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Per aspera ad astra

"[...] Jemand hat gelernt, wie man sein Leben vergeuden kann.

Jemand hat gelernt, wie schon der Tau auf den Bliitenbldttern einer Blume ist. [...]"

Andreas Brandhorst, Der Zeitkrieg (Kantaki-Triologie, Band 3), Heyne Verlag, 2005.






ABSTRACT

The fusion of polymer chemistry and photo-induced ligation reactions creates a powerful platform
technology to generate innovative materials, which embrace future challenges. On the one side, material
properties are influenced by chemical composition and architecture of macromolecules, and on the other
side, photochemistry allows spatiotemporal control over the reaction site, efficiency and sustainability of
chemical reactions. Therefore, the current thesis explores novel approaches for photoreactive moieties in
order to extend the horizon of photochemistry in the field of polymer chemistry and soft matter material

science.

First, the current thesis covers pyrene-substituted 2H-azirines as a light-triggered ligation tool in
polymer chemistry. Specifically, synthetic routes to a functional pyrene-substituted 2H-azirine were
investigated, resulting in a successful strategy for a 2H-azirine derivative equipped with a methyl ester
followed by the analysis of the photoreactivity via nuclear magnetic resonance (NMR) spectroscopy.
Furthermore, a pyrene-substituted 2H-azirine was utilized to interrupt the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) ligation of two distinct polymer blocks, allowing for synthetic access to
a fluorescently labeled block copolymer. Simultaneously, a vinyl functionality as a tethering point for
diverse thiol species (i.e., a small molecule thiol derivative and two macromolecular thiols) in following
radical thiol-ene additions was introduced at the junction point of the block copolymer species. The
resulting modified block copolymer and mikto-arm star polymers were in-depth characterized via size

exclusion chromatography (SEC), differential scanning calometry (DSC), attenuated total reflection-



infrared spectroscopy (ATR-IR) as well as NMR, UV/Vis and fluorescence spectroscopy. Further dynamic
light scattering (DLS) studies of the herein obtained polymer species revealed stability against temperature
and concentration changes of the micelles in water, resembling unimolecular micelles.

New aspects for the light-induced cycloaddition of ortho-methylbenzaldehydes are described in the
subsequent chapter of the current thesis. Specifically, the photoreactive unit was coupled to a short block
of polyethylene (PE). UV light-induced ligation at high temperatures with distinct maleimide moieties as
dienophiles afforded an end group modified PE species and block copolymers, which were analyzed by
high temperature (HT) NMR and SEC studies. Further stability tests at elevated temperatures confirmed
the presented results.

The final project of the current thesis explores the photochemistry of pyrene-substituted chloro oximes
and oxime esters in the realm of polymer chemistry. Photochemical properties were introduced to
chloro oximes by attaching pyrene as a light harvesting unit in a two-step synthesis. The photoreactivity
towards different dienophiles in combination with the orthogonality of the cycloaddition was proven,
and the characteristics of the light-induced reaction were carefully monitored via NMR spectroscopy.
Subsequently, the highly efficient end group modification of two functional polyethylene glycol (PEG)
species was evidenced via electrospray ionization-mass spectrometry (ESI-MS) measurements. Last but
not least, a photolabile oxime ester unit tethered to pyrene as chromophore was designed, and subsequently
introduced into a polystyrene backbone via copolymerization of a corresponding monomer and styrene.
The properties of the polymer species possessing varying amounts of the pyrene-substituted oxime ester
unit before and after LED light exposure were investigated by employing SEC, UV/Vis and fluorescence

spectroscopy as well as diffusion-ordered NMR spectroscopy (DOSY NMR).
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Z.USAMMENFASSUNG

Die Kombination aus Polymerchemie und lichtinduzierten Verkniipfungsreaktionen zeigt sich als michtiger
Zusammenschluss, um innovative Materialien fiir eine Vielzahl von Herausforderungen zu erschlie3en.
Auf der einen Seite konnen die Materialeigenschaften durch die chemische Zusammensetzung und
Topologie von Makromolekiilen beeinflusst werden, auf der anderen Seite ermoglichen photochemische
Reaktionen die zeitliche und 6rtliche Kontrolle iiber den Verlauf von Reaktionen, die iiberwiegend durch
Effizienz und Nachhaltigkeit geprigt sind. Aus diesen Griinden beschreibt die vorliegende Arbeit mehrere
neue Methoden auf der Basis von photoreaktiven Strukturen, um den Horizont der Photochemie im

Kontext der makromolekularen Chemie und der Materialwissenschaften zu erweitern.

Zu Beginn wird die Nutzung von Pyren-substituierten 2H-Azirinen als ligationsvermittelnde photo-
chemische Gruppe in der Polymerchemie beschrieben. Zunédchst werden moglichen Synthesewege fiir
die Herstellung ebenjenes Heterozyklus erldutert. Hierbei wurde erfolgreich ein Pyren-substituiertes
2H-Azirin mit einem Methylester funktionalisiert, und die Photoreaktivitdt wurde mittels Kernreso-
nanzspektroskopie (engl. nuclear resonance spectroscopy, (NMR)) belegt. Des Weiteren wurde ein
Pyren-substituiertes 2H-Azirin eingesetzt, um die von Kupfer(I) katalysierte Cycloaddition von Azid-
und Alkin-terminalen Polymerbldcken (engl. copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC))
abzufangen. In diesem Zusammenhang konnte eine fluoreszierende Blockcopolymerspezies erhalten
werden, die an ihrem Verknilipfungspunkt eine Vinylfunktion aufweist. Diese Doppelbindung wurde als

Angriffspunkt fiir Thiole in einer darauffolgenden radikalischen Addition verwendet. Die so hergestellten
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modifizierten Blockcopolymere und Mikto-Arm Sternpolymere wurden eingehend mittels Gro3enaus-
schlusschromatographie (engl. size exclusion chromatography (SEC)), dynamischer Differenzkalometrie
(engl. differential scanning calometry (DSC)), ATR-Infrarotspektroskopie (engl. attenuated total reflection-
infrared spectroscopy (ATR-IR)) sowie NMR, Absorptions- und Fluoreszenzspektroskopie charakterisiert.
Dariiber hinaus haben Untersuchungen mit Hilfe der Dynamischen Lichtstreuung (engl. dynamic light
scattering (DLS)) gezeigt, dass die synthetisierten Polymerspezies temperatur- und konzentrationsstabile
Mizellen in Wasser bilden analog zu Einzelmolekiilmizellen (engl. unimolecular micelles).

Neue Aspekte iiber die lichtinduzierte Cycloaddition von ortho-Methylbenzaldehyden werden im
darauffolgenden Abschnitt dargestellt. Zunédchst wurde die photoreaktive Gruppe mit einer kurzkettigen
Polyethylen (PE) Einheit verkniipft. Die so erhaltene photoreaktive PE-Spezies wurde bei erhohten
Temperaturen in Cycloadditionsreaktionen induziert durch UV Licht eingesetzt. Die Verwendung von
verschiedenen Molekiilen, die aufgrund einer endstindigen Maleimideinheit als Dienophil dienten, er-
moglichte die lichtinduzierte Synthese von einer Endgruppen-funktionalisierten Polymerspezies und
verschiedenen Blockcopolymeren, die mittels Hochtemperatur-NMR und -SEC analysiert wurden. In
diesem Zusammenhang wurde auch die Stabilitidt der Produkte bei erhohten Temperaturen bestitigt.

Abschlielend wird die Photochemie von Pyren-substituierten Chloroximen und Oximestern fiir den
Bereich der Polymerchemie beleuchtet. Die Reaktivitit von Chloroximen bei Bestrahlung wurde durch
direkte Verkniipfung mit Pyren als Chromophor erreicht. Das entsprechende Zielmolekiil konnte in einer
Zwei-Stufen Synthese erhalten werden. Die lichtinduzierte Cycloaddition wurde mit einer Reihe von
verschiedenen Dienophilen im Hinblick auf die Orthogonalitét gegeniiber unterschiedlichen funktionellen
Gruppen untersucht. Auerdem konnten hierbei die Eigenschaften der Reaktion und der Cycloaddukte mit
Hilfe von NMR Spektroskopie festgestellt werden. Weitere massenspektrometrische (engl. electrospray
ionization-mass spectrometry (ESI-MS)) Messungen zeigten die quantitative Endgruppenmodifikation
von unterschiedlich funktionalen Polyethylenglykol-Spezies (PEG) mittels lichtinduzierter Cycloaddition
des Pyren-substituierten Chloroxims. Dariiber hinaus wurden photosensitive Oximester Einheiten in ein
Polystyrolriickgrat durch Copolymerisation der entsprechenden Monomere integriert. Daraufhin konnten
die Eigenschaften der Polymere vor und nach der Bestrahlung mit LED Licht im Hinblick auf den Einfluss
der Menge an Pyren-substituierten Oximestern mittels SEC, DOSY (engl. diffusion-ordered spectroscopy)

NMR, UV/Vis und Fluoreszenzspektroskopie ausgewertet werden.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

Without any doubt, nature has proven to be the master of customizability in regard to the creation of
living beings. May it be hydrophobic surfaces, semi-permeable membranes or specific mechanical
properties, nature has reached a high level of functionality and adaptability in order to exist under the
various conditions present on the planet. Nevertheless, with polymer chemistry and material science
mankind has a strong tool at its disposal for creating complex and functional soft matter materials that
can be controlled in their performance by their chemical composition and architecture. In other words,
each chemically distinct unit gives rise to diverse features in the desired product. Furthermore, the
properties of soft matter materials are adjustable by the sequence of the monomer units and the shape
of the macromolecules featuring either simple or highly complex macromolecular architectures such as
block copolymers, nanoparticles, star and ring structures. Thus, polymer based materials have found
application in everyday objects as well as advanced technologies. In fact, our lives today would not
be possible without sophisticated soft matter materials. Therefore, improving existing materials and
designing novel products in order to address future challenges have been the key driving forces behind the
success of polymer chemistry. Contemporary outstanding examples for polymer based materials with
tailored properties are depicted in the following examples. Stimuli-responsive polymers enable targeted
drug delivery upon changes of temperature or pH value.!' 2! Furthermore, bio-degradability allows for the
decomposition into non-toxic small compounds of the material, which is conventionally stable for several

years. Consequently, bio-degradable polymer species are highly beneficial for the application in living



1 Introduction and Motivation

beings and valuable due to environmental concerns.>-6! Further, self-healing soft matter materials are
able to initiate healing upon physical damage, and consequently, allow for applications in coatings and
composites for engineering.!”~! In addition, polymers play an essential role in nanotechnology as matrix
for composites,' in supramolecular chemistry,!!> 1?1 and electronic devices including batteries, '3 141

and as conductors, e.g., in solar cells.[19]

Indeed, the modification of polymeric materials via chemical reactions is crucial to insert structural
motifs and provide diverse functionality in order to obtain advanced materials. Therefore, simple yet
powerful reaction protocols play a key role in polymer functionalization, especially to avoid tedious purifi-
cation steps. Examples of this type of transformations are found in the context of click chemistry.[1-17]
Specifically, light-induced ligation reactions are mild as elevated temperatures are avoided, and usually
require no catalyst or other additional reagents. Moreover, photochemistry can directly address current
environmental issues including global warming and decreasing stocks of fossil fuels due to the utilization
of sunlight as an infinite source of energy.!'® 1°! In fact, plants have utilized light to trigger chemical
transformation during synthesis for billions of years, demonstrating the elegance of light for precision
chemistry.!?°! On top of that, photochemistry adds a new dimension of control to polymer science, i.e. the
use of light allows chemical reactions to be controlled in a spatiotemporal fashion.!?!: 22l Reactions rates
can also be influenced by altering the light flux and the wavelength. Consequently, these straightforward
reaction protocols — resulting either in bond formation, bond cleavage or isomerization — triggered by light

(231 opening high-level research opportunities and applications

are highly beneficial for polymer chemistry,
in the field of photochemistry in polymer science. The applications include spatial-resolved patterning
of surfaces with small molecule derivatives or polymer strands,!>!- ?*! or the light-induced synthesis of
sophisticated macromolecular architectures and networks.!?>! Likewise, photochemistry allows for an

accurate control over polymerization processes,!*% 2’1 and an access to responsive polymer films,?% 21

e.g., soft matter materials with shape-memory effect triggered upon light irradiation.[*°!

The fusion of polymer science and photochemistry has resulted in a vast range of complex materials.!3!=37]

Nevertheless, the processes in nature are still superior compared to the present methods available for photo
and polymer scientists by far. Unfortunately, the efficiency and sustainability of naturally occurring pro-
cesses cannot be reached with current methods. As a result, the aim of the current research at the interface

of photochemistry and polymer science is the investigation and improvement of existing light-induced




chemical reactions. Specifically, reaction pathways which are accessible via the utilization of visible light
or sunlight are explored. Compared to ultraviolet light, irradiation sources of longer wavelengths are less
energetic and possess a higher penetration depth into soft matter, eventually mimicking the conditions of
the natural environment.

Chapter 3 discusses the synthesis of a functionalized pyrene-substituted 2H-azirine species and its
implementation into a chain transfer agent suitable for reversible deactivation radical polymerization. In
this context, a novel ligation technique for polymer strands is described employing conventional conditions
for copper(I)-catalyzed azide-alkyne cycloaddition in combination with a pyrene-substituted 2H-azirine.
With the resulting multicomponent reaction, a fluorescently labeled midpoint-reactive block copolymer is
obtained in a facile fashion. Furthermore, the vinyl group at the junction point of the block copolymer
species allows the synthesis of mikto-arm star polymer species via radical thiol-ene addition. The frontiers
of current photochemistry are further investigated in Chapter 4. By equipping a polyethylene block with a
photoreactive ortho-methylbenzaldehyde unit, the applicability of this photochemistry and the stability of
the reaction products at high temperatures are explored. In the subsequent chapter, the reactivity of chloro
oximes and oxime ester derivatives upon irradiation with visible light (or sunlight) for the modification
of macromolecules is discussed. In detail, a pyrene-tagged chloro oxime is used as an efficient agent to
generate a highly reactive nitrile oxide upon exposure to visible light (or sunlight) in order to introduce
the pyrene moiety as fluorescent marker. Polymer species bearing pyrene-substituted oxime esters in
the lateral backbone release the chromophore via visible light-induced fragmentation. In-depth analysis
suggests subsequent chain collapse via radical coupling forming single-chain nanoparticles.

Each project is schematically summarized in Figure 1.1 as they expand current knowledge and frontiers

of photochemistry for macromolecular design.
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CHAPTER 2

THEORETICAL BACKGROUND

The current chapter provides an overview of the theoretical background in combination with recent
literature reports, which are related to the scientific studies included in the thesis. The chapter commences
with polymer chemistry as main topic with the emphasis on free-radical and reversible-deactivation radical
polymerization processes. In this context, polymer ligation techniques and macromolecular architectures
will subsequently be discussed. Beer-Lambert’s law, the Franck-Condon principle, the Jablonski diagram
and molecular electronic transitions as physical fundamentals of photochemistry are covered in the second
section, which is concluded with the description of photochemically induced transformations applied to
polymer ligation. As the main topic of the current thesis, visible light-induced ligation techniques will be
in-depth discussed in a separate subsection in the end. In this context, methods for a bathochromic shift
of the excitation wavelength for chemical reactions are elucidated by means of, e.g., the substitution of
photoreactive moieties with pyrene, and further approaches such as photoredox catalysis, simultaneous

two-photon absorption and upconversion nanoparticles.

2.1 Macromolecular Synthesis and Architecture

From simple products, e.g., packaging and casing, to high end applications like self-healing material
and drug delivery agents, polymers are smart objects omnipresent in our everyday lives. They are

essential for our daily routine, for instance as eyeglasses, textiles or protective parts in vehicles. Moreover,



2 Theoretical Background

polymeric material possesses superior properties such as a low density and low manufacturing costs
in combination with the ability to merge a vast range of distinct features, including hard- and softness,
ductility, adhesiveness and responsive characteristics. On top of this, polymers are significant for the
industrial sector due to their facile producibility and processability.
The triumph of polymers began with their discovery as large molecules in 1920 by Hermann Staudinger,8!
> [39

who later coined the term *macromolecules’.?”) The experimental validation of his thesis eventually

resulted in the Nobel Prize award in 1953.

Polymer chains are obtained via the connection of monomers during a polymerization process. However,
various chain lengths are obtained due to the statistical behavior of polymerizations (refer to Sections
2.1.1 to 2.1.2.2). Consequently, the dispersity D, the number-average and the mass-average molar mass
(M, and M, respectively) represent significant key data for the characterization of polymers. They are
defined in Equation 2.1 to 2.3 (with M; = molar mass of a chain with 7 units, and N; = number of chains

with 7 units).[40)
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If all chains of a sample possess the same chain length, a dispersity of 1.0 is obtained. In contrast,
the D value for reversible-deactivation radical polymerizations conventionally lies between 1.1 and 1.4,
while the ideal value for free-radical polymerization is between 1.5 and 2.0 depending on the predominant

termination mode. Therefore, the more uniform the polymer chains are, the lower the P value.*"]

Various characterization methods for polymer samples exist. Methods that measure the colligative
properties of a solution (e.g., cryoscopy and vapor pressure osmometry) provide M. In comparison, My,

is obtained via light scattering.[4°]

After Staudingers fundamental studies, in-depth investigations in the field of macromolecular chemistry
have led to exceptional developments concerning polymerization methods, macromolecular architectures

and soft matter properties, which are outlined in the subsequent subsections.




2.1 Macromolecular Synthesis and Architecture

2.1.1 Free-Radical Polymerization

Due to its simplicity and excellent price/performance ratio next to the possibility to polymerize the broadest
range of monomers, free-radical polymerization (FRP) has become the most dominant polymerization
method in the industrial sector. The commercial plastic products, which are obtained via the FRP process,
hold a dominant position in our everyday lives. Nevertheless, it is also a valuable tool for academia if low

dispersity values are not necessary. The mechanism of the FRP process is depicted in Scheme 2.1.
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Scheme 2.1. The mechanism of free-radical polymerization consists of four main events. In the initiation step,
radicals are generated upon homolytic cleavage, which initiate the chain growth. In the subsequent propagation
steps, monomer units (with X as substituent) are added to the radical center forming a growing polymer chain. The
chain growth is stopped via a bimolecular termination event. Depending on the structure of the monomer, either
termination by disproportionation or coupling of two macromolecular radicals occurs. Furthermore, the radical
center can be transferred to any molecule present in the polymerization including polymer chains, monomer, solvent
or a deliberately added transfer agent.[*!]

The generation of radicals is accomplished by thermally or photochemically induced homolytic cleavage
of covalent bonds present in so-called initiators, or more rarely by redox processes.[*?! Specifically, the
quality of an initiator is defined as the fraction of initiator-derived radicals successfully starting the
propagation. Several events during the polymerization process lower the initiator efficiency f, such as
competitive branching and crosslinking as a result of H-abstraction induced by primary radicals. Moreover,

primary radical termination via combination or disproportionation in the solvent cage - also termed "cage
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effect"[43 441 _ Jowers the efficiency.[*!! The values for the initiator efficiency lie between 0.3 (less suitable
initiator) and 0.8 (good initiator),/*"! strongly depending on the viscosity of the polymerization mixture,

£.141. 45461 Typical initiators entail labile azo

the degree of conversion, the temperature, and the solven
and peroxide derivatives including 2,2’-azobisisobutyronitrile (AIBN), dimethyl 2,2’-azobisisobutyrate
(MAIB),[*”! and benzoyl peroxide (BPO). Some monomers are even able to undergo (co)polymerization
without an additional initiator.[*®4°! For example, the thermally induced Diels—Alder cycloaddition
between two styrene units yields a dimer, which generates a diradical after H-abstraction able to initiate
chain growth.!>% 3!l The formation of radicals by photochemical means is especially advantageous due to
the (spatiotemporal) control over the radical formation and the rate of initiation.’?! Photoinitiators are
categorized into two groups depending on their type of fragmentation. Type I initiators decompose via
an unimolecular photofragmentation process such as a-fragmentation of carbonyl groups (e.g., benzoin
ethers and acyl phosphine oxides),>* >* or 3-scission of a-substituted haloketones (e.g., trichloromethyl-
S-triazines).>>! In contrast, aryl-aryl ketones are conventional examples for type II initiators, which create
radicals either via the abstraction of a H-atom from the solvent/ether/alcohol,’>®! or by photoinduced

electron and hydrogen transfer in combination with a coinitiator (e.g., tertiary amines).>’! Additionally,

azo and peroxide compounds are photolabile initiators as well.[*!]

The decomposition of the initiator generates radicals, which each add to a monomer unit forming
primary propagating radicals, which in turn add further monomers with high regioselectivity for head-
to-tail linkages. Herein, the rate coefficient for propagation is independent of the chain length of the
propagating chain radical, while the chain growth is strongly affected by steric and electronic factors
introduced by the substituents of the double bond. Following thermodynamic aspects, the propagation
step requires to be exothermic in order to increase the value for the ceiling temperature (7). For instance,
low T, values are experimentally determined for a-substituted styrene derivatives, and as a consequence,

their polymerization needs to be conducted at low temperature, if possible at all.[4!-38: 5]

Nevertheless, propagation steps are not the only process for propagating radicals. The transfer of the
radical center from the chain end to any substrate present in the polymerization mixture - also termed chain
transfer reaction - decreases the molar mass. In case of inter- and intramolecular (backbiting) transfer to
polymer, long and short chain branching is obtained, respectively.[®?! In other cases, chain transfer agents

are deliberately added to reduce the degree of polymerization and to increase the amount of polymer
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molecules. Simultaneously, functional groups are introduced to the chain termini. Typical examples for
chain transfer agents include mercaptanes and carbon tetrachloride.[*!1 In addition, for specific monomers
the propagating species prefers to shift the radical center to a side chain in an isomerization reaction
yielding branched polymer species.[®!]

Eventually, the propagating radicals are consumed by bimolecular termination processes. Coupling
reactions afford chains with twice the value of the molar mass. In contrast, saturated and unsaturated
chain ends are obtained via disproportionation. Therefore, the termination event affects the outcome
of the molecular structure. Ideally, the dispersity (refer to Equation 2.1) is 1.5 for recombination and
2.0 for disproportionation. The type of termination depends on steric effects of the propagating radical
and the accessibility of easily abstractable 3-hydrogens.!*!! For instance, the polymerization of styrene
mainly terminates by combination, whereas disproportionation is dominant for polymerizations of methyl
methacrylate.!%?! In general, the termination event is divided into three steps: In the beginning, two
propagating chains approach each other via translational diffusion. In the following step, the arrangement
of the propagating chain ends occurs, also referred to segmental diffusion. The final step includes the
chemical reaction of the two chain radicals. As a result, the termination process is highly controlled by

diffusion.[>®- 63

2.1.2 Reversible-Deactivation Radical Polymerization

As described in the preceding section, FRP polymerization is a highly important commercial process,
since it provides a facile way to synthesize (co)polymers by employing a wide range of monomers.
Nevertheless, chain-stopping reactions in FRP processes occur due to the type of the propagating species
or because of the present reagents in the mixture. Low control over some significant properties including
molar mass, dispersity and polymer architecture are the consequence. As a result, the aim is obvious:
Suppressing termination events (coupling or disproportionation) and transfer reactions./*% 6+ 631 Under
specific conditions, ionic polymerizations are able to fulfill these requirements. Anionic polymerizations
even meet the criteria of being "living" by lacking any termination processes, and thus enable the synthesis
of block copolymers.[0-91 The limited choice of polymerizable monomers and the stringent conditions
necessary for a successful ionic polymerization are its main drawbacks. As a consequence, it is highly

desirable to polymerize monomers by free-radical means in a controlled fashion. For polymerizations
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following a radical mechanism, the lifetime of radicals needs to be extended from seconds to hours by
suppressing bimolecular termination reactions. Two different principles are successful in the extension of
the lifetime of the reactive species: The introduction of either dormant states or reversible chain transfer
reactions for propagating radicals. Therefore, these approaches allow the synthesis of block copolymers
by the sequential addition of monomers to the polymerization mixture, and deliver a narrow distribution
of molar masses. Furthermore, the evolution of molar mass displays a linear growth over monomer
consumption. Despite several discussions about the terminology of these polymerizations, they are now
termed reversible-deactivation radical polymerization (RDRP).1%% 791 Over the last years, three different
approaches have gained the most attention: The nitroxide-mediated polymerization (NMP), the atom
transfer radical polymerization (ATRP) and the reversible addition-fragmentation chain transfer (RAFT)
polymerization.[%* 631 The latter two methods in combination with the catalyzed chain growth (CCG)

concept as a special case for the polymerization of ethylene will be discussed in the following subsections.

2.1.2.1 Atom Transfer Radical Polymerization

The atom transfer radical polymerization (ATRP) method allows for the synthesis of polymer strands
in a controlled fashion introducing dormant states for the radical species. First reported in 1995 by
the groups of Matyjaszewski and Higashimura,!”!- 72l the ATRP process is nowadays a well-established
polymerization protocol with a wide field of applications.[6*]

The ATRP polymerization originates from atom transfer radical additions (ATRA), in which adducts
of olefin derivatives and alkyl halides are formed.!”®! As a result, the equilibrium reaction that reduces
the concentration of propagating radicals during the polymerization, relies on a reversible redox reaction
catalyzed by a transition metal complex (refer to Scheme 2.2). The dormant species P,-X (with X
as (pseudo)halogen atom) is activated by the abstraction of X, while the transition metal complex is
simultaneously oxidized. The ligands of the metal complex solubilize the complex in the polymerization
medium with Y as an additional counterion. Vise versa, the metal complex is reduced, and the propagating
radical species terminates, generating the halogen adduct as the dormant species. The chain growth
proceeds analogous to the free-radical polymerization by the sequential addition of monomers to the

radical species. Nevertheless, termination still occurs, however, to a substantially lower degree.!%4!
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Scheme 2.2. Mechanism of the ATRP process. The radical concentration is reduced due to the formation of a
dormant species P,-X, which is reactivated by the transfer of the (pseudo)halogen atom X to the transition metal
complex [M]. In the process, the transition metal is oxidized. The interplay between the propagation rate coefficient
kp and the equilibrium constant K = k,/k4, determines the polymerization rate.[%4]

For a successful ATRP polymerization, numerous factors have to be taken into account: The monomer,
the catalytic system with its counterions and ligands, the (pseudo)halogene-containing initiator, the
solvent, the temperature, the concentration, the solubility and the order of addition of the individual
components. Consequently, for a conventional ATRP procedure, metal halides with two neighboring
oxidation states and affinity towards halogens, e.g., CuBr, are employed. Common solubilizing ligands
entail e.g., 2,2’-bipyridine (bipy), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) or triphenyl
phosphine. The initiator needs to possess a cleavable C-X bond as present in e.g., benzyl halides and
a-halo esters.[%*! The polymerization can be conducted in bulk, solution, suspension,[74] emulsion,”! or
dispersion.”! Yet, the presence of oxygen and nitrogen- or carboxylic acid-containing monomers draws
attention, since the facile oxidation of Cu(I) to Cu(Il) and the competitive complexation of Cu ions by

monomer units, potentially result in deviations in the polymerization process.[6* 77 78]

Beside the conventional ATRP process, other variations have been developed to establish the dormant
species as depicted in Scheme 2.2. In a reverse ATRP protocol, thermal or photochemical initiators are
utilized in order to generate the radical species. In this process, deliberately added Cu(Il) halides and
the propagating radical form the dormant species.[”®> 8! Furthermore, reducing agents prevent the loss of
Cu(]) species due to termination reactions during the polymerization process, and simultaneously, reduce
the required amount of catalyst. Various approaches rely on the application of reductants, indeed, the way
how the Cu(I) complex is generated in situ differs (e.g., by electrochemical or radical means). Among
these approaches, the activators regenerated by electron transfer (ARGET) ATRP polymerization is one of
the most widely used concept. Non-radical reducing agents, such as ascorbic acid or tin 2-ethylhexanoate,
allow the polymerization of various monomers with a concentration level of the copper complex in
the ppm-range. The reductant generates Cu(l) at the beginning of a polymerization and maintains its

concentration throughout the process. Therefore, high concentrations of copper complexes and the use
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of oxygen-labile copper compounds is circumvented.[®'-831 Moreover, an excess of nitrogen ligands,
e.g., HMTETA, fulfills the role as reducing agent as well, making the addition of further reagents to the
polymerization mixture obsolete.!34!

ATRP and its variations are powerful tools for polymer chemists. Complex macromolecular archi-
tectures are readily realized including block copolymers,®3 86! graft polymers!®”- 88! and star-shaped
structures.[® Since a halogen atom is installed at every chain terminus, variable chemical transformations
are feasible. In order to remove the bromine end group, hydride donors including tributyltin hydride
replace the halogene functionality with a hydrogen atom.°°! Furthermore, the introduction of azide and
cyclopentadiene end groups via substitution is possible, which are suitable for subsequent polymer liga-
tion using cycloaddition reactions (refer to Section 2.1.3.2).[°1-921 A further hydrolysis of the azide unit
allows synthesis of polymer strands with amino termini.[°!! Pursuing the concept of the ATRA reaction,
non-polymerizable monomers by the ATRP process such as maleic anhydride are introduced at the chain

end as functionality by employing CuBr and bipy.[*’!

2.1.2.2 Reversible Addition-Fragmentation Chain Transfer Polymerization

In contrast to the ATRP polymerization protocol, reversible addition-fragmentation chain transfer (RAFT)
polymerization limits the formation of termination products through the establishment of reversible chain
transfer reactions. The RAFT process was introduced in 1998 by Chiefari et al., and it is the latest addition
in the field of RDRP methods.[*+-%¢]

The mechanism of the RAFT polymerization is depicted in Scheme 2.3. In the initiation step, the
delivery of primary radical species can proceed via the fragmentation of heat-labile initiators (e.g., azo- or
peroxy type initiators) or photoactivable compounds (e.g., benzoin and derivatives). In order to reduce
the amount of termination products, the chain growth of the propagating radical species is stopped by a
reversible chain transfer to the RAFT agent (also referred to as chain transfer agent, CTA), that features
the R- and Z-group as vital structural parameters. Either dithioesters, trithiocarbonates, thiocarbamates or
xanthates are added to a RAFT polymerization as CTA to introduce reversible chain transfer reactions. In
the preequilibrium, the reversible addition of the growing chain generates a labile intermediate stabilized
by the Z-group, which either releases the recently added chain radical or the R-group. For an efficient

RAFT process, the fragmentation liberating the R-group as propagating radical has to be preferred. As
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a consequence, the structural design of the R-group is highly important since it needs to effectively
reinitiate the polymerization of a given monomer. The propagating chain initiated by the R-group is
reversibly terminated by the addition to a macroRAFT agent, that carries a polymer chain instead of the
R-group. Nevertheless, termination processes still exist, yet their occurrence is significantly reduced by

the reversible chain transfer.[7 98
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Scheme 2.3. Mechanism of the RAFT process. While the initiation step proceeds similar to conventional free-radical
polymerizations, the establishment of the main equilibrium ensures that termination events are reduced. In the
preequilibrium, the propagating chain reversibly adds to the RAFT agent in order to form a labile intermediate
stabilized by the Z-group, which either liberates the R-group as propagating radical or the chain radical. In the
following step, the R-group reinitiates chain growth with k; as rate coefficient. The propagating chain derived from
the reinitiation step is reversibly terminated in the main equilibrium. k,qq represents the rate coefficient for the
addition of the macromolecular radical in the main equilibrium, while k_,49 governs the release of the chain radical.
k. and k, are the rate coefficients for bimolecular termination and for propagation, respectively.*” 8!

The main equilibrium of the RAFT process is responsible for the reduction of the termination events,
while maintaining the concentration of propagating chains. With the same amount of initiator, FRP and
RAFT polymerization are equally fast. In contrast, the ATRP process is slower due to reduction of the

radical species.

The choice of the R- and Z-group of the CTA determines the control over the polymerization of a selected

monomer, and therefore, influences the outcome - the molar mass and dispersity - of a polymerization

13



2 Theoretical Background

process. On the one hand, efficient and fast reinitiation of the polymerization process is a strict condition
for the R-group. As a result, the structure of the released radical (either tertiary or secondary) and its
stability (influenced by groups including phenyl or cyano) have to be adjusted to the characteristics
of the propagating radical of the monomer. The radical derived from the R-group needs to be a good
leaving group and to preferentially add to monomer. On the other hand, the Z-group needs to stabilize the
intermediate in order to favor the addition of the propagating chain to the RAFT agent. Nevertheless, if
the intermediate is too stable, the release of growing radical chains is hindered, which leads to inhibition
of the polymerization. As a consequence, there is no universal RAFT agent for all types of monomers, and
the RAFT agent has to carefully selected. For a successful RAFT polymerization with low dispersities,

the RAFT agent to initiator concentration ratio should be between 5 to 1 and 10 to 1.140-97- 981

Block copolymers are obtained in a facile way employing either the method of sequential addition
of monomers during polymerization or by isolating the macroRAFT agent. Nonetheless, the monomer
which generates the more stable radical has to be polymerized first.[””-191 In addition, various ways
exists for the introduction of an end group functionality. If the requested chemical group is orthogonal
to the polymerization conditions, it can be directly tethered to the RAFT agent. The functional groups
are preferentially incorporated into the R-group, since the polymer chains, which terminate by radical
coupling or disproportionation, do not feature the Z-group. Furthermore, the C-S double bond - also
referred to as RAFT end group - is able to undergo variable transformations, which are readily detectable
and quantifiable via UV/Vis measurements, because the RAFT group is colored (yellow, orange, pink
or red).[19% 193] Nucleophiles, especially primary and secondary amines, convert the RAFT end group
into thiols that are susceptible towards oxygen forming disulfide species without additional reducing
agents.[19-19] Depending on the structure of the employed CTA, elevated temperatures between 120-
200 °C induce fragmentation of the end group providing unsaturated termini.l'?% 1971 Moreover, a radical
source causes addition to the C-S double bond followed by recombination with another radical fragment
or a hydrogen atom of a deliberately added H-donor, yielding saturated chain ends.l'% In addition,
the electron-deficient nature of the C-S double bond enables RAFT end groups to participate in hetero-
Diels—Alder cycloadditions as dienophile. For example, trifluoroacetic acid (TFA) triggers the ligation
of pyridinyl-dithioformate end groups with cyclopentadiene-modified cellulose at ambient temperature,

while hexadiene moieties are coupled with diethoxyphosphoryl-dithioformate termini at 50 °C assisted by
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ZnCl,.119: 1101 Ty contrast, the reversible cycloaddition between cyanodithioesters and cyclopentadienes,
as well as the irreversible reaction of dithiobenzoates and ortho-quinodimethanes at ambient temperature
proceeds without any additional reagents.!!'!- 1121 At last, oxidizing agents, e.g., tert-butyl hydroperoxide,
and UV irradiation (360 nm) transform dithioester into thioester and radicals, respectively.!!13-115]
Compared to the NMP and ATRP polymerization, the RAFT process is applicable to a broader field of
monomers.[°% 971 However, the color and the odor of polymers obtained via RAFT polymerization can
cause issues in certain fields.[*”! The broad range of chemical transformation of the end group towards
various reagents and under certain conditions as discussed in the preceding paragraph potentially result

in undesired instability of the polymer species. Nevertheless, it also holds the potential for various

postpolymerization modification reactions.

