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ABSTRACT

In the herein presented thesis, the field of single-chain nanoparticles (SCNPs) was critically
enhanced, addressing key challenges and focusing on advanced application fields. SCNPs are
a versatile class of soft-shell nanoparticles formed by intramolecular cross-links of precursor
polymers. Originally inspired by natural analogues, i.e. enzymes, SCNPs fuse simple polymeric
approaches with complex functionalities, i.e. catalytically active metals, fluorescence and
biocompatibility. The intramolecular crosslinks fold the polymer chains into compact
structures, which is the most critical step within the synthetic procedure controlling the size
and conformation of the particles. The work presented in the current thesis uses light
induced folding and unfolding reactions allowing for the temporal change of the
conformation of SCNPs. Additional fluorescent crosslinks enable an enhanced

characterization of the SCNPs' folded state through a simple fluorescent read-out method.

The first results, Chapter 4, focuses on fluorescent and catalytically active SCNPs folded via a
photoinduced cross-linking reaction. The precursor copolymer contains phosphine ligands
for gold coordination and catalysis along with photoreactive cross-linking moieties. Mild
visible light (Amax = 415 nm) initiates folding, resulting in more compact structure. The
catalytic activity of the incorporated gold(l) complexes was demonstrated utilizing an
intramolecular hydroamination as a benchmark reaction. The formation of fluorescent cross-

links allows for a visual read-out of the successful folding.

In Chapter 5 we investigate light responsive and water-soluble SCNPs. Bimane cross-linked
SCNPs via an esterification reaction with a water-soluble backbone allow for unfolding in
aqueous solution under mild visible light, returning to the original precursor polymer. By
integrating fluorescent cross-linking units, we extend the potential SCNPs towards

biomedical application, paving the way for enhanced tracing and imaging applications.

Chapter 6 introduces a method to visualize SCNP folding employing Forster Resonance
Energy Transfer (FRET), a distance dependent interaction between a donor and acceptor
fluorophore. We incorporate bimane as the donor fluorophore and cross-linking unit, and
NBD as the acceptor fluorophore, into a polymer backbone. This approach allows for direct
optical read-out of the SCNP folding state, evidenced by a strong FRET signal. The FRET-based
strategy extends the range of characterisation methods for SCNPs avoiding complex

analytical equipment.




ZUSAMMENFASSUNG

In dieser Arbeit erweitern wir das Forschungsgebiet der Einzelketten-Nanopartikel (ENPs)
erheblich und gehen auf zentrale Herausforderungen und neue Anwendungen ein. ENPs sind
eine vielseitige Klasse von weichschaligen Nanopartikeln, die durch intramolekulare
Vernetzung von Ausgangspolymeren entstehen. Inspiriert durch die Natur, z.B. Enzymen,
vereinen ENPs einfache polymerbasierte Ansatze mit komplexen Funktionalitdten, wie
katalytisch aktiven Metalle, Fluoreszenz und Biokompatibilitat. Wir stellen eine lichtinitiierte
Vernetzungsreaktion vor, die eine raumlich-zeitliche Kontrolle des Faltens ermoglicht und
somit die GroRe der Partikel kontrolliert. Darliber hinaus haben wir wasserlsliche ENPs

entwickelt, die sich durch sichtbares Licht in eine lineare Polymerkette entfalten lassen.

Im Hauptteil dieser Arbeit befasst sich Kapitel 3 mit fluoreszierenden und katalytisch aktiven
ENPs, die durch eine lichtinduzierte Vernetzungsreaktion gefaltet werden. Das Ausgangs-
Copolymer enthédlt Phosphinliganden zur Goldkoordination und Katalyse sowie
photoreaktive Vernetzungseinheiten. Mildes sichtbares Licht initiiert das Falten und fiihrt zu
einer kompakteren Struktur. Die katalytische Aktivitat der eingebetteten Gold(l)-Komplexe
wurde mit einer intramolekularen Hydroaminierung als Referenzreaktion demonstriert. Die

Bildung von fluoreszierenden Knotenpunkten visualisiert die erfolgreiche Faltung.

In Kapitel 4 untersuchen wir den umgekehrten Entfaltungsprozess wasserl6slicher SCNPs. Mit
Bimaneinheiten vernetzte SCNPs, die durch eine intramolekularen Veresterungsreaktion mit
einem wasserloslichen Copolymer entstehen, kdnnen sich in wassriger Losung unter
sichtbaren Licht zu ihrem urspriinglichen Ausgangspolymer entfalten. Der Einbau
fluoreszierender Vernetzungseinheiten erweitert das Potenzial der ENPs hin zur
biomedizinischen Anwendungen und erdéffnet neue Moglichkeiten fir verbesserte

Nachverfolgung und Bildgebung.

