (400 MHz, CHCl3): δ = 192.57 (CHO), 162.90 (HCAr‐CAr‐O),

141.98 (CAr‐CH3), 134.43 (CAr‐CH‐CAr), 123.85 (CAr‐CHO), 123.39 (CAr‐CAr‐CH3),
109.90 (CAr‐CAr‐O), 68.67 (O‐CH2‐CH2), 63.09 (CH2‐OH), 32.81 (CH2‐CH2‐OH), 29.49
(CH2‐C5H10‐CH2), 29.15 (O‐CH2‐CH2), 26.10 (O‐C2H4‐CH2), 25.72 (CH2‐C2H4‐OH),
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21.54 (Ar‐CH3) ppm. MS: (ESI) m/z calculated for C19H30O3 [M+Na]+: m/z theo: 329.21,
m/z exp: 329.28.55
11‐(2‐formyl‐3‐methylphenoxy)‐undecyl 3‐((((4‐
(tert‐butyl)benzyl)thio)carbonothioyl)‐
thio propanoate
(12):

(tBuBnPE‐trithiocarbonate)

3‐((((4‐(tert‐butyl)benzyl)thio)carbonothioyl)thio)propanoic

acid

10

(787.89 mg, 2.39 mmol, 1.5 eq.) 2‐((11‐hydroxyundecyl)oxy)‐6‐methylbenzaldehyde
11 (490.00 mg, 1.59 mmol, 1.0 eq.) and DMAP (3.91 mg, 0.03 mmol, 0.02 eq.) were
dissolved in dry DCM (10 mL). Subsequently, a solution of DCC (494.87 mg,
2.39 mmol, 1.5 eq.) in dry DCM (5 mL) was added dropwise to the reaction mixture
at 0 °C. The reaction was covered with aluminum foil and the mixture was stirred
overnight at ambient temperature. The suspension was filtered, washed with
aqueous HCl (5%), NaHCO3 solution and deionized water. The organic phase was
dried over MgSO4 and the solvent was removed under reduced pressure. The crude
product was purified via column chromatography in cyclohexane/ethyl acetate (5:1)
to give a yellow oil (868.10 mg, 88%). 1H NMR (400 MHz, CHCl3): δ = 10.68 (s, 1 H,
CHO), 7.29‐7.29 (m, 3 H, Ar‐H), 7.17 (d, 2 H, 3JHH = 8.2 Hz, Ar‐H), 6.74‐6.69 (m, 2 H,
Ar‐H), 4.74 (q, 1 H, 3JHH = 7.4 Hz, S‐CH‐CH3), 4.49 (s, 2 H, Ar‐CH2‐S), 4.09‐4.03 (m, 2
H, O‐CH2‐CH2), 3.95 (t, 2 H, 3JHH = 6.4 Hz, CH2‐CH2‐O), 2.49 (s, 3 H, Ar‐CH3), 1.77‐1.71
(m, 2 H, H14C7‐CH2‐CH2O), 1.58‐ 1.52 (m, 3 H, CH3‐C‐S), 1.49‐1.45 (m, 2 H, O‐CH2‐
CH2‐C7H11), 1.30‐1.26 (m, 23 H, C7H11, C3H9) ppm. 13C NMR (400 MHz, CHCl3) δ =
223.23 (C=S), 192.53 (H‐C=O), 171.50 (O‐C=O), 162.89 (O‐CAr), 150.88 (CAr‐C4H9),
141.96 (CAr‐CH3), 134.43 (CAr), 131.68 (CAr‐CH2), 128.97 (CAr), 125.69 (CAr‐CHO),
123.85 (CAr), 123.40 (CAr), 109.91 (CAr), 68.67 (CH2‐CH2‐O), 65.15 (O‐CH2‐CH2),
41.26 (CAr–CH2‐S), 34.57 (CH2‐CH2‐CO), 33.21 (C‐C3H9), 31.40 (C3H9), 29.47 (CH2‐
CH2‐CH2), 29.33 (CH2‐C5H10‐CH2), 28.55 (CH2‐CH2‐CH2), 26.11 (CH2‐CH2‐CH2), 25.89
(S‐CH2‐CH2), 21.55 (CH3‐CAr) ppm. MS (ESI) m/z calculated for C32H48O4S3 [M+Na]+:
m/z theo 639.26, m/z exp: 639.28.
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Synthesis

of

carbonotrithioate

1‐chloro‐2‐methyl‐1‐oxopropan‐2‐yl
(16):

ethyl

2‐(((ethylthio)carbonothioyl)thio)‐2‐

methylpropanoic acid (EMP) (3.00 g, 13.30 mmol, 1.0 eq) was placed in a round
bottom Schlenk‐flask, evacuated and flooded with nitrogen. The substance was
dissolved in dry DCM (90 mL) with the addition of 0.5 mL DMF. At 0 °C oxalyl
chloride (3.50 mL, 18.6 mmol, 1.4 eq.) was slowly added to the solution. The reaction
was allowed to reach ambient temperature and stirred overnight. The solvent was
removed in vacuo and the obtained product (3.25 g, 99%) was used directly for the
synthesis of 2‐(1,3‐dioxo‐1,3,3a,4,7,7a‐hexahydro‐2H‐4,7‐epoxyisoindol‐2‐yl)ethyl
2‐(((ethylthio)carbonothioyl)thio)‐2‐methylpropanoate.349
Synthesis of 2‐(1,3‐dioxo‐1,3,3a,4,7,7a‐hexahydro‐2H‐
4,7‐epoxyisoindol‐2‐yl)ethyl

2‐(((ethylthio)carb‐

onothionyl)thio)‐2‐methylpropanoate

(Mal‐trithio‐

carbonate (17): In a round bottom Schlenk‐flask under a nitrogen atmosphere, 2‐
(2‐hydroxyethyl)‐3a,4,7,7a‐tetrahydro‐1H‐4,7‐epoxyisoindole‐1,3(2H)‐dione