2.1.2.3 Catalyzed Chain Growth Concept

Polymerization by coordination chemistry (e.g., the Ziegler-Natta process) has provided access to various
important polyolefins, such as high density and linear low density polyethylene and isotactic polypropy-
lene, which are highly valuable for many applications due to their favorable mechanical properties.!'1°!
Depending on the nature of the employed monomer, typical Ziegler-Natta catalysts consist of a com-
bination of an organometallic compound possessing a metal from the main groups I, II or III (e.g.,
triethylaluminium) and a transition metal complex (e.g., TiCly).l'171 During the initiation process, the
combination of such metal compounds yields a transition metal species with a vacant coordination site
and a metal-carbon bond. Subsequently, the polymerization is accomplished by the coordination of an
olefin to the transition metal complex followed by insertion of the monomer into the metal carbon bond
(refer to Scheme 2.4A).1116: 118, 119]

Certain catalytic systems indicate an exceptional behavior: Transfer reactions between the transition
metal complex (e.g., lanthanidocene complexes) and the main group compound (e.g., dialkyl magnesium)
occur, that are in specific cases fast and reversible, eventually resulting in pseudo living polymerization
of olefin derivatives with low dispersities and a linear increase in molar mass. As a consequence, the
main group organometallic species act as a reversible CTA - similar to the RAFT process - storing the
polymer chains during growth, which is catalyzed by the transition metal complex (refer to Scheme

2.4B).1116.120. 1211 Thys, this phenomenon was termed catalyzed chain growth (CCG) by Gibson and
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Scheme 2.4. Comparison between the Ziegler-Natta process (A) and the catalyzed chain growth (CCG) concept (B).
The Ziegler-Natta process is a valuable tool for industry to produce thermoplastics such as high density polyethylene
using a transition metal species [M] with a carbon metal bond and a vacant coordination site (refer to part A). In
contrast, the CCG concept has found its way into academic laboratories due to the possibility to polymerize olefins,
e.g., ethylene, in a controlled fashion. Similar to the RAFT process, a main group organometallic species M’ is
employed as CTA during chain growth catalyzed by the transition metal [M] (refer to part B).!116- 120, 1211

co-workers.[1?2:123] In comparison to RDRP processes, termination reactions via radical coupling are
absent in the CCG concept, while 8-H elimination presents a potential transfer reaction, which reduces
the controlled character of the polymerization. Nevertheless, the careful adjustment of the electronic and
the steric nature of the catalyst suppresses chain stopping events, allowing the block copolymer synthesis
of various olefins.[!6- 1241 The facile introduction of a functional group at the chain termini presents a
further benefit of the CCG concept, since every chain end is coupled to a metal, and consequently, they
are highly nucleophilic.[!1® 125 126] Functional groups including iodo, azido, amino, thiol, hydroxy, vinyl,
and phosphonic acid can be successfully tethered to the chain ends of polyethylene.l'?> 127-1301 [ ong
considered a non-functional polymer, the gate opened for unpolar polyolefins such as polyethylene to
be utilized in the synthesis of macromolecular architectures for example as monomer, building block or
transfer agent.['26- 131-1331 However, one drawback for the polymerization of olefins by the CCG concept
exists. High molar masses are not accessible, since with increasing chain length during the polymerization,
the polyolefins become substantial more insoluble in the reaction medium. Higher temperatures or the
addition of a comonomer in order to decrease the crystallinity are two methods that enhance the solubility
of the growing chains. Nevertheless, elevated temperatures support 5-H elimination as termination event

as well.[120]
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2.1.3 Polymer Ligation Protocols

Chemical composition and macromolecular architecture have a high impact on the properties of synthetic
polymers. Certainly, a straightforward approach to fuse two polymer-types with distinct features is
accomplished by the random copolymerization of their respective monomers. However, specific monomer
combinations are difficult to polymerize due to a large disparity in radical reactivity.

Nevertheless, selected applications including nanostructured thin film systems and micelles for drug
delivery require separated yet connected domains of properties.[°®! (Multi)block copolymers possessing
distinct polymer blocks connected by covalent bonds to form a linear chain are able to address the latter
issue. The development of RDRP techniques provides access to block copolymers by the sequential
polymerization of monomers. However, some sequences of monomer block copolymerization cannot be
realized or some restrictions exists. In this regard, in the RAFT process the monomer which forms the
more stable radical has to be polymerized first. Meanwhile, block copolymer formation via ATRP poly-
merization is also limited in the sequence of monomer addition, despite that it is offering the opportunity
for a halogen exchange in order to change the order of polymerization.!'3* 131 Due to the limitations of
RDRP processes, polymer ligation protocols are a powerful tool to manipulate macromolecular structures,
and therefore the properties of soft matter. Nevertheless, high demands are placed on these chemical
reactions since the purification of polymers is very challenging, and hence the reactivity of individual
groups in the polymer backbone or at the chain termini can be lowered compared to reactions involving
small molecules.

The properties of chemical reactions in the context of the click philosophy including the demands
of polymer chemistry will be discussed in the subsequent subsection followed by examples of ligation
chemistry, which have been successfully employed within in the current thesis. In contrast, photochemical

transformations that depict click characteristics are covered in Section 2.2.4.

2.1.3.1 Click Chemistry

The number of organic chemical reactions is vast, still many of them are kinetically slow, require harsh
conditions, or proceed with many side reactions and with limited selectivity. In order to establish a novel
category of superior chemical reactions, H. C. Kolb, M. G. Finn and K. B. Sharpless introduced the click

chemistry concept in 2001.1'% Taking processes in nature as a role model, they demonstrated their concept
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by plain yet highly efficient carbon-heteroatom bond forming reactions, while describing the criteria for

fulfilling the essence of click. The criteria are as follows:

* Modular reaction conditions. Modularity entails the concept of linking different molecules and the

possibility to exchange reactants to obtain novel products easily.
* Quantitative yields of the desired product.

* The reactions need to proceed highly selectively and rapidly. The underlying cause for these

properties are high thermodynamic driving forces, which are usually greater than 20 kcal mol™'.

* Wide in scope, i.e., the reaction must be applicable to a broad range of compounds and to small- or

large-scale synthesis.
» Simple product isolation (either by recrystallization or distillation, no chromatographic methods).
* Non-toxic by-products (if any).
* Stereospecific.
* Non-demanding reaction conditions, i.e., no compound is sensitive towards oxygen or moisture.
* Readily available starting materials and reagents.

* Reactions should proceed in bulk if possible, if not the solvent should be benign and easily to

remove.

The evaluation of the above mentioned criteria displays that most of the chemical reactions are not able to
address these points. Indeed, Sharpless and co-workers clearly illustrated some specific examples fulfilling
their concept including additions to carbon-carbon multiple bonds (e.g., epoxidation), nucleophilic
substitutions (e.g., ring-opening of aziridines and epoxides), "non-aldol" type carbonyl chemistry (e.g.,
the formation of ureas, oxime ethers, hydrazones and amides) and cycloadditions including 1,3-dipolar
cycloadditions and Diels—Alder reactions.!6!

As strict as these criteria for the click concept may seen, nonetheless, for application in polymer
science the challenge for chemical reactions is even harsher. The cause lies with the difficult purification
methods of polymers. The main options to purify a polymer are precipitation and dialysis. In small
molecule organic synthesis, a vast range of methods are available including precipitation, distillation,

column chromatography and recrystallization. As a result, a reaction within the realm of polymer science
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must proceed quantitatively using equimolar ratios unless the starting material can be recovered. Excess
molar ratios might be applied if the removal by selective precipitation is successful. However, for
large-scale polymer-polymer conjugation it is practically impossible to separate a mixture of almost
identical polymer blocks. This situation clearly underlines the significance of equimolarity, very high
yields and high selectivity of reactions in the field of polymer chemistry. Small-scale reactions can be
purified via preparative size-exclusion chromatography, regardless it is a tedious method violating the
spirit of click chemistry.['”] Nevertheless, the concept of click chemistry had an enormous influence on
polymer chemistry. A potentially larger impact on the modification of soft matter materials than on the
synthesis of biorelevant molecules as Sharpless et al. intended to.l!”- 1361 A true paradigm shift in the
design of macromolecular architectures took place, redefining the way we access complex macromolecular

architectures.[137- 1381

2.1.3.2 [4+2] and 1,3-Dipolar Cycloadditions

Cycloadditions present by far the most important class of chemical reactions for polymer functionalization.
Depending on the number of participating electrons and the structure of the starting material, diverse
versions of the reaction are in-depth described, which proceed either thermally or photochemically. In the
presented section, only cycloadditions under thermal control are depicted.

In a [4+2] cycloaddition, a diene reacts with a dienophile to form a cyclohexene derivative. The reaction
proceeds pericyclic, i.e., the four conjugated m-electrons of the cis-diene and the two m-electrons of the
dienophile are rearranged in a single cyclic transition state without intermediates, driven by the formation
of a o-bond at the expense of a w-bond (refer to Scheme 2.5A).1391 0. Diels and K. Alder, who first
reported the reaction in 1928, have gained much approval since this cycloaddition reaction is highly
valuable due to the formation of a C-C bond, while being atom-efficient without the in-principle need of a
catalyst.l"*91 As a consequence, their work was recognized with the Nobel Prize in 1950, and since then
the [4+2] cycloaddition is often referred to as Diels—Alder (DA) cycloaddition.

Due to its efficiency, the DA cycloaddition is an in-depth studied reaction. According to the Woodman-
Hoffmann rules,!'*!1 which predict the process of pericyclic reactions and the geometry of the products, the
m-electrons of the diene and dienophile of this thermally allowed process undergo suprafacial-suprafacial

interactions prior to product formation (refer to Scheme 2.6). Which regioisomer is preferentially formed
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strongly depends on the nature of the starting material. In this regard, substituents, either electron-donating
or electron-withdrawing, and their position influence frontier orbital energies and coefficients. Generally,
the regioisomer is preferred for which the diene and dienophile indicate similar frontier orbital energies
and coefficients (refer to Scheme 2.5B).I'#? In addition, the DA cycloaddition is stereoselective as well.
By taking the exemplary reaction of cyclobutadiene and a substituted dienophile, two stereoisomeres can
be realized. The endo-product is favored at low temperatures since either secondary orbital interactions or
Coloumb interactions reduce the energy of the transition state. In contrast, elevated temperatures promote

the formation of the exo-product due to the fact that the endo-product is usually sterically hindered, and it

is therefore less thermodynamically stable (refer to Scheme 2.5C).[143-143]
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Scheme 2.5. The Diels—Alder cycloaddition proceeds pericyclic without intermediates. The cyclic transition state
is depicted in part A. The regioselectivity is determined by frontier orbital energies and coefficients. Typically,
1-substituted dienes prefer to generate 1,2-substituted products, and 2-substituted dienes favor cyclohexenes with
1,4-substitution, if the diene and the dienophile carry opposing electron-donating and -withdrawing groups (part B).
The stereoselectivity of the DA reaction depends on the temperature as shown in part C. High temperatures support
the thermodynamically more stable exo-product, while the endo-product is preferred at low temperatures due to

secondary orbital interactions or Coloumb interactions.!3% 142-143]

Finally, even the reaction rate and yield can be qualitatively predicted by employing frontier molecular
orbital (FMO) theory in which the interaction or energy gap between the highest occupied molecular
orbital (HOMO) of one reactant and the lowest unoccupied molecular orbital (LUMO) of the other reactant
is evaluated.!'*®] If the energy levels are close, the reaction is faster (refer to Scheme 2.6). As a result,

three different cases for the DA cycloaddition can be established. The neutral DA reaction as the first
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variant indicates similar energy levels for the diene and the dienophile receiving large and equal energy
spacing between the individual HOMOs and LUMOs. Consequently, the neutral DA reaction is slow,
or/and low yields are obtained. However, the energy levels can be tuned by substitution of the reactants.
While electron-donating substituents (EDG), e.g., methoxy and alkyl groups, increase the relative FMO
energy, the energy is reduced by additional electron-withdrawing groups (EWGQG), e.g., carboxy or carbonyl
functionalities. In comparison to the neutral DA reaction, Diels-Alder reactions with normal electron
demand, classified as the second case, are exceptionally successful by utilizing electron-rich dienes and
electron-poor dienophiles. As a consequence, the energy distance between the HOMO of the diene and
the LUMO of the dienophile is reduced in favor of the cycloaddition. Compared to the DA with normal
electron demand, the diene and dienophile feature substitution with opposite electronic influence in DA

reactions with so-called inverse electron demand. Therefore, the LUMO of electron-poor dienes interacts

with the HOMO of dienophiles with electron-donor substituents due to similar energies.!!4- 147 148]
Normal Demand Neutral Inverse Demand
_8 N N
[s,s] § E [s,s]
Diene  Dienophile Diene  Dienophile Diene  Dienophile

LUMO

N LUMO LUMO
LUMO IS
HOMO + + HOMO {

Scheme 2.6. Comparison between the three different cases in Diels-Alder reactions according to FMO. Electron-rich
dienes and electron-poor dienophiles react in a Diels—Alder cycloadditions with normal electron demand (left part).
As a result, the HOMO of the diene is raised due to electron-donating substitution, while electron-withdrawing
groups lower the energy of the LUMO of the dienophile, providing a minimized energy cap. Neutral Diels—Alder
reactions are classified by a large difference of the reacting orbitals; may it be the LUMO of the diene and the
HOMO of the dienophile or vise versa (middle part). Compared to the version with the normal electron demand,
the Diels—Alder reaction with inverse electron demand indicates an inverted substitution pattern. The diene is
functionalized with electron-withdrawing groups lowering the LUMO, and the HOMO of the dienophile is raised
by electron-donating substituents (right part), leading to a small energy difference between the HOMO of the
dienophile and the LUMO of the diene.[141- 145-148]
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Selected Diels—Alder cycloadditions directly address most of the click criteria including fast reaction
rates, the absence of a catalyst, high yields and selectivity. Therefore, this cycloaddition is commonly
utilized in polymer chemistry.['4°] Among the combinations of suitable compounds, the cycloaddition
of maleimides and furans is the most employed one. Still, maleimides are also able to react with cy-
clopentadienes and anthracenes.['> For the incorporation into soft matter materials, maleimides require

[151,152) whereas cyclopentadiene can be

protection prior to polymerization or modification reaction,
readily introduced at the chain termini via substitution.['33! Additionally, electron-deficient dithioester
end groups of RAFT polymers are able to act as dienophile in hetero-Diels—Alder reactions enabling the
straightforward synthesis of block copolymers and star architectures (refer to Section 2.1.2.2).1111- 154, 1531
Furthermore, triazolinediones (TADs) either react irreversibly with dienes in a hetero-DA cycloaddition or
reversibly with indoles in an Alder—Ene reaction.!!>®! The TAD compound also allows for the synthesis
of block copolymers and graft copolymers.[!37- 1381 A further appealing feature of the Diels—Alder cy-
cloaddition is its reversible nature. The synthesis of self-healing soft matter materials is feasible using
DA chemistry.['>°! Hereby, the temperature for the retro-DA reaction depends on the chain length and the
location of the linkage in block copolymers.['6%- 1611 In the present thesis, the light-triggered generation

of ortho-quinodimethanes as highly reactive diene species for Diels-Alder cycloaddition is covered in

Section 2.2.4.

In 1,3-dipolar cycloadditions, a dipolarophile and a 1,3-dipole generate a five-membered heterocycle in
a concerted reaction. Herein, 1,3-dipoles are chemical compounds with at least one heteroatom, and its
structure is described with a minimum of one mesomeric structure containing positive and negative charges.
Typical examples for 1,3-dipoles are ozone, azides, nitrile imines, nitrile ylides, nitrile oxides and diazo
compounds, whereas alkenes and alkynes are able to participate as dipolarophile. Similar to the Diels—
Alder [4+2] cycloaddition, two 7-electrons of the dipolarophile and four m-electrons of the 1,3-dipole
move pericyclically, and the addition proceeds suprafacially resulting in a [2+4]-cycloaddition.[162-164]
Reaction rates and yields as well as the regioselectivity of 1,3-dipolar cycloadditions can be derived from

the inspection of frontier orbital energies and their respective coefficients (in combination with resonance

integrals due to the involvement of heteroatoms).!!4>]

Apparently, the most prominent reaction within the class of 1,3-dipolar cycloadditions is the reaction be-

tween azides and terminal alkynes to afford 1,2,3-triazoles, which is also known as Huisgen cycloaddition
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(refer to Scheme 2.7A). Azide derivatives present the most stable 1,3-dipole, e.g., towards dimerization
and hydrolysis, and they are readily introduced via nucleophilic substitution to any chemical structure.
This cycloaddition was one of the first examples recognized as a click reaction.!'®! While the Huisgen
cycloaddition requires energy in the form of heat to reach high conversions in a reasonable time frame, the
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) attains rapidly high conversion at ambient tem-
perature. However, the mechanism is not concerted anymore due to presence of the metal species.[163-167]
Either Cu(I) compounds in combination with a ligand, e.g., Cul and N,N-diisopropylethylamine (DIPEA),
or Cu(Il) species in the presence of a reductant, e.g., CuSOy4 and sodium ascorbate, are accelerating the cy-
cloaddition. Hereby, the metal has an influence on the regioselectivity. Whereas copper catalysis results in
1,4-substituted triazoles (refer to Scheme 2.7B), the reaction with ruthenium or iridium as catalyst delivers
1,5-substituted heterocycles (Ru/IrAAC, refer to Scheme 2.7 C).11%8] Furthermore, internal electron-rich
double bonds are able to participate in the Ir-catalyzed version.!'6% 179 Additionally, many variations
of the CuAAC reaction exist because the protonation of the triazole can be avoided by the addition of
electrophiles resulting in an interrupted CuAAC process.[!”!! Todo-,['7?! alkane-,1!73-175] amino-,[176: 177]
and thio-substituted heterocycles are accessible via electrophilic substitution of the heterocyclic ring
during its formation.!'”” Particularly intriguing is the possibility to functionalize the 1,2,3-triazole with

an enamine substituent if a 2H-azirine is employed under conventional CuAAC conditions.[!7®!
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Scheme 2.7. While the Huisgen cycloaddition (A) requires elevated temperatures to afford 1,2,3-triazoles as
a mixture containing the 1,4- and 1,5-isomer, the CuAAC (B) and Ru/IrAAC (C) provide selectively 1,4- and
1,5-substituted 1,2,3-triazoles at ambient temperature, respectively.! 16 165 166, 168, 1691
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Due to its outstanding characteristics, the CuAAC reaction was employed in a high number of appli-
cations in chemistry, and is extensively studied.!!”®~182] A5 a result, polymer chemistry makes intense
use of the CuAAC as well.l150 183-185] Egpecially diverse macromolecular architectures are accessible in
a facile and efficient fashion.['3¢-188] Yet again, the success of the CuAAC lies in its reacting moieties,
which are facilely introduced into chemical structures. On the one hand, while the azide unit tethered
to either the monomer, initiator or CTA is stable under RDRP or ROMP conditions,!89-193] alkyne
functionalities require protection. For instance, the trimethylsilyl (TMS) protecting group prevents the
incorporation of the alkyne during polymerization, and is readily removed with tributylammonium fluoride
(TBAF).!191. 193, 1941 Op the other hand, azido groups are readily introduced at the chain termini of ATRP
polymers via substitution reactions.l’!! The grafting of carbohydrates onto a PMMA-backbone for the
synthesis of synthetic glycopolymers,!!** and the convergent construction of 1,2,3-triazole-based den-
drimers utilizing various azide derivatives and dialkyne core molecules,!'?*! are merely two examples for
the successful exploitation of the CuAAC ligation in polymer chemistry. However, not only the synthetic
benefits of the cycloaddition are utilized for the synthesis of macromolecular architectures, the properties
of the polymers are explored as well. For example, the analysis of the thermal and thermomechanical
behavior of block copolymers with triazole linkages indicates that quaternization of the triazole occurs if
the blocks are terminated with a bromine end group.[!%¢!

Besides the CuAAC ligation, the photochemical generation of 1,3-dipoles has garnered much attention
for the modification of functional polymers. For instance, nitrile imine and nitrile ylide species are rapidly
generated upon the irradiation of tetrazoles and 2H-azirines, respectively. Due to their association to

photochemistry, these ligation methods are covered in Section 2.2.4.

2.1.3.3 Thiol-X Chemistry

Thiols represent an important class of compounds since their derivatives are often commercially available,
and they are reactive towards various substrates. Nevertheless, the latter point in combination with the
occurrence of side reactions (which will be discussed in the following) prevent thiol-X chemistry to be
completely included into the concept of click chemistry.['®’! Even though, thiol-X chemistry proves its

importance in polymer chemistry due to its versatility and practically quantitative yields.!>0- 198-200]
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2.1 Macromolecular Synthesis and Architecture

The mechanism of the thiol-ene addition following a radical pathway is depicted in Scheme 2.8A .[20!]
Any radical source, either a heat- or photolabile initiator, is applicable to initiate the process by abstracting
a H-atom from the thiol, forming a thiyl radical. Subsequently, the thiyl radical adds to the olefinic
substrate followed by another H-atom abstraction from the parent thiol. As a consequence, a thioether
as anti-Markovnikov product among another thiyl radical are generated. Due to the radical mechanism,
common side reactions include termination via coupling and chain growth. The lacking orthogonality
of thiols and olefinic substrates towards RDRP protocols limits the applicability of radical thiol-ene
chemistry in the modification of well-defined macromolecular architectures. Nevertheless, a few methods
exist to evade this issue, such as using non-polymerizable double bonds (e.g., butenyloxyl moieties),’?*?!
post-polymerization modification to introduce the desired functional group,?®}! or aminolysis of the
RAFT group affording thiol termini.?*¥ Clearly, the immense strength of the radical thiol-ene ligation lies
in the possibility to functionalize non-polar double bonds, as in natural rubber or polybutadienes, 2% 206!
presenting the reaction as a valuable extension in the toolbox of polymer chemistry. The sequential
addition of two thiols to an alkyne is termed thiol-yne reaction.?°’! Since two thiol derivatives are able to

add to the alkyne, high functionalization densities can be obtained, compelling the thiol-yne reaction as a

valuable tool for network formation.[208

Employing bases as catalyst is a further possibility to promote the thiol-ene reaction. The latter is known
as thio-Michael addition, although electron-deficient olefinic substrates are required for the reaction to
succeed. The mechanism in Scheme 2.8B indicates the deprotonation of the thiol by the catalyst in the
first step, followed by addition to the alkene in an anti-Markovnikov manner. The subsequent protonation
delivers the final product in combination with another thiolate ion. The thio-Michael ligation chemistry
suffers from the incompatibility of the functionalities in polymerization processes as well. Nevertheless,
the protection of the thiol or the alkene moiety,?%% 2191 aminolysis of the RAFT group,*'!>21?I and
dehydrohalogenation,*!3 have resulted in the successful implementation of the functional groups of

interest either as a repeating unit in the polymer backbone or as chain termini.

Beside the addition of thiols to unsaturated compounds, thiol moieties react with dibromomaleimides
through a sequential conjugate addition followed by HBr elimination. Likewise, the thiol-disulfide ex-
change reaction has gained much attention in the interdisciplinary field of soft matter and biomedical

therapeutics.!>"!
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Scheme 2.8. Mechanism of the radical-induced thiol-ene addition (A) and of the thio-Michael conjugation (B). If a
radical source - generated from either a heat-labile compound or a photoinitiator - is added to a thiol and an olefinic
substrate, the addition of the thiol to the alkene follows a radical pathway (A), suffering from radical coupling
processes as termination reactions alike to polymerizations. In contrast, the base-catalyzed version (B) proceeds
via an ionic pathway. In this case, side reactions stem from aza-Michael reaction between the amine as the base
and the electron-deficient olefinic compound, which can be reduced by employing non-nucleophilic bases such as

1,8-diazabicyclo(5.4.0)undec-7-ene (DBU).I'%8-2011
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2.1 Macromolecular Synthesis and Architecture

2.1.4 Polymer Architectures

Due to the advent of RDRP polymerization techniques and click chemistry, novel macromolecular
architectures have been designed with unprecedented precision, that has never existed before. Furthermore,
with efficient ligation methods in hands, various monomer species have been combined that could not be
previously copolymerized. As a result, this opportunity has paved the way to merge the properties of a
vast range of diverse polymers.

The following two subsections describe the synthesis and potential application of linear block copoly-
mers and mikto-arm star polymers. In addition, single-chain nanoparticles and unimolecular micelles, as

further unique polymer architectures, are discussed thereafter.

2.1.4.1 Linear Block Copolymers

Linear block copolymers are of particular importance due to their structural and compositional versatility.
They consist of at least two distinct polymer blocks connected via their chain termini forming a linear
polymer chain. In detail, this class of polymer is accessible in a facile fashion by the sequential polymer-
ization of different monomers via RDRP techniques (refer to Figure 2.1).[9%: 100.214. 2151 However, the
sequence of the polymerization process is crucial, since the monomer forming the more stable radical
needs to be polymerized first. Otherwise, the reinitiation of the propagation with the preliminary block
is hindered.['!) Indeed, the ATRP technique offers the possibility to exchange the halogen in order to
reverse the sequence of monomer polymerization.!®> 3 Nevertheless, a large library of block copolymer
species has been obtained via NMP, ATRP, RAFT or combinations thereof.!?!¢!

The coupling of two individual block copolymer segments via efficient ligation chemistry is an
alternative approach for the synthesis of linear block copolymers (refer to Figure 2.1). The CuAAC
ligation, (hetero)-Diels—Alder cycloaddition or thiol-ene reaction are prominent examples for the linkage
of two distinct blocks as discussed in the preceding two sections. Especially appealing are the possibilities
to convert the halogen end termini of ATRP polymers into an azide functionality,”®>°2! and the RAFT end
group into a thiol termini,?'!- 212 for subsequent block copolymer synthesis via CuAAC and thiol-ene
reaction, respectively.[204 217-219]

Depending on their properties, linear block copolymers have a broad range of applications. If the

blocks are immiscible, self-assembly of block copolymer species in solid state results, forming do-
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Figure 2.1. The synthetic strategies for linear block copolymers include the sequential polymerization of monomers
via RDRP techniques (top part) and a modular approach using efficient ligation chemistry (bottom part).

mains with spheres, cylinders, gyroids or lamellae structures.?20-2241 The feature size of these structures
lies in the lower nanometer range (down to 3 nm) allowing their exploitation in soft lithography for

microelectronics.22>-227]

Hydrophilic parts tethered to hydrophobic segments trigger the aggregation of linear block copolymer
species in solution to form micelles. Herein, the shape depends on various factors including block
copolymer composition and concentration, water and solvent content, additives and the so-called packing
parameter. Spherical micelles, lamella, vesicles and tubules are exemplary shapes, which are obtained
via the aggregation of block copolymers species in solution.?'#! Due to the control over shape and the
combination of a hydrophobic interior joint with a hydrophilic shell, the micelles are attractive agents
for the encapsulation of drugs for medical drug delivery./?? 22! Poly(ethylene glycol) (PEG) especially
allows the formation of a tight shell in aqueous media, while resisting protein adsorption and cellular
adhesion.!??8] Furthermore, the micelles can be equipped with an external stimulus for targeted drug

release, e.g., with a thermo-responsive poly(N-isopropylacrylamide) block.?3°!

Another appealing field for the application of block copolymers is the connection of a glassy polymer

segment with a soft rubbery unit in order to afford thermoplastic elastomers. For example, polystyrene in
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poly(styrene-b-isoprene-b-styrene) generates physically crosslinked, rigid domains, while the polyisoprene
block contributes with its soft properties. Consequently, inject molding and melt extrusion are applicable
to manufacture block copolymers.[>!4

Finally, block copolymers are utilized for the synthesis of porous materials. The process includes
the following steps: In the beginning, cooperative self-assembly of the network precursor (e.g., metal
oxides) and the amphiphilic block copolymer occurs. Subsequently, the porous material is formed via
hardening of the precursor, and in the last step, the block copolymer in the pores is removed by washing or
thermal decomposition.[>!*] As a result of the process, high surface areas are created (up to 1500 m? g'!)

with uniform and adjustable cavities, promising a successful insert for water purification,!”*!1 and gas

sensoring.[>3?]

2.1.4.2 Mikto-Arm Star Polymers

A higher level of complexity in macromolecular architectures is achieved with star-shaped polymeric
structures. First reports of the synthesis of such macromolecular structures date back to 1948, when
Schaefgen and Flory used step-growth polymerization for the preparation and investigated the influence of
the number of arms on the viscosity of the polymeric species.?*3 Later in 1962, anionic polymerization
allowed the synthesis of well-defined star-shaped polymers for the first time by employing polystyrene
as arms, and silicon tetrachloride as core unit and termination agent for the polymerization.!?*¥ Since
then, the advantage of utilizing living polymerization or RDRP methods for the synthesis of uniform
star-shaped polymers has become obvious, and many reports on the topic have followed.[**>! In general,
linear polymer chains connected to a center or core belong to the class of star-shaped architectures. Hereby,
the core consists of either an atom, a small molecule or a macromolecule. As a consequence, star-shaped
architectures with various arms are realized differing in length/molar mass (also termed heterogeneous or
asymmetric stars) or chemistry. Macromolecular stars that possess chemically distinct arms are termed
mikto-arm star polymers, which are covered in the presented section.[?33-238I

The word mikto originates from the greek language and means mixed. Commonly, three different

synthetic routes grant access to mikto-arm star polymers (refer to Figure 2.2):(235 2361

* arm-first approach: Distinct functional polymer chains are individually tethered to the center via the

application of a multifunctional linking agent as core. The number of arms depends on the number
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of functional substituents attached to the core unit. The arm-first approach is highly demanding in
synthetic terms, yet good control over the architecture is assured, and the arms can be independently

analyzed.

* core-first approach: If a core species is equipped with several distinct initiating groups, the arms
are obtained by chain growth from the core. The potential crosslinking of star units during radical
polymerization, and no direct analytical access to the properties of the arms without cleavage are

the main drawbacks of the core-first method.

* difunctional monomers: The addition of a difunctional monomer to RDRP polymerization results
in the formation of nodules of crosslinked polymer species as center. Although the method presents
a facile access to mikto-arm star polymers, no control over the number of arms is given affording

stars with broad dispersities.

Due to its simplicity, various articles report the synthesis of mikto-arm star polymers by employing
the core-first approach for ATRP or RAFT polymerizations,?>* 2401 and even star-block copolymers
via successive polymerization are accessible.[?*!: 2421 Multifunctional cores with at least two types of
initiators allow access to mikto-arm stars by sequential polymerization via ring-opening polymerization
(ROP), NMP or ATRP process.[?43 2441 Protecting group chemistry further supports the core first approach,
for example by masking the alcohol unit of a multifunctional core for ROP initiation during radical
polymerization.[>*]

Because of the high dispersity of the synthesized macromolecular stars, the application of difunctional
monomers for the preparation of mikto-arm star polymers is rare.[>38) Nonetheless, mikto-arm star copoly-
mers containing at least two chemically distinct arm species are afforded via the ATRP polymerization of
two different linear macroinitiators and a divinyl crosslinker.[***) Moreover, the so-called in-out method
is used to generate mikto-arm star polymers. After the formation of the core via ATRP polymerization
analogous to the difunctional monomer approach, a subsequent ATRP process induces chain growth of a
further monomer exploiting the pendant bromine substituents of the core.[>*”]

However, for the synthesis of mikto-arm star polymers by the arm-first approach, polymer ligation
techniques based on click chemistry are required. For instance, an alkyne-bearing diinitiator for ROP
polymerization is coupled to an azido-functional RAFT polymer after the polymerization process via
CuAAC ligation yielding A;B mikto-arm star polymers.[**¥) Analogously, the alkyne group of a com-

bined ATRP and ROP initiator is employed for the linkage of the third arm via CuAAC reaction after
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the polymerization,**! or during polymerization process, since the copper catalyst is able to support
ATRP process and CuAAC ligation simultaneously.’?>”! While most of the reports utilize the CUAAC
cycloaddition, some examples for Diels—Alder reactions based on maleimide-anthracene are found as

well.[231]

arm-first approach \
ABC 3-mikto-arm

star terpolymer

core-first approach° A,B 3-mikto-arm
° 9
° 0% star copolymer
5 9
—,

‘ A,B, 4-mikto-arm
_\0 xg 7R star copolymer

Figure 2.2. The synthetic approaches for mikto-arm star polymers are displayed in the left column. While in
the arm-first approach polymer blocks are coupled to a multifunctional core, the polymer arms in the core-first
approach are created via polymerization using core units with initiator moieties. The use of difunctional monomers
in RDRP polymerization of macroinitiators leads to star-shaped polymers as well. The nomenclature of mikto-arm

star polymers is explained in the right column. Herein, different colors indicate chemically distinct polymer
strands,[233- 236, 238]

From an academic point of view, the changes in the morphology of mikto-arm star polymers induced
by variable arm length or by an external trigger including light, pH, solvent or temperature changes are
in-depth investigated.[>3®8 As a result, the encapsulation of small molecules presents the main future appli-
cation of mikto-arm star polymers. Hydrophobic dyes, including pyrene and 1-naphthyl perfluoroheptanyl
ketone,>>?! and drugs, e.g., paclitaxel or doxorubicin hydrochloride,!>>% 23#! are successfully encapsulated
into micelles of mikto-arm star polymers. Specifically, a loading of approximately 10 wt% of paclitaxel
into mikto-arm star species is achieved in combination with a continuous drug release under biological

conditions.[?%3]
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2.1.4.3 Single-Chain Nanoparticles

Intramolecular crosslinking of individual polymer chains in highly diluted solution results in the formation
of so-called single-chain nanoparticles (SCNPs). Herein, network formation via intermolecular reactions
are prohibited due to the low concentration of polymer chains in solution. First described in 1956,2%1 and
re-explored in 2001,12%°! the design of SCNPs has experienced a renaissance thanks to the development of
RDRP polymerization techniques allowing the compaction of well-defined structures similar to proteins
in nature. Indeed, the structure and functionality of proteins often serve as ultimate goal for SCNPs.
However, the precise folding into secondary, tertiary or quaternary structures as seen in biomolecules (e.g.,

deoxyribonucleic acid) has not been achieved yet with the present synthetic tools in polymer science.