Kapitel 5 stellt eine Methode zur Visualisierung des Faltens von ENPs mit Forster-
Resonanzenergietransfer (FRET) vor, einer distanzabhangigen Wechselwirkung zwischen
einem Donor- und einem Akzeptor-Fluorophor. Wir haben Bimane als Donor-Fluorophor und
Vernetzungseinheit sowie NBD als Akzeptor-Fluorophor in ein Polymer-Rickgrat eingebaut.
Dieser Ansatz ermdglicht eine direkte optische Auslesung des Faltungszustandes der ENPs,
wie durch ein starkes FRET-Signal belegt. Diese Strategie erweitert das Spektrum der
Charakterisierungsmethoden fiir ENPs und vermeidet den Einsatz komplexer analytischer

Gerate.
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1 Introduction

Single-chain nanoparticles (SCNPs) are a versatile class of soft-shell nanoparticles formed by
intramolecular cross-links of precursor polymers, currently undergoing critical advancements
in SCNPs formation, applications, and innovative characterization techniques.!* The current
PhD thesis critically expands the scope of SCNPs by adding light induced spatiotemporal
control of the folding state, influencing the particle size and compaction. Further, introducing
catalytically active metals brings SCNPs one step closer to their natural analogues, i.e.
enzymes. Consequently, water soluble SCNPs increase biocompatibility and expand their
range towards biomedical applications. To improve the characterization and enable
visualization of SCNPs formation, fluorescent cross-links were introduced. Lastly, Forster
Resonance Energy Transfer (FRET) was exploited as a tool to probe the close proximity and

compaction of SCNPs.

In recent years, SCNPs have witnessed remarkable progress, positioning them as tailored and
recyclable macromolecular catalytic systems./* > SCNPs are characterized as soft-shell
nanoparticles with a hydrodynamic diameter typically ranging from 3 to 40 nm,!® and
catalytic SCNPs combine the advantages of both homo- and heterogeneous catalysis.”
Homogeneous catalysts are generally more effective and selective under benign conditions,
while heterogeneous catalysts provide the advantages of easier separation and

recyclability.[®!

Molecular organometallic complexes, acids, and enzymes are prominent examples for
homogeneous catalysts and especially enzymes serve as blueprints for catalytically active
SCNPs.1 19 Although SCNPs are inspired by nature, they cannot mimic the specific and highly
defined spatial conformation of proteins. However, they are significantly simpler to
synthesize by utilizing radical polymerization techniques, which allow control over polymer
chains’ length and functionality.[**1% Several techniques have been developed to generate

SCNPs from linear polymer precursors as described in the theoretical background section

2.2 [15-17]

In Chapter 4 we describe the folding of SCNPs by a photoinduced reaction to create
fluorescent and catalytically active nanoparticles. The folding mechanism is based on a
photoenolization followed by a Diels-Alder reaction. Fluorescent and catalytically active

SCNPs offer real-time catalyst visualization in reaction vessels upon light excitation. The
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catalytically active metal center is equipped with gold complexes allowing the catalysis of a

range of organic reactions.

In addition to catalysis, SCNPs are also promising candidates for biomedical applications such
as drug delivery, target imaging, and enzyme mimicry,!*® for which water-soluble and
biocompatible polymer precursors are essential. Additionally, the size of SCNPs plays an
important role, defining their biomedical efficacy by influencing cellular uptake* and renal
clearance® in biological systems. The ability to change particle size and shape remotely
could significantly enhance cellular interactions and biodistribution, thereby advancing
controlled drug delivery, cell labelling, and imaging techniques.’? 2l However, current
methods for remote control of SCNP folding and unfolding are limited, especially in
biomedical contexts due to incompatibilities with water!?® 24 and the requirement for organic

solvents as triggering agents.?!

Chapter 5 focuses on the remote unfolding and biocompatibility of SCNPs. Mild visible light
is employed to control the macromolecular size, with bimane units serving as photolabile
linkage points, resulting in an unfolded and reusable polymer. Water-soluble systems with

fluorescent moieties allow for biomedical targeting and imaging applications.

The characterization of SCNP during and after folding is an ongoing challenge and often relies
on techniques such as dynamic light scattering (DLS)®??®! or size exclusion chromatography
(SEC).2> 39 |n Chapter 6 we employed distance dependet interactions between two
chromophores known as Foérster Resonance Energy Transfer (FRET) to evidence SCNP folding.
The novel FRET pair utilizes bimane units as a donor fluorophore and nitrobenzoxadiazole
(NBD) as acceptor showing an efficient energy transfer. The pioneered simple spectroscopic

readout allows tracking the folding status, and confirmation of high compaction.
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2 Theoretical Background

The chapter Theoretical Background provides a comprehensive overview of the fundamental
and advanced concepts in polymerization techniques, single-chain nanoparticles (SCNPs),
photochemistry, and related fields that are important for understanding the context and
scope of the current thesis. In the next section, polymerization techniques are described

which are employed to synthesize precursor polymers with unique functionalities.