15

(2.78 g, 13.3 mmol, 1.1 eq.) was dissolved in dry DCM (30 mL), cooled to 0 °C in an
ice bath and triethylamine (3.72 mL, 13.17 mmol, 1.0 eq) was added dropwise to the
solution. Subsequently, 1‐chloro‐2‐methyl‐1‐oxopropan‐2‐yl ethyl carbonotrithioate
16 (3.25 g, 13.17 mmol, 1.0 eq.) dissolved in dry DCM (40 mL) was added dropwise
to the mixture, which was stirred overnight at ambient temperature. DCM (50 mL)
was added to the reaction and the mixture was washed with NaHCO3 solution,
deionized water and brine and dried over MgSO4. The solvent was removed under
reduced pressure and the crude product was purified via column chromatography in
a mixture of n‐hexane/ ethyl acetate (1:1). The pure product was obtained as yellow
solid (2.33 g, 49%). 1H NMR (400 MHz, CDCl3) δ = 6.51 (s, 2 H, HC=CH), 5.26 (s, 2 H,
HC‐O‐CH), 4.26 (t, 2 H, 3JHH = 5.3 Hz, CH2‐CH2‐O), 3.78 (t, 2 H, 3JHH = 5.4 Hz, N‐CH2‐
CH2), 3.26 (q, 2 H, 3JHH = 7.4 Hz, S‐CH2‐CH3), 2.86 (s, 2 H, HC‐CH), 1.65 (s, 6 H, C2H6),
1.31 (t, 3 H, 3JHH = 7.4 Hz, CH2‐CH3) ppm.

13C

NMR (400 MHz, CDCl3) δ = 221.51

(C=S), 175.82 (N‐C=O), 172.70 (O‐C=O), 136.56 (C=C), 80.87 (C‐O‐C), 62.17 (CH2‐
CH2‐O), 55.95 (HC‐CH), 47.54 (C2H9‐C‐S), 37.57 (N‐CH2), 31.25 (S‐CH2‐CH3), 25.13
(C‐C2H6), 12.88 (CH2‐CH3) ppm.349
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Synthesis of 6‐(((3s,5s,7s)‐adamantan‐1‐yl) amino)‐6‐
oxohexyl

2‐(((dodecylthio)

carbonothioyl)

thio)

propanoate (DoPAT‐Ada) (22): DoPAT 21 (1.00 g,
2.85 mmol,

1.00 eq.),

N‐((3s,5s,7s)‐adamantan‐1‐yl)‐6‐hydroxyhexanamide

20

(0.72 g, 2.85 mmol, 1.00 eq.) and DMAP (0.07 g, 0.06 mmol, 0.02 eq.) were dissolved
in 25 mL of dry DCM. The solution was cooled to 0 °C in an ice bath and DCC (0.88 g,
4.27 mmol, 1.50 eq.), dissolved in 5 mL dry DMF, was added drop wise to the
mixture. After one hour, the ice bath was removed and the reaction stirred over
night at ambient temperature. The solvent was removed under reduced pressure
and the residue dissolved in diethyl ether. After filtration, the organic layer was
washed with 5% HCl, saturated NaHCO3 solution and deionized H2O and dried over
MgSO4. Subsequently, the solvent was removed on a rotary evaporator and the crude
product was purified via column chromatography (silica gel, cyclohexane/ethyl
acetate 5:1, Rf = 0.31) to give a yellow oil, which was stored in the fridge (1.19 g,
70%).1H NMR (400 MHz, CDCl3)  = 5.08 (s, 1 H, NH), 4.81 (q, 1 H, HHJ3 = 7.4 Hz, S‐
CH‐CH3‐CO), 4.18‐4.08 (m, 2 H, CO2‐CH2‐CH2), 3.35 (dt, 2 H, HHJ3 = 7.3 Hz, CH2‐CH2‐S),
2.10‐2.06 (m, 5 H, CH2‐CH2‐CO, Ad‐H), 1.99 (s, 6 H, Ad‐H), 1.73‐1.59 (m, 9H, CH2‐CH2‐
S, OC2H2‐CH2‐CH2‐CH2‐CH2CO), 1.43‐1.35 (m, 2 H, OC2H2‐CH2‐CH2‐CH2‐CH2CO), 1.26
(s, 18 H, CH3‐C9H18‐CH2), 0.88 (t, 3 H,

HHJ

3

= 6.7 Hz, CH3‐C9H18.) ppm.

13C

NMR

(400 MHz, CDCl3)  = 171.87 (OCH‐NH), 171.21 (CH3‐CH‐CO), 65.75 (O‐CH2‐CH2),
51.86 (NH‐CAda), 48.07 (S‐CH‐CH3), 41.77 (CAda), 37.60 (CAD), 37.30 (CH2‐CO‐NH),
36.42 (CH2‐S3), 31.96 (CH3‐CH2‐CH2), 29.60 (O‐CH2‐CH2), 29.50 (CH3‐C2H4‐CH2),
29.38 (C6H12‐C2H4S), 27.94 (CAda), 25.49 (OC2H2‐CH2‐C3H5ONH), 25.32 (CH2‐
C2HONH), 22.73 (CH3‐CH2), 16.96 (S‐CH‐CH3), 14.17 (CH3‐C9H18) ppm. MS (ESI) m/z
calculated for C32H55NO3S3 [M+Na]+: m/z theo: 620.32, m/z exp: 620.44.
Synthesis

of

2‐methyl‐6‐((4‐vinylbenzyl)oxy)benzaldehyde

(PE‐

monomer) (38): In a three necked round bottom flask, equipped with a
reflux

condenser

2‐hydroxy‐6‐methylbenzaldehyde 36 (500.00 mg,

3.67 mmol, 1.00 eq.), K2CO3 (761.29 mg, 5.51 mmol, 1.5 eq.) and 18‐
crown‐6

(14.55 mg,

0.06 mmol,

0.015 eq.)