In the realm of SCNPs, two distinct approaches for their synthesis exist: The ’repeating unit’ and the
’selective point folding” approach (refer to Figure 2.3, left part). The former method presents a facile
synthetic access route to SCNPs since the functionalities responsible for crosslinking are randomly placed
along the polymer chain, either via copolymerization of a functional monomer or postpolymerization
modification reactions. Nevertheless, no control over the location of the reactive groups results in random
connections in the particle formation process. In contrast, the ’selective point folding’ strategy includes
defined tethering of orthogonal chemical units at selected points along the polymer chain. Although
the latter approach is highly challenging in synthetic means, the obtained SCNPs exhibit high structural
definition with the potential to mimic the structure of natural proteins.>”- 2381 For example, cyclic
and bicyclic motifs are realized utilizing well-defined polymer precursors.[>>% 2691 Nonetheless, recent
advances in sequence defined macromolecules in combination with efficient ligation chemistries have
created a novel milestone for the ’selective point folding’ of macromolecules, one step further in the

direction to the synthesis of artificial proteins.[>>8 2611

Furthermore, the crosslinking process of polymer chains can be further classified by the origin and
number of distinct chemical units participating in the chain compaction reaction (refer to Figure 2.3, right
part). In the first case, a single chemical group able to crosslink (via e.g., self-dimerization) is tethered to

e.[262-2641 Secondly, complementary functionalities along the backbone induce chain

the polymer backbon
collapse.[?6>-267] External crosslinking agents are able to trigger SCNPs synthesis of homofunctional
polymer chains as well.?°8! The use of an external stimulus to induce chain collapse has the advantage to

decrease the overall amount of solvent required for the particle synthesis. By the continuous addition of a
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functional polymer solution to a solution containing the crosslinking agent, a substantial reduction of the

necessary volume of solvent is accomplished.[>64 6]
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Figure 2.3. Schematic illustration of the diverse crosslinking technologies for the construction of SCNPs. The two
different approaches - the ‘repeating unit approach’ and ’selective point folding’ - are displayed on the left side,
in which the reactive functionalities responsible for chain collapse are either randomly incorporated or selectively
placed along the polymer chain. In comparison, the right part displays the different approaches classified by the
origin and the number of distinct chemical groups participating in the chain compaction reaction. A: Homofunctional
polymer chains are able to collapse via e.g., dimerization reactions. B: In hetereofunctional polymer species, distinct
chemical groups react to induce chain compaction, and C: External crosslinkers trigger SCNPs formation of
homofunctional polymer chains.[237-270- 2711
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The chemistry leading to single chain collapse is categorized by the nature of the created crosslinks: Co-
valent and dynamic covalent as well as non-covalent bonds and crosslinks via metal complexation.[>7%- 2711
For instance, covalent connections are formed if light is used for dimerization, or the generation of
reactive species able to react with suitable functional groups.[36 152- 2642671 1 jkewise, the addition of a
catalyst induces covalent bond formation, such as alkyne coupling promoted by Cu(I) compounds.?’?!
Dynamic covalent bonds are either cleaved or regenerated upon an external trigger. For instance, disulfide
and hydrazide bonds are cleaved by employing reducing agents and heat, and the links are reformed
by oxidation and low temperatures, respectively.?’3 2741 Furthermore, hydrogen bonds occurring in the

dimerization of ureidopyrimidinone or in the interaction between Hamilton Wedge and cyanuric acid

are examples for non-covalent crosslinks utilized for the synthesis of SCNPs.[293 2731 Tn the end, the
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formation of stable metal complexes is utilized to intramolecularly crosslink polymer strands with suitable

ligand-derived monomer units.[268- 269 2761

In general, the size of the nanoparticles is influenced by the length of the pristine polymer chain and
the crosslinking agent in addition to the density of the crosslinking points./?67-277- 2781 Special attention is
directed to the characterization methods for SCNPs.[?’°! On the one side, the change in chemical structure
as a concomitant phenomenon of chain collapse is readily observed via NMR spectroscopy,!?®”! mass

(2801 TR, 2811 UV/Vis or fluorescence spectroscopy.!3® 2961 On the other side, direct access to

spectrometry,
absolute values for the particle size of the SCNPs remains challenging. However, a relative decrease in
the average hydrodynamic diameter is clearly evidenced by various characterization methods.[*’°! For
instance, the concept of size exclusion chromatography (SEC) relies on the separation of polymer species
by their hydrodynamic volumes. Long polymer chains with high hydrodynamic volumes are detected
first, whereas shorter chains are visible at longer retention times.?8?! Consequently, successful chain
collapse is evidenced by a shift to higher retention times compared to the parent polymer. Concomitantly,
species at shorter retention times indicate unintended intermolecular reactions. Access to absolute values
for the hydrodynamic radius via SEC measurements is difficult since exact calibration parameters are
missing due to the unknown shape and structure of the SCNPs. Hereby, dynamic light scattering (DLS)
provides a remedy: By measuring the scattering intensity of a polymer solution at a constant angle
over time, and analyzing the collected data via an autocorrelation function, diffusion coefficients D are
obtained. The coefficients are translated into a distribution of hydrodynamic diameters Dy, by employing
the Stokes-Einstein relationship (refer to Equation 2.4) with k, = Boltzmann constant, 7 = temperature,

and 7 = viscosity of the solution.

kT
"~ 3mnDy,

2.4)

However, a recent article describes a vast scattering of values at fixed molar masses beside extremely
small hydrodynamic radii. The deviations might be caused by the unknown shape of the nanoparticles
or by the too small particle size for reliable detection.!?’®! Similar to DLS, diffusion coefficients are
determined via diffusion-ordered NMR spectroscopy (DOSY),!?83 and converted into hydrodynamic radii
applying the Stokes-Einstein equation as well.[3% 266 269, 2841 Nevertheless, merely an average value for the

hydrodynamic radius of polymer or SCNPs samples is obtained via DOSY measurements. Additionally,
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small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS) give insights into
the morphology of SCNPs in solution revealing information about the form factor and the radius of
gyration.?’%l Specifically, the work of Pomposo and coworkers revealed similar form factors for SCNPs
and disordered proteins. As a consequence, SCNPs in solution are comparable to loosely crumpled coils
than to globular, strongly folded nanoparticles.!?83- 286! In contrast to the previously mentioned analytical
methods, atomic force microscopy (AFM) and transmission electron microscopy (TEM) afford access to
size and shape in solid state.[?76-277- 2871

Apart from the application of SCNPs as artificial protein mimics, their potential use in further areas is
also evident.[?>7- 238 2701 For instance, the metal compound utilized for chain compaction is additionally
utilized for the catalysis of chemical transformations.!?®8! The advantage of the metal-loaded SCNPs lies
in the selectivity, which can be directed towards different reaction products compared to the free metal
complex.!?®°! Furthermore, the separation and recyclability of the SCNP-bound catalyst from the reaction
mixture is facile.[?%°! Besides, transient-binding nanocarriers are successfully synthesized and able to
release vitamin B9 for potential application in drug delivery.[?®>! Finally, benzene-1,3,5-tricarboxamide-
substituted SCNP species are reported to be efficient metal sensors by losing their fluorescence upon

conformation changes through interaction between copper ions and bipy units.[>*!

2.1.4.4 Unimolecular Micelles

In aqueous solution, amphiphilic molecules, e.g., block copolymers, are able to self-assemble into
multimolecular micelles with variable shapes. Yet, these supramolecular structures are highly labile
towards dilution, therefore, they disaggregate into free polymer chains if the concentration falls under their
critical micelle concentration (CMC). Beyond dilution, temperature or pH changes potentially destroy the
structure of multimolecular micelles as well. The instability is the reason why multimolecular micelles
are not applicable in certain fields including biomedical areas.’”?!1 In order to overcome the fragile nature
of multimolecular micelles, crosslinking reactions within the micelles yield chemical connections of the
individual amphiphilic molecules. Thus, the disaggregation of micelles is prevented.!*®?! An alternative
approach for the design of resilient micelles is the preparation of so-called unimolecular micelles. The
covalent connection between a hydrophilic shell and a hydrophobic core affords monomolecular micelles,

which maintain their structure upon environmental changes.
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Various macromolecular architectures are able to form unimolecular micelles, e.g., amphiphilic dendri-
mers.[2?3 2941 Their synthesis needs sequences with several steps, but the discrete size and precise structure
allow the installation of multiple terminal groups in the shell suitable for further functionalization. In
contrast, the synthesis of amphiphilic hyperbranched polymers provides facile access to unimolecular
micelles on a large scale.?3 2% In addition, brush-shaped and cyclic polymers are successfully investi-

(297, 298] Eventually, amphiphilic star polymers

gated regarding their behavior as unimolecular micelles.
represent the last class of macromolecular architectures forming unimolecular micelles (refer to Section
2.1.4.2). The advantage of star-shaped polymers for unimolecular micelles lies in their customizable
structure leading to different types of amphiphilic star architectures (refer to Figure 2.4). Structure A
in Figure 2.4 as an example is realized by employing a cyclodextrin core able to initiate the sequen-
tial ATRP polymerization of fert-butyl acrylate and styrene. After hydrolytic ester cleavage, a 21-arm
star-like poly(acrylic acid)-b-poly(styrene) species is obtained, which forms unimolecular micelles in NV, N-
dimethylformamide.?*”! Furthermore, amphiphilic A4B4 mikto-arm star polymers (refer to structure D in
Figure 2.4) are obtained using a core-first approach. Hydrophilic PEG arms are polymerized utilizing the
respective hydroxyl initiator units tethered to the core followed by the polymerization of the hydrophobic
counterpart (either e-caprolactone, fert-butyl acrylate or styrene) via an ATRP or ROP procedure.3%!

More complex architectures for unimolecular micelles are illustrated in Figure 2.2 including branched

and dendrimer-like structures (B and C, respectively).

Figure 2.4. Structures of amphiphilic mikto-arm star polymers that are able to serve as unimolecular micelles.
As soon as amphiphilic block copolymer species are deliberately tethered to a core unit, a behavior similar to
unimolecular micelles can be achieved (refer to structure A). Branched and dendrimer-like structures as displayed
in B and C, respectively, are able to reinforce the hydrophilic shell of unimolecular micelles. Structure D displays
that mikto-arm star polymers of the A4B4-type might show properties of unimolecular micelles as well. Adapted
with permission from [291]. Copyright (2016) Royal Society of Chemistry.
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Unimolecular micelles are potential candidates for drug delivery agents. Compared to multimolecular
micelles, they do not disassemble in the blood stream upon dilution, and they are stable upon temperature,
pH and ionic strength changes.’°!] The drug is either covalently linked to the micelle or physically
encapsulated in the core. For example, an anticancer drug is efficiently released in an acidic tumor
microenvironment while the unimolecular micelle is stable at pH 7.4 due to a zwitterionic polymer shell
of poly[3-dimethyl(methacryloyloxyethyl)-ammonium propanesulfonate].[*°?! In order to enhance the
biocompatibility, degradable unimolecular micelles as drug delivery agents are designed. Upon treatment
with dithiothreitol, the disulfide bonds in the branches cleave resulting in a molar mass shrinkage from
20.000 to 2.000 gmol™! as detected via SEC.[*%3! Besides drug delivery, unimolecular micelles are also
able to encapsulate catalysts such as metal complexes. Herein, these micelles show a high metal loading
capacity, and the substrate easily reaches the catalyst via diffusion. In comparison, the catalyst itself is
not able to escape the micelle.!?%!> 304 3951 Specifically, a dendrimer containing triazole units accelerates
the CuAAC ligation reaching turn-over-numbers of up to 510.000.3%! Eventually, the template synthesis
of inorganic nanoparticles is accomplished with the aid of unimolecular micelles as well. For instance,
gold nanoparticles are prepared via the reduction of KAuCly in the hydrophilic core of a poly(ethylene

glycol)-b-poly(e-caprolactone) star-block copolymer.307]
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2.2 Photochemistry

For a chemical reaction to proceed, energy has to be provided in order to overcome the activation barrier.
Traditionally, the required energy is supplied via heat. Yet, with the discovery of sunlight promoting
chemical reactions by Ciamician and Silber near the end of the 19th and in the early 20th century,!308-310]
the immense success of photochemistry for efficient chemical transformations began.

Photochemically driven reactions can be one step towards green chemistry.[!3 1°1 The demands for atom
efficient, sustainable and environmental benign synthesis protocols are rising, and irradiation-induced
reactions are especially economic by employing easily accessible light sources - sometimes even sunlight
as straightforward, unlimited and inexpensive source of illumination. Therefore, light-triggered reactions
directly address the spirit of the time in terms of environmental protection. Furthermore, the reactions can
be controlled in a spatiotemporal manner, i.e., not merely the reaction time is confined by the period of
irradiation, but photochemistry also offers the ability to initiate the reaction on selected spots, e.g., on
surfaces. These benefits are essential for kinetic studies of polymerization processes and spatially resolved
surface modification.!?!- 311) Moreover, the intensity of the applied irradiation source regulates the reaction
rate of photochemical reactions.

The following subsections cover the physical fundamentals of photochemistry (e.g., Beer-Lambert’s
law, Franck-Condon principle, Jablonski diagram and molecular electronic transitions). The subchapter
will be completed with photochemical transformations applied in polymer chemistry providing a manifold

of macromolecular architectures and modified surfaces.

2.2.1 Beer-Lambert’s Law

From a macroscopic point of view, the absorption of monochromatic light in a homogenous sample is
governed by Beer-Lambert’s law (refer to Equation 2.5). Herein, a linear dependency of the measured
absorbance A on the concentration ¢ and the path length / is assumed. The ability of a molecule to absorb
light of a given wavelength is defined as molar extinction coefficient €, which depends on the frequency of
the incident light. High values of € indicate allowed electronic transitions, whereas forbidden electronic

transitions are characterized with low numbers for ¢.[312-313]

A=¢€lc (2.5)
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The transmittance T is defined as the fraction of the incident light leaving the sample, and hence it
is utilized for experimental measurements. Absorbance and transmittance are inversely related (refer to

Equation 2.6).

A= —log(T) = —log(I/1y) (2.6)

Consequently, the intensity of the incident light source decreases exponentially while passing through

the sample as defined in Equation 2.7 (refer to Figure 2.5).314]

I = I,107¢ (2.7)

Intensity

Sample

Sample thickness | Path

Figure 2.5. Illustration of the Beer-Lambert’s law. When a monochromatic light beam with the intensity Iy passes
through a homogeneous sample solution with the sample thickness /, the molecules can absorb a fraction of the
light. As a result, a light beam with lower intensity / is detected after traversing through the sample.[*'4!

2.2.2 Franck-Condon Principle and Jablonski Diagram

The Schrodinger equation describes the energetic properties of atoms including their rotational and

vibrational motion. After solving the Schrédinger equation, the energy states of the molecules are
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determined by wavefunctions, which predict a quantization of energy levels. A schematic representation
of electronic states including vibrational states is presented in Figure 2.6.13'3!

As soon as a molecule or atom is irradiated with a light source, electrons gain energy resulting in
electronic transitions from the ground level to an excited state. Since only selected amounts of energies can
be absorbed due to the quantization of the energy levels, only light of certain wavelengths is able to excite
electrons into higher energy states. Here, the Franck-Condon principle predicates that in photochemical
processes electronic transitions are fast (1071 s) compared to the movement of heavy nuclei (10'%s). As a
consequence, electronic transitions occur vertically (ergo without change of the nuclear coordinates) in an
energy vs. nuclear coordinates diagram (refer to the red arrow in Figure 2.6). The transition probability
depends on the vibrational properties. A high value for the overlapping integrals of the vibrational wave
functions of electronic states indicates a high probability for an electronic transition resulting in a high
absorption intensity of a given wavelength. In contrast, low absorption intensities are found for the

transitions with a poor overlap of the vibrational wave functions.[>16-317]
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Figure 2.6. A plot of energy vs. nuclear coordinates illustrating the Franck-Condon principle. Electronic transitions
appear as vertical transitions at fixed nuclear coordinates (red arrow), and their probability depends on the value
of the overlapping integrals of the vibrational wave functions of electronic states (blue curves). Analogously after
vibrational relaxation, the transition into the ground state Sy follows the Franck-Condon principle as well.[316-317]
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After electronic excitation, the energy can be released by several distinct processes. In the presented
case, the deactivation of the excited molecule is well described in a so-called Jablonski diagram (refer
to Figure 2.7).13!8 Herein, the energy is plotted on the y-axis, and the different states are represented as
horizontal lines; electronic levels are described as bold lines, while vibrational states are displayed as thin
lines. Sy is assigned to the singlet ground state, and S; and S; represent the first and second energetically
excited singlet states, respectively. In addition, T; indicates the first energetically excited triplet niveau.
Furthermore, the arrows indicate various transitions between states including vibrational relaxations
(curvy arrows), radiative transitions (colored, solid arrows) and non-radiative transitions (dashed arrows).
All deactivation pathways of energetically excited electrons are competitive depending on the energy
levels, which differ from one molecule to the other.

Thus, the following processes are displayed in the Jablonski diagram:

* Absorption: As discussed in the preceding paragraph, the absorption of light with a suitable
wavelength leads to the transition of an electron from the singlet ground state So with v (due
to Boltzmann distribution function) to an electronically excited state S, (withn > 1 and v > 1)
according to the Franck-Condon principle. Therefore, the process occurs under preservation of spin.
The electron possesses additional vibrational excitation beside the electronic excitation because the
dependence on the overlapping integrals of the vibrational wave functions of electronic states leads
to the population of electronic niveaus with v > 1. In general, the absorption of energy is a highly

fast process (1013 s).

¢ Vibrational Relaxation (VR) and Internal Conversion (IC): While the vibrational relaxation
proceeds within the same electronic state in order to reach the vibrational ground state v, internal
conversion is a non-radiative process to a vibrationally excited state of the next lower electronic
state with the same spin multiplicity. The energy of vibrational relaxation is released as heat to
the surrounding medium. Since the vibrational relaxation and internal conversion are fast (within
10712 s), due to close spacing of the excited states and their distorted geometries, the vibrational
ground state of S is rapidly reached. Consequently, the rule of Kasha applies, which predicts that

all emission processes after the absorption of light start from S;.

* Fluorescence: The electron in the vibrational ground state of S; is deactivated by a radiative
process reaching a vibrationally excited state of Sg. Yet again, the Franck-Condon principle governs
which vibrational state is reached. With 10 to 107 s, the fluorescence is a rather slow process.
The combination of losing energy by relaxation processes in electronically excited states and

transitioning into vibrationally excited states of Sg causes that the wavelength of emission is higher
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than the wavelength of excitation. This phenomenon is termed Stokes shift. However, S| may also

be deactivated by radiationless means (within 10 to 10°°s).

¢ Intersystem Crossing (ISC) and Phosphorescence: Competitive to fluorescence, a transition
to a vibrationally excited state of the triplet state T; is termed intersystem crossing. Thus, spin
multiplicity is not preserved, and the time scale for ISC lies between 10 and 10%s. Strictly
speaking, the process is formally forbidden. Nevertheless, spin-orbit interactions undermine the
strict rule that transitions merely occur between states of the same multiplicity. After vibrational
relaxation, phosphorescence can take place from the vibrational ground state of T to a vibrational
excited level of So within 107 to 1's. Therefore, phosphorescence occurs in combination with spin
reversion, resulting in a long time span for T;. The depopulation of the triplet state T; may proceed

via radiationless deactivation as well.[315-319-321]
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Figure 2.7. The modes of deactivation of energetically excited electrons are illustrated in a Jablonski diagram. Here,
the energy is plotted on the y-axis, while the horizontal lines represent electronic (bold lines) and vibrational (thin
lines) states. The rotational niveaus are not displayed. Furthermore, dashed arrows indicate transition processes (e.g.,
internal conversion and intersystem crossing), curvy arrows represent vibrational relaxation, and energy absorbing
or releasing processes are displayed as colored, solid arrows. 315 319-3211
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2.2.3 Molecular Electronic Transitions

The absorption of a photon with a suitable wavelength results in the excitation of an electron. To
determine which type of electron of a molecule is excited, the corresponding molecular orbitals of the
electrons have to be considered. In general, outer electrons in the 2s or 2p orbitals are preferentially
promoted, abandoning their initial molecular orbital in order to occupy another orbital with higher

energy. The following electronic transitions have to be considered when molecules are exposed to light
sources: 3% 320-3221

* 0 — o* transitions: Photons with high energy (100-200 nm) are required in order to excite an

electron from a bonding o orbital into an antibonding o* orbital. These transitions particularly

occur in saturated hydrocarbons.

* m — m* transitions: m-Electrons in conjugated systems including non-saturated or aromatic
compounds are promoted in a 7 — 7* transition, whose trigger wavelength is simple to adjust by
the expansion of the conjugated system (starting from 173 nm for acetylene). The molar extinction
coefficients are high since m — 7* transitions are symmetry-allowed. Without the dissociation of a
chemical bond, the cleavage of m bonds may lead to torsion as present in cis-trans isomerizations.
The effect of solvatochromism results in a bathochromic shift of the absorption maximum in polar

solvents due to a higher stabilization of the 7* orbital than of the 7 orbital.

* n — 7* transitions: A n — 7* transition is a symmetrically forbidden transition of free electrons
in non-bonding orbitals of a heteroatom (e.g., N, O, Cl or S) into non-bonding 7* orbitals, available
in e.g., carbonyl compounds, imines and azo moieties. Photons with wavelengths of approximately
300 to 380nm are able to trigger the excitation. However, the transition displays low molar
extinction coefficients, since it is quantum mechanically forbidden. The n — 7* transition is
affected by solvatochromism as well. Polar solvents lower the energy of the non-bonding orbital

via the solvation of the lone pair resulting in a hypsochromic shift of the absorption wavelength.

* n — o* transitions: For molecules containing o-bonds and lone pairs (e.g., water, alcohols and
ethers), a n — o* transition is triggered by wavelengths between 150 and 250 nm leading to

homolytic dissociation.

* Charge-Transfer (CT) transitions: CT transitions are found in polarized/push-pull systems with
delocalized molecular orbitals. Upon irradiation, the energy is delocalized in the entire compound

affording a strong absorption and a pronounced red-shift of the excitation wavelength.
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Merely m — 7%, n — 7* and CT transitions of electrons in conjugated systems are able to operate in

the visible light range (above 400 nm), which will be subject of Section 2.3.132!]

2.2.4 Light-Induced Polymer Conjugation’

The outstanding feature of reactions triggered by light is the possibility to conduct a spatially and
temporally resolved conjugation without the application of a catalyst or elevated temperatures. In the
subsequent subchapters various photoreactive groups are described, which were successfully implemented
in polymer chemistry. The discussed light-induced conjugation methods have in common that highly

reactive substrates are formed as soon as the reaction mixture is irradiated by light of a suitable wavelength.

2.2.4.1 Photochemical Activation of ortho-Alkylbenzaldehydes and ortho-Alkylbenzophenones

Despite the possibility to generate ortho-quinodimethanes as highly reactive intermediates for Diels—Alder
cycloadditions via the thermolysis of benzocyclobutenes,!*2*323 the photochemical pathway with ortho-
alkylbenzaldehydes or ortho-alkylbenzophenones as starting material benefits from the advantages of the
employment of light. Thus, the mechanism for the light-triggered activation by taking the example of ortho-
alkylbenzophenones is depicted in Scheme 2.9 (top part).!32% The irradiation of the phenone derivative
results in the population of a singlet-excited state of n7* character, followed by ISC reaching the triplet
niveau, in which the intramolecular abstraction of a hydrogen atom yields a triplet diradical species.[?7- 328
Subsequently, a rearrangement of bonds delivers the E and Z hydroxy-ortho-quinodimethanes, which are
also termed photoenol.3?7-329-3311 The E isomer is the long-lived diastereomere, and therefore, is able
to either rearrange forming the starting material or to participate as diene in an irreversible Diels—Alder
cycloaddition with electron-deficient dienophiles. The cycloaddition proceeds stereospecifically affording
the endo product. In contrast, the short-lived Z isomer is unable to react due to a fast [1,5]-sigmatropic
shift yielding the starting material.[33!-332) According to the Cahn-Ingold-Prelog rules, the irradiation
of ortho-alkylbenzaldehydes affords the Z form as long-lived isomer, while the ortho-quinodimethane
with E configuration exclusively rearranges to the aldehyde species. The Z form particularly isomerizes

generating the short-lived E isomer upon exposure to light with higher wavelengths (440 nm). The

!The theoretical background for the subchapters concearning activation of tetrazoles, 2H-azirines and phenacyl sulfides is
based on J. T. Offenloch, M. Gernhardt, J. P. Blinco, H. Frisch, H. Mutlu, C. Barner-Kowollik, Chem. Eur. J., 2019, 25,
3700-3709. Adapted with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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behavior as photoswitch is utilized for STED (stimulated emission depletion)-inspired laser lithography of
structures below 100 nm. In general, the formation of the hydroxy-ortho-quinodimethane is fast and fully
reversible at ambient temperature, therefore quenching and separation of the intermediate is not necessary.

However, if no suitable reaction partner is present, dimerization via [4+2] or [4+4] cycloaddition reactions
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Scheme 2.9. Hydroxy-ortho-quinodimethanes (photoenols) as reactive species are obtained via the irradiation of or-
tho-alkylbenzophenones (occasionally referred to as 1st generation photoenol, top row) or ortho-alkylbenzaldehydes
(2nd generation photoenol, bottom row) with UV light (320-365 nm). Particularly, one long-lived isomer is able to
react with electron-deficient dienophiles in a Diels—Alder cycloaddition, while the other one is rapidly deactivated
by a [1,5]-sigmatropic shift.[3?”]

Interestingly, the reactivity of ortho-alkylbenzaldehydes and ortho-alkylbenzophenones differs. Since
ortho-quinodimethane derivatives originating from ortho-alkylbenzaldehydes with an ortho-ether are stabi-
lized due to intramolecular hydrogen bond formation, the reactivity towards dienophiles is enhanced.[34]
As a result, cycloadducts with various dienophiles including acrylates,!3% 333! acrylonitrile,!**¢ and
electron-deficient C-S bonds**”! are formed in the presence of light-activated ortho-alkylbenzaldehydes.
In comparison to the aldehyde species, for the light-triggered reaction of ortho-alkylbenzophenones
highly electron-deficient reaction partners such as maleimides are necessary. Exploiting the difference in

reactivity, a triblock polymer is synthesized in an orthogonal manner. In a one pot procedure, a polymer
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strand tethered to an a-acrylate moiety and an w-ortho-alkylbenzophenone unit reacts selectively upon
irradiation with a maleimide-terminated PEG block by employing its photoactivable end group. The
conversion of the acrylate chain end is achieved in the subsequent step utilizing a poly(e-caprolactone)
derivative end-capped with an ortho-methylbenzaldehyde functionality.[333]

The use of ortho-quinodimethanes as reactive intermediates has a great potential due to its out-
standing characteristics resembling the nature of click reactions.[*?% 338! Especially, the rapid, efficient
and catalyst-free nature of this ligation technique is beneficial for the synthesis of macromolecular
structures, 112 131,335,339, 3401 the curing of polymer films,*?! and the modification of surfaces and

33,334, 341-343] I addition, the stability of the cycloadducts is exploited for polymer end

nanoparticles.
group protection, since the C-S double bond of RAFT polymers is susceptible towards nucleophilic attack
(refer to Section 2.1.2.2).[''2! Furthermore, the imine formation of ortho-methylbenzaldehydes presents
another yet thermodynamically controlled pathway for the photoenol precursor. During the irradiation of
the photoreactive moiety in the presence of N-ethyl maleimide as dienophile and an amine, the reaction
proceeds selectively via the photochemical path, whereas the oxime is generated in the dark. As a result,
light as external stimulus is able to switch between the two different reaction channels.!**! Moreover,
the photoreactivity can be recovered via hydrolysis of the imine. Therefore, the amine is capable of
acting as protecting group for the presented photoreactive unit, e.g., in the wavelength-selective synthesis
of star-shaped polymer species in case the photoreactive moiety (a tetrazole derivative) with a shorter

activation wavelengths is addressed first.[340]

2.2.4.2 Nitrile Imine-Mediated Tetrazole-Ene Cycloaddition

Analogous to the in situ generation of reactive species via irradiation of ortho-methyl benzaldehydes,
2,5-diaryl tetrazoles are capable of forming reactive intermediates upon light exposure as well.46: 3471 The
use of a light source with a wavelength of 300 nm results in the conversion of the 2,5-diaryl tetrazole into a
highly reactive nitrile imine, a 1,3-dipole, along nitrogen release (refer to Scheme 2.10).138] Here, the pho-
tolysis is extremely fast and efficient due to high quantum yields (0.5 to 0.9), and therefore, commercially
available light sources are suited to initiate the photoligation.>**! Subsequently, the intermediate is able to
react with various substrates. If an activated or non-activated olefinic substrate, e.g., methyl methacrylate,

acrylnitrile, styrene, or maleimide, as dipolarophile is present, a highly fluorescent pyrazoline adduct
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is formed in a 1,3-dipolar cycloaddition, also termed nitrile imine-mediated tetrazole-ene cycloaddition
(NITEC).[152. 348,350, 3511 [mportantly, the pyrazoline unit exhibits diverse biologically relevant properties
including antidepressant activity.*>?! In addition, the cycloadduct possesses a broad fluorescence band
in the visible light region upon excitation with wavelengths larger than 400 nm, and consequently, the
pyrazoline derivative is suitable for applications as fluorescent marker.*>3 334 Furthermore, in the nitrile
imine carboxylic acid ligation (NICAL), carboxylic acid moieties react with nitrile imines followed by a
1,4-acyl transfer yielding hydrazine compounds.!*3>! Indeed, various nucleophiles are able to react with
the intermediate including alcohols,?>! amines,?>! and thiols.!3°% However, the latter pathways have
gained limited attention compared to the NITEC reaction. Lastly, if no reaction substrate is present,
the dimerization of two nitrile imine species occurs.!3*8! Critically, the broad range of possible reaction
partners forbids the photochemically-driven reaction of tetrazoles to be termed click. However, this
drawback can be neglected due to the fast, versatile and efficient nature of the NITEC reaction without the
help of any external catalyst. Additionally, the reaction is highly tolerant towards the solvent medium

since it has been successfully tested with various solvents and mixtures including water.!348]
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Scheme 2.10. The irradiation of a 2,5-diaryl tetrazole results in the formation of a highly reactive nitrile imine,
which is able to react with olefinic substrates in a nitrile imine-mediated tetrazole-ene cycloaddition (NITEC) or
with various nucleophiles including carboxylic acids (nitrile imine carboxylic acid ligation, NICAL), amines and

thiols. If no reaction partner is present, the dimerization of two nitrile imine species occurs. The wavelength required
to generate the 1,3-dipole strongly depends on the substitution pattern of the tetrazole compound.!33% 333, 357, 358]
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The substitution pattern has substantial impact on the reactivity of the nitrile imine. Para-substitution

of the N-phenyl ring with auxochromic substituents shifts the reactivity to higher wavelengths, while
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the same substitution in ortho- or meta-position has no influence on the trigger wavelength.!3*! The
enlargement of the conjugated system changes the trigger wavelength to higher values as well, yet only
in case of the phenyl group in N2 position.[33% 333357, 3381 Eyrther investigations reveal that EWG units
attached to the C5 phenyl ring substantially decrease the reaction rate, while EDG moieties show no
significant effect. In comparison to the substitution of the C5 phenyl group, the presence of an EDG
unit increases the reaction rate if it is placed on the N2 phenyl ring, and an EWG moiety decelerates the
reaction in the same position. Nevertheless, the reaction rate, and therefore the (regio)selectivity is most
affected by altering the electron density of the 7-system attached to the C5 atom.?>°!

Due to thoughtful choice of substituents, control over the reaction path is gained, and as a result, the
NITEC reaction is successfully implemented into various fields. In soft matter science, block copolymer
formation,®>!1 and the crosslinking of polymer chains forming a fluorescent network are established
via NITEC ligation.*>! In detail, the number of pyrazoline units as cross points in polymer networks
are quantified via fluorescence spectroscopy measurements.[**°! In addition, individual polymer chains
are collapsed upon light exposure forming either water soluble or degradable fluorescent nanoparticles —
ideal candidates for imaging application and cell transport.3% 261 By exploiting the spatio control of the
NITEC reaction, cellulose and silicon surfaces are successfully patterned with polymer strands,?3!- 3611 or
functional molecules.*%?! The NITEC reaction is successfully implemented into a A-orthogonal macro-
molecular ligation protocol. Two polymer strands, one end-capped with an ortho-methyl benzaldehyde
and the other one tethered to a tetrazole moiety, react with diverse reaction rates at different wavelengths.
At lower wavelengths (A = 270-310 nm), the NITEC reaction is faster, while at higher wavelengths (A =
310-350 nm), the formation of ortho-quinodimethanes and following cycloaddition have higher reaction
rates.393] Subsequently, the A-orthogonal concept was expanded for the synthesis of macromolecular star

architectures.340]

2.2.4.3 2H-Azirine Ligation

Closely related to the NITEC ligation, the light-induced reaction of 2H-azirines proceeds in two steps. In
the first step, the 2H-azirine releases its ring strain by heterolytic cleavage of the C-C bond generating a
highly reactive nitrile ylide upon light irradiation. The reactive species acts as 1,3-dipole in the following

cycloaddition with electron-deficient alkene units or alkyne groups affording A! pyrrolines (refer to
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Scheme 2.11).36436%1 Dye to the efficient nature of the cycloaddition, the photolysis of 2H-azirines is
frequently employed for the synthesis of nitrogen-containing five-membered rings.[>7-3%1 However, if

the dipolarphilic character of the reaction partner is particularly low, dimerization of the nitrile ylide

occurs depending on the structure.370: 3711
R
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Scheme 2.11. Similar to the photochemistry of diaryl tetrazoles, the irradiation of 2H-azirines generates nitrile
ylides as reactive 1,3-dipoles, which react with electron-deficient olefin substrates to form nitrogen-containing
five-membered heterocycles. 3643661

Both nucleophiles and electrophiles are capable of attacking the 2H-azirine,*’?! which additionally
participates in [4+2] cycloaddition reactions as dienophilic or dipolarophilic partner.l373-3731 As a result
of its instability towards different chemical groups, the interest in the photochemistry of 2H-azirines is
limited, and examples of successful implementation into soft matter science or bio-medical application
are rare. Hence, only the rapid and selective peptide conjugation using 2H-diarylazirines in combination

with a UV light source (A = 302 nm) in aqueous media is reported.[37®!