2.1 Polymerization Techniques

Polymerization describes the process of connecting molecular building blocks (monomers) to
form polymer chains or complex networks. It can be characterized as step-growth
polymerization or chain-growth polymerization. Step-growth polymerization summarizes all
reactions where monomers with multiple functionalities react with each other, forming
dimers, oligomers and small polymer chains that only combine to long polymer chains at high
conversion rates. In a chain-growth polymerization, monomers add to a propagating polymer
chain, extending its length. The active part of the chain, either a radical, cation, or anion
reacts with monomers until side reactions lead to chain transfer or termination. Chain-
growth polymerization techniques have the advantage of forming polymers with high

molecular weight instantaneously after initiation at infinitesimal monomer conversion.?!

Free Radical Polymerization (FRP) is a common chain-growth polymerization method where
highly reactive radicals attach to monomers in a repeating manner. Radical initiators, e.g. 2,2-
azobisisobutyronitrile (AIBN), decompose forming radicals that start a polymerization,
followed by a propagation reaction. However, the highly reactive radicals tend to undergo
side reactions such as recombination and disproportionation, leading to termination and
chain transfer, affording polymers with a broad molecular weight distribution. Therefore,
regulation is required to control the molecular weight and the molecular weight distribution.
Reversible-deactivation radical polymerizations (RDRP) summarize techniques used to
control the propagation through an equilibrium of reversible activation/deactivation of the

radical chains.???

In the current thesis, the synthesis of precursor polymer chains is achieved by RDRP, allowing

radical polymerization with so-called ‘living character’, which refers to the ability of polymer
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chains to continuously grow without undergoing transfer and termination reactions,
resulting in precise control over molecular weight and functionality.®¥! In comparison with
free radical polymerization, RDRP maintains end-group fidelity and enables repetitive block-
formation.?¥ Radical polymerizations with a ‘living character’ are based on the work of
Szwarc in 1956,5% who established the foundational principle of a dynamic equilibrium

between active and dormant species.3 37

In the scope of the current thesis, both nitroxide-mediated radical polymerization (NMP) and
reversible addition-fragmentation chain transfer (RAFT) polymerization are employed to

control the synthesis of defined structures.

2.1.1 Nitroxide-mediated polymerization (NMP)

Nitroxide-mediated polymerization (NMP) is an important polymerization technique, which
uses a dynamic equilibrium between active and dormant species to effectively minimize

transfer and termination reactions.

Free radical polymerization has the ability to polymerize a wide variety of monomers to
polymers with high molecular mass, but lack in narrow molecular weight distribution and
end-group functionality. However, RDRP shows a linear progression of the molecular weight
of the polymer, resulting in a low dispersity (P) < 1.2. RDRP often allows chain extension
based on their defined end groups. Therefore, the polymer chains can be readily reactivated

from their dormant state forming block structures with different monomers.®

NMP achieves a living character by utilizing persistent nitroxide radicals as mediating agent,
which reversibly deactivate the propagating radicals and establish a rapid equilibrium
between active and dormant species at elevated temperatures. During the reaction most
radicals are reversibly trapped, minimizing the total concentration of the propagating free
radicals. Both the termination rate and the propagation rate depend on the total radical
concentration, but in contrast to the propagation, the termination by recombination requires
two radicals and is therefore dependent on the square of the total radical concentration. The
square dependence of the termination reaction on the concentration results in a drastic
decrease of the termination rate, while the propagation rate is directly proportional to the

total radical concentration and is thus less reduced. B3°-44

Originally, NMP was accomplished by adding the nitroxide radical 2,2,6,6-
tetramethylpiperidin-1yl)oxyl (TEMPO) to a free radical polymerization with conventional

thermalinitiators, such as AIBN. Above a certain temperature, TEMPO is capable of reversible
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termination, allowing an equilibrium between active and dormant species (Scheme 3) to be
established. Since then, a great variety of nitroxide compounds have been synthesized and
investigated to overcome certain limitations of TEMPO, including high reaction temperatures
typically above 130 °C and long reaction times. Additionally, TEMPO only allows living
polymerization with styrene or styrene derivates. A new generation of NMP initiators include
SG1 (N-tert-butyl-N-[diethylphosphono-(2,2-dimethylpropyl)]nitroxide) and TIPNO (N-tert-
butyl-N-[1-phenyl-2-methylpropyl] nitroxide), which allow controlled polymerization of
monomers such as acrylates or acrylamides."*® However, TEMPO based alkoxyamines are still
used for the polymerization of styrene based monomers (Scheme 1). N-alkoxyamines are
often used instead of nitroxide radicals, allowing the thermal fragmentation into a persistent

nitroxide radical and an initiating alkyl radical, avoiding the need of thermal initiators.[*?

0 e

Scheme 1: Styryl-TEMPO alkoxyamine used in the current thesis for the polymerization of styrene
derivates, allowing thermal fragmentation into a persistent nitroxide radical and an initiating alkyl
radical.