were

evacuated

with

subsequent addition of nitrogen. The reagents were emulsified in dry THF (10 mL)
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and stirred for 4 h at 80 °C. The slightly yellow reaction mixture turned light green.
Subsequently, 4‐vinyl benzyl chloride 37 (616.53 mg, 4.04 mmol, 1.10 eq.) was
slowly added to the reaction and stirring was continued at 80 °C for another 17 h.
The solvent was evaporated under reduced pressure and the residue was dissolved
in DCM, washed with deionized H2O (4 × 100 mL) and dried over MgSO4. After
evaporation of the solvent, the crude product was purified via column
chromatography (cyclohexane/ethyl acetate, 10:1, Rf = 0.41) to yield a white solid
(877.20 mg, 47%). 1H NMR (400 MHz, CHCl3): δ = 10.74 (s, 1 H, CHO), 7.38‐7.27 (m,
5 H, CHAr), 6.89 (d, 1 H,

HHJ

3

= 8.4 Hz, HCAr‐CO), 6.83 (d, 1 H, HHJ3 = 7.6 Hz, HCAr‐C‐

CH3), 6.77‐6.69 (m, 1 H, CH=CH2), 5.77 (d, 1 H, HHJ3 = 16.9 Hz, CHcisHtrans), 5.28 (d, 1
H, = 11.6 Hz, CHcisHtrans), 5.15 (s, 2 H, Ar‐CH‐O), 2.59 (s, 3 H, Ar‐CH3) ppm. 13C NMR
(400 MHz, CHCl3): δ = 192.29 (CHO), 162.30 (CAr‐O), 142.16 (CAr‐CH3), 137.59 (CAr‐
CH=CH2), 136.32 (CAr‐CH2‐O), 135.73 (CH=CH2), 134.39 (HCAr), 127.52 (HCAr‐CAr‐
CArH), 126.52 (HCAr‐CAr‐CArH), 124.45 (CAr‐CHO), 123.69 (CAr‐CAr‐CH3), 114.37
(CH=CH2), 110.46 (CAr‐CAr‐O), 70.40 (CAr‐CH2‐O), 21.53 (CAr‐CH3) ppm.

4.4.4 Polymer Syntheses
Theoretical molecular weight calculations
Theoretical molecular weights were calculated with the equation below:

Poly(DMAAm)‐tBuBnPE
trithiocarbonate

12

(P23):

tBuBnPE‐

(74.04 mg,

0.12 mmol,

1.00 eq.), AIBN (1.90 mg, 11.93 µmol, 0.10 eq.)
and DMAAm (1.00 g, 10.09 mmol, 84.62 eq.)
were dissolved in 1,4‐dioxane (1.10 mL). The yellow solution was added to a
Schlenk‐tube and oxygen was removed from the mixture via three consecutive
freeze pump thaw cycles. Subsequently, the sample was placed in a preheated oil
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bath at 60 °C for 90 min. The reaction was quenched by cooling on ice and
subsequently dialyzed against deionized water with a SpectraPor3 membrane
(MWCO = 1000 Da) for three days at ambient temperature. After lyophilization of
the aqueous solution, the pure product was obtained as yellowish powder
(745.00 mg, Mn theo = 9000 g mol‐1, Mn SEC (DMAC) = 7300 g mol‐1).

Poly(DEAAm)‐Mal‐protc. (P24i): DEAAm (1.00 g,
7.862 mmol, 114.67 eq.), Mal‐trithiocarbonate 17
(28.49 mg, 0.068 mmol, 1 eq.) and AIBN (1.13 mg,
0.006 mmol, 0.1 eq.) were placed in a Schlenk‐tube and dissolved in 1,4‐dioxane
(1.10 mL). Oxygen was removed from the solution via three freeze pump thaw
cycles. The mixture was placed in a preheated oil bath, stirred for 20 min at 60 °C
and quenched by cooling on ice. The solution was dialyzed against deionized water
with a SpectraPor3 membrane (MWCO = 1000 Da) for three days at 4 °C in the fridge
and subsequently lyophilized. The product was obtained as slightly yellow
powder (197.40 mg, Mn theo = 15000 g mol‐1, Mn SEC (DMAC) = 5400 g mol‐1).
Poly(DEAAm)‐Mal (P24): poly(DEAAm)‐Mal‐protc. P24i
was placed in a round bottom Schlenk‐flask. The flask
was heated to 120 °C in an oil bath overnight, while being
evacuated under high vacuum. Subsequently, the solid was dissolved in deionized
water and lyophilized to result in slightly orange powder (169.00 mg, Mn

theo

=

15000 g mol‐1, Mn SEC (DMAC) = 5600 g mol‐1)
Exemplary reaction procedures for the β‐CD‐functionalized polymer blocks:
Synthesis of alkyne functionalized poly(DMAAm) (P25):
Prop‐2‐yn‐1‐yl
methylpropanoate

2‐(((ethylthio)carbonothioyl)thio)‐2‐
14

(0.21 g,

0.79 mmol,

1.0 eq.,

21.94 mmol L‐1), DMAAm (12.00 g, 121.05 mmol, 152.71 eq., 3362.50 mmol L‐1) and
AIBN (0.012 g, 0.07 mmol, 0.01 eq., 2.19 mmol L‐1) were added into a Schlenk‐tube,
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equipped with a stirring bar and dissolved in DMF (36.0 mL). Oxygen was removed
from the reaction mixture via three consecutive freeze‐pump‐thaw cycles.
Subsequently, the tube was placed in an oil bath at 60 °C and the reaction was
quenched after 2 h by cooling with liquid nitrogen. The mixture was dialyzed against
deionized water with a SpectraPor3 membrane (MWCO = 1000 Da) for three days at
ambient temperature. The water was removed by lyophilization and the polymer
was obtained as a yellow solid (5.40 g, Mn

theo

= 15400 g mol‐1, Mn

SEC

(DMAC) =

10100 g mol‐1, Ð = 1.1, Mn NMR = 10050 g mol‐1).