2.2.4.4 Irradiation-Induced Decay of Phenacyl Sulfides

Thioaldehydes are valuable and highly reactive compounds, yet they have not been present in synthetic
chemistry for a long time due to their high reactivity and tendency to oligomerize.?”’! However, they
are excellent dienophiles for hetereo-Diels—Alder cycloaddition reactions in the presence of dienes
including buta-1,3-diene, cyclobutadiene and derivatives.’’”> 378 Access to these reactive intermediates

can be tedious and harsh. Either flash thermolysis of allyl sulfides at 600-800 °C,137! or thermolysis
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of alkyl thiosulphinates at 100 °C are reliable methods to synthesize thioaldehydes.!*3"! The irradiation
of phenacyl sulfides with light (A = 355 nm) clearly presents the most facile and mildest pathway to
generate thioaldehydes.[*’”- 378 Upon UV light exposure, phenacyl sulfides fragment into thioaldehydes
releasing acetophenone as side product (refer to Scheme 2.12). The subsequent [4+2] cycloaddition
forming dihydrothiopyrans was in-depth studied. While thioaldehydes substituted with electron-acceptor
groups react with various diene species, intermediates with aliphatic character need a higher stoichiometry
of the diene in order to prevent the self-polymerization.?’8! Furthermore, thioaldehydes also undergo
[242] and [3+2] cycloaddition with terpenes and phenyl allenes, respectively.?80 3811 Additionally, several
adducts are feasible if a suitable nucleophile is present. With amines as reaction partner, imines are
generated as product, which are prone to oxidation. Analogously, hydroxylamines and thioaldehydes
form oximes, and in the presence of thiolates, disulfide bonds are formed (refer to Scheme 2.12).3821
Nevertheless, thioaldehydes are tolerant towards carboxylic acids, esters, amides, ethers and hydroxy
groups, enabling the application of thioaldehydes in various fields,[?”7-37% 3831 including end group
modification of polymers,38% 3831 and patterning of surfaces with nucleophilic moieties,?8?! polymer

chains,*®3 or metal complexes.!384
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Scheme 2.12. The phenacyl sulfide generates a highly reactive thioaldehyde upon UV light irradiation releasing
acetophenone as side product. Subsequently, the thioaldehyde is able to react with various nucleophiles including
amines, aminoxys and thiols. If a diene is present, the reactive species acts as dienophile in a hetero-Diels—Alder
cycloaddition.[377- 378, 3821
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2.3 Methods for a Bathochromic Shift of the Excitation Wavelength in Pho-

tochemistry?

The interest in chemical transformations driven by light activation has grown over the last years due to
the gain of spatiotemporal control in combination with the economic impact of light (e.g., sustainability,
availability and non-toxicity at ambient temperature) over other analogous methods in polymer and
material science. Indeed, some of these light-activated synthetic protocols fulfill the criteria of click
reactions specified by Kolb, Finn and Sharpless in 2001 (for details refer to Section 2.1.3).1'! However,
the implemented light source has been a tremendous drawback for many light-triggered reactions as
irradiation with high energy UV light (100-380 nm) readily led to the desired reaction products. Because
of the high energy profile of the applied light, damage to the irradiated molecules and the reaction media
(e.g., solvent, polymer material and biological tissue) cannot be avoided; decomposition and undesired
side reactions are the result of the utilization of harsh UV light.[38: 3861 Tn addition, the penetration depth
of UV light in solution or material is rather low preventing efficient application in dental curings and
related material science.

Consequently, photochemists have been investigating ways to circumvent the harmful UV light in
order to utilize either light from the visible (400-800 nm) or NIR (800-1400 nm) light range possessing
lower energies than UV irradiation sources. In general, photochemical reactions include bond breaking
processes. Despite the fact that the energy of visible or NIR light is too low to break these bonds, mainly
four complementary approaches have been successfully established. Each method displays its own benefits
and drawbacks, and they are discussed in the following subsections including their principles and potential

application fields.

2.3.1 Modification of the Photoreactive Species Employing Pyrene

A bathochromic shift of the photochemical reactivity via the modification of the photoreactive species
displays an elegant, and occasionally an intricate, approach to prevent the application of UV light.

The avoidance of additives (e.g., catalysts) or advanced experimental setups (e.g., high intensity laser

The theoretical background for the presented chapter and its subsections is based on J. T. Offenloch, M. Gernhardt, J. P. Blinco,
H. Frisch, H. Mutlu, C. Barner-Kowollik, Chem. Eur. J., 2019, 25, 3700-3709. Adapted with permission from Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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systems) are the dominant advantages for the approach, which is linked to the idea of altering the
molecule’s structure to achieve a shift of the trigger-wavelength to higher values. In general, UV/Vis
spectra of photoreactive compounds provide information about the wavelength regimes, which lead to
electronic excitation of the molecule. Hereby, careful studies revealed that the plot of educt conversion
vs. wavelength (at a constant photon count) does not necessarily follow the absorption spectrum of a
specific compound.[387’ 3881 Therefore, the irradiation with Aaps max, based on spectroscopic determination,
does not have to result in efficient photoinitiation of a reaction. Indeed, a suitable excitation wavelength
for phototriggering might be presented as subtle absorbance, or even not visible, in the UV/Vis spectrum.
However, approximate assessments on the reactivity of photoreactive species based on the absorption

spectrum are still feasible.
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Scheme 2.13. Two different strategies for a bathochromic shift in the absorption spectrum of compounds. Electron
donor (e.g., amino groups) and electron acceptor (e.g., nitro groups) substituents in a push-and-pull configuration
have an immense impact on the absorption spectrum as depicted on the left side. In contrast, the bathochromic
shift in the absorption spectrum caused by expansion of the aromatic system as displayed on the right side is less
pronounced. The values of the absorption maxima Aaps max. are taken from [340, 357, 389].

Two different strategies for a successful bathochromic shift in the absorption spectrum of photoreactive
compounds are established (refer to Scheme 2.13). The first approach includes the installation of electron-
withdrawing (or electron-donating) substituents on a conjugated framework.[**°! Substantial effects on
the absorption spectrum are achieved if the conjugated system is end-capped with electron donor and
electron acceptor groups in a push-and-pull configuration, i.e., the electron-donating and -withdrawing
units are each located on different ends of the conjugated system.[**) Expanding the conjugated system
via the enlargement of condensed aromatic systems or conjugation is the second option for a bathochromic
shift of the excitation wavelength of photoreactive molecules.[**1-3%31 With both approaches the risk of
(391, 392]

altering the reactivity of the parent compound exists potentially leading to a loss of selectivity.

Furthermore, the intended modification should not reduce the quantum yield for ISC, i.e., the excited
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species of the light-sensitive moiety requires to reach a triplet state for reacting.***! For a successful
photoinduced reaction the chromophore additionally has to perform as a photosensitizer, which is capable
of transporting energy efficiently.

Pyrene as chromophore exhibits an established chemistry with regard to synthesis and modification in
both organic synthesis and polymer science, in addition to its well-documented properties including a
long singlet lifetime and high fluorescence quantum yields.!**>-3°7] Indeed, the absorption spectrum of the
unsubstituted aromatic compound displays an absorption band reaching to 350 nm (refer to Figure 2.8).
The properties of pyrene will be discussed in the following excursus with the emphasis on the application
of the chromophore in polymer chemistry. Eventually, the additional benefits of utilizing pyrene as light
harvesting unit in photochemical reactions will be highlighted by demonstrating pyrene-based visible

light-induced reactions.

normalized absorbance

normalized fluorescence emission

I ! I ' I ! I ' I ' I ' I ' I
250 300 350 400 450 500 550 600
wavelength / nm

Figure 2.8. Absorption (black trace) and emission spectra (red trace, Aexc. = 344 nm) of pyrene in DCM at ambient
temperature (UV/Vis: ¢ = 7.37-10°> mmol mL™!, fluorescence: ¢ = 3.68-10> mmol mL!).

In 1837 the destructive distillation of coal tar by Laurent led to the discovery of pyrene in the residue
of the process. As a result, he termed this polycyclic compound "pyrene" - the greek word for

"fire" - since he assumed that pyrene was formed by burning organic compounds.[**>! However,
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the polycyclic compound is formed in various processes including the catarol process, a special
distillation of mercury,’3®>! and the pyrolysis of acetylene and hydrogen.3*8! Today, the commercial
production of pyrene mainly proceeds via destructive hydrogenation of hard coal as well as modified
distillation of coal tar.3%!

Most of the applications of pyrene in polymer chemistry stems from its optical properties. Its
absorption spectrum (refer to the black trace in Figure 2.8) displays an absorbance reaching up
to 350 nm, which is not interfering with the absorbances of any common polymeric species. As a
consequence, SEC systems coupled to UV detection, which is set to a wavelength that only the pyrene
moiety absorbs, enable the selective recording of polymer chains coupled to the chromophore.204 3%

The fluorescence properties of pyrene are particularly outstanding (refer to the red trace in Figure
2.8), and therefore this aromatic compound is the most frequently used dye in organic synthesis
and polymer chemistry. Remarkably, one pyrene unit in an excited singlet state and another unit in
the ground state form an excimer dimer in close proximity, which reveals a fluorescence maximum
in the range of 480 to 500 nm, whereas the fluorescence for dissociated pyrene species lies in the
area between 380 and 420 nm.!*%% 4011 This excimer formation is applied in various fields, e.g.,
polymer dynamics including association. In fact, valuable results of the efficiency of the intra- or
intermolecular excimer formation of the pyrene moieties are obtained via the comparison of the
intensity of the monomer fluorescence (Iy) to the intensity of the excimer (Ig).[*%°! For example,
fluorescence measurements of polymer chains modified with pendant pyrene units reveal constant
values for Ig/Iy; at low concentrations due to intramolecular excimer formation along the chain.
In contrast, with increasing polymer concentration, the generation of intermolecular excimers is
detected, and Ig/I; increases.!*0?] Additionally, external changes affect the optical properties of
pyrene functionalized stimuli-responsive (i.e., temperature) polymers. For instance, under the lower
critical micellization temperature (LCMT), excimer emission is pronounced due to stable aggregates
formed between polymer and pyrene units. Nevertheless, above the LCMT the aggregates of the
chromophore are destructed resulting in more intense and sharper absorption bands in combination
with a more intense monomer emission in the fluorescence spectrum. 403!

The polarity of the environment of the chromophore in general also affects its fluorescence spec-

trum. Thus, the polarity is determined by the intensity ratio of the first (/1) to the third vibronic
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band (/3) of monomer emission (i.e., pyrene).[‘mo’ 404,405 A5 a result, variances in the environment of
pyrene upon altering the concentration of a polymer give access to the dynamics of the polymers
chains in solution depending on the concentration. By tracing the progression of /;/I3 when chang-
ing the concentration, direct access to the critical aggregation concentration of polymer chains is
received.[*0? Besides, due to the affinity of pyrene towards hydrophobic environment such as interiors
of micelles,!*! the fluorescence intensity of the chromophore increases when it is encapsulated
in micelles.[40% 407l Therefore, pyrene is a suitable fluorescence probe for detecting the CMC of

amphiphilic polymeric species. Relying on the optical properties of pyrene, extensive studies in solu-

) 1402, 403 o 1408] ).[408]

tion of poly(N-isopropylacrylamide I'hydroxypropylcellulos poly(ethylene glycol
poly(acrylic acid),[*?% 4191 poly(methyl meth-acrylate),[*!! and block copolymers thereof, as well as
of side chains,*'?! are realized.[4®]

The fluorescence properties of pyrene are quenched by radicals such as nitroxide derivatives, e.g.,
2,2,6,6-tetramethylpiperi-dinyloxyl (TEMPO), because of the ability of the free radical to quench
excited singlet, triplet and excimeric states inter- and intramolecularily via electron-interchange

s.14131 A5 a result, the fluorescence of pyrene- and nitroxide-functional polymers is si-

interaction
lenced, and subsequently restored upon heat- and light-induced release of pyrene as a self-reporting
system,[37- 4141

Another application of pyrene-functionalized polymers is accomplished in optical recordings via
the combination of its optical properties and pyrene’s ability for -7 stacking. Photoinduced heating
of films consisting of polylactide species end-capped with pyrene units results in local melting, and
subsequent photo-induced arrangement of the pyrene end groups to form dimers, which are retained
after cooling. Afterwards, excimer fluorescence exhibits the written structures. 1> 416]

Well-ordered nanopore films with fluorescent character are accessible via drop-casting of a copoly-
mer with pyrene moieties along the backbone, which are useful for various optoelectronic and biomed-
ical applications.!*!”l Additionally, nanorods and nanotubes of PS-5-PMMA with pendant pyrene
end groups as further examples for nanostructures were prepared and in-depth characterized.*!8!

Highly conjugated polymers possessing pyrene units incorporated into their backbone are of great

interest as well. Indeed, carbon dioxide from air is converted into CO driven by visible light using

an ionic liquid for gas absorption in combination with a conjugated, pyrene-substituted polymer
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as catalyst.*!”) Analogously, the conjugation of pyrene and benzothiadiazole provides polymeric
material capable of transforming water into hydrogen gas.[*20]

Notably, the magnetic resonances arising from the aromatic protons of pyrene in 'H NMR spectra
are located separately in highfield supporting the facile identification of the success of modification
reactions. 0]

Apart from the great success of pyrene in polymer chemistry, this aromatic compound gained
attention in dye industry for the synthesis of pyranthrones.[*?!! In addition, -conjugated materials
based on pyrene are promising candidates for future semiconductor devices including light-emitting

diodes (LEDs) and organic photovoltaics.!3%

The first visible light-induced reaction employing pyrene as chromophore was published in 2015, where
our team introduced a pyrene-substituted 2H-azirine (refer to Figure 2.14A).14?2 Upon irradiation with a
blue LED light source (410-420 nm), the ring strain of the three-membered ring is released by generating
a reactive 1,3-dipole, the nitrile ylide. The selective reaction of the nitrile ylide with electron-deficient
olefin species in 1,3-dipolar cycloadditions is proven, resulting in nitrogen-containing five-membered
heterocycles as products. In general, the reaction proceeds very fast (within one minute) and without
the requirement of any catalyst. Nonetheless, the chemical stability of 2H-azirines is limited, and thus
preventing the attachment of anchoring groups for further application until today.

One year later, our team described a novel visible light-reactive compound combining pyrene and tetra-

y.337 Based on preliminary reactivity studies of tetrazoles,!3*-3%31 a pyrene-functionalized

zole chemistr
aryl tetrazole (PAT, refer to Figure 2.14B) was designed, not only allowing efficient 1,3-dipolar cycloaddi-
tions via formation of reactive nitrile imines upon irradiation with a light source (410-420 nm), but it also
supports the further attachment to various relevant molecules in esterification reactions for subsequent
application. In addition, the fluorescence of the cycloadduct with olefinic substrates, the pyrazoline,
possesses a broad fluorescence band with a tailing in the NIR region suitable for biomedical issues, e.g.,
in vivo imaging. Therefore, the PAT compound is applied in various fields, e.g., for the quantitative block
copolymer formation using either an LED light source,?>”! or NIR light in combination with upconversion

nanoparticles (UCNPs).[*?3] Moreover, PAT- and diaryl tetrazole-functionalized surfaces are synthesized

exploiting the \-orthogonality of the utilized tetrazole species.*># Furthermore, visible light-reactive latex
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Scheme 2.14. Through the utilization of pyrene as chromophore, the trigger wavelengths of four different photo-
chemically induced reactions are successfully shifted to higher values (Stokes shift). Thus, the reaction schemes A -
D indicate the red-shifted chemical transformations arranged by the year of publication. A: 2H-azirine ligation, B:
Tetrazole activation, C: Light-induced fragmentation of pyreneacyl sulfide and D: Dimerization and cycloreversion
of styryl pyrene and its dimer, respectively.
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particles have been successfully prepared.[*>>! Last but not least, the photochemistry of the PAT moiety
allows the yet mildest approach to form single-chain nanoparticle based on the collapse of PAT-functional

polymer strands via NITEC and NICAL reaction.[?¢7!

Subsequently, the successful transfer of the UV light-triggered photochemistry of phenacyl sulfides to
the visible light range has been reported.[*?®! Upon irradiation with a blue LED light source (410-420 nm),
pyreneacyl sulfides (refer to Figure 2.14C) react analogously to its UV light-triggerable counterpart with
diverse nucleophiles, e.g., amines, aminoxyls and thiols, as well as dienes in hetero-Diels—Alder reactions.
A poly(methyl methacrylate) species decorated with pyreneacyl sulfide acting as photoreactive fluorophore
alongside TEMPO as fluorescence quencher is realized for the detection of the visible light-triggered
release of 1-acetylpyrene. The nitroxide radical suppresses the fluorescence of pyrene in the polymer
due to the close proximity. Upon release of the pyrene, the fluorescence is restored as indicated by the

fluorescence measurements.3”!

Pyrene is also successfully introduced in the field of visible light-induced reversible [2+2] cyclo-
additions.[*?”-428] The self-dimerization and the cycloreversion of styryl pyrene (refer to Figure 2.14D)
are fully A-orthogonal: While the cycloaddition is accomplished at a wavelength of 435 nm, the ideal
wavelength for the dissociation lies in the UV range with 330 nm.[*?” Therefore, styryl pyrene displays
the most orthogonal and mildest reversible conjugation approach in terms of applied wavelengths. Conse-
quently, styryl pyrene was employed for the reversible block copolymer formation based on a functional
PEG block, and for the synthesis of a photodynamic hydrogel, which is able to change its mechanical

properties upon irradiation with a certain wavelength.[427> 4281

Finally, the following example underlines that conjugation of pyrene with suitable chromophores
is important in order to reach an excitation wavelength in the visible light regime. Compounds pos-
sessing aryl methyl moieties with a leaving group ArCH,LG (LG = RCO;) undergo either homolytic
or heterolytic fragmentation upon irradiation with a suitable wavelength (e.g., Ar = Ph: A = 254 nm).
Coupling/disproportionation and substitution products are the result of this cleavage reaction.!*>! Despite
the implementation of pyrene as chromophore, a light source of the UV light regime (365 nm) is required
for the reaction indicating the importance of a suitable substitution of pyrene for a visible light-induced
transformation. Nevertheless, this reaction pathway was exploited for the synthesis of amphiphilic block

copolymers for micelle formation. In fact, upon a UV light trigger, the micelles collapse due to the

58



2.3 Methods for a Bathochromic Shift of the Excitation Wavelength in Photochemistry

transformation of the hydrophobic, light-sensitive pyrene block into a hydrophilic segment with carboxylic
acid functionalities. 3"

The above mentioned examples for visible light-induced reactions unambiguously demonstrate the
versatility of pyrene as efficient chromophore for a bathochromic shift of the reactivity of chemical
groups activated by light. The following question may arise: Why was the reactivity shift to higher
wavelengths not yet achieved with ortho-methylbenzaldehydes, an excellent photoreactive moiety for
light-induced Diels—Alder cycloaddition? Indeed, various structures based on pyrene are realized, yet they
remain inactive upon visible light exposure. This observation illustrates that shifting of the photoreactivity
might not be a trivial task. However, a recent study from our team reveals the successful red-shifting
of the excitation wavelength of ortho-methylbenzaldehydes via the substitution of the ether unit into
a thioether group.[*3!! Nevertheless, additional investigations, e.g., DFT calculations, are necessary
to deliver insights into the different electronic transitions and their excitation wavelengths of diverse
photoactive compounds. In this regard, a careful study on the photochemistry of tetrazoles indicates
that for a successful photoreaction an effective ISC from the singlet S to the triplet state T presents a
precondition. In addition, relaxation occurring either by vibrational deactivation caused by the non-planar
conformation of the singlet states Sy and S; or by charge recombination needs to be avoided. As a
result, an amino-substituted diphenyl tetrazole is not able to undergo visible light activated cycloadditions,
although its absorption spectrum shows absorption bands in similar ranges compared to PAT.[3%4

In summary, a bathochromic shift of the photoreactivity can present a delicate task, yet this method

does not require an advanced experimental setups or any additives.

2.3.2 Photoredox Catalysis

Visible light photoredox catalysis (VLPC) is a rapidly growing research field embedded between diverse
areas of chemistry. Substrates are transformed via photoinduced single electron-transfer processes assisted
by a suitable catalyst.[*3% 433 Generally, polypyridyl complexes of ruthenium or iridium are utilized as
catalysts, e.g., [Ru(bipy);>*], capable of absorbing visible light to generate a long-lived excited species
for bimolecular electron-transfer reactions. Thus, by the judicious choice of a catalyst diverse chemical
transformations including oxidations,*3*! reductions,*3>! and cycloadditions, 43¢ 437! are triggered via

the application of visible light. The mechanism of the VLPC reaction is well studied and illustrated in
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Figure 2.9 on the basis of the prototypical catalyst [Ru(bipy)32*].1**?! The absorption of a photon leads to
the excitation of an electron situated within a metal-centered tyg orbital into a ligand-centered 7* orbital.
This process is called a metal-to-ligand charge transfer (MLCT), and it is followed by a rapid ISC to the
lowest energy triplet state. Due to the forbidden relaxation to the Sy niveau, the long-lived photoexcited
triplet species are capable to participate in electron-transfer processes. Hence the activated species can
either receive an electron in its half occupied ty, orbital, or provide an electron via the * orbital. As a
consequence, the photocatalyst may participate in oxidative quenching as well as reductive quenching
processes (refer to Figure 2.10). In the oxidative quenching cycle, the triplet species expels an electron to
an oxidative quencher (e.g., viologens and polyhalomethanes) in order to receive it one more time from
the substrate. In contrast, [Ru(bipy);>*] accepts an electron originating from a reductive quencher (e.g.,
tertiary amines) in order to donate it to the substrate in the reductive quenching cycle. Which reaction
pathway will proceed depends on the redox potentials of each species that in turn is correlated to the

substitution pattern of the ligands.[*32% 4331
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Figure 2.9. Photoinduced activation of [Ru(bipy);]** illustrated by means of the orbital energy levels. In the
oxidative quenching cycle, the high energy electron available in the 7* orbital is transferred to an oxidative quencher,
while the vacant electron position in the tp; orbital is available for an electron from a reductive quencher. Adapted
with permission from [432]. Copyright (2013) American Chemical Society.

The tunability of the reaction conditions with regard to the substrates and the adjustment of the employed
wavelength are the vast benefits of the VLPC. Nevertheless, the removal of the catalyst can display a

disadvantage for in situ experimental setups. In addition, careful inspection of the catalyst system has
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Figure 2.10. The oxidative and reductive quenching cycles illustrate the dual nature of the excited [Ru(bipy);>*]
species. The excited metal compound expels an electron to an oxidative quencher in the first step of the oxidative
quenching cycle in order to receive it one more time from the substrate in the second step. In the reductive quenching
cycle, [Ru(bipy);>*] accepts an electron originating from a reductive quencher, and subsequently donate it to the
substrate. Electron-acceptors and -donors are abbreviated as A and D, respectively. Adapted with permission from
[432]. Copyright (2013) American Chemical Society.

to be conducted in order to avoid side reactions between the catalyst and additionally present functional
groups. Besides, the potential toxicity of the metal poses a threat to biomedical applications. In fact, the
organic photoredox catalysis holds the potential to avoid this problem, it nonetheless faces issues such as

the lack of highly reducing catalysts and the urgency to identify more robust chromophores.*38!

2.3.3 Simultaneous Two-Photon Absorption

With the improvement and the commercialization of high intensity laser systems, a further strategy
to induce photochemical reactions with visible or NIR light has gained attention: The simultaneous
two-photon absorption (TPA). At first merely described in principle,'***! 30 years had to pass until the
TPA process was experimentally verified in the 1960’s.[440- 4411 The TPA is a non-linear optical process in
which a simultaneous absorption of two photons is necessary to reach the excited state. Therefore, a virtual
level between the ground and the excited state exists, which lifetime is limited to 1 to 10 femtoseconds
(refer to Figure 2.11).[44?1 Hence longer wavelengths are applied in TPA processes in comparison to
common one-photon absorption. However, considering the simultaneous absorption of two photons is
scarce, the spatiotemporal density of photons demands to be high. As a consequence, exclusively focused

high-intensity laser systems fulfill the requirements to exploit the TPA effect.
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Figure 2.11. Schematic comparison between the two-photon absorption (TPA, left) and the one-photon absorption
(OPA, right).[440-4421

Since the absorption of the TPA increases with the square of the light intensity, the excitation occurs
only at the focal point, whereas conventionally one-photon excitation is triggered along the light beam

due to the linear dependency on the light intensity.!*+3!

The spatial control of excitation at the focal point combined with the shift of the applied wavelength
to higher values as main benefits of the TPA process resulted in the successful implementation of this
phenomenon in diverse fields,/*** e.g., fluorescence microscopy and spectroscopy,**> 4461 and also sensors

[447-449] apnd pH changes.[450] Particularly biomedical applications, e.g., drug delivery,[45 1-453]

for ions,
and photodynamic therapy,[***! exploit the large Stokes shift associated with TPA processes. In contrast,
the fabrication of 3D structures with features in the hundred nm range,!*>>~7] profits from the focused

excitation site, ultimately enabling superior data storage for future application.[+38 43!

Chemical reactions that can be triggered by TPA processes include cycloadditions,[#6% 4611 as well
as isomerizations,[*62464 decarbonylation,*®3! and the initiation of polymerizations.[®®! For instance,
ortho-methylbenzaldehyde derivatives display particularly valuable compounds due to their ability to
be activated by light of one wavelength (via TPA with 700 nm), while the deactivation can be triggered
with light of another wavelength (440 nm). Therefore, this molecular switch can be implemented in
sub-diffraction laser lithography for the attachment of soft matter on a glass surface with a feature size

down to 60 nm.[4¢7]

In the absence of additives, the TPA process is capable to shift the excitation wavelengths of chemical

transformations to higher values. Nevertheless, advanced experimental setups are required in combination
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with a high intensity laser source. Moreover, 3D lithography yet forbids the mass production of novel data

storage systems.[444]

2.3.4 Upconversion Nanoparticles

Particles of lanthanide- or actinide-doped transition metals capable of photon upconversion are known as
upconversion nanoparticles (UCNPs).[*63471] These particles convert two or more incident photons into
one emitted photon with combined energy. The effect of photon upconversion was first experimentally
verified by Auzel in 1966.14721 However, over 40 years had to pass until UCNPs were introduced to
photochemistry with the aim to assist light-triggered transformation via the enhancement of the applied
wavelength,[468]

Three different processes for photon upconversion are identified in Figure 2.12: Excited state ab-
sorption (ESA), photon avalanche (PA) and energy transfer upconversion (ETU, the most common
pathway).[46% 470- 4721 T ong lifetimes of the excited states and an arrangement of energy levels with similar
spacings are preconditions for efficient upconversion. In these processes, the sequential absorption of
photons occurs reaching higher energy levels.[*°! For ESA, the consecutive absorption of two photons
leads to the population of the second excited metastable E;, and the subsequent upconversion emission
triggers the relaxation. Whereas, in the ETU process two neighboring ions absorb each one photon of
the same energy reaching the metastable level E;, followed by a non-radiative energy transfer from one
ion relaxing to the ground state to the other ion being promoted to the emitting state E,. From there,
upconversion emission promotes the population of the ground state as well. In contrast, E; is populated
via non-resonant absorption in PA. Subsequently, the promotion to E, is accomplished via resonant ESA,
followed by a cross-relaxation energy transfer with a neighboring ground state ion. Accordingly, both ions
now occupy E;. The repetitive cycles of ESA and energy transfers amplify the E, population exponentially
resulting in a strong upconversion emission.

Merging photochemistry and UCNPs opens the possibility to induce chemical transformations of
photosensitive compounds utilizing mild NIR light.!*”!! For instance, azobenzene motifs,[*’3! spiropyran
derivatives,[*7# and dithienylethenel*%®! are successfully tested in UCNPs-assisted photoisomerizations.
Furthermore, photolysis presents the second main class of photoreactions that can be supported by

UCNPs. Ortho-nitro benzyl,[#73 476 coumarin, 477> 4781 3> 5°_di(carboxymethoxy)benzoin acetate,*”*! and

63



2 Theoretical Background

E — photon
excitation
— emission
process
— energy
E,; transfer
G
ESA ETU PA

Figure 2.12. Three different processes for photon upconversion: Excited state absorption (ESA, left), energy
transfer upconversion (ETU, middle) and photon avalanche (PA, right). Adapted with permission from [470].
Copyright (2009) Royal Society of Chemistry.

ruthenium complexes,*3% 4811 take part in photolysis reactions upon irradiation in the presence of UCNPs.
In addition, photopolymerizations,*8? 4831 and photocoupling reactions,*>3 proceed efficiently with the
aid of the photon upconversion process.

UCNPs are customizable substrates; their wavelength for photon upconversion can be altered by
structural changes of the particles (e.g., passivation or modification of the surface), size and choice of
the employed lanthanide.[*’°! An additional advantage of UCNPs is the excitation intensity, which is
significantly lower for the utilization of these particles than for TPA processes.[*’! Finally, the use of
light sources with high penetration depths results in dental applications in which the curing of the material
can be accomplished in a single step with the help of UCNPs instead of single layer curing.[*3?! Similar to
the application of catalysts in VLPC, the presence of the nanoparticles reveals a disadvantage for in situ
experiments, as well as additional interactions or side reactions between the substrates and the UCNPs

have to be excluded.
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CHAPTER 3

AZIRINES AS VERSATILE AND
FUNCTIONAL HANDLE FOR THE
SYNTHESIS OF MACROMOLECULAR

ARCHITECTURES

3.1 Visible Light-Induced Ligation Chemistry via Azirines

Upon irradiation, 2H-azirines release their ring-strain via cleavage of the C-C bond and generation of
a reactive 1,3-dipole, the nitrile ylide. Depending on the structure of the conjugated chromophore, the
excitation wavelengths differ: While 2H-phenylazirines can be triggered with wavelengths stemming
from the UV light regime (302 nm),137® visible light (410-420 nm) is able to generate the reactive species
of the pyrene derivative.[*??! Whereas, the former substance was successfully employed for light-induced
conjugation of proteins with small molecules,*’®! the latter moiety was merely utilized for polymer end
group conversion and in the synthesis of small molecule cycloadducts, since it lacks functionality to form
conjugates in a non-photochemical way, e.g., 2H-pyrenylazirine-functional polymerization initiators or
transfer agents. The employment of 2H-azirines for photochemical-induced ligation is advantageous in

various ways: The cycloaddition is extremely fast (within 2 min) and it proceeds without the need of any
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catalyst. Furthermore, no detectable side product formation has been observed. As a result, it is highly
desirable to install a functional group tethered to the pyrene-substituted 2H-azirine in order to expand its
field of application. Functional groups may include carboxylic acids or hydroxyl groups as handle for
esterification, azides and alkyne groups for CuAAC ligation, along double bonds, thiols or halogen groups
for thiol-ene addition or substitution. On this account, the following sections cover strategies and the
respective results for the synthesis of a functional pyrene-substituted 2H-azirine, among the challenges

related to the modification and purification of these mentioned pyrene compounds.

3.1.1 Investigation of the Synthesis Routes of Functional Azirines

An overview of the synthesis routes resulting in functional 2H-azirines is given in Scheme 3.1. Due to
the vast number of experiments, the description of experiments contains exclusively the most important

aspects as well as merely the most relevant NMR spectroscopic results.

A: 2H-azirines as intermediates in Neber rearrangements

The Neber arrangement is a facile synthesis route for the preparation of oc-aminoketones from tosyl
ketoximes. The treatment of tosyl ketoximes with bases results in deprotonation of the o-proton followed
by cyclization forming 2H-azirines. Acidic hydrolysis of the three-membered ring leads to ring-opening
and formation of x-aminoketones.[*84486] According to a reported synthesis protocol of phenyl-substituted
2H-azirines obtained as intermediates in a Neber rearrangement, 87! the reaction steps in Scheme 3.1A
leading to a 2H-azirine functionalized with a methyl ester were proposed (with X=COOMe).

The first step comprises the x-arylation of 1-acetylpyrene based on a modified procedure from the
literature.*88 2 mol% of Pd,(dba) and 1,1’-bis(di-tert-butylphosphino)ferrocene (DfBPF) as catalytic
system in addition to 2.2 eq. of NaOsBu as base were loaded in a Schlenk tube at ambient temperature,
and the tube was degassed by three vacuum/argon refill cycles. Subsequently, 1.0 eq. of 1-acetylpyrene
and methyl 4-bromobenzoate, dissolved in 1,4-dioxane were added, and the resulting mixture was stirred
at 100 °C for 22 h. The targeted compound was obtained after purification via column chromatography
(for 'H NMR spectrum, refer to Figure 3.3, top spectrum). The subsequent formation of the oxime was
carried out via refluxing 1.0 eq. of the ketone derivative in the presence of 5.00 eq. of hydroxylamine

hydrochloride and 4.00 eq. of sodium hydroxide in a mixture of MeOH:1,4-dioxane:H,O (15:7:1) for
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Scheme 3.1. Routes investigated for the synthesis of functional 2H-azirines (first part). A: 2H-azirines as
intermediates in Neber rearrangements. B: 2H-Azirines via double elimination of iodoazides C: Employment of
commercially available functional keto-pyrene derivatives D: Separate attachment of the 2H-azirine moiety and the
functionalization unit to the pyrene core.

67



3 Azirines as Versatile and Functional Handle for the Synthesis of Macromolecular Architectures

E . . A

® T
(0] (0} (0] NaH
. N~ \ﬂ/ \ﬂ/ ~
o} I} THE/DCM,
reflux O X = CH,CHCH,,
H

N-O N
X | o h
3 0"\ NH,OH HCI, «
base X NaOAc X [IrCl,[coe], ],
7 s — —_—
“ H,O/EtOH, “ 100 °C, 20 h “
O reflux O O

N

Scheme 3.2. Routes investigated for the synthesis of functional 2H-azirines (second part). E: 2H-Azirines via
iridium-catalyzed ring contraction of isoxazol-5(4H)-ones.

22h. After the product was purified via column chromatography (for the 'H NMR spectrum, refer to
Figure 3.3, bottom spectrum), the oxime was introduced in the 2H-azirine formation step. Trifluoroacetyl
anhydride, tosyl chloride and mesityl chloride were employed in order to convert the hydroxyl group
of the oxime derivatives into a good leaving group, and supposedly the respective O-sulfonyl (or O-
acyl) ketoxime derivative rearranges into the 2H-azirine in the presence of a base (such as DBU or
triethylamine). However, none of the noted derivatives (O-sulfonyl and O-acyl ketoxime) resulted in
the desired 2H-azirine formation. In order to exclude an unfavorable electronic influence in the step of
the 2H-azirine generation, the substitution of the phenyl moiety was varied (depicted as X in Scheme
3.1A). Still, the formation of the targeted 2H-azirine was observed for any of the substances. After all,
although the mechanistic details of the Neber reaction remain ambiguous, it can be presumed that the
stereochemistry of the oxime derivative causes the failure: For the rearrangement to the 2H-azirine, the
hydroxyl group requires to be in syn-position in regard to the pyrene unit. However, according to 'H
NMR analysis, merely one isomer could be detected, which is apparently the anti-isomer incapable of

ring formation.
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Scheme 3.3. '"H NMR spectra (400 MHz, CDCl3, 298 K) of methyl 4-(2-oxo-2-(pyren-1-yl)ethyl)benzoate (top

spectrum) and of methyl 4-(2-(hydroxyimino)-2-(pyren-1-yl)ethyl)benzoate (bottom spectrum). Likely, the hydroxyl

group of the oxime unit is in anti-position in regard to the pyrene unit and therefore prohibits the formation of the

targeted 2H-azirine. The magnetic resonance marked with an asterisk is assigned to CHCls.