Nitroxide radicals are defined by their stability and are described as persistent radicals,
implying that they do not self-terminate. The aminoxyl group with an unpaired electron
shows two main mesomeric structures in which the radical is either depicted at the oxygen
or at the nitrogen. The delocalization of the electron is the main reason for the stability of

the radical (Scheme 2).143 44!

Scheme 2: Mesomeric structures of nitroxides showing the delocalization of the unpaired electron.®

The NMP mechanism of styrene with styryl-TEMPO alkoxyamine is shown in Scheme 3. For
the initiation, the homolysis of the O-Rsy, bond is thermally induced, resulting in a stable
radical (TEMPO) and reactive carbon-centered radical. The reactive radical undergoes a fast
polymerization with the monomer (styrene), whereas the persistent radical is too stable to
initiate a polymerization and is not able to self-terminate.l*> % However, the persistent

radical can recombine with the carbon radical to an alkoxyamine species, maintaining an
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equilibrium between dormant and propagating chain. Self-termination of the carbon radical

is possible but not favored due to the low concentration of radicals.!* 48!
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Scheme 3: Mechanism of the NMP process. Starting with an alkoxyamine in the pre-equilibrium to
generate a living chain. The main equilibrium shows the propagating chain. The monomer (M) is in this
case styrene.?®

The control over the polymerization is achieved when the equilibrium between active and
dormant chains is biased on the dormant site (k. >> kq). Not only the temperature, but also

the monomer-initiator-system is an essential criteria for controlled radical polymerization.!*!

2.1.2 Reversible-addition-fragmentation chain-transfer (RAFT) polymerization

Reversible-addition-fragmentation chain-transfer (RAFT) polymerization is a variant of RDRP,
as mentioned above, and first reported by Rizzardo, Moad, Thang and co-workers in 1998 in
Australia.®” It has since become an in important polymerization technique for well-defined

polymers with a low dispersity and complex structure.

Control over the reaction is achieved by a reversible chain-transfer process, which activates
and deactivates the propagating chain. The key steps in the mechanism of RAFT
polymerization are shown in Scheme 4, with AIBN (initiator), methyl methacrylate
substructure (monomer), and 2-cyano-2-propyl benzodithioate as RAFT agent, which were

also used in the current thesis.
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Similar to free radical polymerization, the RAFT process is initiated in the same way as free
radical polymerization through the decomposition of an initiator (e.g. AIBN). The resulting
radicals (I°) react with monomers (M) to form a propagating chain (P,*). In the presence of a
RAFT agent, P," forms a polymeric RAFT adduct radical which subsequently undergoes
fragmentation, resulting in the formation of a polymeric RAFT agent alongside a reactive
carbon-centered radical. An advantage of the RAFT agent 2-cyano-2-propyl benzodithioate is
the formation of an identical radical (I°) compared to AIBN-derived radicals, generating a new
propagating chain (Pn*). The propagating chains form an equilibrium with the polymeric RAFT
agents, leading to rapid chain transfer between the active and dormant states of growing
chains, thereby ensuring an equal distribution of propagation probability among all chains. It
is important to note that in a RAFT process, the overall radical concentration remains
consistent with that of a non-RAFT mediated process, ideally allowing it to proceed at a
comparable rate. The rate at which radicals add to the RAFT agent also surpasses their
bimolecular termination rate significantly because the RAFT adduct radical does not undergo
bimolecular termination. As a result, RAFT polymerization provides control over the

evolution of molecular weight and a dispersity.% 2
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Scheme 4: General mechanism of a RAFT-polymerization. The activated initiator (I°) reacts with
monomer units (M) forming a propagating chain (Pr°). In the presence of a RAFT agent, the P»* forms
a RAFT adduct radical which undergoes fragmentation, leading to a new propagating chain (Pn"®). Step
4 describes the main equilibrium between the active chain and a dormant species.>!

The RAFT polymerization leads to low dispersity and high molecular weight with a broad
range of monomers. Depending on the monomers, the RAFT agent needs to be adapted to
ensure a stable equilibrium and fast propagation. Therefore, monomers are typically
distinguished in two classes, i.e. more activated monomers (MAMs) and less activated
monomers (LAMs). MAMs form relatively stabilized radicals due to conjugated electron
systems represented in butadiene, styrene, and acrylates. In comparison, LAMs have an
electron-withdrawing group (nitrogen, oxygen and halogen) next to the vinyl group as

represented in vinyl acetate, N-vinylpyrrolidone and vinyl chloride. >4

The control of the RAFT polymerization mainly depends on the reactivity of the RAFT agents
C=S bond compared to the monomer C=C bond towards radical addition. A more reactive C=S
bond provides faster radical addition rates and can be achieved by adapting the R- and Z-

group of the RAFT agent (Scheme 5).5
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Scheme 5: RAFT agent with a free-radical leaving group R and Z-group which controls the reactivity of
the C=S bond.