Table 5. Reaction conditions for the alkyne‐trithiocarbonate 14 mediated polymerization of NiPAAm.
The same synthesis procedures applies as it was described for poly(DMAAm)‐alkyne P25i above. The
reaction proceeded at 60 °C for 2.5 h. c0Mon is the concentration of the monomer, c0CTA is the
concentration of CTA 14 and c0AIBN is the initial AIBN concentration. Mn theo refers to the calculated
number average molecular weight based on 100% conversion.

Polymer
p(NiPAAm) P26i

c0CTA
Mn theo
Mn SEC
c0Mon
c0AIBN
[mmol L‐1] [mmol L‐1] [mmol L‐1] [g mol‐1] [g mol‐1]
1921.10

22.08

2.11

10500

8800

Ð
1.1

Chain extentension poly(NiPAAm)‐alkyne (P28i):
Poly(NiPAAm)‐alkyne

P26i

(Mn

SEC

(DMAC)

=

8800 g mol‐1, 1.00 g, 0.11 mmol, 1.0 eq, 2.84 mmol L‐1),
AIBN (0.004 g, 0.02 mmol, 0.21 eq., 0.61 mmol L‐1) and
HOEAAm (2.00 g, 17.37 mmol, 152.87 eq., 434.29 mmol L‐1) were placed in a
Schlenk‐tube and dissolved in DMF (40 mL). Oxygen was removed from the reaction
mixture via three consecutive freeze‐pump‐thaw cycles and the tube was
subsequently placed in an oil bath at 60 °C. The solution was stirred at 60 °C for
2.5 h and quenched by cooling with liquid nitrogen. The mixture was dialyzed
against deionized water for three days with a SpectraPor3 membrane (MWCO =
1000 Da). After lyophilization the product was obtained as yellow powder (1.03 g,
Mn SEC (DMAC) = 14600 g mol‐1, Ð = 1.1).
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Alkyne‐poly(NiPAAm)‐OH (P26ii): In a round bottom flask
freshly distilled THF (52 mL) was heated to 60 °C in an oil bath.
Under vigorous stirring AIBN (340 mg, 2.07 mmol, 36.00 eq.,
39.81 mmol L‐1) was added to the flask and stirred for 5 min. Subsequently,
poly(NiPAAm)‐alkyne P26i (Mn (DMAC) = 8800 g mol‐1, 500 mg, 0.06 mmol, 1.00 eq.,
1.96 mmol L‐1) was added to the mixture which turned light yellow. The solution
was stirred until complete discoloration (indication of full conversion) under
ambient oxygen. To quench the generated peroxides the temperature was reduced
to 40 °C and ascorbic acid (108 mg, 0.61 mmol, 6.0 eq., 5.68 mmol L‐1) was added.
Peroxide dipsticks (Quantofix Peroxid 100, 1 – 100 mg L‐1 H2O2) were employed to
check for the presence of peroxides. The solvent was reduced in vacuo after the
removal of the peroxides and the residue was dialyzed against deionized water for
three days, employing a SpectraPor3 membrane (MWCO = 1000 Da). The product
was obtained as white powder (414.00 mg, Mn SEC (DMAC) = 8900 g mol‐1, Ð = 1.1).

Table 6. Reaction conditions for the radical transformation reactions of the trithiocarbonate into a
hydroxyl function for poly(DMAAm)‐alkyne P25ii and poly(NiPAAm)‐b‐(HOEAAm)‐alkyne P28ii. The
same synthetic procedure applies as for poly(NiPAAm)‐alkyne P26ii above. c0Polymer is the
concentration of the polymer, c0AIBN is the initial AIBN concentration and c0ascorbic acid is the
concentration of the radical quencher (ascorbic acid).

Polymer
p(DMAAm) P25ii
p(NiPAAm)‐b‐
p(HOEAAm) P28ii

Mn
[g mol‐1]

c0Polymer
[mmol L‐1]

c0AIBN
[mmol L‐1]

c0ascorbic acid
[mmol L‐1]

Mn SEC
[g mol‐1]

Ð

10100

1.99

39.60

11.80

11700

1.3

14600

1.04

39.31

11.87

15500

1.3

Poly(NiPAAm)‐β‐CD

(P26):

In

a

N,N,N′,N′,N′′‐pentamethyldiethylenetriamine

Schlenk‐tube
(PMDETA)

(100 mg, 0.61 mmol, 14.90 eq., 26.45 mmol L‐1), alkyne‐
poly(NiPAAm)‐OH P26ii (Mn

SEC

= 8900 g mol‐1, 200 mg, 0.06 mmol, 1.00 eq.,

1.77 mmol L‐1) and β‐CD‐N3 15 (485 mg, 0.42 mmol, 10.00 eq., 18.23 mmol L‐1) were
dissolved in DMF (23 mL). Oxygen was removed from the reaction mixture via three
consecutive freeze pump thaw cycles and CuBr (77 mg, 0.54 mmol, 13.15 eq.,
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23.34 mmol L‐1) was added under a stream of argon. The mixture was stirred for two
days at ambient temperature und dialyzed against deionized water (SpectraPor3
membrane (MWCO = 1000 Da)) for three days. After lyophilization, the product was
obtained as white solid (189 mg, Mn SEC (DMAC) = 8800 g mol‐1, Ð = 1.2).