B: 2H-azirines via double elimination of iodoazides

Access to 2H-azirines is also accomplished through a four-step procedure. In summary, the Mizoroki-Heck
coupling of 1-bromo pyrene and styrene moieties affords styrylpyrene derivatives in the first step. In
the second step, the iodoazidation of the double bond of the stilbene derivative by the treatment with
iodine monochloride and sodium azide is performed followed by subsequent base-induced elimination
of hydrogen iodide with potassium terz-butoxide to yield initially a vinyl azide derivative, which upon
exposure to heat releases N> and cyclizes to the targeted 2H-azirine (refer to Scheme 3.1B).376]

To assess the suitability of the above mentioned procedure, 1-bromopyrene (1.2 eq.) and 4-acetoxy-
styrene (1.0eq.) were selected as components for the coupling reaction. 0.05 eq. of Pd(OAc), were
utilized as catalyst to yield the styrylpyrene derivative with a functional ester group. After stirring the
mixture at 100 °C in triethanolamine overnight, water was added as a quencher followed by extraction
with ethyl acetate. Nevertheless, after the purification via column chromatography, the desired product

could not be obtained as was stated in the literature.*’8! Instead, the ester moiety was cleaved during
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the process, which in turn yielded a styrylpyrene moiety functionalized with a hydroxyl group as main

product.

Regardless, the proposed synthetic path was assessed further with a slight modification: The alcohol
derivative was protected after the Mizoroki-Heck coupling reaction. Since aryl alcohols require rather
stable silyl protecting groups, triisopropyl-silyl trifluoromethanesulfonate (TIPS triflate) was identified as
suitable reagent for the introduction of the TIPS protecting group.*¥] By stirring 1.0 eq. of the stilbene
derivative and 1.2 eq. of TIPS triflate in DCM at ambient temperature overnight in the presence of 2.0 eq. of
imidazole as base and 0.1 eq. of DMAP as co-catalyst, the desired protected compound was isolated after
aqueous work up and subsequent column chromatography (for 'H NMR spectrum, refer to Figure 3.4,

top spectrum).

Eventually, 1.0 eq. of the protected styrylpyrene derivative and 3.5 eq. of sodium azide were dissolved
in a mixture of acetonitrile and DCM (1:1). At 0°C, 1.2 eq. of iodomonochloride were added dropwise,
and the reaction mixture was thawed to ambient temperature overnight. Afterwards, the reaction was
quenched by the addition of water and extracted with DCM (3x). The combined organic phases were
washed with aq. Na;S,03 solution and brine, subsequently dried over magnesium sulfate and concentrated
under reduced pressure. However, the '"H NMR spectrum of the raw product (refer to Figure 3.4, bottom
spectrum) depicts a broad spectrum of products. Presumably, the mixture of products comprised the
kinetically and thermodynamically most stable derivatives, which in turn lead to the synthesis of 2H-
azirines in conjugation with the pyrene moiety and the phenyl unit, respectively. The latter one, however,
is not photoreactive in the visible light range. Eventually, column chromatography was conducted to
separate the products. Although various conditions were implemented, the separation of the kinetic and
thermodynamic product was not feasible. It was concluded that the path presented in Scheme 3.1B is
not suitable for the synthesis of a functional pyrene-substituted 2H-azirine. Alternatively, the product
resulting from step 1 was successfully utilized for the reversible [2+2] cycloaddition for polymer ligation.
Herein, visible light with wavelengths of 435 nm was most effective in the cycloaddition reaction whereas

light of 330 nm supports the cycloreversion in an orthogonal fashion.[4?”]
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Scheme 3.4. '"H NMR spectra (400 MHz, CDCl3, 298 K) of the TIPS-protected styryl pyrene (top spectrum) and
of the same substance after addition of iodomonochloride and sodium azide (bottom spectrum). The magnetic
resonances of a broad range of different products are detectable in the bottom spectrum that prevent the purification
of the targeted compound. The magnetic resonance marked with an asterisk is assigned to CHCl;.

C: The employment of commercial available functional keto-pyrene derivatives

The range of commercially available pyrene compounds is quite limited. Monosubstituted derivatives of
pyrene are available, yet in specific cases at considerable expense, whereas difunctional pyrene moieties
are rarely accessible. It is noteworthy that the y-oxo-1-pyrenebutyric acid is a product that is commercially
acquired. This compound features two distinct chemical groups: A carboxylic acid and a keto group.
While the keto group can be readily transformed into an 2H-azirine according to a known literature
procedure,*??! the carboxylic acid serves as an anchor for tethering other functional molecules.
Therefore, the reaction sequence shown in Scheme 3.1C was suggested for the synthesis of a functional
pyrene-substituted 2H-azirine. The first step of the approach involved the hydrazine formation by
employing 3.0 eq. of N,N-dimethylhydrazine in the presence of trifluoroacetic acid as catalyst in toluene.

The product was obtained after washing with water, and removing the solvent under reduced pressure. For
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the second step, the isolated crude product was dissolved in iodomethane, and the reaction mixture was
stirred overnight at 40 °C. After the precipitation in diethyl ether, the methylated product was received,
and immediately employed for the next step. Dissolving in DMF and addition of 1.2 eq. of sodium hydride
at 0 °C induces the rearrangement of the methylated hydrazone species to the targeted 2H-azirine, which
in turn was isolated via column chromatography. Concomitantly, the reaction sequence was applied for
three different pyrene derivatives: The commercially available y-oxo-1-pyrenebutyric acid as well as the
methyl ester and the triisopropylsilyl ester derivatives (depicted as X in Figure 3.1C). While the keto
functionality of the carboxylic acid and methyl ester derivative was readily converted into the hydrazone
moiety without any side reactions occurring, the triisopropylsilyl unit was cleaved. Thus, an additional
step was required to reinstall the silyl group. The subsequent methylation was successfully carried out
for all derivatives. Nevertheless, the ring closure of the reactive species in the presence of NaH, which
supposed to yield the 2H-azirine, was not successful for any of the targeted functionalized derivatives.
The latter result could be explained by the fact that the carbon skeleton between the original keto group

and the functionality appears to be particularly short for efficient formation of the 2H-azirine derivatives.

D: Separate attachment of the 2H-azirine moiety and the functionalization unit to the pyrene core

The ketone as functional group, essential in the synthetic procedure for 2H-azirine described in part C, is
facilely introduced via Friedel-Crafts acylation.[*3¢] Therefore, it is possible to propose a synthetic route
towards functional pyrene-substituted 2H-azirines by employing a pyrene derivative with a functional
group able for coupling reactions. 1-Pyrenemethanol depicted in Scheme 3.1D possesses a hydroxyl
moiety suitable for further esterification reactions. Subsequent, acylation with acetyl chloride introduces
the functional group required for 2H-azirine synthesis. The succeeding hydrazone formation, methylation
and ring closure steps give access to the desired photoactive group.

In order to avoid side reactions during Friedel-Crafts acylation and consequent base-induced ring
formation stemming from the deprotonated alcohol, it is necessary to install an efficient and suitable
protecting group for the alcohol. Similarly, the protecting group needs to be easily removed in a mild
fashion without cleavage of the 2H-azirine. Ideally, TIPS fulfills the requirements for the efficient
protection of the alcohol unit due to its stability against acids and bases in addition to its mild cleavage

with tributylammonium fluoride (TBAF). Stirring 1.2 eq. of TIPS triflate, 1.0 eq. of 1-pyrenemethanol and
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2.0eq. of imidazole in the presence of 0.1 eq. of DMAP in DCM overnight, followed by aqueous work up
and column chromatography led to a product, which was insoluble in all conventional organic solvent. As

a result, further reactions could not be executed.

E: Iridium-catalyzed ring contraction of isoxazol-5(4H)-ones

Recently, a novel method was investigated, which generates 2H-azirines upon iridium-catalyzed ring
contraction of isoxazol-5(4H)-ones. This approach was tested on a wide range of substrates with various
functional groups including keto groups, internal alkynes and divers substituted alkenes.!**"! Since the
latter functionality presents an excellent handle for thiol-X reactions, the synthetic route in Scheme 3.2E
was proposed. The synthesis of a 3-keto ester derivative is presented in the first step followed by the
introduction of the alkene functionality via nucleophilic substitution. Isoxazol-5(4H)-one formation and
metal-catalyzed ring contraction are described in the third and fourth step, respectively.

The preparation of the 3-keto ester was conducted according to the literature:[*°!! Under inert atmo-
sphere, 2.1 eq. of sodium hydride were dispersed in dry THF followed by the addition of 2.0 eq. of diethyl
carbonate. Upon reaching the temperature for refluxing, 1-acetylpyrene dissolved in DCM was added in a
dropwise manner. The resulting reaction mixture was refluxed for additional 5 h, and subsequently poured
into a mixture of ice-water:glacial acetic acid (6:1). The organic layer was separated, and the aqueous
phase was extracted with DCM. Combination of the organic phases, drying over MgSO, and removal of
the solvent led to a crude product, which was further purified via column chromatography (for 'H NMR
spectrum, refer to Figure 3.5, top spectrum).

In order to test the presented synthetic procedure for the synthesis of 2H-azirine derivatives without
any functionality, the second step was initially skipped, and the product from the first step was directly
employed for the isoxazol-5(4H)-one formation. Hereby, 1.0 eq. of hydroxylamine hydrochloride and
3.0eq. of sodium acetate were utilized. After refluxing in a mixture of ethanol:water (5.3:1) for 22 h,
the solvent was removed, and the crude product was dissolved in a mixture of DCM:water (1:1). The
phases were separated and the aqueous phase was extracted with DCM. Drying of the combined organic
phases and removal of the solvent afforded the desired product (for 'H NMR spectrum, refer to Figure

3.5, bottom spectrum).
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Thereafter, the ring contraction was performed by utilizing 1.5 mol% of [IrCl(coe),], in cyclopentyl
methyl ether. The reaction mixture was stirred at 100 °C for 22 h followed by removal of the solvent.
Prior to further purification, the 'H NMR analysis of the crude product did not reveal any characteristic
magnetic resonances of the 2H-azirine derivative. Therefore, the reaction was not successful. In contrast,
the literature solely describes synthetic procedures for 2H-azirines with isoxazol-5(4H)-one substituted in
4-position as starting material for the ring contraction.[**°! To ensure that the missing substituent is not
the reason for the failure of the last reaction, a propargyl group was installed by employing a nucleophilic
reaction. For this purpose, 1.1 eq. of the pyrene 3-keto ester dissolved in dry DCM were added dropwise
to a suspension mixture of 1.1 eq. of sodium hydride and propargyl bromide in dry THF at 0 °C. After
stirring at ambient temperature for 16 h, the product was isolated via aqueous work up and subsequently
purified via column chromatography. The isoxazol-5(4H)-one formation step was executed according to
the procedure described for the non-functionalized (3-keto ester derivative. Nevertheless, the chemical
transformation was not successful, and the reasons for the latter were unclear. Accordingly, it can be
concluded that the iridium-catalyzed ring contraction of isoxazol-5(4H)-one does not present a suitable

pathway for the synthesis of functional 2H-azirines.
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Scheme 3.5. '"H NMR spectra (400 MHz, CDCl3, 298 K) of ethyl 3-oxo0-3-(pyren-1-yl)propanoate (top spectrum)
and of 3-(pyren-1-yl)isoxazol-5(4H)-one (bottom spectrum). The iridium-catalyzed contraction of the isoxazol-
5(4H)-one derivative yielding the 2H-azirine was not successful due to unknown reasons. The magnetic resonance
marked with an asterisk is assigned to CHCl;.
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3.1.2 Employing Different Monomers in the Hydrazone Route for the Synthesis of Func-

tional Azirines

The preceding paragraph clearly displays the challenges associated with the synthesis of a functional 2H-
azirine. On the one hand, 2H-azirines are sensitive chemical groups that react under various conditions. On
the other hand, pyrene incorporation into substrates ultimately results in tedious purification approaches
leading to low yields and solubility issues. In order to address the issue concerning the difficult purification,
it was concluded that the synthesis route proceeding via a hydrazone species depicted in Scheme 3.1C is
worth to be investigated in-depth since purification via column chromatography is only required after the
last step, while crude products can be directly employed in all other reaction steps. A variation of possible
monomers, which are accessible from commercially available starting materials by one step procedures
for the requested synthesis route, is displayed in Scheme 3.6.
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Scheme 3.6. In-depth investigation of the synthesis of functional pyrene-substituted 2H-azirines proceeding via
hydrazones as intermediates. In part A to D different keto-pyrene species equipped with distinct functional groups
are displayed, which are accessible via one step procedures of commercially available compounds.

The synthesis of all different keto pyrene derivatives proceeds analogously according to literature.[*%?!

1.0 eq. of the acyl chloride species and 1.2 eq. of pyrene were dissolved in dry DCM followed by the

addition of 1.2 eq. of AlICl3 at -10 °C. The addition of AlCl3 was performed in a portion-wise manner over
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20 minutes. After stirring overnight at ambient temperature, the reaction was quenched by the addition
of ice. The resulting reaction mixture was saturated with NaCl followed by separation of the phases.
The organic layer was washed with brine, and dried over MgSO4. Removal of the solvent led to the
crude product, which was further purified via column chromatography using mixtures of hexane and ethyl
acetate or pure chloroform. The eluent was chosen depending on the functional group of the acyl chloride

derivative.

A keto pyrene species bearing a carboxyl acid at the w-end is accessible by the utilization of dode-
canedioyl dichloride as the acyl chloride component in the Friedel-Crafts acylation of pyrene (refer to
Scheme 3.6A). The hydrazone formation and the methylation reaction were performed according to the
procedure described in the preceding section. Due to the presence of a carboxylic acid, the amount of
sodium hydride as base in the 2H-azirine forming step was doubled from 1.2 to 2.4 eq. However, no ring
formation could be observed via 'H NMR analysis. The interference of the deprotonated carboxylic acid
as nucleophile after the ring closure might result in opening of the three-membered ring of the 2H-azirine

derivative.

The transformation of the commercially available 10-bromo-decanoic acid into its carboxylic chloride
derivative, and its utilization in the Friedel-Crafts acylation resulted in a keto pyrene species possessing
a functional w-bromo group (refer to Scheme 3.6B). Nonetheless, TFA as the acidic catalyst during
the hydrazone formation step inevitably induced alkylation of the aromatic system leading to insoluble

polymeric material.

If 10-undecenoic acid is transformed into a carboxylic chloride, the acylation of pyrene (refer to
Scheme 3.6C) results in polymeric material as well due to the fact that the w-double bonds are also able

to alkylate aromatic systems under the optimized Friedel-Crafts acylation conditions.

Friedel-Crafts acylation of pyrene with methyl adipoyl chloride results in a keto pyrene derivative with
a methyl ester (namely, methyl 4-(3-(pyren-1-yl)-2H-azirin-2-yl)butanoate, for 'H and '*C NMR spectra
refer to Figures B.1 and B.2). In contrast to the previously described pyrene-substituted keto compounds,
the transformation of the keto group into a 2H-azirine moiety via the three step synthesis depicted in
the bottom part of Scheme 3.6 was successful with an overall yield of 50 %. The 'H NMR spectrum in
Figure 3.1 features a magnetic resonance arising from the proton of the CH group of the three-membered

ring at 2.45 ppm overlapping with the magnetic resonance of the methylene protons adjacent to the ester
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unit. Concomitantly, the proton of the aromatic system in the closest proximity to the photoreactive group

is displayed as doublet at 9.19 ppm, while the methoxy group of the w-ester is detected at 3.67 ppm.

To ensure that the structural changes of the pyrene-substituted 2H-azirine do not affect its reactivity in
the targeted light-triggered reaction, a model reaction using the freshly synthesized 2H-azirine derivative
and 5.0 eq. of N-ethyl maleimide as dienophile was carried out. The irradiation of the both compounds dis-
solved in DCM for 1 hour with an LED setup (410-420 nm, refer to Figure A.2 for the emission spectrum),
and subsequent removal of the solvent under reduced pressure results in a product mixture, which was
analyzed via NMR spectroscopy. The 'H NMR spectrum in Figure 3.2 represents a comparison between
the 2H-azirine derivative and the results after the irradiation process. Characteristic magnetic resonances
for the protons of the five-membered heterocycle, which is formed during the light-induced cycloaddition,
are detectable at 4.99, 4.85 and 3.81 ppm. Similarly, the cycloadduct possesses a stereocenter, which gives
arise to a doublet of the methoxy group at 3.70 ppm (instead of a singlet for achiral substances). For the
same reason, the doublet of the aromatic proton closest to the photoreactive unit at 9.12 ppm appears
as a triplet. In addition, the magnetic resonances of the structural unit of the dienophile appears at 3.48
and 1.10 ppm. Consequently, the reactivity of the functionalized pyrene-substituted 2H-azirine proceeds

analogously to the non-functional counterpart.

After having successfully established a route for the synthesis of a w-methyl ester functionalized
x-pyrene 2H-azirine in combination with the positive results from the test photoreaction, the subsequent
step involved the transformation of the methyl ester. Generally, ester groups are mostly cleaved or
transesterified for the following synthesis steps. As a result, the methods described in the subsequent

section were applied for the functionalization of the newly synthesized 2H-azirine derivative.

The cleavage of the ester functionality of the methyl ester functionalized pyrene-substituted 2H-azirine
was performed under refluxing in a mixture of water:THF (1:1) by employing either 2.0 eq. of sodium
carbonate or sodium hydroxide as base to induce alkaline hydrolysis. While no transformation was
detected analytically with sodium carbonate, sodium hydroxide induced the destruction of the 2H-azirine

moiety.

Consequently, diverse mild transesterification protocols as alternative methods were utilized to function-
alize the w-end of the x-pyrene-substituted 2H-azirine. For instance, in order to enhance the effectiveness

of the transesterification reaction, molecular sieves (4 A) were employed, which facilitates the removal
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Figure 3.1. A: '"H NMR spectrum (400 MHz, CDCls, 298 K) and B: '3C NMR spectrum (100 MHz, CDCls, 298 K)
of the methyl ester functionalized pyrene-substituted 2H-azirine, respectively. The magnetic resonance marked with
an asterisk is assigned to CHCls.
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Figure 3.2. '"H NMR spectra (400 MHz, CDCl;, 298 K) of the methyl ester functionalized pyrene-substituted 2H-
azirine before (top spectrum) and after the light-induced cycloaddition with N-ethyl maleimide (bottom spectrum).
The magnetic resonance marked with an asterisk is assigned to CHCl;.

of MeOH generated during the process. In addition, 3.0 eq. of DoPAT-OH (synthesized via a previously

d4931) as alcohol component ensured high conversion of the transformation. First tests

described metho
were conducted with catalytic amounts of TFA and sulfuric acid in THF at 40 °C. The analysis of the
crude reaction mixtures after stirring for 24 h via 'H NMR spectroscopy revealed the degradation of the
2H-azirine moiety in case of sulfuric acid, whereas novel magnetic resonances in the 'H NMR spectrum
arose when TFA was used as catalyst. A conversion of approximately 30 % was determined by 'H NMR
spectroscopy. As a result, the latter experiment was repeated with different reaction time (i.e., three days).
Yet, the analysis via 'H NMR spectroscopy indicated that the photoreactive moiety of the 2H-azirine was
destroyed. Increasing the reaction temperature to 50 °C, in contrast, did not yield better results. Hence,
amberlyst 15 - a mild acidic solid catalyst - was tested for the transesterification reaction. In a similar way
to previous attempts, no product formation was detected in this case. Therefore, the strategy was modified
and non-nucleophilic base derivatives were used. For example, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)

as a strong non-nucleophilic base was utilized in catalytic amounts for the transesterification reaction. In

this case, no conversion of the methyl ester was detected in the 'H NMR spectrum as well.
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It can be concluded that conventional methods adopted for the functionalization of the w-methyl ester
end of the 2H-azirine derivative were not successful. The latter mainly results from the susceptibility of

the 2H-azirine group towards acids, nucleophiles and bases.
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3.2 Access to Fluorescent Labeled Three Armed Mikto Star Polymers via

Interrupted CuAAC Ligation

Organic reactions play an important role in polymer chemistry, specifically for the functionalization
of polymer chains or the construction of complex macromolecular architectures. Due to the difficult
purification of polymer samples, these reactions require to fulfill important parameters such as high yields,
selectivity and any side products. Ideally, polymer modification reactions fall in line with the philosophy
of click chemistry, in which the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) is the most
prominent representative example.[!®! Similarly, multicomponent reactions (MCRs) play an increasingly
important role in polymer science. The high atom efficiency of MCRs and the possibility to introduce a
high number of diverse functional groups in a single synthetic step are the causes for the constant increase

in literature articles since 2011 covering these highly efficient reactions.[130- 494, 4931

Accordingly, a variation of the CuAAC reaction is introduced into polymer science and discussed
in-depth within the section. In the light of multicomponent reactions, this transition metal-catalyzed
approach, namely the interrupted CuAAC reaction, involves the rapid transformation of azide and alkyne
derivatives into 1,2,3-triazoles in the presence of 2H-azirines (refer to Figure B.3 for the mechanism).
Intriguingly, this reaction offers a facile route for the incorporation of an enamine group on the C5 position
of the 1,2,3-triazole via vinyl nitrene transfer; the latter vinyl group being addressable as reactive handle for
further modifications (e.g., thiol-ene addition). In fact, by employing the approach of CuAAC interrupted
by 2H-azirines, a facile two step synthesis of mikto-arm star polymers is established. Furthermore, this
method allows the simultaneous tethering of a fluorescent label to the midpoint of block copolymers or to
the core of mikto-arm star polymers in case a pyrene-substituted 2H-azirine is employed. As a result, the
herein presented polymeric species are in-depth investigated via their optical properties as well as NMR
spectroscopy, SEC, ATR-IR and DSC. Last but not least, DLS studies indicated the formation of micelles
in water, which further possess robust characteristics in the aqueous medium in analogy to unimolecular

micelles.

Parts of the current chapter are reproduced from J. T. Offenloch, H. Mutlu, C. Barner-Kowollik, Macromolecules 2018, 51,

2682-2689 with permission from the American Chemical Society.
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3.2.1 Block Copolymer Formation via Interrupted CuAAC Ligation

Similar to conventional CuAAC ligation, the Cu(I)-catalyzed azide-alkyne cycloaddition interrupted by
2H-azirines enables the reaction of terminal alkynes and azides. As a result, polymer strands with those
functional groups at their respective chain termini are required for block copolymer formation. Since
the coupling efficiency of functional end groups decreases with increasing chain length, polymer blocks
with low molar masses were targeted, i.e., the ARGET ATRP polymerization of methyl methacrylate
afforded a hydrophobic and monodisperse PMMA derivative (PMMA -alkyne) bearing an alkyne end
group with a My, sgc of 4000 g mol™' and P of 1.1 (refer to Scheme 3.7 as well as Figure 3.3B for '"H NMR
spectrum and Figure 3.3C for SEC trace). For the polymerization, CuBr, and an excess of 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA), which serves simultaneously as ligand and reducing agent,
were employed.[3* Furthermore, an alkyne-functional initiator installed the desired functionality as end
group. As counterpart, a readily available poly(ethylene glycol)methyl ether azide (PEG-N3) with a
M, spc of 2800 g mol ! and P of 1.03 was selected (for the 'H NMR spectrum and SEC trace, refer to

Figure 3.3B and Figure 3.3C, respectively).

o CuBr;, (0]
HMTETA Br
Br + P (0)
///\ O%( anisole, //\ n
MeO o
90 °C, MeO™ O MeO™ O
25 min
PMMA -alkyne

Scheme 3.7. ARGET ATRP of MMA which yields PMMA-alkyne. HMTETA was employed as ligand to solubilize
CuBr; as well as the reducing agent to deliver the Cu(I) species for the polymerization.

Thereupon, the interrupted CuAAC ligation was carried out with the functional polymer blocks under
conditions adopted from the literature.['’81 0.1 eq. of copper(I) iodide and 1.4 eq. of N,N-diisopropylamine
(DIPEA) were employed as catalytic system in dichloromethane, while 1.2 eq. of a pyrene-substituted
2H-azirine served as fluorescence marker for the block copolymer formation as well as the source for the
vinyl functionality at the junction point. The reactants were mixed at 0 °C, and the reaction mixture was
thawed to ambient temperature after 1 h. After an additional reaction time of 23 h, an azide-functional resin
was added to the mixture in order to remove the small excess of PMMA -alkyne which was employed
to ensure high yields and high purity of the block copolymer (molar ratio: alkyne:azide = 1.1:1). After
further 24 h at ambient temperature, the resulting block copolymer PMMA-b-PEG was isolated via

precipitation in ice-cold hexane. The 'H NMR spectrum of the block copolymer species depicted in
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Figure 3.3B indicates no residual magnetic resonances for the alkyne group as they are detected at 4.64
and 2.46 ppm in the 'H NMR spectrum of PMMA -alkyne in the same figure. A magnetic resonance
for the protons of the methylene group adjacent to the azide terminus at 3.43 ppm is not visible as well
for PMMA-b-PEG. However, novel magnetic resonances in the area between 5.35 to 4.99 ppm and at
4.52 ppm can be assigned to the successful triazole formation. Importantly, the magnetic resonances of
the enamine are detectable at 4.57 and 4.05 ppm. Further features of the 'H NMR spectrum of PMMA-b-
PEG are the magnetic resonances located in the range of 9.00 and 8.00 ppm, which are stemming from
the aromatic protons of the pyrene unit. Besides, the magnetic resonances of the PMMA backbone are
visible between 3.62 and 3.57 ppm adjacent to the magnetic resonances of the PEG backbone in the area
of 3.66 to 3.62 ppm. The evaluation of the SEC trace of the block copolymer obtained by RI detection in
Figure 3.3C reveals a monomodal distribution at lower retention time compared to the pristine polymer
blocks (shift of approximately 1 and 2 minutes compared to the retention time of the SEC trace of
PMMA -alkyne and PEG-N3, respectively). The subsequent assessment of the molar mass based on a
PMMA calibration suggests a value of 1.1 for D and a M, sgc of 6500 gmol™!, the latter corresponding
to an increase in the molar mass of 2500 g mol”' compared to PMMA -alkyne. On the account that the
UV/Vis spectrum of pyrene is characterized by strong absorption bands at 334, 320 and 307 nm, SEC
measurements coupled with UV detection enable the recording of pyrene-functionalized species such as
PMMA-b-PEG. Correspondingly, the SEC traces resulting from the UV detection (at 320 nm, shown
in Figure 3.3D), indicate a polymer distribution for the block copolymer stemming from the attached
chromophore. In contrast, no signals for the parent polymer species can be detected due to the absence of

pyrene.

3.2.2 Modification of the Block Copolymer via Radical Thiol-Ene Addition

It was assumed that the vinyl function of the enamine group at the junction point of the two polymer
blocks in PMMA-b-PEG can further undergo thiol-ene addition, hence serving as handle for the further
modification of the block copolymer in order to synthesize mikto-arm star polymers. In this way it was
possible to report the synthesis of mikto-arm star polymers with pyrene as fluorescent marker attached
to their core. With the aim of screening and optimizing the conditions for the modification reaction,

1-dodecanethiol (Dode-SH) was selected as a model thiol counterpart. Since the nature of olefin group
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Figure 3.3. A: Reaction scheme of the block copolymer formation via interrupted CuAAC ligation. B: 'H NMR
spectra (400 MHz, CDCl3, 298 K) of PMMA-alkyne (top spectrum) and PEG-Nj3 (middle spectrum) as parent
polymers, and the block copolymer PMMA-b-PEG (bottom spectrum). The magnetic resonance marked with an
asterisk is assigned to CHCl;. C: SEC (THF, 30 °C, RI) and D: SEC (THF, 30 °C, UV) traces of the same polymer
species. Adapted with permission from reference [204]. Copyright (2018) American Chemical Society.
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of the enamine is rather electron-rich and conventional Michael thiol-ene reaction requires alkenes of
electron-deficient character (refer to Section 2.1.3.3), the thiol-ene reaction based on a radical pathway
was employed for the ligation of the thiol to the block copolymer species. Therefore, the block copolymer
and the thiol were dissolved in 1,4-dioxane in the presence of 1.5 eq. of azobis(isobutyronitrile) (AIBN)
as radical source. After 29 h at 60 °C, the modified polymer species was isolated via precipitation in
ice-cold hexane and further characterized. A comparison of the '"H NMR spectra before and after the
modification with Dode-SH depicted in Figure 3.4B illustrates that the magnetic resonances associated
with the enamine group at 4.57 and 4.05 ppm have disappeared. However, the magnetic resonances
associated to the newly formed thio-ether are not visible due to the plausible overlap of these specific
magnetic resonances with the magnetic resonances stemming from the methoxy backbone of the PMMA
block as well as with the magnetic resonances of the repeating unit of the PEG chain. In contrast, the SEC
traces of the modified block copolymer species (refer to Figure 3.5B1 and 3.5B2) clearly evidence the
successful thiol-ene ligation: The traces obtained by RI and UV detection both indicate a clear shift to
lower retention times as well as an increase in molar mass while retaining a narrow molar mass distribution.
The in-depth evaluation of the RI data based on a PMMA calibration results in an increase of molar mass
of 1200 gmol'!. Compared to the molecular weight of Dode-SH, which is approximately 200 g mol !,
this shift appears to be excessively high. However, it is assumed that the increase in hydrophobicity in
the center of the modified block copolymer species induces the stretching of the polar polymer blocks,

especially of the highly hydrophilic PEG segment, resulting in a higher hydrodynamic volume.

S ~ AIBN
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Ho\s)ksjﬁ( + 60 °C. s T » OMe
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S
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Scheme 3.8. RAFT polymerization of styrene followed by aminolysis in the presence of hexylamine afforded
PS-SH as macromolecular thiol for the synthesis of mikto-arm star polymers. In the aminolysis step, dithiothreitol
(DTT) was added to prevent the oxidation to disulfide derivatives.

After the successful modification of PMMA-b-PEG with a model thiol derivative, thiol-terminated

polymer blocks were employed in the modification step, hence aiming for the synthesis of mikto-arm star
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polymers. Therefore, styrene was polymerized via RAFT polymerization and a subsequent aminolysis
reaction with hexylamine afforded PS-SH with M, sgc of 2600 g mol! and P of 1.1 (refer to Scheme
3.8 as well as Figure 3.4C for the '"H NMR spectrum and Figure 3.5C1 and 3.5C2 for SEC results). In
analogy to the modification of the block copolymer species with Dode-SH, PS-SH was utilized for the
synthesis of a mikto-arm star polymer of the ABC type under the optimized reaction conditions. The SEC
trace obtained by RI detection in Figure 3.5C1 indicates that the distribution of PS-SH disappeared after
the radical thiol-ene reaction. Supplementary SEC data of the raw polymer mixture before and after the
ligation process (refer to Figure B.4A) supports the consumption of the thiol termini upon attachment of
the PS block to the midpoint-reactive block copolymer species. The evaluation of the SEC data delivers
a My sgc of 6600 gmol! and a P of 1.2 for the polymer after thiol-ene reaction. The complementary
SEC trace obtained by UV detection in Figure 3.5C2 reveals a shift to lower retention time. This small
increase in the molar mass is in excellent agreement with previous studies on mikto-arm star polymers:
The additional segment of mikto-arm star polymers has an insignificant effect on the hydrodynamic radius
compared to the block copolymers.[?4% 496491 Thys, SEC measurements merely provide insights into
the size of star polymers instead of the actual molar masses. Furthermore, styrene units are able to show
affinity to form sandwich-like excimers via the interaction of excited and non-excited moieties along
the polymer chain leading to coiling of the polymer chain in solution.’%-3% Further evidence of the
successful synthesis of a mikto-arm star polymer species is provided by 'H NMR data. Figure 3.4C
indicates the disappearance of the magnetic resonances associated with the enamine protons while the
novel magnetic resonances arising from the thioether bond are overlapping with the magnetic resonances
of the polymeric backbone, analog to the '"H NMR spectrum of PMMA-b-PEG-Dode. Therefore, COSY
spectra of the block copolymer and the star polymer were recorded, and the results are displayed in
Figure 3.6. While cross signals stemming from the protons of the enamine are visible in the 2D NMR
spectrum for PMMA-b-PEG (a zoom-in of this area is presented in the upper inset), they are no longer
present in the 2D NMR spectrum of p-PMMA-PEG-PS (a zoom-in is presented in the dashed boxed
area). Consequently, the NMR results further underline the successful synthesis of the mikto-arm star

polymer derivative.

An alternative mikto-arm AB, star polymer was synthesized by employing a commercially available

thiol-terminated PEG (PEG-SH). Since the SEC trace of the pristine PEG species indicated a bimodal
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distribution, which may result from the oxidation of the thiols to disulfides, the respective cleavage of the
disulfides with DTT as reducing agent in the presence of triethylamine as base was performed. However, a
monomodal distribution could not be obtained and complete removal of any residual DTT was not possible
(for the "H NMR spectrum and SEC trace, refer to Figure 3.4D and 3.5D1, respectively). Nevertheless,
PEG-SH (M, sgc = 2600 g mol!, B = 1.1) was used for the synthesis of a mikto-arm star polymer adopting
the optimized reaction conditions. The 'H NMR spectrum of the resulting polymer species in Figure
3.4D displays the same characteristics as PMMA-b-PEG-Dode and u-PMMA-PEG-PS. Moreover, the
SEC trace obtained by RI detection (refer to Figure 3.5D1) indicates a shift to higher retention time
for the star polymer compared to its linear analogue (M, sgc = 6300 gmol™!, P = 1.2). This decrease
in molar mass is consistent with the star-shaped architectures which possess a smaller hydrodynamic
radius due to their geometry in comparison to the pristine block copolymer.’%! A comparison of the
SEC traces of the polymer mixture before and after radical thiol-ene reaction is shown in Figure B.4B
underpinning the successful ligation by the complete consumption of the PEG-SH derivative after the
reaction. Nonetheless, a tailing in the SEC trace of p-PMMA-PEG-PEG was detected, which can be
caused by two factors: The anchoring of the PEG arms in the pores of the SEC columns or inappropriate
analysis conditions via SEC. Indeed, the latter point is frequently reported in the literature for various

polymer systems measured on a range of different SEC systems.[24% 497 499, 505-509]

3.2.3 In-Depth Characterization of the Polymer Species
3.23.1 ATR-IR

The ATR-IR measurements of selected polymer derivatives are presented in Figure 3.7. Hereby, the
spectra of the relevant components for the block copolymer formation are shown in part A. The spectrum of
PMMA-b-PEG features all relevant peaks stemming from the pristine polymer blocks, i.e., the C=0 and
C-O stretching vibrations of the backbone in PMMA-alkyne are detectable at 1724 cm™ and 1148 cm™!,
respectively. Moreover, the spectrum of the block copolymer exhibits the C-O-C stretch of the PEG
backbone at 1100 cm™'. Concurrently, the peaks of the reactive groups of the parent polymers including
the weak band of the characteristic C-H stretching vibration of the terminal alkyne at 3250 cm™ (refer
to the zoom-in of the spectrum of PMMA -alkyne) as well as the absorption for azides at 2100 cm™! are

no longer detectable for the block copolymer. Meanwhile, weak absorptions at 3042 cm™ and 1585 cm™!
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Figure 3.4. Modification of PMMA-b-PEG via the radical thiol-ene addition of various thiol derivatives (first
part). A: Reaction scheme of the modification of PMMA-b-PEG via the radical thiol-ene addition of various thiol
derivatives. B, C and D: '"H NMR spectra (400 MHz, CDCl3, 298 K) of PMMA-b-PEG (top spectrum) and the
modified block copolymer species (bottom spectrum). In case of the synthesis of the mikto-arm star polymers, the
"H NMR spectra of the thiol-terminated polymers are presented in the middle. The magnetic resonance marked
with an asterisk is assigned to CHCI;. Adapted with permission from reference [204]. Copyright (2018) American
Chemical Society.
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Figure 3.5. Modification of PMMA-b-PEG via the radical thiol-ene addition of various thiol derivatives (second
part). A: Reaction scheme of the modification of PMMA-b-PEG via the radical thiol-ene addition of various thiol
derivatives (part 2). B1, C1 and D1: SEC (THEF, 30 °C, RI), and B2, C2 and D2: SEC (THF, 30 °C, UV) traces
of PMMA-b-PEG and the modified block copolymer species. Adapted with permission from reference [204].
Copyright (2018) American Chemical Society.
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Figure 3.6. 2D NMR (COSY, 400 MHz, CDCl3, 298 K) spectra of PMMA-b-PEG (top spectrum) and u-PMMA-
PEG-PS (bottom spectrum) indicating the successful modification of the block copolymer species via radical
thiol-ene addition. Zoom-in of the relevant areas of the cross peaks stemming from the enamine protons are

highlighted in a box for PMMA-b-PEG and a dashed box for u-PMMA-PEG-PS. Adapted with permission from
reference [204]. Copyright (2018) American Chemical Society.
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which are stemming from the pyrene unit appear, whereas another weak peak at 1640 cm™! can be assigned
to the C=C stretching vibration of the newly formed enamine group.