The Z-group is mainly responsible for the radical addition and stabilization of the RAFT adduct
radical during the polymerization, whereas the role of the R-groups is less pronounced here.
For MAMs, the Z-Group needs to support the radical addition and stabilize the RAFT adduct
radical to overcome an uncontrolled polymerization of the more stable radicals. In contrast,
the less stabilized radicals from LAMs need support fragmentation towards propagating
radicals, as a too stable RAFT adduct radical would trap propagating chains and prevent

polymerization. A range of Z- and R-groups is shown in Scheme 6.
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Scheme 6: Different Z- and R-groups for more activated monomers (MAMs) and less activated
monomers (LAMs).

The R-group also has an important role in RAFT polymerization. Although less pronounced
than the Z-group, the R-group also influences the radical addition to the C=S bond. In
addition, the R-group must be a good radical leaving group and be able to initiate fast
propagation. In the current thesis, the R-group mimics the initiator (AIBN), as it forms stable
and reactive radicals that are able to react with most monomers and provides the same end

groups.4
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Another advantage of RAFT polymerization is the end-group fidelity, which can be used for
further functionalization and block extension. A broad range of reactions has been
established to modify the thiocarbonylthio end-group, including the reduction to a thiol,
radical-induced transformation or thermolysis.’®* It is often necessary to remove the end
group to prevent further side reactions. Within the scope of the current thesis, the
dithiobenzoate group was removed to prevent visible light absorption due to its pink color

and side reactions.

In a typical procedure, the RAFT polymer is exposed to AIBN in THF under the presence of
atmospheric oxygen and heated to 60°C. The decomposition of AIBN initiates a radical
oxidation cycle where the generated THF radicals react with the thiocarbonylthio end-group
forming polymeric radicals P,* and tetrahydrofuranyl dithioesters. P,* reacts with oxygen
dissolved in the reaction mixture yielding a hydroperoxide end group. Subsequently, the
addition of triphenylphosphine reduces the hydroperoxide, resulting in a hydroxide end

group. During this reaction, the color changes from pink to colorless (Scheme 7).1%

AIBN, THF, air PPh
Pn/S S r /O\ —3> /OH
P OH o ) P
Ph 60 °C, 40-60min 40 °C, 10min
dithiobenzoate hydroperoxide hydroxide
end group end group end group

Scheme 7: End group modification of a RAFT polymer with dithiobenzoate group. A radical oxidation
cycle initiated by AIBN yielding hydroperoxide groups which were reduced with triphenylphosphine to
hydroxides.

2.1.3 Copolymerization

To increase the functionality or change the properties of a polymer, different monomers can
be polymerized into one polymer. The properties of such copolymers depend on the
structural units and their order along the chain. A distinction is made between statistical
copolymers (ABAABAAABB), which show no periodic order between the monomers,
alternating copolymers (ABABABAB), where monomers are particularly ordered, and block
copolymers (AAABBB) where sequences of the same monomers are attached. In addition to
linear copolymers, grafted or branched copolymers expand the range of polymeric

architecture in which monomers form side chains attached to the polymer.

In the scope of the present thesis, all synthesized copolymers show a close to statistical order
of the repeating units. However, the monomer feed ratio and the resulting polymer

composition is often not identical, meaning that a change in the feed ratio does not
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necessarily result in a proportional change in the polymer composition. Accordingly, during
the course of a reaction, monomers are polymerized with different feed ratio leading to a
change in the monomer concentration and therefore to different polymer compositions
along the chain. The different ratios in which a monomer A or B adds to the propagating chain
are defined as reactivity ratios and determine whether a monomer tends to react more
readily with its own or with another type of monomer at the end of a propagating chain. The
reactivity ratio of each monomer results from the rate constant of adding monomer A to the
propagating chain with monomer A as chain end in relation to the rate constant for adding

monomer A to the propagating chain with monomer B as chain end.

The copolymer composition can be determined by e.g. *H NMR spectroscopy, comparing
resonances of the different repeating units with the backbone. To investigate if the
copolymer composition changes gradually along the chain, their incorporation must be
traced during the polymerization, which can be achieved by recording the kinetics of the

polymerization.
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2.2 Single-Chain Nanoparticles (SCNP)

2.2.1 Synthetic strategies

Nanoparticles are defined by their size typically between 1 and 100 nm and they vary in shape
and material.[®¥ Single-chain nanoparticles (SCNPs) in particular are such nano-sized objects,
obtained from a single polymer chain through intramolecular cross-linking, with a typical size
between 3 to 30 nm.*?l Polymerization techniques as discussed above are utilized to
synthesize linear precursor polymers, and controlled folding into SCNPs allows precise
control of size and tailored functionality. The defined cross-linked structure and functionality
of natural biomacromolecules inspire the development of SCNPs, which have a wide range
of potential applications in various fields. Enzymes in particular serve as blueprint for
catalytically active SCNPs, focusing on reusability and selectivity.®® Further applications in

the biomedical field include tailored release vectors or in vivo tissue targeting.[* 16 64

Complex synthetic designs are required to mimic biomacromolecules and their functions.
Apart from the polymerization techniques (refer to 2.1 Polymerization Techniques), the main
step towards the formation of SCNPs is the folding of the linear precursor polymers. The
successful intramolecular cross-linking is dependent on the chain length and the rigidity of
the polymer backbone, but also depends on the placement and type of cross-linking moieties.
A broad range of pendant groups and external linkers can be used to form different bonds
within the chain. To avoid inter-chain cross-linking, the folding of SCNPs is normally carried

out in diluted solution (typically <1 mg mL?).[”!