Table 7. Reaction conditions for the CuAAC‐click reactions of an azide‐functionalized β‐CD 15 to
alkyne terminated polymers as was described above for poly(NiPAAm)‐β‐CD P26. c0Polymer is the
concentration of the polymer, c0 β‐CD‐azide is the concentration of the azide‐functionalized β‐CD 15,
c0CuBr is the concentration of CuBr and c0PMDETA the concentration of the ligand.

Mn
[g mol-1]

c0Polymer
[mmol L-1]

c0β-CD-azide
[mmol L-1]

c0CuBr
[mmol L-1]

c0PMDETA
[mmol L-1]

Mn SEC
[g mol-1]

Ð

P25

11700

1.25

37.29

26.04

23.96

10700

1.3

P28

15500

0.86

17.75

22.77

25.86

16400

1.3

Synthesis

of

adamantyl

poly(NIPAAm/Photoenol)
Ada)

(P39):

functionalized

(poly(NiPAAm/PE)‐

6‐(((3s,5s,7s)‐adamantan‐1‐yl)

amino)‐6‐oxohexyl

2‐(((dodecylthio)

carbonothioyl) thio) propanoate 22 (20.34 mg,
0.034 mmol, 1.00 eq.), NIPAAm (1.00 g, 8.837
mmol, 259.82 eq.), 2‐methyl‐6‐((4‐vinylbenzyl)oxy)benzaldehyde 38 (66.89 mg,
0.265 mmol, 7.79 eq.) and AIBN (0.55 mg, 0.003 mmol, 0.10 eq.) were added to a
Schlenk‐tube and dissolved in 1,4‐dioxane (4 mL). Oxygen was removed from the
mixture via four freeze pump thaw cycles. Subsequently, the tube was placed in an
oil bath at 67 °C for 24 h. The mixture was dialyzed against deionized water with a
SpectraPor3 membrane (MWCO = 1000 Da) for three days at 4 °C. The solvent was
removed by lyophilization and the residue was precipitated in cold diethyl ether
from a THF solution. After filtration the polymer was obtained as white powder
(633 mg, Mn theo= 30000 g mol‐1, SEC(DMAC): Mn SEC= 39700 g mol‐1, Ð = 1.2, Mn NMR =
24100 g mol‐1, calc. (NMR): 3% photoenol units incorporated).
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4.4.5 Multiblock Copolymer Formation
Formation of the diblock copolymer via the photo‐induced Diels‐Alder reaction
(P29)
poly(DEAAm)‐Mal P24 (20.00 mg,0.0014 mmol, 1.0 eq. based on Mn

SEC

= 5600

g mol‐1) and poly(DMAAm)‐tBuBnPE P23 (10.43 mg, 0.0035 mmol, 0.4 eq. based on
Mn SEC = 7300 g mol‐1) were dissolved in MeCN (6 mL) and aliquoted into headspace
vials. The vials were crimped airtight with SBR seals with PTFE inlet and oxygen was
removed from the solution by purging with nitrogen for 15 min. Subsequently, the
vial was placed in a custom‐built photoreactor and irradiated at a wavelength of
320 nm for 40 min. The solvent was removed in vacuo and the residue measured
directly in the SEC (30.00 mg, Mn SEC (DMAC) = 10000 g mol‐1).
Exemplary procedure for the formation of the supramolecular triblock
copolymer (P30)
The diblock copolymer P29 (30.00 mg, 0.003 mmol, 1.00 eq., 1.00 mmol L‐1, based
on Mn = 10000 g mol‐1) was dissolved in 2.0 mL DMF. In a separate vial
poly(NiPAAm)‐β‐CD P26 (26.40 mg, 0.003 mmol, 1.00 eq., 1.00 mmol L‐1, based on
Mn = 8800 g mol‐1) was dissolved in DMF (1.0 mL) as well. The solution of 7 was
slowly added to the solution of 6 and was stirred at ambient temperature for 30 min.
Subsequently, the mixture was dialyzed against a gradient of deionized H2O/DMF
(70:30, 80:20, 90:10 and finally 100% H2O) in a SpectraPor3 membrane (MWCO =
1000 Da). The inclusion complex of β‐CD and the tert‐butyl phenyl moiety was
evidenced via 2D NOESY NMR in D2O and DLS measurements in Milli‐Q water with a
concentration of 0.06 mmol L‐1 (Dh ≈ 23.0 nm).

134

4.4 Experimental Section
Table 8. Reaction conditions for supramolecular self-assembly of the β-CD-polymers with the covalently
bound diblock copolymer P29. The same reaction conditions apply as stated for the formation of
poly(DEAAm)-b-poly(DMAAm)-b-poly(NiPAAm) P30.

c0Polymer
[mmol L‐1]

c0diblock copolymer 6
[mmol L‐1]

supramolecular
block

Mn β‐CD polymer
[g mol‐1]