The cumulative results of the ATR-IR measurements after the modification of the block copolymer are
presented in Figure 3.7B. The spectrum of p-PMMA-PEG-PS displays novel peaks for the characteristic
aromatic C-H stretches of the introduced polystyrene block at 2922 cm™ and 697 cm™', while the relevant
absorbances of the backbone of PMMA and PEG are still present at 1724 cm™ and 1100 cm™, respectively.
In contrast, the weak peak for the enamine at 1640 cm™! disappeared upon formation of a novel C-S bond.
The weak peak of the thioether bond is visible at 628 cm™!. The spectrum of PMMA-b-PEG-Dode also
reveals the appearance of the peaks of the PMMA and PEG backbone while no signal for the enamine can

be detected. In addition, a weak peak for stretching of a long CH, chain is visible at 726 cm.
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Figure 3.7. ATR-IR measurements of A: Az-Py, PMMA-alkyne, PEG-N3;, PMMA-b-PEG, and B: PS-SH,
puPMMA-PEG-PS and PMMA-b-PEG-Dode at ambient temperature, respectively. All spectra were recorded in
bulk without solvent. Adapted with permission from reference [204]. Copyright (2018) American Chemical Society.

3.2.3.2 DSC

PMMA -alkyne, PMMA-b-PEG and uPMMA-PEG-PS were investigated via DSC measurements in
order to investigate their behavior in the solid state and the corresponding architectural changes. For
DSC analysis, it is important to erase the prehistory of polymers, which is influenced by various factors
including the isolation method and storage conditions. Therefore, it is necessary to perform two heat
scans: In the first scan the polymer sample requires to melt in order to subsequently crystallize or/and

solidify under defined conditions. As a result, glass transitions and melting temperatures can be accessed
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in the second heat scan. To display the discrepancies between the first and second heat scan, both scans
are shown in Figure 3.8, in which part A and B depict the first and the second heat scan, respectively.

In Figure 3.8B, PMMA -alkyne reveals a glass transition point at approximately 102 °C, showing
amorphous characteristic without a melting point. In contrast, PEG is a crystalline polymer. Indeed,
PEG derivatives with molar masses of 2000 g mol! exhibit a melting point in the range of 45 to 50 °C.
However, the content of PMMA affects the chain organization of PEG. Environments with 60 w% or
more PMMA can even inhibit the crystallization of the PEG chains.!>!%! As a result, the second heat scan
of PMMA-b-PEG does not display any melting temperature for the PEG block. Merely, a weak glass
transition of the PMMA block at approximately 50 °C is detected. The reduction of the glass transition of
PMMA can be attributed to the influence of the soft PEG block. The investigation of the second heat scan
for u-PMMA-PEG-PS displays glass transition temperature at 104 °C and 156 °C for the PS and PMMA
block, respectively. Any melting temperature for the PEG block is detectable due to the high content of

PMMA and PS.
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Figure 3.8. DSC measurements of PMMA-alkyne, PMMA-b-PEG and tPMMA-PEG-PS obtained with a
heating rate of 20 K min™'. A: First heat scan and B: Second heat scan. Adapted with permission from reference
[204]. Copyright (2018) American Chemical Society.

3.2.3.3 UV/Vis and Fluorescence Spectra

The optical properties of the herein presented polymer species are clearly dependent on the pyrene unit,
which was introduced at the junction point of the block copolymer synthesized via the CuAAC ligation

interrupted by a pyrene functionalized 2H-azirine derivative. The UV/Vis and fluorescence spectra of
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the polymer species which are involved in the formation of PMMA-b-PEG as block copolymer are
displayed in Figure 3.9. While the UV/Vis spectra of PMMA -alkyne and PEG-N3 do not show any
relevant absorption bands between 200 and 800 nm in Figure 3.9A (due to the lack of any chromophore),
the spectrum of PMMA-b-PEG indeed exhibits a broad absorbance between 200 and 450 nm, which is
caused by the presence of pyrene as chromophore. Compared to the absorption spectrum of pyrene, which
shows distinct strong absorption maxima at 337, 321 and 308 nm in DCM, the maxima in the spectrum of
the block copolymer species are less defined due to the polymer segments that surround the chromophore
at the midpoint of the block copolymer, and therefore influence the absorption spectrum depending on
their polarity.[40% 404 405 Tn addition, the absorbance of the pyrene tethered to the block copolymer is
red-shifted compared to isolated pyrene. The substitution of the pyrene in general has an influence on
the location on the absorption maxima. Therefore, the enamine group, which is directly attached to the

chromophore, shifts the absorption of pyrene to higher wavelengths.
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Figure 3.9. A: UV/Vis and B: fluorescence (Aex.. = 344 nm) spectra of PMMA -alkyne, PEG-N3; and PMMA -b-
PEG in DCM at ambient temperature. Concentrations of 7.22-10 mmol mL"! and of 1.81-10" mmol mL"' were
employed for UV/Vis and fluorescence measurements, respectively. Adapted with permission from reference [204].
Copyright (2018) American Chemical Society.

Concomitantly, the fluorescence spectra of PMMA -alkyne, PEG-N3 and PMMA-b-PEG are presented
in Figure 3.9B. Analogous to the results of the UV/Vis measurements, the fluorescence measurements of
PMMA -alkyne and PEG-N3 do not display any fluorescence emission upon excitation with a wavelength
of 344 nm. However, for PMMA-b-PEG a characteristic fluorescence of pyrene monomers between 350
and 500 nm is detected. Due to the fact that the chromophore unit is located at the junction point of the
block copolymer species, and is therefore spatially separated from other pyrene moieties, the fluorescence

emission of the excited dimers (between 400 and 600 nm) is not seen.
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The UV/Vis and fluorescence spectra of the modified block copolymer and the mikto-arm star polymers
are depicted in Figure B.5. Herein, the UV/Vis spectra in Al to A3 display a particularly inexplicit
devolution of the absorption bands as detected for PMMA-b-PEG. Consequently, the attached thiol
derivatives further influence the absorption bands of the pyrene unit by making them less sharp. Hereby, the
nature of the thiol is insignificant since the absorption spectra for PMMA-b-PEG-Dode, i-PMMA -PEG-
PS and u-PMMA-PEG-PEG are approximately superimposable. Merely, PS-SH adds an absorption
band between 250 and 275 nm to the spectrum of pu-PMMA-PEG-PS. Moreover, the intensity of the
fluorescence emission of the modified block copolymer and the mikto-arm star polymers (refer to Figures
B.5B1 to B.5B3) is decreased by approximately a factor of 10. Yet again, the nature of the attached thiol
is irrelevant since the fluorescence emission spectra are superimposable. The effective shielding of the
fluorescence of pyrene due to the attachment of the third component onto the core of the star polymer

presents a plausible explanation for this decrease in fluorescence intensity.

3.2.3.4 DLS studies

Direct access to hydrodynamic radii of (self-assembled) polymer chains or other objects in the nm range in
solution is provided by dynamic light scattering (DLS). The aim of the DLS studies was to investigate the
impact of dilution and temperature on the particle size of PMMA-b-PEG-Dode, 1-PMMA-PEG-PS and
u-PMMA-PEG-PEG in water due to the fact that these polymer species exhibit a unique structure. In
other words, they consist of a highly hydrophobic core (e.g., pyrene) as a fluorescent marker, and possess
arms of different polarity, i.e., from highly hydrophobic (PS) to highly hydrophilic (PEG). Therefore, the
herein introduced structures are suited for self-assembly in water.

Due to the high hydrophilicity, p-PMMA-PEG-PEG could be directly dispersed in water while
aqueous samples of PMMA-b-PEG-Dode were prepared by a nanoprecipitation procedure. However,
both methods were not applicable for the formation of stable micelles of u-PMMA-PEG-PS in water
because of the high impact of the hydrophobic PMMA and PS arms. Therefore, merely the former polymer
species were investigated via DLS. At 25°C and with a concentration of 1 mg mL™!, PMMA-b-PEG-
Dode and p-PMMA-PEG-PEG form stable particles in water with an average hydrodynamic radius (Dy)
of 42.7 and 18.3 nm, respectively. The reason why the latter species forms smaller micelles than the former

might be the polarity of each individual structure: Since PMMA-b-PEG-Dode is more hydrophobic,
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more amphiphilic segments (PEG units) are necessary in order to form a hydrophilic shell around the
hydrophobic arms (PMMA and the dodecyl chain). As a result, micelles of PMMA-b-PEG-Dode are
rather bigger in size. While the two PEG arms of u-PMMA-PEG-PEG are capable of forming a more

effective hydrophilic shell around the PMMA block alone, leading to a smaller value of Dy.
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Figure 3.10. DLS studies of u-PMMA-PEG-PEG in water. The temperature-dependent measurements in part
A were conducted with a concentration of 1 mgmL™!, while the concentration-dependent studies in part B were
performed at 25 °C. Additional DLS results are presented in Figures B.6 and B.7. Adapted with permission from
reference [204]. Copyright (2018) American Chemical Society.

In biomedical applications, for the long-term stability and applicability of the micelles it is important
to retain their structure at different temperatures. As a result, the values for Dy of the micelles were
determined at three different temperatures: 5 °C, 25 °C and 45 °C. The outcomes are displayed in Figures
3.10 and B.6. By varying the temperature by 20 °C, the micelles of u-PMMA-PEG-PEG depicted
deviations in size by 0.2 nm (1 %) for 5 °C and by 2.0 nm (11 %) for 45 °C. In contrast, increasing the
ambient temperature for the micelles of PMMA-b-PEG-Dode results in deviations for Dy of 1.8 nm (4 %),
while decreasing the temperature leads to deviations of up to 24.7 nm (58 %). Consequently, micelles
of i-PMMA-PEG-PEG are stable upon temperature changes, while particles of PMMA-b-PEG-Dode
loose their structural integrity likely due to rising interactions between the hydrophobic PMMA and
dodecyl chain at the lower temperatures.

Another essential characteristic of micelles as potential drug nanocarrier for biomedical applications is
the stability upon dilution. Intravenous injection of drugs leads to a drastic dilution in the bloodstream.
As aresult, the initial particles in water were diluted by a factor of 50. The DLS studies in Figures 3.10

and B.7 display maximal derivations of 1.2 nm (7 %) for u\-PMMA-PEG-PEG and of 2.1 nm (5 %) for
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PMMA-b-PEG-Dode, respectively. As a result, concentration changes do not influence the micelles of
both block copolymer species.

Since the DLS studies demonstrated that the particles of pi-PMMA-PEG-PEG and of PMMA-b-PEG-
Dode in water maintain their structural integrity upon temperature and concentration changes, it can
be concluded that their micelles consist of single molecules without dissociation at a critical micelle
concentration (CMC). Similar to unimolecular micelles, they exhibit increased stability due to their
covalent nature enabling them to be suitable candidates as carrier for drug delivery in the biomedical field.
In other words, the core of the micelles is highly hydrophobic due to the presence of the pyrene moiety,
and therefore facilitates the encapsulation of drugs. Last but not least, the pyrene chromophore enables

tracking of the drug via fluorescence measurements.
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3.3 Summary

The synthesis of a functional pyrene-substituted 2H-azirine compound revealed various challenges. On
the one hand, the stability of the photoreactive moiety itself is quite limited since any nucleophile readily
attacks the three-membered ring. Furthermore, the synthetic access to 2H-azirines consists of multiple step
sequences with a minimum of three stages. On the other hand, the pyrene itself exacerbates the purification
process, and thus prohibits the large-scale synthesis and reduces reaction yields. Furthermore, the aromatic
unit lowers the solubility of the targeted chemical compounds to a substantial extent, and the commercial
availability of its derivatives is quite limited. As a result, the reaction pathway employing hydrazones as
intermediates was successful and reasonable in the synthesis of a functional pyrene-substituted 2H-azirine
since it requires the least purification steps in terms of column chromatography.

Nevertheless, the access to the ester functionality of the methyl ester functionalized pyrene-substituted
2H-azirine still presents a barrier since the stability of the 2H-azirine is quite low, while mild methods for
ester cleavage or transesterification were not successful.

However, the copper(I)-catalyzed azide-alkyne cycloaddition interrupted by 2H-azirines presents
a versatile tool for the construction of advanced macromolecular structures including mikto-arm star
polymers as depicted in the current chapter. By elevating the conventional CuAAC reaction to an advanced
multicomponent reaction, the construction of midpoint reactive block copolymers is feasible while the
reaction holds the potential to incorporate an additional marker (such as pyrene) as fluorescent probe at
the junction point. Furthermore, the incorporated vinyl function is a readily available handle to further
introduce either a small molecule or macromolecular arm to the core of the block copolymer.

On the one side, the herein introduced modified block copolymer and mikto-arm star polymer species
are readily accessible. On the other side, DLS studies revealed micelle formation in water, which are
stable against temperature and concentration changes. Amphiphilic mikto arm star polymer based on
PEG are widely investigated in the biomedical field,!>!!! as a result the herein presented structures possess
potential application as drug carriers. In other words, the micelles hold a hydrophobic core for drug
encapsulation besides the hydrophilic shell, which solubilizes the drug in the blood stream. Last but not

least, the pyrene unit as fluorescent marker allows the tracking via fluorescence detection.
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CHAPTER 4

PHOTOCHEMISTRY AT ELEVATED
TEMPERATURES: POLYETHYLENE

LIGATION

For a long time, polyolefins have been the most widely employed commaodity polymers with the largest
volume produced worldwide. The reason behind their dominant position is the combination of outstanding
properties from both physical and chemical point of view, such as mechanical strength, flexibility, superior
processability, ductility, insulator properties and chemical resistance. In addition, polyolefins can be

[131] Among thermoplastics, polyethylene and its related fabrication

produced and processed at low cost.
techniques (e.g., Ziegler-Natta or high pressure processes) offer a broad range of products for everyday
life. However, it presents an on-going research topic for industry and academia as well. Due to the
catalyzed chain grow (CCG) concept (refer to Section 2.1.2.3), well-defined blocks of polyethylene via
the pseudo-living polymerization of ethylene are accessible, and the facile introduction of various polar
end groups is possible. Therefore, well-defined polyethylene species have been utilized in the synthesis of
block and graft copolymers, or as polymerization initiator for example. Consequently, polyethylene has

lost its main drawback related to its incompatibility caused by non-polar characteristics. [131-133]

Parts of the current chapter are reproduced from J. T. Offenloch, S. Norsic, H. Mutlu, M. Taam, O. Boyron, C. Boisson,

F. D’Agosto, C. Barner-Kowollik, Polym. Chem. 2018, 9, 3633-3637 with permission from the Royal Society of Chemistry.
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The introduction of polyethylene into photochemistry provides a new perspective for the employment
of polyolefins. The spatiotemporal control over the reaction site is a substantial benefit of light-induced
ligation techniques. Therefore, polyethylene strands may be photochemically patterned onto surfaces
using (laser) lithography techniques,!*®!1 or they may be implemented into photoresist systems during 3D
laser lithography.[>!?!

Herein, the basis for future photochemical application of polyethylene is established. While the first
subchapter covers the design and synthesis of a photoreactive polyethylene derivative, light-driven end
group modification and block copolymer formation are presented in the second one. Finally, the last

subchapter describes the modification of silicon surfaces with polyethylene strands tagged with iodine via

light-triggered cycloaddition.

4.1 Synthesis of a Photoreactive Polyethylene Derivative

Short chain polyethylene (PE) derivatives (< M, = 5000 g mol™') are merely soluble at high temperatures,
i.e., above 90 °C, in a limited range of solvents including benzene, toluene, trichlorobenzene and tetra-
chloroethylene. Thus, the modification reactions and the analysis of the reaction products require to be
performed in selected solvents at elevated temperatures. For a light-triggerable PE species, the long-term
thermal stability of the attached photoreactive group in solution is a necessary characteristic as well.
Ortho-alkylbenzaldehydes present the ideal photoreactive moiety for PE derivatives, since they are
composed of thermally stable chemical units including aromatic systems, ether bonds and carboxylic
ester connections (refer to Section 2.2.4.1). In contrast, tetrazoles are known for nitrogen release at
elevated temperatures,'®*’! 2H-azirines suffer from ring-strain resulting in ring opening,’>'3! and phenacyl
sulfides possess a weak C-S bond with a bond-dissociation energy of 272 kJ mol™!' (in comparison, a bond-
dissociation energy of 335 and 347 kJ mol! for C-O and C-C bonds is found,'#! respectively). Initially,
readily accessible end groups for PE species in combination with efficient ligation techniques, anchoring
the ortho-alkylbenzaldehyde at the chain termini, should be considered. For instance, hydroxyl- and azide-
terminated PE derivatives offer the possibility to tether an end group functionality via efficient esterification
reaction and CuAAC ligation (refer to Section 2.1.3.2), respectively. The synthesis of a carboxylic acid-
functional ortho-alkylbenzaldehyde derivative is in-depth described in the literature,!33* 337- 3151 whereas

the alkyne unit is facilely introduced via the esterification of the carboxylic acid species with propargyl
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alcohol. As a result, two distinct methods for the incorporation of the photoreactive unit into the polyolefin

species were assessed.
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Scheme 4.1. The CCG polymerization of ethylene delivers on the one hand the hydroxyl functional PE species
(PE-OH) via oxidative work up. On the other hand, the addition of iodine after the polymerization enables
the synthesis of iodo end-capped PE chains, which are transformed into azido-functional polymer species via
nucleophilic substitution.

On the one side, the synthesis of the PE derivatives was accomplished at Lyon University according to
previously described strategies.[!?> 128 The pseudo-living polymerization of ethylene followed by oxida-
tive work-up affords the hydroxyl-terminated PE species, and the azide-capped PE derivative is obtained
via the addition of iodine after the polymerization followed by substitution reaction with NaNj3 (refer
to Scheme 4.1, PE-OH: M, sec(tcp) = 700 g mol!, B = 1.30, PE-N3: M, secre) = 1100 gmol !, D =
1.28). On the other side, the carboxylic acid and alkyne derivative of the ortho-alkylbenzaldehyde, Ph-OH
and Ph-alkyne, were obtained via a consequent four- and five-step synthesis (refer to Scheme 4.2), respec-
tively. According to literature, 2,3-dimethylanisole was converted into 2-methoxy-6-methylbenzaldehyde
by employing copper(Il) sulfate (CuSO4) and potassium persulfate (K,S,0s) as oxidizing agent in the
first step.5!3] The ether bond was cleaved in the subsequent step,*” and the newly formed hydroxyl
group was etherified with methyl 4-(bromomethyl)benzoate,?3*! whose ester unit was cleaved under basic
conditions affording Ph-OH in the fourth step.[*3#! Finally, the fifth step entailed the esterification of
Ph-OH with propargyl alcohol in THF utilizing 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
genchloride (EDC-HCI) as coupling agents and 4-dimethylaminopyridine (DMAP) as catalyst. To ensure
high conversion of Ph-OH, propargyl alcohol was predried over sodium sulfate, and 10 eq. of the alcohol
were used. After aqueous work-up, the targeted compound was obtained in very good yields, i.e., 97
%, without further purification. The 'H and '*C NMR spectrum in Figure C.1 and C.2, respectively,
and high resolution ESI-MS measurements (refer to the Experimental Section) confirmed the successful

formation of Ph-alkyne.
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Scheme 4.2. The synthesis of Ph-OH and Ph-alkyne entails four and five steps, respectively. In the first step, a
methyl group of 2,3-dimethylanisole is oxidized to an aldehyde unit. The ether cleavage is performed in the second
step, followed by the attachment of a benzyl ester via etherification reaction. Ph-OH is received after base-catalyzed
ester hydrolysis in the fourth step. The esterification of Ph-OH with propargyl alcohol affords Ph-alkyne. Adapted
with permission from reference [151]. Copyright (2018) Royal Society of Chemistry.
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The attachment of the photoreactive ortho-alkylbenzaldehyde to the chain termini of the PE derivatives
was tested via two distinct approaches. One approach included the esterification of PE-OH with Ph-OH
in a mixture of toluene and DMF (7:3) at 100 °C. The reaction was executed with 1.29 eq of the acid
derivative and a combination of EDC-HCI and DMAP, or tosyl sulfonic acid as catalyst. However, with
neither of the two reagents any conversion of the hydroxyl end group of PE-OH could be detected.
Nevertheless, the ligation approach relying on the CuAAC reaction was successful. Indeed, CuSO4
and sodium ascorbate (0.08 eq. and 0.10 eq., respectively) were effectively converting the azide end
group of the PE species under the same conditions as the esterification experiments (i.e., a mixture of
toluene and DMF (7:3), 100 °C, 1.29 eq. of Ph-alkyne). After three days, the polymer was precipitated
by adding methanol to the reaction mixture, collected by filtration and dried. The subsequent analysis
was performed in a mixture of benzene and tetrachloroethene (TCE, 1:2) at 90 °C for high temperature
(HT) 'H NMR spectra, and in trichlorobenzene at 150 °C for HT SEC measurements. The comparison of
the '"H NMR spectra of the parent polymer PE-N3 and the modified polymeric species PE-Ph in Figure
4.1B indicates that the magnetic resonances associated with the methylene group adjacent to the azide
unit at 3.00 ppm vanished for PE-Ph. Instead, a novel magnetic resonance at 3.96 ppm is assigned to
the protons of the CH, group next to the triazole linkage. The magnetic resonance of the proton of the
newly formed aromatic system is visible as a singlet at 7.25 ppm. Further relevant magnetic resonances
associated with the ortho-alkylbenzaldehyde are detectable at 5.35 and 10.67 ppm arising from the protons
next to the ether bond and from the aldehyde proton, respectively. In addition, the HT SEC trace of
the modified PE species PE-Ph in Figure 4.1C is similar to the trace of the pristine polymer. As a
result, non-desired side reactions during modification reaction are excluded, and the efficient nature of
the ligation technique is confirmed. The analysis of the HT SEC data based on a PE calibration affords a

M seccre) of 1200 g mol™! and a dispersity D of 1.25.
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Figure 4.1. A: Reaction scheme of the modification of PE-N3 with a photoreactive ortho-alkylbenzaldehyde
utilizing CuAAC ligation. B: HT "H NMR spectra (400 MHz, CsDg/TCE, 90 °C) of PE-Nj as parent polymer (top
spectrum) and of PE-Ph (bottom spectrum) indicating the successful modification. The magnetic resonance marked
with an asterisk is assigned to C¢Hg. C: HT SEC (TCB, 150 °C, RI) traces of the same polymer species. Adapted
with permission from reference [151]. Copyright (2018) Royal Society of Chemistry.
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4.2 UV Light-Induced Polyethylene Ligation

After paving the way for the synthesis of a PE derivative functionalized with a photoreactive end group,
the reactivity upon irradiation was investigated. The energy supply via UV light irradiation of ortho-
alkylbenzaldehyde results in the formation of highly reactive ortho-quinodimethanes, which serve as
dienes for subsequent Diels—Alder cycloaddition with electron-deficient dienophiles (refer to Section
2.2.4.1). Therefore, 1.0 eq. of PE-Ph and 5.0 eq. of N-ethyl maleimide as small molecule test system
were dissolved in a mixture of acetonitrile and toluene (1:1). The overall concentration of reactants was
4-10” mol L. In order to solubilize the PE species, the reaction mixture was heated to 100 °C prior to
irradiation in a custom-built photoreactor. For this purpose, a compact lamp (Philips PL-L cleo, 36 W)
with an emission maximum at 365 nm was employed as light source (refer to Figure A.1). After one
hour of light exposure, the mixture was again heated to 100 °C in order to redissolve the PE species,
and subsequently irradiated for another hour in the photoreactor. All in all, the mixture underwent five
heating-irradiation cycles. Since toluene displays a solvent cut-off wavelength of 286 nm,>'®! a prolonged
reaction time was selected compared to existing irradiation protocols of ortho-alkylbenzaldehydes.333 3391
After 90 % of the solvent was removed, the modified polymer was precipitated via addition of methanol,
collected by filtration and dried for following characterization. The comparison of HT "H NMR spectra
before and after UV light irradiation in the presence of the maleimide species in Figure 4.2B clearly
confirms the successful light-induced cycloaddition. In the "H NMR spectrum of the modified polymer
species PE-Et, the magnetic resonance of the proton of the aldehyde unit at 10.67 ppm vanished upon
consumption. Concomitantly, novel magnetic resonances in the range between 3.13 and 2.59 ppm appear,
which are assigned to the protons of the newly formed cyclohexane ring. Importantly, the magnetic
resonance of the proton of the secondary alcohol is detected at 5.80 ppm. However, the evaluation of
the HT SEC data in Figure 4.2C does not indicate an increase in apparent molar mass (M, sec(tcB) =
1200 gmol™!, P = 1.38) compared to the pristine polymeric species. A particularly small influence of the
newly formed cycloadduct on the hydrodynamic radius of the polymer in solution, and non-adequate SEC
conditions for the end group, present two plausible causes for the same molecular mass after light-induced

cycloaddition with N-ethyl maleimide.

After the optimization of the conditions for successful photocycloaddition, the efficiency of the reaction

was tested. Therefore, the synthesis of block copolymer species was targeted under equimolar ratios of the
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Figure 4.2. A: Reaction scheme of the light-induced cycloaddition of PE-Ph using N-ethyl maleimide as model
dienophile. B: HT '"H NMR spectra (400 MHz, C¢Dg¢/TCE, 90 °C) of PE-Ph as parent polymer (top spectrum)
and of PE-Et (bottom spectrum) indicating the successful cycloaddition. The magnetic resonance marked with an
asterisk is assigned to C¢Hg. C: HT SEC (TCB, 150 °C, RI) traces of the same polymer species. Adapted with
permission from reference [151]. Copyright (2018) Royal Society of Chemistry.
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4.2 UV Light-Induced Polyethylene Ligation

reactive units. For the second block, a polystyrene and a poly(methyl methacrylate) block were synthesized
via ARGET ATRP polymerization to ensure high end group fidelity. In order to incorporate the maleimide
end group as dienophilic partner for the DA reaction, an initiator bearing a furan-protected maleimide
was employed for the process. The deprotection of the maleimide termini during the polymerization was
avoided via a low reaction temperature, i.e., 30 °C. Moreover, the ARGET ATRP process was conducted
with CuBr; and tris[2-(dimethylamino)ethyl]Jamine (MesTREN) as catalytic system, and Fe(0) powder as
reductant. The chain growth was stopped after 22 h and 5 h for PS-Mal and PMMA-Mal, respectively,
via dilution with THF. The copper catalyst was removed by filtration through neutral aluminium oxide.
Subsequently, the polymer species were received by two-fold precipitation in ice-cold methanol. The
"H NMR spectrum of PS-Mal in Figure C.3 indicates magnetic resonances of the protected maleimide
end group at 5.22 and 2.79 ppm as well as broad magnetic resonances of the aromatic protons of the
polymeric backbone in the range between 7.40 and 6.25 ppm. Analogously for the "H NMR spectrum of
PMMA-Mal in Figure C.4, the magnetic resonance associated with the protons of the methoxy group
is detected at 3.60 ppm next to the end group resonances at 6.54, 5.27 and 2.91 ppm. Moreover, the
ambient temperature SEC(THF) analysis in Figure C.5 reveals narrow dispersities and low molar masses
(PS-Mal (pro): M, sgccrur) = 5000 gmol!, D = 1.08, PMMA-Mal (pro): M, sec(tur) = 5500 g mol !,
D =1.23), which are ideal to visualize block copolymer formation with short PE species. With the aim
to remove furan as protecting group of the maleimide termini, both polymer species were heated to
110 °C in bulk under reduced pressure in a drying oven, and characterized without additional purification
steps. The analysis of the 'H NMR spectrum of PMMA-Mal in Figure C.4 reveals the disappearance
of the aforementioned end group resonances. Instead, a novel magnetic resonance associated with the
unsaturated protons of the maleimide is visible at 6.76 ppm. For PS-Mal, the end group resonances
of the furan protected maleimide in Figure C.3 cannot be detected anymore. However, the magnetic
resonance of the unsaturated protons of the maleimide is superimposed with the magnetic resonances of
the aromatic protons of the backbone. The concomitant SEC analysis of the deprotected polymer species
on a THF-based system in Figure C.5 displays the successful prevention of non-desired transesterification
reactions - resulting in crosslinking - caused by prolonged exposure of the polymeric substances to elevated
temperatures (PS-Mal: M, sgccrur) = 5000 g mol™!, P = 1.10, PMMA-Mal: M, sec(tar) = 5300 g mol,

D = 1.20).

107



4 Photochemistry at Elevated Temperatures: Polyethylene Ligation

The next step consisted in the block copolymer formation of PE-Ph and the dienophilic polymeric
species PS-Mal and PMMA-Mal. The same conditions as for the cycloaddition with N-ethyl maleimide
were utilized for the modular ligation of two distinct polymer blocks. The analysis of the 'H NMR spectra
of the potential block copolymers in Figure 4.3B yields similar results compared to the cycloaddition
with the small molecule. While the magnetic resonance of the proton of the aldehyde at 10.67 ppm cannot
be detected for the block copolymer species PE-b-PS and PE-b-PMMA, novel magnetic resonances are
visible between 3.14 and 2.54 ppm stemming from the Diels—Alder cyclohexane adduct. Furthermore,
the magnetic resonance of the proton of the secondary alcohol is present at 5.78 ppm for PE-b-PS and
at 5.90 ppm for PE-b-PMMA. The comparative integration of these magnetic resonances is in good
agreement with the integrals of the backbone magnetic resonances (refer to Table 4.1). The successful
block copolymer formation is also confirmed by the analysis of the HT SEC data (refer to Figure 4.3C and
4.3D). A clean shift to lower retention volumes compared to the newly synthesized, starting PE-Ph (PE-
Ph: M, sec(rcB) =850 ¢ mol™!, B = 1.22) is visible for both block copolymers. The evaluation based on a
PE calibration results in an increase of molar mass of 2300 g mol! for PE-b-PS (PE-b-PS: M seccreB) =
3200 gmol™!, P = 1.08), which perfectly corresponds to the HT SEC analysis of PS based on the same
calibration (PS: M, sec(rcn) = 2300 gmol™!, P = 1.08). For PE-b-PMMA (PE-b-PMMA: M, skc (1cB)
= 1800 gmol'!, B = 1.34), an increase in apparent molar mass of 900 g mol™! is determined. Compared
to the results for PMMA-Mal based on a PE calibration (PMMA-Mal: M, sgc(rcp) = 1500 g mol™!, D
= 1.38), the increase for PE-b-PMMA is still in good agreement. Further evidence for the successful
light-induced cycloadditions was provided by solubility tests. Whereas PE-Ph was hardly soluble in
solvents including THF and chloroform, the block copolymers were fully solubilized in these solvents
enabling NMR recording at ambient temperature in CDCl3. A comparison of 'H NMR spectra at ambient
and at elevated temperature is presented in Figure C.6 for PE-b-PS as an example.

The validation of the HT SEC data for the block copolymer species was obtained by temperature
stability tests. PE-b-PS was dissolved in TCB at different temperatures and analyzed via HT SEC after
different periods of time. Figure C.7 shows three similar monomodal SEC traces for PE-b-PS, even after
24h at 150°C. As a result, the synthesized PE species as well as the block copolymers do not degrade

during analysis, confirming the above presented SEC results.
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4.2 UV Light-Induced Polyethylene Ligation

As demonstrated before, UV light-induced block copolymer formation of a photoreactive PE block
and the analysis of the ligation products at high temperatures are effective. However, since the value of
the refractive index increment dn/dc of PE is -0.104 in TCB, and the value for PS is 0.052 in the same
solvent, the resulting RI signal for PE-b-PS is positive.l>!”! Consequently, the ligation of a PE block
with a molar mass of approximately 1000 g mol'! with a PS block of 2300 g mol'! (PS2-Mal) results in a
block copolymer species with a dn/dc value of approximately 0. Hence, no RI signal associated with the
polymeric species is recorded in HT SEC analysis by employing RI detection. Nevertheless, the 'H NMR
results in Figure C.8D unambiguously indicate the successful block copolymer formation of PE-b-PS2
upon the disappearance of the magnetic resonance of the aldehyde proton next to the detection of the
magnetic resonances of the newly formed cyclohexane motif at 6.80 ppm and between 3.80 and 2.50 ppm.
Furthermore, no dn/dc values for PMMA in TCB are found in the literature. In contrast to PS-Mal, the
measured Rl signal for PMMA-Mal in TCB is negative (analogous to the RI signal of PE), therefore no
issues with the detection of PE-PMMA block copolymers are encountered.

Table 4.1. Summary of the results for the light-induced modification of PE-Ph listed in tabular form. In general,
M, sec(tcp) 1s based on a PE calibration while for M, seccrur) either a PS calibration (PS-Mal) or a PMMA
calibration (PMMA-Mal) was employed. For PE-Et, the integral of the backbone resonances between 1.40 and
1.10 ppm was compared to the end group magnetic resonance at 4.88 ppm. For PE-b-PS and PE-b-PS2, referencing
the magnetic resonance of the same proton at 4.87 ppm to either the aromatic backbone resonances of PS between
7.20 and 6.20 ppm or the backbone resonances of PE in the area of 1.35 to 1.10 ppm results in M, xyr for the PS
and PE block, respectively. In the case of PE-b-PMMA, the magnetic resonance between 5.12 and 4.90 ppm was
compared to the magnetic resonance of the methoxy group of PMMA at 3.44 ppm and to the backbone resonance of
PE stemming from the saturated alkyl chain between 1.30 and 1.15 ppm in order to assess the M, nmr values of

the individual blocks. The addition of the values for the distinct polymer blocks results in M, nmr for the block
copolymers. Reprinted with permission from reference [151]. Copyright (2018) Royal Society of Chemistry.