In nature, a large variety of cross-linkers are found, folding biomacromolecules into their
specific structure. Disulfide bonds are frequently formed as covalent cross-links, whereas
hydrogen bonds are a common form of non-covalent interactions. Within the scope of SCNPs,
a wide range of hydrogen and covalent bonds are used.(®® Furthermore, coordinative
dynamic bonds with external metal-ions can be used to cross-link polymer chains.[% ¢7)
Covalent and non-covalent cross-linking reactions can be categorized into reactions utilizing
pendant groups, which react with each other in a e.g. [4+4] cycloaddition between
benzocyclobutenes!®, or cross-linking reactions that use small molecules such as an external
linker to form a connection between two pendant groups. An example for a covalent cross-

linking reactions is the disulfide bond formation as shown in Scheme 8.11
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Scheme 8: Examples of different ways of cross-linking polymer chains to obtain SCNPs with pendant
groups and external cross-linker.

To avoid side reaction of the pendant groups during the polymerization, the cross-linking
strategies often involve post-functionalization or protection groups. Post-functionalization is
necessary if the cross-linking moieties contain alkenes, which react during a radical
polymerization. An alternative way to avoid incompatibility is to use a highly reactive external
cross-linker in combination with stable pendant groups. Moreover, light can be used as an

external trigger to achieve spatiotemporal control.

In addition to the frequency, the placement of the pendant groups, leading to an
intramolecular chain collapse, has a critical impact on the compaction of the SCNPs. Most
common is the statistical copolymerization of pendant groups that can subsequently be
utilized to initiate the collapse into SCNPs. More control can be achieved by selective point
folding in which only specific orthogonal reaction partners form defined linkages between
each other. Therefore, the functional groups must be placed in defined positions along the
chain as shown in Scheme 9, requiring a high synthetic effort and orthogonal reaction

partners.!°®!

Repeat Unit Folding
Selective Point Folding %

Scheme 9: Folding of polymers via repeat unit folding and selective point folding.[®®!
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A challenge during the cross-linking of single polymer chains is to avoid reactions between
chains, normally achieved by highly diluting the polymer solutions, making intramolecular
reactions more likely. However, an excess of solvent hinders upscaling and prevents large-
scale industrial production of SCNPs. Recently, several groups have increased the
concentration during SCNPs folding, enabling synthesis from up to 40 mg mL?! by

electrostatic-mediated intramolecular cross-linking.[®%!

In summary, many different synthesis strategies allow the formation of SCNPs with defined
structures. However, to characterize the shape and the gain of compaction advanced

characterization methods are required.*® 7%

2.2.2 Characterization of SCNPs

Beyond the synthetic strategies, characterizing the folding of SCNPs provides further
challenges. While standard analytical methods such as NMR and UV/VIS spectroscopy can
monitor molecular changes during the cross-linking reaction, they face limitations in
differentiating between intra- and intermolecular cross-linking and cannot quantify the
overall degree of compaction. To gain a deeper understanding of the folding process, more
advanced characterization methods are necessary. Elaborated NMR spectroscopic
experiments such as diffusion-ordered spectroscopy (DOSY) can identify intramolecular
cross-links by determining the diffusion coefficient (D) of the cross-linked particles and
comparing it with the smaller diffusion coefficients of linear polymer chains. In addition, size
exclusion chromatography (SEC) is commonly used to determine the hydrodynamic diameter
of the formed particles to ensure a interchain cross-linking.”" In the theoretical work of
Pomposo and coworkers (2014),7? the structure of SCNPs was modeled using computer
simulations, revealing that the collapse does not necessarily lead to high compaction, but
often results in an open chain structure with local compactions. These results show that a
high degree of pendant groups is required to reach high compaction and demonstrate the
lack of characterization methods to further investigate the shape and structure of SCNPs to

mimic globular proteins.”> 74

A common method in polymer chemistry is SEC, also known as gel permeation
chromatography (GPC), which separates macromolecules based on their hydrodynamic
volume and enables calibration against molecular weight, displaying the molar mass
distribution of a sample. In the scope of the current thesis, SEC is used to follow the SCNPs

formation. The intramolecular collapse of a linear polymer chain results in a decrease of its