P31

10700

0.47

0.47

P32

16400

1.00

1.00

4.4.6 Nanoparticle Design
Formation of the supramolecular diblock copolymer (P40)
Poly(NIPAAm/PE)‐Ada P39 (Mn

NMR

= 24100 g mol‐1, 100.00 mg, 1.00 eq.) was

placed into a vial and dissolved in DMF (10 mL). In a second vial poly(DMAAm)‐β‐CD
P25 (Mn NMR = 11000 g mol‐1, 65.56 mg, 1.00 eq.) was also dissolved in DMF (5 mL).
Subsequently, the solution of the poly(DMAAm)‐β‐CD P25 was added to the DMF
solution of poly(NIPAAm/PE)‐Ada P39 and stirred at ambient temperature for
30 min. Afterwards, the mixture was dialyzed with a SpectraPor3 membrane
(MWCO = 1000 Da) against a gradient of deionized H2O/DMF (70:30, 80:20, 90:10
and finally 100% H2O). The formed complex was analyzed via 2D NOESY NMR in
D2O and DLS measurements in Milli‐Q water with a concentration of 0.06 mmol L‐1
(Dh ≈ 19 nm). Spectra and graphs are shown in the results and discussion section.
For later stoichiometric calculation, the sum of the molecular weight distributions of
poly(NiPAAm/PE)‐Ada and poly(DMAAm)‐β‐CD is employed for the Mn of the
diblock copolymer.
Formation of the cross‐linked micelle (M42)
The supramolecular diblock copolymer P40 (Mn = 39900 g mol‐1, 10.60 mg,
0.0003 mmol, 0.006 mmol L‐1, 1.00 eq.) and 4‐arm PEG‐maleimide 41 (Mn =
2090 g mol‐1, 3.04 mg, 0.0012 mmol, 0.025 mmol L‐1, 4.00 eq.) were added into a
headspace vial, dissolved in Milli‐Q water (4.5 mL) and sealed. The vial was placed in
an ice bath and the mixture was purged with nitrogen for 1 h. Meanwhile, a photo‐
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reactor was equipped with five Arimed B6 low pressure mercury lamps (320 nm,
36 W) and turned on for 1 h before adding the sample, so a reactor temperature
close to 50 °C was established. Prior to irradiation of the sample, the solution was
heated above the LCST of the diblock copolymer, resulting in a slightly turbid
emulsion. Subsequently, the vial was positioned in the photo‐reactor and irradiated
at 50 °C for 6 h. The sample was filtered through a 0.45 µm syringe filter and freeze
dried. The cross‐linked micelles were analyzed via DLS (Dh ≈ 50 nm) and AFM. The
data is discussed in the results and discussion section.
Release of the nanoparticles (N43)
Trifluoroacetic acid (TFA) (0.20 mL) was added to a dispersion of the crosslinked
micelle M42 (5.64 mg) at a concentration of 1 mg mL‐1 in Milli‐Q water (5.64 mL),
stirred for 1 h at ambient temperature and stored in the fridge for two days. To
remove the cleaved micelle arms the sample was centrifuged stepwise. Therefore,
the solution was distributed into four Eppendorf Safe–Lock Tubes (500 µL) and
placed in a preheated centrifuge (40 °C) for 5 min. Subsequently, the samples were
centrifuged at 40 °C for 4 min with 3000 rpm. Subsequently, 400 µL of the
supernatant fluid were withdrawn from the Safe‐Lock Tubes and collected in a vial.
Then, another 500 µL of the nanoparticle solution was added to the same tube and
centrifuged at 40 °C for 4 min at 5000 rpm. Following the removal of the
supernatant fluid, the sample was washed by the addition of 400 µL Milli‐Q water
and subsequent centrifugation. The washing was repeated two times. The last
centrifugation step was carried out at 40 °C with 13000 rpm for 4 min. The
nanoparticle was analyzed via NMR, DLS (Dh ≈ 35 nm) and AFM, please refer to the
results and discussion section.
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5. Conclusion and Outlook

Light‐induced reactions have inspired scientists since the beginning of the last
century. As a consequence, research in the field of photochemistry is constantly
evolving, allowing for precise control over spatial and temporal resolution offered
by such techniques. Furthermore, light‐induced reactions are independent of
catalytic systems and usually proceed without the formation of interfering side
products. Within the scope of the current thesis, the efficiency of light induced
reactions was exploited in the context of macromolecular design in solution and on
surfaces.
In Chapter 3, the spatially resolved deprotection of a photolabile protecting group,
functionalized with an ATRP initiator and covalently attached onto a polycarbonate
film, was demonstrated. The mild and efficient photolithographic approach allowed
for the generation of defined patterns of hydrophilic moieties on the micrometer
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scale. Moreover, a biorepellent polymer was grafted from the surface with the
remaining initiator molecules, thus creating boundaries for guided protein and cell
attachment. The patterned surface was successfully shaped into a three‐dimensional
microchannel to provide a biomimetic polymeric environment to investigate cell
cultures. In addition, cells were successfully seeded on the surface, and the
evaluations showed that they primarily attached to the pre‐defined hydrophobic
areas on the surfaces of the 2D substrate and inside the 3D microchannel. In view of
the successful thermoforming process that did not compromise the preceding
chemical surface modification, a promising method was introduced for the
development of disposable biologic platforms for e.g. artificial neurochannel design.
Prospectively, there is a strong motivation to test a broad variety of hollow
structures on patterned surfaces, thus investigating not only one set of cells, but also
co‐cultures on a single substrate. In addition, more intensive studies to demonstrate
active guiding via visualized cell migration experiments should be performed, by
labelling the cells prior to planting. At a certain stage of the work, the route
employed herein appeared to be the most convenient, due to the restricted range of
solvents applicable to the PC film. Nevertheless, it would be interesting to explore
alternative grafting strategies onto the surface and to exploit the amenability of
polycarbonate to thermoforming in other scientific fields as well.
In Chapter 4, versatile macromolecular architectures were successfully designed via
a modular approach, combining photo‐initiated Diels–Alder reactions with
supramolecular host‐guest interactions of cyclodextrins. For the first time, the two
very efficient, orthogonal and facile conjugation methods were employed in
combination, yielding multiblock copolymers as well as stimuli responsive micelles
and nanoparticles. It was demonstrated that both reactions can be readily
performed in stoichiometric amounts and without the addition of further reagents.
The polymeric building blocks were prepared via RAFT polymerization, thus directly
introducing the desired functionalities into the polymer chains via the RAFT agent or
by post‐polymerization modification. Even though the RAFT process is a versatile
polymerization method for the synthesis of well‐defined polymer chains with
respect to molecular weight and size distribution, the end‐group fidelity of RAFT
138

polymerization still has its limitations. As a consequence, non‐functionalized
polymer chains remained in the sample after the light‐induced formation of the
covalently bound diblock copolymer, which might affect future applications, e.g. as a
self‐healing material supported by the dynamic supramolecular interactions. Thus,
further research should be performed to determine the quantity of non‐reacted
chains in the sample and to further minimize them, if necessary.
Importantly, thermoresponsive nanoparticles were designed via the micellar
assembly