M,seccresy/! D/ Muysecrar)y/ D/ Mpnvr/

Species Block g mol’! g mol! g mol!
PE-Et 1200 1.38 - - 2000
PE-Ph 1200 1.25 - - 1600
PE-b-PS 3200 1.08 - - 7500
PE-Ph 850 1.22 - - 1400
PS-Mal 2300 1.10 5000 1.10 6100
PE-b-PMMA 1800 1.34 - - 6100
PE-Ph 850 1.22 - - 1200
PMMA-Mal 1500 1.38 5300 1.20 4900
PE-b-PS2 X X - - 4000
PE-Ph 1200 1.25 - - 1800
PS2-Mal 1000 1.15 2300 1.15 2200
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Figure 4.3. A: Reaction scheme of the light-induced block copolymer formation of PE-Ph and the maleimide-
terminated PS and PMMA species. B: HT 'H NMR spectra (400 MHz, C¢D¢/TCE, 90 °C) of PE-Ph as parent
polymer (top spectrum) and of the block copolymers PE-b-PS (middle spectrum) and PE-b-PMMA (bottom
spectrum) indicating the successful synthesis of the block copolymers. The magnetic resonance marked with an
asterisk is assigned to C¢Hg. C and D: HT SEC (TCB, 150 °C, RI) traces of the same polymer species. Adapted
with permission from reference [151]. Copyright (2018) Royal Society of Chemistry.
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4.3 UV Light-Induced Generation of Hydrophobic Surfaces

Surfaces covered with a hydrophobic layer are an intriguing research field due to their water-repellent
properties. In this context, PE - as one of the most hydrophobic polymer species - presents the ideal
candidate to modify surfaces in order to achieve higher hydrophobicity of surfaces. Light-induced
anchoring of the herein introduced photoreactive PE blocks might allow to implement hydrophobic

properties onto a surface in a spatially resolved fashion.?!!

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful tool to detect fragment
ions of molecules attached to surfaces in combination with their lateral distribution. However, the
polymeric species PE-Ph does not feature a characteristic mass fragment for ToF-SIMS measurements.
As a consequence, the synthesis route was modified receiving an iodo-substituted triazole linkage via
interrupted CuAAC ligation.['72 3181 2 0 eq. of Cu(ClO4)s, 4.0 eq. of KI, 1.0 eq. of NEt3 and 10 mol% of
tris(benzyltriazolylmethyl)amine (TBTA) as ligand were employed to trigger the ligation reaction between
PE-Nj; and Ph-alkyne as light-sensitive termini (refer to Scheme 4.4). The reaction mixture was heated
to 100 °C for three days followed by the addition of methanol to precipitate the product. Figure C.9
displays the "H NMR spectrum of the resulting polymer after filtration and drying. Analogously to the 'H
NMR spectrum of PE-Ph, no magnetic resonance associated with the methylene group adjacent to the
azide unit at 3.00 ppm is detected in the 'H NMR spectrum of PE-Ph-I. Instead, a magnetic resonance
at 4.18 ppm is assigned to the CH, adjacent to the triazole linkage. Additionally, relevant magnetic
resonances of the ortho-alkylbenzaldehyde unit are detectable at 5.35 and 10.67 ppm arising from the
protons of the methylene group next to the ether bond and from the aldehyde, respectively. However, a
careful examination of the aldehyde resonance displays two magnetic resonances instead of one (refer to
the enlargement of the 'H NMR spectrum in Figure C.9). Furthermore, a magnetic resonance at 7.64 ppm
is visible stemming from the protonated triazole system. Therefore, the targeted photoreactive PE-Ph-I
and PE-Ph as side product are received. Nevertheless, due to the high sensitivity of ToF-SIMS analysis,
the mixture of iodinated and non-iodinated polymeric species was subjected to surface modification.

The synthesis pathway of silicon surfaces functionalized with highly hydrophobic PE species includes
three steps (refer to Figure 4.5): The activation of the silicon surfaces yielding an amino-functionalized
substrate is performed in the first step, followed by anchoring of a suitable dienophilic compound in the

subsequent step. Finally, the last step comprises light-induced ligation of the PE block in a grafting-to

111



4 Photochemistry at Elevated Temperatures: Polyethylene Ligation

o 0
@5‘\1{ Cu(CIOy), d‘\H PE-Ph-I
\MN3 + o _KI> (6}
O, =k AT
PE-N; _Z opo 0 AN "
0 F 90°C3d VK(
I

Ph-alkyne (¢]

Figure 4.4. For ToF-SIMS measurements, a novel photoreactive PE species was synthesized bearing a 5-iodo-1,2,3-
triazole linkage, whose iodine group is suitable for precise detection of surface-bound polymer chains.
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Figure 4.5. General reaction pathway for the functionalization of silicon surfaces with PE-Ph-I. In the first step,
the silicon wafer is activated via air plasma followed by treatment with APTES. The attachment of the dienophilic
compound for light-induced Diels—Alder cycloaddition is depicted as the second step. Finally, surfaces modified
with hydrophobic PE are obtained via light-induced ligation of the PE derivative in a grafting-to approach.
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approach. In the beginning, a silicon wafer was cut into squares. Prior to air plasma activation, residual
particles were removed via rinsing with isopropanol and subsequent drying in a nitrogen stream. After the
activation step, the respective substrates lying on a petri dish were immediately placed in a desiccator
among a separate glass vial filled with (3-aminopropyl)triethoxysilane (APTES). Evacuating the system
for 2 h, followed by annealing at 130 °C for 4 h in a vacuum oven, and rinsing with various solvents
(sequence of rinsing: toluene, acetone water, acetone and water), provided the substrates possessing
amino groups chemically tethered to the surface area. Without further characterization, the APTES-
functionalized surfaces were immersed in dry DCM solution containing 55 mM of NEts for the second
step. After 5 minutes, 4-maleimidobutyroyl chloride in dry DCM was added and the reaction was allowed
to proceed for 4 h at ambient temperature. Subsequently, the surfaces were rinsed with DCM, MeOH
and water, and left in MeOH overnight before rinsing with MeOH, DCM, acetone, water acetone and
water, and drying under a nitrogen flow. The ToF-SIMS spectrum in Figure 4.6A of a respective surface
sample indicates a signal at 96.01 m/z corresponding to the chemical formula of the ion C4H,O,N", which

presents a characteristic mass fragment for a maleimide group.

Thereupon, a surface functionalized with maleimide groups was placed in a head-space vial containing
PE-Ph-I (c =2mg mL1) dispersed in a mixture of ACN and toluene (1:1). Prior to photoreaction, the
solution was degassed with nitrogen for 10 min. In order to solubilize the PE species, the vial was
placed in an oil bath at 100 °C for 10 min before the irradiation in a photoreactor with the same UV lamp
as the one utilized for the end group modification and block copolymer formation. Analogously, the
mixture underwent five heating-irradiation cycles followed by rinsing with toluene and water, and drying
under a stream of nitrogen. For the blank sample, a maleimide-containing surface was also placed in the
solution comprising PE-Ph-I. The sample was degassed with nitrogen and heated as well. However, the
blank sample was not irradiated. The ToF-SIMS results in Figure 4.6B indicate a signal for the iodine I
fragment with a m/z-value of 126.90 and the characteristic mass fragment for the maleimide group at a
m/z-value of 96.01 in Figure 4.6A. The intensity of the signal for the mass fragment of the maleimide
group is reduced for the irradiated surface as well as for the blank sample. Furthermore, the spectrum
of the irradiated surface unambiguously indicates a signal for the iodine fragment stemming from the
polymeric species, while the spectrum of the blank surface shows a signal at the same m/z-value with

half of the intensity. Consequently, the blank sample exhibited a large amount of adsorbed PE-Ph-I, and
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therefore, it was necessary to optimize the rinsing procedure. Since PE is merely soluble in toluene at
elevated temperatures, two freshly prepared samples - one was irradiated the other not - were immersed
two times in vials containing toluene at 100 °C, and left overnight in a third vial with toluene at 100 °C.
Subsequently, the surfaces were rinsed with toluene and water, and dried in a stream of nitrogen. Different
than expected, the signal for the iodine fragment in the ToF-SIMS spectrum in Figure 4.6D possesses a
weaker intensity for the irradiated surface than for the blank sample after the optimized rinsing procedure.
Concomitantly, the intensity of the fragment ion of the maleimide group decreases in both cases (refer
to Figure 4.6C). As a result, it was not possible to functionalize surfaces with PE species since either
APTES or the maleimide group attached to the surface were not resistant to elevated temperatures required

for solubilizing the PE species.
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Figure 4.6. ToF-SIMS spectra of the surface modification experiments. On the one side, the signal at a m/z-value of
96.01 in part A and C is assigned to the mass fragment with the chemical formula of C4H,O,N", which presents a
characteristic mass fragment ion for a maleimide group. On the other side, the iodine I" fragment in part B and D is
detected at a m/z-value of 126.90. The black traces indicate the TOF-SIMS results for the surfaces functionalized
with dienophilic maleimide groups, while the ToF-SIMS results of the maleimide surfaces after irradiation in the
presence of a solution containing PE-Ph-I are represented as red traces. The control experiment, in which the
maleimide functionalized surfaces have been in contact with the polymer solution without light exposure, are
visualized as red dashed lines. A and B: Results of the first experiment. C and D: Results for the improved rinsing
procedure (refer to text).
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4.4 Summary

The herein described results clearly demonstrates the compatibility of photochemistry and the chem-
istry of highly unpolar polyolefins, i.e., polyethylene. The elevated temperatures required to solubilize
polyethylene species in combination with the limited choice of suitable solvents do not prevent the
successful synthesis of a photoreactive polyethylene derivative, PE-Ph. Furthermore, UV light-induced
modification and block copolymer formation are as effective as conventional ambient temperature polymer
ligation based on ortho-methylbenzaldehydes. In addition, the polymer species received by light-triggered
coupling of polyethylene at high temperatures exhibit a robust ligation point that is proven to be stable
up to 150 °C. However, the modification of silicon surfaces was not successful since either the APTES
coating or the maleimide groups attached to the surface degrade under elevated temperatures.

The presented concept of light-induced polyethylene ligation provides a platform for the synthesis
of advanced polyethylene-containing macromolecular architectures utilizing a photochemical pathway.
Moreover, the application of PE species during 3D laser lithography and further advanced applications

based on light is within reach.
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CHAPTER 5

MILD PHOTOCHEMICAL ACTIVATION OF

CHLORO OXIMES AND OXIME ESTERS

5.1 Introduction of Photochemical Properties for Chloro Oximes

The demand for shifting the excitation wavelength to higher values in photochemistry is rationalized
with the favored application of mild energetic sources. In addition, light with higher wavelengths has
a greater penetration depth into soft matter materials in comparison to harsher UV irradiation. On the
one hand, as described in Section 2.3, pyrene has demonstrated itself as an established chromophore
for triggering photochemical transformations in the violet visible light regime between 400 and 450 nm.
The facile substitution of phenyl moieties with pyrene units enables a distinct shift of the excitation
wavelength of various photoreactive groups including tetrazoles, 2H-azirines, acyl sulfides and stilbene
derivatives.[3>7- 422.426. 4271 Op the other hand, pyrene as fluorescent probe is extremely useful for the
deduction of various properties of polymeric species, e.g., the nature and distance of specific binding
sites, or the polarity of the environment of the chromophore. Based on spectroscopic examination, the
utilization of pyrene also assists to determine the behavior of polymer chains in solution, such as the

critical micelle concentration (CMC) and the lower critical micellization temperature (LCMT).519]

Parts of the current chapter are reproduced from J. T. Offenloch, S. Bastian, H. Mutlu, C. Barner-Kowollik, ChemPhotoChem

2019, 3, 66-70 with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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In organic synthesis, chloro oximes are key structures for the generation of nitrile oxides utilized in
1,3-dipolar cycloaddition reactions. The thermally induced reaction of these highly reactive 1,3-dipoles
with olefinic substrates and alkyne groups affords 4,5-dihydroisoxazoles (isoxazolines) and isoxazoles,
respectively, which play an important role in synthetic reactions due to their transformability into mis-
cellaneous chemical motifs (e.g., hydroxyl ketones,??’! amino alcohols,®?! and themselves).[5?% 3231
Furthermore, isoxazoline and isoxazole derivatives indicate bioactivity in pharmaceutical and therapeutical
fields. 1524, 5251

The following sections describe the facile synthesis of a pyrene-substituted chloro oxime, which generate
a highly reactive nitrile oxide derivative upon light exposure. Hence the light-induced cycloaddition was
investigated with regard to its orthogonality towards various reactive groups enabling a novel approach for

the introduction of pyrene as fluorescence marker unit.

5.1.1 Synthesis of the Chloro Pyrene Oxime

Nitrile oxides are commonly generated via the rearrangement of chloro oximes in the presence of moderate
bases (e.g., NaHCOj3 or NEt3),5%2526.327] o metal catalysts (e.g., Cu(I) and Ru(Il), in specific cases
in combination with bases).’?%-3301 In addition, elevated temperatures trigger the formation of the 1,3-
dipole.’3!1 In analogy to previously reported red-shifting protocols,[337- 422. 426, 427] the chloro oxime unit
was equipped with pyrene as light-harvesting chromophore in order to address the harsh limitations faced

during the preparation of nitrile oxides (refer to Scheme 5.1).
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Scheme 5.1. A: Conventional methods to generate nitrile oxides for subsequent 1,3-dipolar cycloaddition with
dipolarophiles. B: Proposed mechanism of the photochemical activation of chloro oximes with the aid of pyrene
as chromophore. Adapted with permission from reference [532]. Copyright (2019) Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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The pyrene-substituted chloro oxime (PyOCl) was synthesized in a two-step procedure including oxime
formation in the first step followed by chlorination. Starting from 1-pyrenecarbaldehyde, the aldehyde
group was converted into an oxime unit by stirring 1.0 eq. of the pyrene derivative in the presence of
3.0eq. of each hydroxylamine hydrochloride and sodium acetate in a mixture of DCM and MeOH (1:1)
for 24 h at ambient temperature (refer to Scheme 5.2). Subsequently, the solvent was removed under
reduced pressure, and the residue was dissolved in a mixture of DCM and 1N HCI solution (1:1). The
organic phase was separated and washed with 1N HCI solution. Drying over MgSO,4 and removal of the
solvent afforded the targeted compound without further purification in excellent yields (96 %). The 'H
NMR spectrum of the reaction product (refer to appendix Figure D.1) indicates complete conversion upon
shifting the magnetic resonance of the proton of the aldehyde from 10.70 to 9.15 ppm for the respective
oxime derivative. Furthermore, the magnetic resonances associated with the aromatic protons are visible
in the range between 8.60 and 8.02 ppm. Concomitantly, the '3C NMR spectrum (refer to appendix Figure
D.2) indicates a novel magnetic resonance at 149.67 ppm, which is attributed to the carbon atom of the
oxime. In contrast, the magnetic resonance stemming from the carbon atom of the aromatic aldehyde at
192.91 ppm is not detectable. A complementary ESI-MS measurement confirms the successful product

formation as well (refer to the Experimental Section).

H NH,OH HCl H Cl
NaOAc NCS
OO omen CL) mm~ (L)
O at,24h O 60°C,4h
PyOCl

Scheme 5.2. Two step synthesis of PyOCI: Starting from 1-pyrenecarbaldehyde, the oxime moiety is generated by
employing hydroxylamine and sodium acetate as base. The subsequent treatment with N-chlorosuccinimide (NCS)
yields the targeted compound, PyOCI.

1-Pyrenecarbaldehyde oxime was further converted into the targeted chloro pyrene oxime via chlorina-
tion with N-chlorosuccinimide (NCS). An excess of NCS was avoided in order to prevent substitution of
the aromatic structure. Therefore, the pyrene compound was dissolved in DMF followed by the addition
of 1.0eq. of the chlorination agent. The solution was stirred at 60 °C for 4 h. Subsequently, the crude
reaction mixture was directly subjected to column chromatography (cyclohexane:DCM = gradient from

3:1 to 1.5:1) affording the product in reasonable yields (44 %). While the 'H NMR spectrum of PyOCl in
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Figure 5.1 merely shows magnetic resonances between 8.20 and 7.60 ppm stemming from the aromatic
pyrenyl protons, the '3C NMR spectrum of the compound in Figure 5.2 features key information on the
structure of the product. The magnetic resonance of the carbon atom of the oxime unit at 149.67 ppm is not
detectable anymore. Instead, a singlet at 106.76 ppm is assigned to the carbon atom of the chloro oxime
moiety, and the magnetic resonances associated with the aromatic carbon atoms are visible in the area
between 132.69 and 123.40 ppm. Importantly, the lack of magnetic resonances at approximately 34 ppm,
stemming from a potential fragmentation of the chloro oxime into the nitrile oxide species,**! underpins
the stability of the targeted product in the absence of reaction partners. Additional elemental analysis
confirms the successful synthesis of PyOCI. The experimentally obtained values (N: 4.69, C: 73.96, H:
3.79) are in good agreement with the theoretical ones (N: 5.01, C: 73.00, H: 3.60), and accordingly, this
information excludes the nitrile oxide derivative as possible structure (theoretical values for the nitrile
oxide derivative: N: 5.76, C: 83.94, H: 3.73). Further confirmation of the successful synthesis of the

targeted compound was obtained via ESI-MS measurement (refer to the Experimental Section).
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Figure 5.1. '"H NMR spectrum (400 MHz, CDCls, 298 K) of PyOCI. The magnetic resonances marked with an
asterisk is assigned to CHCl; and cyclohexane. Adapted with permission from reference [532]. Copyright (2019)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 5.2. '3C NMR spectrum (100 MHz, CDCls, 298 K) of PyOCI. The magnetic resonance marked with an
asterisk is assigned to CHClz. Adapted with permission from reference [532]. Copyright (2019) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

5.1.2 Assessing the Reactivity of the Chloro Pyrene Oxime upon Exposure to Light

As the synthesic route to the chloro pyrene oxime derivative was successfully established, the following
task included the extensive evaluation of the behavior of the respective compound upon light exposure.
Initially, the influence of the light source — using either an LED setup with an emission wavelength of 410
to 420 nm (3x, 3 W, for the emission spectrum refer to Figure A.2) or ambient laboratory light — on the
potentially photoreactive pyrene derivative was explored. Therefore, N-ethyl maleimide was used as the
dienophile for 1,3-dipolar cycloaddition in DCM as solvent. The irradiation of the starting material with
the LED setup or ambient light for one hour followed by removal of the solvent resulted in crude reaction
mixtures, which were directly analyzed via 'H NMR spectroscopy (refer to Figure 5.3B). As reference for
the light source-dependent reactivity experiments, a comparison between the 'H NMR spectra of PyOCl
and the purified cycloadduct is presented in Figure 5.3A. In the 'H NMR spectrum of the reaction product,
the doublets at 5.57 and 5.15 ppm are characteristic magnetic resonances associated with the protons of
the generated isoxazoline moiety. Moreover, a magnetic resonance at 9.05 ppm is detectable stemming

from the aromatic proton of the pyrene unit, which is in close proximity to the reactive group. As a
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consequence, the magnetic resonance of the before mentioned proton is significantly affected during the
light-induced reaction. With the idea to compare the impact of the different light sources on the reaction
(depicted in Figure 5.3B), the 'H NMR data was examined, which revealed the characteristic magnetic
resonances associated with the cycloadduct in each case. In fact, the integration of those resonances yields
identical results for the experiments with the light sources. Consequently, the comparison between the
irradiation sources was repeated with two further dipolarophiles in order to eliminate the influence of the
reactivity of the dipolarophile on the reaction. The "H NMR spectra are presented in Figures D.3 and D.4.
The '"H NMR spectra that display the crude reaction mixture after exposure to LED or ambient light, also
exhibit perfectly matching integrals of the relevant magnetic resonances (which were identified by the 'H
NMR spectra of the purified compounds in Figures D.9 and D.13). As a result, even a low flux of light as

ambient laboratory light is adequate to trigger the 1,3-dipolar cycloaddition of the chloro pyrene oxide.

Further reactivity studies entailed control experiments in the absence of any light source. Therefore,
1.0eq. of PyOCl and 0.7 eq. of N-ethyl maleimide were dissolved in CDCl; and a '>*C NMR spectrum of
the reaction mixture was immediately recorded (refer to Figure 5.4). Analogous to the 'H NMR spectra
comparing the results of the cycloaddition induced by two different light sources, the two '3C NMR
spectra in part A of Figure 5.4 display the starting material and the purified reaction product. Further in
part B, the >C NMR spectra recorded in the dark or after LED irradiation are presented. The magnetic
resonance at 106.76 ppm associated with the carbon atom of the chloro oxime unit represents the relevant
feature of the photoreactive group, and therefore, it was assigned as the reference to monitor the process
of the reaction. The chloro oxime moiety is present after mixing the reactants as clearly evidenced via the
detection of the above noted magnetic resonance in the immediately recorded '*C NMR spectrum. After
additional 20 minutes in entire darkness at ambient temperature, the magnetic resonance at 106.76 ppm is
still detectable (refer to the middle spectrum in Figure 5.4B). In contrast, the 13C NMR spectrum, which
was recorded after LED irradiation of the same mixture for 20 minutes at ambient temperature, depicts no
signal of the magnetic resonance associated with the chloro oxime motif (refer to the bottom spectrum
in Figure 5.4B). Consequently, the 1,3-dipolar cycloaddition of the chloro pyrene oxime is substantially

faster upon light irradiation.

To validate the orthogonality of the light-sensitive moiety towards different reaction partners, the

cycloaddition with selected dienophiles shown in Scheme 5.3 was additionally studied. In particular,
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Figure 5.3. A: '"H NMR spectra (400 MHz, CDCl3, 298 K) of PyOClI (top spectrum) and the purified adduct with
N-ethyl maleimide (bottom spectrum) as a reference for B: Comparison of the 'H NMR spectra (400 MHz, CDCls,
298 K) of the crude reaction mixtures thereof after exposure to ambient light (top spectrum) or LED irradiation

(bottom spectrum). The magnetic resonance marked with an asterisk is assigned to CHCl3. Adapted with permission
from reference [532]. Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 5.4. A: 3C NMR spectra (100 MHz, CDCls, 298 K) of the PyOCl (top spectrum) and the purified adduct
with N-ethyl maleimide (bottom spectrum) as a reference for B: Comparison of the '*C NMR spectra (100 MHz,
CDCl3, 298 K) of the crude reaction mixtures thereof after mixing in the absence of light or LED irradiation. The
magnetic resonance marked with an asterisk is assigned to CHCl3. Adapted with permission from reference [532].
Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Scheme 5.3. Employed dienophiles and their resulting cycloadducts upon irradiation in the presence of PyOCL
The gravimetrically obtained reaction yields after purification are additionally indicated. Adapted with permission
from reference [532]. Copyright (2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

different electronic and steric properties of olefin moieties and alkyne units potentially have an influence
on the cycloaddition reaction. As a result, the range of the dienophilic partners for the light-induced
cycloaddition of the pyrene-substituted chloro oxime included methyl acrylate, N-ethyl maleimide, styrene,
diethyl fumarate and diethyl acetylenedicarboxylate. 1.0 eq. of the photoreactive moiety dissolved in
DCM was irradiated in the presence of 5.0 eq. of the olefinic reaction partner. Results of equivalent quality
were obtained via a constant flux of light, and therefore, an LED setup (410-420 nm) was selected as
irradiation source. In the next step, the raw reaction mixtures were purificed via column chromatography
to yield the respective cycloadducts (refer to Scheme 5.3). The united analysis of the 'H and '3C NMR
spectra of the reaction products (refer to Figures D.5 to D.14 in the Appendix) and the ESI-MS results

(refer to the Experimental Section) confirms the successful cycloaddition of each dienophile derivative.

Specifically, enantiostereomeric mixtures were obtained after the cycloaddition with non-symmetric
dienophiles (such as methyl acrylate and styrene), considering that a stereocenter is formed in 5-position
of the isoxazoline unit. As a result, two doublets at 4.01 ppm for C1, and two magnetic resonances at

5.87 and 4.14 for C3 are distinguishable in the '"H NMR spectra in Figures D.5 and D.9, respectively.
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Here, the formed isoxazoline moieties are substituted in 3,5-position, which is in agreement with the
reported regioselectivity of nitrile oxides.’3* 3331 The 'H NMR spectrum of the irradiated crude reaction
mixture containing the chloro pyrene oxime and styrene in Figure D.4 does not indicate any magnetic
resonances attributed to the 3,4-isomer. Consequently, the herein presented light-induced ligation is highly
regioselective. Similar to the 'H NMR spectrum of C2, the magnetic resonance of the proton in closest
proximity to the isoxazoline ring is shifted downfield to 9.21 and 9.30 ppm in the 'H NMR spectra of C1
and C3, respectively. For both cycloadducts, the magnetic resonances associated with the protons of the
pyrene unit are detected between 8.26 and 7.99 ppm. In the 'H NMR spectrum of C3 in Figure D.9 the
phenyl protons are visible as a multiplet in the range of 7.56 to 7.34 ppm, and the singlet stemming from
the protons of the methoxy group is present at 3.89 ppm in the 'H NMR spectrum of C1 in Figure D.5.
For the cycloadduct C4, the magnetic resonances, which are assigned to the protons of the isoxazoline
ring, are present at 5.62 and 5.22 ppm in the 'H NMR spectrum in Figure D.11. Similar to the 'H NMR
spectra of the previously mentioned cycloadducts C1 and C3, the magnetic resonances stemming from
the pyrenyl protons are located at 8.84 ppm, and between 8.25 and 8.01 ppm. Additionally, the multiplets
between 4.43 and 4.35 ppm, and in the region from 4.05 to 3.95 ppm are assigned to the methylene protons.
Concomitantly, the magnetic resonances at 1.41 and 0.87 ppm appear as triplets originating from the
protons of the CH3 groups. In contrast to the 'H NMR spectra of the before discussed cycloadducts C1
to C4, the '"H NMR spectrum of C5 in Figure D.13 indicates no distinguishable magnetic resonance
for the aromatic proton in the range of 9.00 ppm. Instead, all magnetic resonances associated with the
pyrenyl protons appear between 8.28 and 8.03 ppm. Furthermore, the quartets at 4.56 and 4.05 ppm, and

the triplets at 1.49 and 0.86 ppm are assigned to the protons of the ethoxy moieties of CS.

Subsequently, the optical properties of PyOCI and the corresponding cycloadducts were investigated
via UV/Vis and fluorescence spectroscopy (refer to Figure 5.5). Two main absorbances in similar
regions of the absorption spectra in Figure 5.5A are identified for all molecules in DCM as solvent.
While one band is evident between approximately 260 and 300 nm with an absorption maximum at
ca. 280 nm, the other band is located in the area of 300 to 400 nm with a maximum between 347 (e.g.,
C4) and 366 nm (e.g., PyOCl). Compared to the absorption spectrum of unsubstituted pyrene (refer to
Figure 2.8), the absorbance values of the currently presented compounds are shifted by 50 nm to higher

wavelengths. Based on Beer-Lambert’s law in Equation 2.5, the molar extinction coefficients ¢ were
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calculated (refer to Figure 5.5B). Here, an ¢ value of 42000 L mol"! cm™! for 1-pyrenecarbaldehyde oxime
is determined. The chloro pyrene oxime and the corresponding cycloadducts exhibit € values between

36000 and 31000 L mol"! cm™!.

Furthermore, the fluorescence spectra were recorded in DCM by employing an excitation wavelength of
344 nm (refer to Figure 5.5C). Similar to the emission spectra of non-functional pyrene (refer to Figure
2.8), 1-pyrenecarbaldehyde oxime, C1 and C3 indicate a narrow emission band between 380 to 460 nm
with an emission maximum at ca. 415 nm. In contrast, the fluorescence emission of C2 and C4 is broader
by approximately 20 nm extending to higher wavelengths, and indicating an emission maximum at around
422 nm. However, the emission spectrum of the photoreactive species has a strong tailing. In this instance,
fluorescence emission is detected up to 550 nm. Surprisingly, the intensity of the fluorescence in the

emission spectra of CS is remarkably low, whereas the reason for the latter remains unclear.

In addition to the reactivity study towards small molecules, the photoinduced cycloaddition of PyOCl
was applied in post-polymerization modification functionalization of polymer chain termini (refer to
Scheme 5.4). Due to the elaborate purification methods present in the synthesis of polymer-based
materials, the criteria for polymer modification reactions are strict. Therefore, chemical reactions in
polymer science presents an excellent measure to indicate the effectiveness of transformations. For
quantitative analysis, sensitive detection methods are required including ESI-MS measurements. Due to
its high ionization ability in the ESI process, poly(ethylene glycol) (PEG) was selected as the polymer
for end group post-polymerization modification. Moreover, a broad variety of commercially available
PEG derivatives coupled to distinct functional units exists. Consequently, 1.0eq. of a commercially
available maleimide-terminated PEG polymer P1 as well as a synthesized pentene-capped species P2
with potentially lower reactivity towards 1,3-dipoles were added to a solution containing 5.0 eq. of PyOCl
in DCM, and the reaction mixtures were irradiated with the LED setup for 4 hours. The crude reaction
mixtures were directly analyzed via ESI-MS, while for 'H NMR analysis PC1 was precipitated twice in

ice-cold diethyl ether.

The full ESI-MS spectra including zoom-ins are presented in Figure 5.6 for P1 and PC1, and in Figure
D.15 for P2 and PC2. For all four polymeric species, the experimental m/z-values perfectly match with the
theroetical ones (with Am/z-values between 0.0000 and 0.0009, refer to appendix Table D.1), revealing
the successful (light-induced) preparation of P2, PC1 and PC2. Whereas the ESI-MS spectrum of the
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Figure 5.5. A: UV/Vis spectra of 1-pyrenecarbaldehyde oxime, PyOCI and the small molecule adducts C1 to CS
in DCM at ambient temperature (c = 4.52-10” mmol mL™"). B: Corresponding table with the absorption maxima
Aabs.max and the molar extinction coefficient €. C: Fluorescence spectra (Aexe. = 344 nm) of PyOCl and the small
molecule adducts C1 to C5 in DCM at ambient temperature (c = 1.13-10° mmol mL™"). D: Corresponding table
displaying Aem.max- Adapted with permission from reference [532]. Copyright (2019) Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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Figure 5.6. A: Full ESI-MS spectrum of P1 and PC1. Tripel- and four-times-charged species are identified for P1
(o triple-charged, (3: four-times-charged), whereas double-, tripel- and four-times-charged polymer distributions are
visible for PC1 (x: double-charged, d: triple-charged, €: four-times-charged). B: Zoom-in into the tripel-charged
species of the ESI-MS spectra of P1 and PC1. Adapted with permission from reference [532]. Copyright (2019)
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Scheme 5.4. Light-induced end group modification of two functional poly(ethylene glycol) derivatives. The
conversion was determined via ESI-MS measurements. Adapted with permission from reference [532]. Copyright
(2019) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

maleimide-terminated PEG species in Figure 5.6A indicates two polymer distributions (o triple-charged,
[3: four-times-charged), the ESI-MS spectrum of PC1 shows three differently charged polymer species (X:
double-charged, 0: triple-charged, €: four-times-charged). All main distributions are ionized by sodium
cations as counter ion. Therefore, the tendency for lower charged species of the modified polymeric
species is caused by the pyrene unit, which has a low ionization ability with sodium ions. The enlargement
of the ESI-MS spectrum in Figure 5.6B displaying the triple-charge species reveals Am/z-values, which
perfectly match with the theoretical value of the repeating unit (Am/zgeo. =14.6754) for both P1 and
PC1. Importantly, no residual ions stemming from P1 are detectable in the enlargement of the ESI-MS
spectrum of PC1. Since the ionization ability of the starting material and the modified polymeric species

are expected to be comparable, the maleimide end group was fully converted during the photoreaction.

The ESI-MS spectrum of P2 in Figure D.15A depicts three differently charged polymer distributions
(¢: double-charged, v: triple-charged, n: four-times-charged), while merely double(t)- and triple(k)-
charged species are identified in the spectrum of PC2. Similar to the ESI-MS analysis of P1 and PC1,
the pyrene unit suppresses the higher charged species of PC2. The evaluation of the enlargement of the
ESI-MS spectra of P2 and PC2 proceeds analogous to the preceding polymer sample P1 and PC1. The
experimentally obtained Am/z-values (P2: Am/z =14.6756, PC2: Am/z =14.6752) perfectly match with
the theoretical value of the repeating unit (Am/z =14.6754), and no residual signals of P2 are visible in
the ESI-MS spectrum of PC2. In the presented case, full conversion was obtained as well. Moreover, it
can be assumed that even less activated double bonds are suitable reaction partners for the light-induced

post-polymerization modification of polymeric species with PyOCI.
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Complementary to ESI-MS analysis, PC1 was characterized via '"H NMR spectroscopy (refer to
appendix Figure D.16). In agreement to the 'H NMR spectrum of the small molecule adduct C2
in Figure D.7, the '"H NMR spectrum of the end group modified polymeric species yields magnetic
resonances associated with the protons of the isoxazoline ring at 5.63 and 5.26 ppm in addition to the
magnetic resonances between 8.46 and 8.02 ppm, which are assigned to the protons of the pyrene moiety.
The aromatic proton which is influenced most during the photoreaction is distinguishable as a doublet
at 9.11 ppm. Moreover, no magnetic resonances in the area between 7.00 and 6.00 ppm stemming from
the olefinic protons of the maleimide end group are detectable. Furthermore, the protons of the polymer
backbone are visible as a broad magnetic resonance at 3.65 ppm. As a result, the analysis of the 'H NMR
spectrum also confirms the successful end group modification of PC1.