14 Theoretical Background



hydrodynamic volume, which indicates successful folding. However, the ability of SEC to
resolve different substances into separated signals is limited, requiring a minimum mass
difference for baseline separation.’® In principle, macromolecules are separated based on
their hydrodynamic radius due to differential penetration depth in the porous stationary
phase. The higher inclusion of smaller molecules increases the elution time and separates
them from larger molecules that cannot access small pores. The column is filled with a gel,
typically comprising cross-linked polymer particles based on polystyrene, divinyl benzene, or
polyacrylamides, each having varied pore sizes. During the chromatography, the stationary
phase is consistently flushed with a solvent, which dissolves the sample and carries it through
the column. Ideally, the sample and the surface of stationary phase do not interact with each

other.’®

To investigate SCNPs formation, the polymeric samples are compared before and after cross-
linking, showing an increase in elution time in the case of successful compaction, resulting in
a decreased hydrodynamic volume. The hydrodynamic volume during multi-chain
aggregation increases, which leads to smaller elution times, but can also lead to insolubility
of the polymer network.”> 77 781 By default, SEC is used to determine the molecular weight
and the molecular mass distribution of a polymeric sample employing a calibration curve of
well-defined polymeric standards of the same polymer. In the field of SCNPs, the molecular
weight is often specified as apparent molecular weight because a decrease in the
hydrodynamic radius changes the elution time and therefore the molecular weight, which is

based on a calibration, even the actual molecular weight does not change.

While SEC measurements are a commonly used method to investigate the folding of SCNPs,
a second method is often used to confirm results. Dynamic Light Scattering (DLS) provides
another practical way to measure the hydrodynamic radius of small particles. However, DLS
is very sensitive to impurities and chain aggregations, and even a small amount will affect the
measurement due to the proportion of the signal intensity to the power of 6 to the diameter
of the particle. In addition, DLS reaches its resolution limit for SCNPs with small size

differences after folding/unfolding.l’”

A more complex method is diffusion ordered spectroscopy (DOSY). This 2D NMR technique
is used to measure the diffusion coefficient of molecules, therefore the degree of Brownian
molecular motion in solution. The diffusion coefficient of a molecule is affected by the size,
shape, temperature, and viscosity of the solvent. DOSY NMR spectra contain the information

of a sequence of NMR measurements by applying a pulse field gradient. Subsequently, the
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decreasing signal intensity is plotted and analyzed in order to obtain the diffusion coefficients

of each signal.

The pulsed field gradient sequence starts by labeling the nuclear spins with a phase factor
based on their location in the NMR tube, followed by a short delay allowing for diffusion of
the molecules. Another gradient pulse re-focuses (or undoes) the phase factors of the nuclear
spins from the first gradient pulse.®” Depending on the amount of diffusion during the delay,
the NMR signal will not be fully restored, leading to a weaker signal. DOSY spectra are
primarily obtained from H nucleus, resulting in a proton spectrum with diffusion data for
each resonance. For the resonances of one molecule, the DOSY experiments show the same
diffusion coefficient, which results from their hydrodynamic radius. Two molecules of
different hydrodynamic radius will exhibit a different diffusion coefficient for each set of
resonances. The average hydrodynamic radius (Stokes—Einstein radius, R4) of each set of
molecules can be calculated with the Stokes-Einstein relation (1) based on the diffusion
coefficients (D) measured by DOSY. The Stokes-Einstein relation also includes the Boltzmann
constant (kg), the absolute temperature (T = 294K) and the dynamic viscosity (n) of the NMR
solvent.
kg-T

fn =D

Although DOSY experiments are a more complex measurement, they provide detailed insight

into the molecular structure of macromolecules and are often used to support SEC data./8!
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2.3 Photochemistry

In the scope of the current thesis, photoinduced reactions are used to trigger the folding of
linear precursor polymer chains into compact SCNPs. Further, visible light was utilized to
unfold SCNPs back to their linear structure. Light thereby enables spatiotemporal control and
acts as a traceless reagent eliminates the need for a reactive external cross-linker or
temperature as a trigger which might be limited in temperature sensitive application as living
cells or with reactive functional sidechains. In general, photochemistry is defined as
molecular changes caused by irradiation with ultraviolet, visible or infrared light.[?
Photochemical reactions are natural processes that occur in many different ways. A well-
known example is the complex process of photosynthesis, in which light energy is converted
into chemical energy in the form of sugar.®> 84 Photochemistry allows to initiate specific
reactions without having to rely on thermal activation energy, enabling spatiotemporal
control.® Specifically, visible light (400-800 nm) serves as an ideal mild trigger in many

applications as it provides a clean, renewable, and cheap energy source. &

2.3.1 Jablonski diagram

The wavelength at which light is being absorbed by a molecule depends on the electronic
structure. For a photon to be absorbed, it must provide the right amount of energy required
to excite an electron from the ground state to an excited state. Such behavior can be
quantified in UV/VIS spectra, where the absorption is recorded for various wavelengths. %7 &
Different electronic states and transitions of a molecule are typically illustrated in a Jablonski

diagram (Figure 1).[8%
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Figure 1: The Jablonski diagram shows the possible transitions after absorbing light from the ground
state to excited state.