of

a

supramolecularly

formed

diblock

copolymer

which

was

photochemically cross‐linked in its core. By the destruction of the host unit of the
supramolecular inclusion complex, the sacrificial micellar arms were removed from
the core and the nanoparticles were released. The nanoparticles and micelles were
probed for their thermoresponsive contraction and relaxation, which was evidenced
by the temperature‐induced change of the hydrodynamic radii in DLS
measurements. The synthetic approach to construct nanoparticles via a micellar
scaffold is promising, since the system can either be applied as a thermoresponsive
micelle or as a plain nanoparticle. In addition, the removal of the micelle arms leaves
the nanoparticle covered by guest moieties which still serve as active ligations
points. In this context, further studies should be undertaken to re‐functionalize the
nanoparticles, e.g. with host‐functionalized proteins to be employed as drug delivery
systems. For the purpose of utilizing the nanoparticles as a delivery system, their
potential to encapsulate hydrophobic substances should be explored, e.g. via
fluorescent dye release experiments.393 In the long term, the nanostructures could
be reversibly attached to solid substrates modified with receptor host molecules, so‐
called molecular printboards.394‐396
In summary, the work performed in the course of the present dissertation
contributed to the broad field of applications of photochemically induced reactions.
By means of a photolithographic approach, a simple polymer substrate was
transformed into an innovative biological platform with cell‐guiding attributes.
Furthermore, light induced reactions in conjunction with other ligation techniques,
such as supramolecular host‐guest interactions, was a fundamental step towards
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advanced functional materials which may find their way into application oriented
research and development.
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Appendix A
Light‐Induced Surface Modification for Guided Cell Attachment
(Appendix to Chapter 3)
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Figure A.1. 1H NMR (500 MHz, 256 scans, DMSO‐d6) spectrum of (2‐nitro‐5‐(prop‐2‐yn‐1‐
yloxy)phenyl)methanol.
Reproduced
with
permission
from
Wiley,
2015
(DOI:
10.1002/adma.201500426).

Appendix A

Figure A.2. 1H NMR (400 MHz, DMSO‐d6) of 3‐(5‐((3‐(hydroxymethyl)‐4‐nitro‐phenoxy)methyl)‐1H‐
1,2,3‐triazol‐1‐yl)propyl 2‐bromo‐2‐methylpropanoate. Reproduced with permission from Wiley,
2015 (DOI: 10.1002/adma.201500426).

1H
Figure A.3.
NMR
(400 MHz,
DMSO‐d6)
of
4‐((5‐((1‐(3‐((2‐bromo‐2‐methyl‐
propanoyl)oxy)propyl)‐1H‐1,2,3‐triazol‐5‐yl)methoxy)‐2‐nitrobenzyl)oxy)‐4‐oxobutan oic acid (6).
Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).
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Figure A.4. Sample holder made of stainless steel with the shadow mask utilized for photopatterning.
The film is placed on a silicon wafer in the sample holder. Then the shadow mask is placed on top and
secured
with
screws.
Reproduced
with
permission
from
Wiley,
2015
(DOI:
10.1002/adma.201500426).

Figure A.5. Illustration of the custom‐built photoreactor employed in the current study.
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Appendix A

Figure A.6. ToF‐SIMS spectra of important secondary ions which were imaged in Figure 3.3, Section
3.2.1. Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

Table A.1. ToF‐SIMS analysis. Peak areas of the secondary ions shown in Figure A.6, normalized to
total counts. Reproduced with permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).

NH4+

NO2‐

Br‐

C2H3O‐

Pristine PC film

not
detectable

not
detectable

not
detectable

not
detectable

PC film 3

4.2×10‐3

2.2×10‐3

3.2×10‐3

2.3×10‐3

PC film 5

1.9×10‐3

1.1×10‐2

6.6×10‐2

2.5×10‐3

PC film 7

‐

6.5×10‐4

1.2×10‐4

2.9×10‐2
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Figure A.7. ToF‐SIMS maps for Cu+ and 65Cu+ ions and corresponding mass spectra normalized to
total counts are depicted for the PC surface after SI‐ATRP of MeOEGMA (9). Reproduced with
permission from Wiley, 2015 (DOI: 10.1002/adma.201500426).
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Appendix B
Complex Macromolecular Architectures via Supramolecular
Chemistry and Photochemical Ligation
(Appendix to Chapter 4)

Figure B.1. 1H NMR (400 MHz, DMSO‐d6, 25 °C) spectrum of 3‐((((4‐(tert‐butyl)benzyl)‐
thio)carbonothioyl)thio)propanoic acid (10). Reproduced with permission from the American
Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

Appendix B

Figure B.2. ESI‐MS spectrum of poly(DEAAm)‐Mal‐protc. P24i and a magnification of the spectrum
(below). The spectrum shows the single, double and triple charged polymer chains of P24i ionized
with Na+. Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

Table B.1. Mass peak assignment for poly(DEAAm)‐Mal‐protc. P24i. Experimental and theoretical
m/z values for the labelled peaks shown in Figure B.2. Reproduced with permission from the
American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

m/zexp

assignment

chemical formula

m/ztheo

Δm/z

2519.346 p(DEAAm)‐Mal‐protc. + Na2 [C269H489N37Na2O41S3]2+ 2519.316

0.030

2535.566 p(DEAAm)‐Mal‐protc. + Na3 [C409H749N57Na3O61S3]3+ 2535.542

0.024

2577.938 p(DEAAm)‐Mal‐protc. + Na3 [C416H762N58Na3O62S3]3+ 2577.909

0.029

2583.399 p(DEAAm)‐Mal‐protc. + Na2 [C276H502N38Na2O42S3]2+ 2583.368

0.031

2599.776

2599.745

0.031

2619.973 p(DEAAm)‐Mal‐protc. + Na3 [C423H775N59Na3O63S3]3+ 2619.941

0.032

2646.950 p(DEAAm)‐Mal‐protc. + Na2 [C283H515N39Na2O43S3]2+ 2646.918

0.032

2662.672 p(DEAAm)‐Mal‐protc. + Na3 [C430H788N60Na3O64S3]3+ 2662.642

0.030
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p(DEAAm)‐Mal‐protc. + Na