Next, the light-induced cycloaddition of PyOCI was further tested with a maleimide-functionalized
biotin compound (biotin-mal) as a representative for a biologically relevant derivative, which features the
most complex chemical structure of all tested dienophiles. For solubility reasons, the photoreaction was
performed in a mixture of DCM and DMSO (1:1), and an equimolar amount of reactants was employed.
Similar to the preceding experiments, the reaction mixture was irradiated with the LED setup (410-420 nm)
for one hour. After removal of the solvent, residual PyOCl was dissolved in DCM and subsequently
removed from the insoluble cycloadduct. The 'H NMR spectra of the pyrene-modified biotin compound
and biotin-mal are depicted in Figure 5.7. The magnetic resonances of the protons of the isoxazoline ring
as representative signal for a successful photo-induced cycloaddition are visible as doublets at 5.75 and
5.62 ppm. Furthermore, the multiplet in the region between 8.50 and 8.10 ppm and the separate doublet
at 8.74 ppm can be correlated with the protons of the pyrene moiety. Moreover, no magnetic resonance
associated with the olefinic protons of the maleimide is detected. Instead, side products are obtained,
which are formed by the addition of water to the maleimide group, and the latter cause the appearance
of three new magnetic resonances at 7.25, 7.12 and 6.99 ppm. As a result, the analysis of the 'H NMR
spectrum unambiguously evidence the successful photoaddition of PyOCl and biotin-mal, a paradigm for

a complex dienophile.
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Figure 5.7. '"H NMR spectra (400 MHz, DMSO, 298 K) of biotin-mal (top spectrum) and of the cycloadduct
of biotin-mal and PyOCI (bottom spectrum). The presence of water in the commercially available product of
biotin-mal causes addition to the olefin group of the maleimide during photoactivation of PyOCI. The magnetic
resonances stemming from the side reaction are marked with p. The magnetic resonance marked with an asterisk is
assigned to DMSO. Adapted with permission from reference [532]. Copyright (2019) Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim.
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5.2 Visible Light-Induced Fragmentation of Oxime Esters

Since the photochemistry of oxime ester (also referred to O-acyl oxime) was first reported in the beginning
of the 20th century,3¢! its fragmentation into radicals via Norrish Type I reaction or in bimolecular
photoinitiator systems was examined in detail and utilized to initiate polymerizations by photochemical
means.!337*!1 O-acyl oxime derivatives have found further application in polymer science as photodegrad-
able units. Indeed, Delzenne et al. reported polymeric species possessing oxime ester groups as degradable
pendant functionality."*! Moreover, in practical applications Reichmanis and colleagues investigated
the potential of this kind of polymers as positive-type photoresists.l>*?! For advanced application in-
cluding tissue engineering and coatings, the initiation of polymerizations with visible light is highly
advantageous.’*-3%] Indeed, by the judicious choice of substituents, the excitation wavelength of the
homolytic cleavage of oxime esters can be adjusted in a facile fashion. However, the commercially
available OXE 1 and OXE 2 initiators have been the first examples of photoreactive moieties, for which
an in-depth study revealed that the plot of educt conversion vs. wavelengths at a constant photon (i.e., the
so-called action plot) count does not follow the absorption spectrum.®8! As a result, the red-shifting of
the trigger-wavelength of photoreactive moieties is not a trivial task as it may seem.

The following subsections underpin the outstanding properties of pyrene as light-harvesting group
in the visible light regime by designing a novel oxime ester, which is conjugated with a pyrene unit.
Specifically, a straightforward reaction platform for the radical fragments of the oxime ester moiety is
presented, namely radical coupling for intramolecular polymer crosslinking as indicated via SEC and

diffusion-ordered spectroscopy (DOSY) NMR experiments.

5.2.1 The Design of a Visible Light-Cleavable Monomer

In order to incorporate the pyrene-substituted oxime ester motif into the polymer backbone, a synthetic
procedure for a novel styrene derivative substituted with the photolabile group was proposed (refer to
Scheme 5.5). The synthesis comprised two steps including oxime formation and subsequent esterification
reaction.

The preparation of 1-pyrenecarbaldehyde oxime was performed according to the procedure described
in Section 5.1. The following step entailed esterification reaction between the hydroxyl group of the

oxime and 4-vinylbenzoic acid in order to introduce the polymerizable olefin moiety. Therefore, 1.0 eq. of
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Scheme 5.5. Two-step synthesis of a novel styrene derivative functionalized with a photolabile pyrene-substituted
oxime ester (PyOHSty). The pyrene-substituted oxime is received via the reaction between hydroxylamine
hydrochloride and 1-pyrenecarbaldehyde by employing sodium acetate as base. Subsequently, facile esterification
reaction with 4-vinylbenzoic acid grants access to the targeted compound.

1-pyrenecarbaldehyde oxime, 1.1 eq. of the styrene derivative and DMAP as catalyst were dissolved in a
mixture of DCM and THF (1:1). After cooling to 0°C, 1.2 eq. of EDC-HCI as coupling agent were added,
and subsequently the reaction mixture was stirred at ambient temperature overnight. The solvent was
removed under reduced pressure, and the residue was dissolved in DCM. Afterwards, the organic phase
was washed with sat. NaHCOs, 1H HCI, water and brine, and dried over MgSOy4. The removal of the
solvent afforded the crude product, which was further purified via column chromatography (cyclohexane:
DCM = 1:4). Thereafter, the targeted compound (PyOHSty) was isolated in excellent yields (95 %), and
its structural composition was confirmed via NMR spectroscopy (refer to Figures 5.8 and 5.9). In the 'H
NMR spectrum in Figure 5.8, a characteristic magnetic resonance associated with the aldehyde proton
can be identified at 9.55 ppm, and the protons of the olefin unit give rise to magnetic resonances at 6.81,
5.93 and 5.45 ppm. Furthermore, the magnetic resonances at 8.76 and 8.62 ppm and in the range between
8.29 and 8.05 ppm are assigned to the aromatic pyrenyl protons, whereas the doublets associated with the
protons of the phenyl unit are detectable at 8.19 and 7.56 ppm. Concomitantly, the '3C NMR spectrum
in Figure 5.9 indicates a characteristic magnetic resonance for oxime units at 164.06 ppm. Moreover,
the magnetic resonances stemming from the carbon atoms of the double bond are located at 136.13 and

117.07 ppm.

Consequently, the optical properties of PyOHSty were explored, which are displayed in Figure 5.10.
Herein, the absorption spectrum in DCM indicates a broad absorption band in the region between 320 and
420 nm with two maxima at 365 and 395 nm. In comparison to the UV/Vis spectrum of non-functionalized

pyrene in Figure 2.8 and of PyOClI in Figure 5.5, the absorption band of PyOHSty is red-shifted by
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Figure 5.8. '"H NMR spectrum (400 MHz, CDCls, 298 K) of PyOHSty. The magnetic resonance marked with an
asterisk is assigned to CHCl;.

Py + Ph

I e e L B T
200 150 100 50 0
o /ppm

Figure 5.9. '3C NMR spectrum (100 MHz, CDCl3, 298 K) of PyOHSty. The magnetic resonance marked with an
asterisk is assigned to CHCl;.
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approximately 70 nm and 20 nm, respectively. Since the wavelength-dependent reactivity screening of
photoreactive groups reveals either a congruent evolution of photochemical reactivity and absorption,

or a shift of the reactivity to higher wavelengths,!!

it is anticipated that wavelengths between 400 to
450 nm might be suitable to trigger the fragmentation of PyOHSty. The molar extinction coefficients of
the absorption maxima lie between 60.000 and 160.000 L mol-! cm™!. Upon excitation with a wavelength
of 344 nm, PyOHSty emits fluorescence between 400 and 520 nm with a maximum at 409 nm (refer to
Figure 5.10C). In contrast, the fluorescence of non-functionalized pyrene moieties is detected between

380 and 440 nm, and compared to the preceding photoreactive moiety, the chloro pyrene oxime, any

reasonable tailing of the emission is noticable in the spectrum of the monomer derivative.
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Figure 5.10. A: UV/Vis spectrum of PyOHSty in DCM at ambient temperature (¢ = 1.23-10°> mmol mL™"). B:
Corresponding table with the absorption maxima A,ps max and the molar extinction coefficient €. C: Fluorescence
spectrum (Aexe. = 344 nm) of PyOHSty in DCM at ambient temperature (¢ = 3.98-7 mmol mL'). D: Corresponding
table displaying Aem.max-
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5.2 Visible Light-Induced Fragmentation of Oxime Esters

5.2.2 Copolymerization of the Light-Sensitive Monomer and Irradiation Experiments

Inter- or intramolecular crosslinking reactions of polymer chains accompanied with changes in the
hydrodynamic volume can be readily detected by SEC, dynamic light scattering (DLS) or DOSY NMR
measurements. Therefore, molar masses exceeding 10.000 g mol™!' using reversible-deactivation radical
polymerization techniques were targeted in order to display potential changes in hydrodynamic radii of
well-defined polymer chains in solution. Styrene as comonomer facilitates the homogeneous incorporation
of distinct monomer units due to its similar structure and hydrophobic character compared to PyOHSty.
Consequently, cumyl dithiobenzoate (CDB) was selected as chain transfer agent (CTA), since it enables
the access to high molar masses for the RAFT polymerization of styrene (refer to Scheme 5.6).5461 As

the solubility of PyOHSty is limited in styrene, o-chlorobenzene utilized as solvent. In summary, the

polymerization conditions are depicted in Table 5.1.
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Scheme 5.6. RAFT copolymerization of styrene and PyOHSty by employing cumyl dithiobenzoate (CDB) as
chain transfer agent. The initiation step proceeds thermally via fragmentation of AIBN, and o-chlorobenzene is
required for solubilizing PyOHSty during the polymerization process.

In detail, 1.0eq. of azobisisobutyronitrile (AIBN) and 4.0 eq. of CDB were dissolved in 3.00 g of
destabilized styrene (3154 eq.). For a conventional RAFT polymerization, the concentration ratio of
CTA to initiator is quite low. However, preliminary polymerization experiments suggested to employ
higher amounts of initiator due to the observation that pyrene-functional monomers inhibit polymerization
processes. Furthermore, the quantity of PyOHSty was varied for the distinct polymerization procedures
in order to investigate the influence of the concentration of the photoreactive moiety along the polymer
backbone upon irradiation. Consequently, either 146.0, 88.0 or 30.0 eq. of the pyrene-containing monomer

were added to the polymerization mixture followed by degassing with argon for 30 min. Each polymer-
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ization reaction was conducted at 60 °C for 26.5 h, and quenched via cooling with liquid nitrogen. The
final polymer derivatives were purified via precipitation in ice-cold methanol. The higher the amount
of PyOHSty, the more times a polymeric species required to be precipitated due to the fact that the
light-sensitive monomer is merely poorly soluble in methanol. In average, the polymer samples were
precipitated three times in order to remove residual unreacted monomer. In summary, the results of the

polymerization procedures are presented in Table 5.1.

Table 5.1. Summary of the results of the RAFT-mediated copolymerization of PyOHSty using CDB as chain
transfer agent. Every polymerization reaction was conducted at 60 °C for 26.5 h utilizing o-chlorobenzene as solvent.
M, seccrar) Was calculated by employing a PS calibration.

yield/ M, sgccrary/ D

Species AIBN:CTA:Sty:PyOHSty g g mol’!
1 1:4:3154:146 0.45 17.000 1.22
2 1:4:3154:88 0.35 12.000 1.15
3 1:4:3154:30 0.30 13.000 1.20

The SEC results of the isolated polymer derivatives based on a polystyrene (PS) calibration in Table
5.1 and the SEC traces in Figure 5.12 suggest a good control over the polymerization processes. The
values for P lie between 1.15 and 1.22, indicating narrow distributions of molar masses, which present a
precondition for successful RDRP processes. Furthermore, M, seccrur) values lie in the range of 17.000
to 12.000 gmol™!, which are suitable to monitor inter- or intramolecular crosslinking reactions upon
light-induced fragmentation of the oxime ester moieties via SEC, DLS or DOSY NMR. The analysis
of the '"H NMR spectra in Figures 5.11, D.17 and D.18 indicates characteristic magnetic resonances
associated with the protons of the phenyl moiety of the polymer backbone between 7.40 and 6.20 ppm, as
well as magnetic resonances in the area of 2.30 and 1.20 ppm, which stem from the polystyrene backbone.
In addition, an indicator for pyrene moieties tethered to a polymeric species is the presence of broad
magnetic resonances between 8.80 and 7.50 ppm. Specifically, the magnetic resonance assigned to the
proton of the aldehyde unit is detectable between 9.60 and 9.20 ppm.

With the successful copolymerization of PyOHSty, the behavior of the light-sensitive polymer deriva-
tives CDB PS PyOHSty 1 to 3 upon light irradiation was examined. To avoid crosslinking and there-
fore solubility issues, the copolymers were dissolved in DCM under highly diluted conditions (c =

0.02mgmL!). It is well known that the fragmentation process of oxime ester results in the generation
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5.2 Visible Light-Induced Fragmentation of Oxime Esters

of radical species, therefore the polymer solutions were deoxygenated via purging with argon in order
to avoid the formation of any peroxy derivatives. Subsequently, the dissolved polymeric species were
irradiated with an LED setup (430-435 nm, 3 x 3 W, refer to Figure A.2 for the emission spectrum) for
2.5 h. Small molecule fragments, which result from the photolysis reaction, were removed via precipitation

in ice-cold methanol before further analysis.
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Scheme 5.7. The process of the light-induced fragmentation of oxime ester units along a polymer backbone depends
on the structural environment of the reactive group. Whereas the irradiation of O-methacryloyl oximes species
tethered to PMMA derivatives mainly affords chain scission (top row),133% 3473481 glefinic groups are predominantly
obtained when the same oxime unit is incorporated into a polystyrene backbone.!**! However, O-acryloyl oxime
moieties release CO, upon light exposure affording imine species after radical coupling, which can be cleaved via
hydrolysis (R;,R, = aliphatic or aromatic substituents, R3,R4 = styrene or methyl methacrylate).[>30 331!

Prior to the discussion of the results, which are obtained after the irradiation of the currently presented
polymeric derivatives, selected literature studies need to be reviewed. Indeed, the light-induced frag-
mentation of oxime ester units along a polymer chain is an in-depth studied process (refer to Scheme
5.7).1347-330. 5521 For example, O-methacryloyl oximes groups incorporated into a methyl methacrylate
backbone are able to initiate graft polymerization upon light irradiation, or degrade in the absence of
monomers.3%! The degradation mechanism starts with the release of CO, generating a tertiary radical
in the polymer backbone. Subsequent bond scission results in two polymer derivatives: One species is
equipped with an unsaturated chain end, and the radical species is located at the termini of the other

chain.347- 3881 Furthermore, copolymers containing O-methacryloyl oxime and styrene units are more
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5 Mild Photochemical Activation of Chloro Oximes and Oxime Esters

stable when they are exposed to light since in this case main chain radicals prefer to abstract hydrogen
atoms of methyl groups or methylene units in the polymer backbone instead of chain scission. As a
result, double bonds are predominantly formed, which provide characteristic broad magnetic resonances
at approximately 4.40 ppm in 'H NMR spectra.’*’! In contrast, the irradiation of pendant O-acryloyl
oxime moiety followed by hydrolysis provides amino-functional copolymers.[>>%- 3311

Switching the focus to the current study, the comparison of the 'H NMR spectra in Figures 5.11 and
D.17 clearly indicates a substantially reduced intensity of the magnetic resonances associated with the
pyrene moiety between 8.80 and 7.50 ppm after the irradiation of the polymer derivatives. The broad
magnetic resonance of the aldehyde proton between 9.60 and 9.20 ppm is not detectable anymore as
well. In contrast, the polystyrene backbone remains intact as evidenced by magnetic resonances between
7.40 and 6.20 ppm and in the area of 2.30 to 1.20 ppm. Hence, the evaluation of the 'H NMR spectra
confirms the fragmentation of the light-sensitive monomer unit along the polymer chain, and in addition,
a subsequent combination of an iminyl and a carboxyl or phenyl radical species as main process after

light-induced bond cleavage can be excluded.
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Figure 5.11. '"H NMR spectra (400 MHz, CDCls, 298 K) of CDB PS PyOHSty 1 before (top spectrum) and after
exposure to LED light (430-435 nm, bottom spectrum). The magnetic resonance marked with an asterisk is assigned
to CHCl;.
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5.2 Visible Light-Induced Fragmentation of Oxime Esters

Table 5.2. Comparison of the SEC results for CDB PS PyOHSty 1 - 3 before and after LED irradiation (430-
435nm). M, seccrur) Was calculated by employing a PS calibration. The number of photoreactive units per chain
was provided via 'H NMR analysis.

M n, SEC(THF) / D M n, SEC(THF) / D Reduction / photoreactive
before irradiation after irradiation units per
Species g mol’! g mol’! % chain
1 17.000 1.22 8.000 1.37 50 15
2 12.000 1.15 7.000 1.56 40 7
3 13.000 1.20 13.000 1.29 0 2

Concomitantly, the SEC results are shown in Figure 5.12 and Table 5.2. An important parameter
for the evaluation of the SEC data is the amount of photoreactive groups for the individual polymeric
species. CDB PS PyOHSty 1 and CDB PS PyOHSty 2 possess approximately 15 and 7 units of the
light-sensitive monomer per chain, respectively. As a result, potential pathways after irradiation include
inter- or intramolecular coupling and chain scission (refer to Scheme 5.7). Only intermolecular radical
combination processes or chain breakage events are possible for CDB PS PyOHSty 3 as approximately
two units are incorporated per chain, which have a low probability to react with each other. On the one
side, the SEC traces of CDB PS PyOHSty 1 and CDB PS PyOHSty 2 after irradiation shift to higher
retention times, which can be either caused by intramolecular crosslinking or chain scission. On the
other side, the SEC trace of the third polymer derivative, CDB PS PyOHSty 3, retained its shape after
irradiation despite showing a small population at lower retention time, which is supposedly caused by
intermolecular reaction. Furthermore, the SEC trace of CDB PS PyOHSty 3 after irradiation excludes
chain scission events as main process since the SEC trace is not shifted to higher retention times. As a
result, intramolecular crosslinking is the predominant reaction after irradiation of CDB PS PyOHSty 1
and CDB PS PyOHSty 2. The apparent molar masses of CDB PS PyOHSty 1 and CDB PS PyOHSty
2 decrease by 9000 and 5000 g mol’!, respectively, indicating a reduction of 50 and 40 %. However, due
to interaction of the column material of the SEC system and the carboxyl groups which are potentially
generated via cleavage of the oxime followed by combination with a hydrogen atom as side reaction (refer
to Figure 5.13), the SEC traces of the first and second polymeric species feature tailing into the small
molar mass area. Consequently, the calculated values for P of the polymer samples exposed to light are

higher in comparison to their corresponding parent polymers.

141



5 Mild Photochemical Activation of Chloro Oximes and Oxime Esters

A
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- - - CDB PS PyOHSty 1 after irradiation - - - CDB PS PyOHSty 2 after irradiation
(M, = 8000 g mol, = 1.37) (M, = 7000 g mol %, P = 1.56)
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Figure 5.12. SEC (THF, 35 °C, RI) traces of A: CDB PS PyOHSty 1, B: CDB PS PyOHSty 2 and C: CDB PS
PyOHSty 3. The SEC traces of CDB PS PyOHSty 1 and CDB PS PyOHSty 2 after irradiation indicate a shift to
higher retention time, which is either caused by intramolecular crosslinking or chain scission. In contrast, no shift is
visible for the SEC trace of CDB PS PyOHSty 3 after irradiation.

Consequently, the combined SEC and '"H NMR analysis suggests one main reaction pathway for
the copolymer derivatives featuring light-sensitive PyOHSty units, namely intramolecular coupling of
radicals. This observation is in contrast to the reactions depicted in Scheme 5.7. Since either a phenyl or
a carboxyl radical is formed, no main chain scission can occur as the generated radical is not located in
the aliphatic backbone. In principle, the radical species is able to abstract a hydrogen atom from the chain,
and in turn, a hydrogen atom can be transferred to another radical species providing unsaturated groups
along the polymer backbone. Nevertheless, the olefinic moiety of the latter process is readily detected
via "H NMR spectroscopy as magnetic resonances at approximately 6.00 ppm. It needs to repeatedly
emphasized in the current context that the 'H NMR spectra after irradiation of the polymeric species

exclude the combination of a polymer chain and an iminyl radical as main process.
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5.2 Visible Light-Induced Fragmentation of Oxime Esters

Therefore, the proposed crosslinking chemistry is envisaged in Figure 5.13. The light-induced frag-
mentation of pyrene-substituted oxime moieties results in the formation of iminyl and carboxyl radicals
(part A of the current figure). The latter radical species is able to decompose further via CO;-release,
hence forming a phenyl radical. Therefore, three chemically distinct crosslinking motifs are feasible.
The coupling of two radical carboxyl derivatives results in a peroxyanhydride bond, whereas a biphenyl
linkage is formed by the reaction of two phenyl species. Furthermore, the coupling of a phenyl radical and
a carboxyl species yields a phenyl ester motif. In case of the iminyl radical, either combination forming
azine units, or addition of oxygen during work-up followed by rearrangement into the aldehyde moiety

among release of nitric oxide are potential reaction processes.!>47> 3321
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Figure 5.13. The light-induced fragmentation of the pyrene-substituted oxime moiety is depicted in part A of the
current figure. Consequently, different intramolecular radical coupling products may be identified as the cause for
reduced hydrodynamic volume during SEC measurements (part B). The combination of two radical carboxyl and
two phenyl species results in a peroxyanhydride and a biphenyl bond, respectively. A phenyl ester connection is
generated upon coupling of a carboxyl and a phenyl radical (with Py = pyrene).
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Complementary evidence of the chain collapse is provided via DOSY NMR since the presence of pyrene
in the pristine polymeric species excludes analytical methods based on light scattering. Consequently,
NMR samples of CDB PS PyOHSty 2 before and after LED light exposure with a concentration of
8.9mgmL™! in CDCl; were prepared. The measurements were performed with the standard Bruker pulse
program, ledbpgp2s. After Fourier transformation and phase correction, the diffusion dimension of the
2D DOSY NMR spectra was processed with the Bruker Topspin software package, and the diffusion
coefficients were obtained by employing the Bruker Dynamic Center software. Subsequently, the diffusion
coefficients were translated into hydrodynamic diameters via the Stokes-Einstein equation in Equation
2.4. The DOSY NMR results of three selected magnetic resonances in the 'H NMR spectra of the
polymeric species before and after irradiation are presented in Table 5.3, while the DOSY fit data is
collected in Figure D.19. The diffusion coefficients of the pristine polymer derivatives are in very good
agreement to each other, providing a mean diameter of 4.3 nm. The light exposure of PS PyOHSty 2
induced a reduction in hydrodynamic diameter of 30 % affording a value of 2.9 nm. In addition, the values
of the diffusion coefficient of the irradiated polymeric species are consistent. The DOSY NMR results
are supported by the DOSY NMR fit data in Figure D.19, which indicates the conformity between the
experimental and theoretical fit data.

Table 5.3. DOSY NMR (400 MHz, CDCls;, 298 K) results of CDB PS PyOHSty 2 before and after LED irradiation.

The diffusion coefficient of a selected magnetic resonance is translated into the diameter of the polymeric species in
solution via the Stokes-Einstein relationship in Equation 2.4 with 1 = 0.536 mPa s for chloroform.

Species Diffusion Coefficient / Signal/ Diameter /
m?%s’! ppm nm
CDB PS PyOHSty 2 1.95-10°1° 7.11 4.18
1.88-10°10 6.60 433
1.91-10°1° 1.45 4.26
CDB PS PyOHSty 2 2.83-10°1° 7.11 2.88
(irrad) 2.76-10°10 6.61 2.95
2.80-10°1° 1.45 291
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5.2.3 Investigation of the Optical Properties

Upon light irradiation of the pyrene-substituted oxime ester moieties along the polymer backbone, radical
pyrene-substituted iminyl species are released from the polymer chain. As a result, absorbance and
fluorescence emission measurements of the individual polymer samples reveal important details on
the light-induced fragmentation process. Only CDB PS PyOHSty 1 and CDB PS PyOHSty 2 were

investigated due to their exceptional crosslinking behavior.

The UV/Vis spectra of the pristine polymeric species in Figure 5.14A and 5.14C indicate similar
features as the absorption spectrum of the light-sensitive monomer unit in Figure 5.10. A broad absorbance
is located between 320 and 420 nm possessing two maxima at 365 and 395 nm. The intensity thereof is
higher in the spectrum of CDB PS PyOHSty 1 than in the spectrum of CDB PS PyOHSty 2 since the
content of the functional monomer is lower in the latter one. In contrast, the fluorescence spectra of the
polymers in part B and D recorded with an excitation wavelength of 344 nm differ from the spectrum of
the monomer unit. While a strong band between 375 and 460 nm is detected analogously to the spectrum
of PyOHSty in Figure 5.10, an additional broad fluorescence emission is visible between 460 and 675 nm.
The latter emission is attributed to excimer formation of two pyrene moieties, which are located in close
proximity to each other in the polymer backbone. Therefore, the fluorescence emission, which arises
due to excimer formation, is more pronounced in the spectrum of CDB PS PyOHSty 1 than for CDB
PS PyOHSty 2 due to the fact that the content of the pyrene-substituted monomer along the polymer
backbone is higher in the first case than for the second species. Consequently, the value of Ig/l is 0.54
for CDB PS PyOHSty 1 while the spectrum of CDB PS PyOHSty 2 suggests a value of 0.29.140%1 The
emission maxima of the excimer dimers are located at 524 nm for CDB PS PyOHSty 1 and at 517 nm for

CDB PS PyOHSty 2.

Last but not least, the successful cleavage of the pyrene moiety after irradiation is confirmed by the
investigation of the optical properties. The UV/Vis spectra of the irradiated polymer derivatives (dashed
lines) do not reveal any typical absorbances related to the presence of pyrene. Only a weak absorbance
between 240 and 300 nm is visible, which stems from the polystyrene backbone. Furthermore, the
fluorescence spectra of the same polymeric species indicate a substantial decrease in the intensity of the
fluorescence emission. As a result, it can be anticipated that radical coupling between iminyl radicals and

polymer chains does not occur, and consequently, the light-induced fragmentation of pyrene-substituted
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oxime ester can be readily monitored by observing the optical properties via UV/Vis and fluorescence

spectroscopy.
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Figure 5.14. UV/Vis spectra of A: CDB PS PyOHSty 1 and C: CDB PS PyOHSty 2 in DCM at ambient
temperature (c = 6.25-102 mg mL"), and fluorescence spectra (Aexe. = 344 nm) of B: CDB PS PyOHSty 1 and D:
CDB PS PyOHSty 2 in DCM at ambient temperature (¢ = 1.04-102 mgmL™).
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5.3 Summary

The current chapter explores the first light-induced cycloaddition of chloro oximes and further emphases
the outstanding role of pyrene as light-harvesting unit for photochemical transformations. The synthesis of
the chloro pyrene oxime as light-sensitive compound is straightforward. A two-step synthesis starting from
commercially available 1-pyrenecarbaldehyde delivers the desired compound, which is not only activated
by LED light, but also by employing ambient laboratory light. Hereby, the generated 1,3-dipole is reactive
towards a broad range of dienophiles including olefinic compounds and alkyne moieties, while showing a
high regioselectivity and excellent tolerance towards functional groups. In addition, the conjugation of a
biologically relevant molecule of high chemical complexity was successfully investigated. Particularly,
the results for the end group transformation indicate the importance of the light-induced addition of the
chloro pyrene oxime in polymer chemistry for the introduction of fluorescent marker units.
Furthermore, the light-triggered fragmentation of pyrene-substituted oxime ester groups along the
polymer backbone is introduced. Therefore, a novel light-sensitive monomer was synthesized in two
consecutive steps, and it was copolymerized with styrene in a RD radical polymerization process utilizing
a chain transfer agent. The results of the irradiation of the polymer samples with various content of the
light-sensitive oxime ester indicate the efficient fragmentation upon light exposure followed by radical
coupling, which finally results in the formation of single-chain nanoparticles as proposed by SEC and
DOSY NMR measurements. Due to the optical properties of the pyrene unit, the process can be readily
monitored via UV/Vis and fluorescence spectroscopy, hence implying the self-reporting properties of
the material. Whereas the linear precursors have high absorbances as well as pronounced fluorescence
emission of pyrene monomers and excimers, the particles exhibit neither of them. The concept of light-
sensitive oxime esters provides an in-depth look into the crosslinking behavior of polymer chains, and

adds a new methodology into the toolbox for the mild photochemically induced synthesis of SCNPs.
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CHAPTER 6

EXPERIMENTAL SECTION

6.1 Materials

6.1.1 Materials for Instrumentation

For 'H and '*C NMR spectra and DOSY NMR measurements, chloroform-d; (CDCl3, Sigma Aldrich,
99.8 % D) and dimethyl sulfoxide-dg (DMSO-dg, eurisotop, 99.8 % D) were employed as deuterated
solvents.

Polymer samples dissolved in tetrahydrofuran (THE, VWR, 99.7 %, stabilized with BHT for SEC) (c =
2mgmL) were subjected to SEC measurements ((THF, 30 °C, RI/UV) or (THF, 35 °C, RI)). For high
temperature SEC measurements (TCB, 150 °C, RI), a polymer concentration of 5 mgmL™! dissolved in
trichlorobenzene (TCB, stabilized with butylhydroxytoluene) at 150 °C was used.

Dichloromethane (DCM, Carl Roth, ROTISOLV HPLC ultra gradient grade), tetrahydrofuran (THF,
Scharlau, stabilized with BHT) and methanol (MeOH, Carl Roth, ROTHISOLV HPLC ultra gradient
grade) were utilized as solvents for ESI-MS measurements in combination with sodium trifluoroacetate
(NaTFA, 98 %, Aldrich) as doping agent.

For UV/Vis and fluorescence spectroscopy dichloromethane (DCM, VWR, normapur) was used as

received.

Deionized water was employed for the DLS studies.
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6.1.2 Materials for Synthesis

Materials for Chapter 3

Unless otherwise stated all chemicals were used as received. 1-Acetyl pyrene (Acros, 97 %), aluminium
trichloride (AlCl3, Roth, > 98 %, anhydrous, sublimated), basic aluminium oxide (Al,O3, Acros, Brock-
mann I for chromatography), neutral aluminium oxide (Al,O3, Acros, Brockmann I for chromatography),
anisole (Acros, >99 %, extra dry), copper (II) bromide (CuBr,, Sigma-Aldrich, 99+ %, extra pure), cop-
per(I) iodide (Cul, Sigma Aldrich, 98 %), cyclohexane (VWR, normapur), dichloromethane (DCM, VWR,
normapur), dichloromethane (DCM, Acros, 99.8 %, extra dry), N,N-diisopropylamine (DIPEA, Acros,
99.5 %), N,N-dimethylhydrazine (Merck, > 98 %), 1,4-dioxane (Acros, 99+ % extra pure), diethyl ether
(VWR, normapur), 4-dimethylaminopyridine (DMAP, Acros organics, 99 %), N,N-dimethylformamide
(DMF, Acros, 99.8 %, extra dry), dithiothreitol (DTT, AppliChem Panreac, molecular biology grade),
1-dodecanethiol (Alfa Aesar, 98 %), ethyl acetate (VWR, normapur), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrogenchloride (EDC-HCI, Roth, >99 %), 1,1,4,7,10,10-hexamethyltriethylenetetramine
(HMTETA, Sigma Aldrich, 97 %,), hexane (VWR, normapur), hexylamine (Merck, >99 %), iodomethane
(Alfa Aesar, 99 %, stabilized with copper), magnesium sulfate (MgSO,4, Roth, >99 %), methanol
(MeOH, VWR, normapur), methanol (MeOH, Acros, 99.9 %, extra dry), methyl adipoyl chloride (Sigma
Aldrich, 97 %), poly(ethylene glycol)methyl ether azide (PEG-N3, Sigma Aldrich, M, = 2000 g mol™"),
poly(ethylene glycol)methyl ether thiol (PEG-SH, Sigma Aldrich, M, = 2000 g mol "), pyrene (Alfa Aesar,
98 %), silica gel (Merck, Genduran SI60, 0.063 - 0.200 mm), sodium azide (Sigma Aldrich, >99.5 %),
sodium hydride (Sigma Aldrich, 95 %, dry), tetrahydrofuran (THF, Acros, 99.5 %, extra dry, stabilized), tri-
ethylamine (Merck, for synthesis), trifluoroacetic acid (Alfa Aesar, 99 %), tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, Roth, >98.0 %), toluene (VWR, normapur).

Azobisisobutyronitrile (AIBN, Fluka, 98 %) was recrystallized from MeOH. 2-((Dodecylsulfanyl)-
carbonothioyl)sulfanyl propanoic acid (DoPAT) was obtained from Lanxess Deutschland GmbH. Styrene
(Merck, >99 %) and methyl methacrylate (MMA, Sigma Aldrich, 99 %) were passed over a column of
basic aluminium oxide prior to polymerization. Az-Py,[*??! and prop-2-ynyl 2-bromo-2-methylpropanoate
were synthesized according to literature.l>>3 Resin-N3 (1.8 mmol of N3 functionality per mg) was
synthesized by stirring chloromethyl polystyrene (Resin cross-linked with 1 % DVB, TCI) with sodium

azide in DMF at ambient temperature overnight followed by filtration und drying.
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6.1 Materials

Materials for Chapter 4

Unless otherwise stated all chemicals were used as received. Acetone (VWR, normapur), acetonitrile
(ACN, Acros, 99.9 %, extra dry), aluminium chloride (Roth, > 98 %, anhydrous, sublimated), basic
aluminium oxide (Al,O3, Acros, Brockmann I for chromatography), neutral aluminium oxide (Al,Os,
Acros, Brockmann I for chromatography), (3-aminopropyl)triethoxysilane (APTES, Sigma Aldrich,
99%), 2-bromo isobutyric bromide (Alfa Aesar, 97 %), 4-bromomethyl benzoate (Alfa Aesar, 98 %),
copper (II) bromide (CuBrg, Sigma-Aldrich, 99+ %, extra pure), copper (II) perchlorate hexahydrate
(Cu(ClO4);:(H20)6, Acros, > 98 %), copper (II) sulfate pentahydrate (CuySO4-(H20)s, Merck, ana-
Iytical grade), 18-crown-6 (Acros, 99 %), cyclohexane (VWR, normapur), dichloromethane (DCM,
VWR, normapur), dichloromethane (DCM, Acros, 99.8 %, extra dry), 4-dimethylaminopyridine (DMAP,
Acros organics, 99 %), N,N-dimethylformamide (DMF, HPLC Biosolve), dimethylsulfoxide (DMSO,
Acros, 99.7 %, extra dry), ethanol (Acros, 99.7 %, extra dry), ethanolamine (Acros, 99 %), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrogenchloride (EDC-HCI, Roth, >99 %), N-ethyl maleimide
(Sigma Aldrich, 98 %), furan (Acros, 99+ %, stabilized), iron powder (Fisher, general purpose grade), mag-
nesium sulfate (MgSQO,, Roth, >99 %), maleic anhydride (Acros, 99 %), methanol (MeOH, VWR, norma-
pur), poly(ethylene glycol)methyl ether azide (PEG-N3, Sigma Aldrich, M,, = 2000 g mol'!), poly(ethylene
glycol)methyl ether thiol (PEG-SH, Sigma Aldrich, M, = 2000 g mol™!), potassium carbonate (K,COs3,
Alfa Aesar, 99 %, anhydrous), potassium iodide (Sigma Aldrich, > 99 %), potassium peroxodisulfate
(K2S,0s, Sigma Aldrich, 97 %), propargyl alcohol (Acros, 99 %), silica gel (Merck, Genduran SI60, 0.063
- 0.200 mm), sodium ascorbate (Na asc., Sigma-Aldrich, 98 %), sodium azide (Sigma Aldrich, >99.5 %),
sodium hydroxide (NaOH, 