[C136H242N18NaO22S3]+

Figure B.3. 1H NMR (400 MHz, CDCl3) spectrum (left) and SEC trace (right) of poly(DMAAm)‐alkyne
(P25i). The picture was modified with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

Figure B.4. 1H NMR (400 MHz, DMSO‐d6, 25 °C) spectrum of poly(NiPAAm)‐alkyne P26i (top),
alkyne‐poly(NiPAAm)‐OH P26ii and the final β‐CD functionalized poly(NiPAAm)‐β‐CD P26, clearly
showing the proton resonance signals of β‐CD. Reproduced with permission from the American
Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).
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Figure B.5. SEC traces of poly(NiPAAm)‐alkyne P26i (black), alkyne‐poly(NiPAAm)‐OH P26ii (blue)
and poly(NiPAAm)‐β‐CD P26 (red) measured in DMAC at 50 °C. Reproduced with permission from
the American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

Figure B.6. Left) 1H NMR (400 MHz, DMSO‐d6, 25 °C) spectrum of alkyne‐poly(NiPAAm)‐b‐
poly(HOEAAm)‐OH P28ii (top) and the final β‐CD‐functionalized poly(NiPAAm)‐b‐poly(HOEAAm)‐β‐
CD P28 (bottom), clearly showing the proton resonances of β‐CD. Right) SEC traces of alkyne‐
poly(NiPAAm)‐b‐poly(HOEAAm)‐OH P28ii (black) and poly(NiPAAm)‐b‐(HOEAAm)‐β‐CD P28 (red)
measured in DMAC at 50 °C. The picture was modified with permission from the American Chemical
Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).
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Figure B.7. Emission spectrum of the employed compact low‐pressure fluorescent lamp (Arimed B6,
36 W) and the UV‐Vis spectrum of the tBuBnPE‐trithiocarbonate RAFT agent (12) measured in MeCN.
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

Figure B.8. 1H NMR (400 MHz, CDCl3) spectrum of the diblock copolymer poly(DMAAm)‐b‐
poly(DEAAm) P29. Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).
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Figure B.9. ESI‐MS spectrum of poly(DMAAm)‐poly(DEAAm) P29 and a magnification of the
spectrum (below). The spectrum shows the double, triple and quadruple charged polymer chains of
P29 ionized with Na+.*It was noted that Δm/z is very high and outside the resolution of the Orbitrap
mass analyzer. The analyzed structure is a highly complex diblock copolymer and it is assumed that
during ionization, for example, proton abstraction or similar processes occur. It was also note that the
assigned peaks do not correspond to the single polymer blocks (P23 and P25). On balance all
analytical evidence (SEC, NMR and DLS) clearly points to the formation of the diblock copolymer P29
and that the sub‐Da deviation occurs during the ionization process. Reproduced with permission
from the American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

Table B.2. Mass peak assignment for poly(DMAAm)‐b‐poly(DEAAm) P29. Experimental and
theoretical m/z values for the labelled peaks shown in Figure B.9. Reproduced with permission from
the American Chemical Society, 2015 (DOI: 10.1021/acsmacrolett.5b00485).

m/zexp
3007.499
3033.731
3047.275
3057.782
3097.281
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assignment
p(DMAAm)62‐b‐p(DEAAm)38 +
Na4
p(DMAAm)10‐b‐p(DEAAm)32 +
Na2
p(DMAAm)19‐b‐p(DEAAm)49 +
Na3
p(DMAAm)64‐b‐p(DEAAm)38 +
Na4
p(DMAAm)10‐b‐p(DEAAm)33 +
Na2

chemical formula

m/ztheo

[C623H1117N101Na4O108S6]4+ 3006.822

Δm/z*
0.677

[C321H571N43Na2O50S6]2+

3033.575

0.156

[C485H873N69Na3O76S6]3+

3047.483

0.208

[C629H1125N105Na4O112S6]+

3056.836

0.946

[C328H584N44Na2O51S6]2+

3097.125

0.156

Figure B.10. DLS measurements at 25 °C in Milli Q water, showing number weighted size
distributions of the single blocks: poly(DEAAm)‐Mal P24 and poly(DMAAm)‐tBuBnPE P23, as well as
the diblock copolymer P29. The samples were measured at a concentration of 0.06 mmol L‐1.
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acsmacrolett.5b00485).

Figure B.11. 2D topographic image of the micelles (M42) along with the statistical data collected in a
table, and a histogram of the particle diameters. The detected particles are colored in light blue. The
spots colored in dark blue are agglomerates in the sample and were not considered in the analysis.
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Particles analysis was performed from freshly cleaved mica surfaces with NanoScope Analysis 1.40
(Bruker). Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

Figure B.12. 2D topographic image of the nanoparticles (N43) along with the statistical data
collected in a table, and a histogram of the particle diameters. The detected particles are colored in
light blue. The spots colored in dark blue are agglomerates in the sample and were not considered in
the analysis. Particles analysis was performed from freshly cleaved mica surfaces with NanoScope
Analysis 1.40 (Bruker). Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).

Figure B.13. Higher magnification AFM images of A) micelles (M42) and B) nanoparticles (N43).
Reproduced with permission from the American Chemical Society, 2015 (DOI:
10.1021/acs.macromol.5b00923).
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