By irradiating a molecule with a suitable wavelength, a photon is absorbed, exciting a valence
electron from the ground state (So) to an (Ss1, S2), which consists of many vibrational levels.
The energy difference between the excited state (energy of the photon) and its lowest
vibrational level (So1,2) is called vibrational relaxation. The intermediate states are
represented as thin lines and called vibrational states. After these relaxation processes, other
so-called photophysical deactivation processes can occur to lower the energy of the electron

from an excited state to the ground state.

Photophysical deactivation distinguishes between non-radiative and radiative deactivation.
The non-radiative deactivation combines all transitions where no photons are emitted and is
usually accomplished by vibrational relaxation. Internal conversion (IC) is one non-radiative
transition that occurs between two excited states with different energetic levels, yet the
same spin multiplicity. The electron passes from the excited state S; to the respective
vibrational state of S;, followed by vibrational relaxation from the excited S; state to the
lowest vibrational level of S;. Intersystem crossing (ISC) describes a similar transition, but
differs due to the occurrence of spin multiplicity changes (e.g. S1 = Ti). Processes with
different multiplicity are spin-forbidden, making them slower and only appearing for small

energy differences.

Radiative deactivation describes the light emitting transitions, also known as luminescence.

Fluorescence describes the transition from S; to So under emission of light within a radiative
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lifetime of about 10 s. Phosphorescence, on the other hand, takes place after ISC from S; to
T,, followed by a radiative deactivation from T, to So, emitting light with a longer radiative
lifetime than fluorescence. Since the transition is spin-forbidden, radiative lifetime of

phosphorescence is usually around 10° s but can go up to several hours.

Photochemical deactivation is not shown in a Jablonski diagram. It describes chemical
reactions followed by light absorption including not only isomerization and bond forming
processes, but also cycloadditions and cyclisation, converting excited molecules into ground

state molecules. -

2.3.2 Beer-Lambert’s law

In the section above describes the absorption of light by a single molecule. To describe the
absorption of light through a material or solution, the Beer-Lambert’s Law is used. It relates
the absorbance A with molar absorption coefficient € for a certain substances and

wavelength A as well as the concentration ¢ and the path length in cm. Shown in equation 2:

Azea-c-lzlogITO 2
The absorption of light is determined using a UV/VIS spectrometer by measuring the intensity
passing through a sample. The experimental design shown in Figure 2 depicts the light beam
with full intensity (/o) on the left side and with lower intensity (/) after passing through a
solution of concentration ¢ containing a substance with a wavelength-dependent molar
absorptivity coefficient €,.°2 The quotient of I/ Iy is called transmittance and is used to

calculate the absorbance.

Light

Figure 2: Light beam with full intensity (/o) on the left side and with lower intensity (/) after passing
through a solution of concentration ¢ containing a substance with a wavelength-dependent molar
absorptivity coefficient &x.
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Beer-Lambert’s law is an essential principle for the analysis of light absorbing particles in
solutions. It is a common way to calculate concentrations and the dimensions of a reaction
vessel to ensure the most effective irradiation. With incorrect dimensioning, the reaction
time might increase, as the intensity of the radiation decreases exponentially with increasing
thickness of the reaction vessel. By working on larger scales, it is therefore necessary to stir
the solution or use photo flow systems.!®¥ The absorption coefficient can be determined for
a solution with a known concentration, which can be further used to calculate the
concentration of unknown samples. In the field of SCNPs it can give essential insight into the

cross-linking density.

The absorption at different wavelengths of a molecule is defined as an absorption spectrum
and displays the energy needed to excite a molecule. In contrast photochemical action plots
determine the conversion of a photochemical reaction for different wavelengths with same
number of photons. It is found that the highest conversion often does not align with the
absorbance maximum. Instead, studies show a red shift of the conversion compared to the

absorption spectrum.®* %4

2.3.3 [4+2] Cycloadditions

Cycloaddition reactions describe the formation of a cyclic adduct by two or more double
bonds. The unsaturated molecules form a cyclic transition state, which is followed by the
formation of two new o-bonds. Cycloadditions are highly valued for their regio- and
stereoselectivity, making them versatile tools in chemistry. They are typically classified based

on the number of n-electrons involved (e.g. [4+2], Scheme 10).5%!

=4 " [4+2]
~f >
diene dieneophile

Scheme 10: Schematic overview of a [4+2] Diels-Alder cycloaddition between butadiene and ethene.

[4+2] Cycloadditions are also known as Diels—Alder reaction, named after their discoverers
Otto Diels and Kurt Alder (1928). Importantly, Diels-Alder reactions can function under mild
conditions when one component is substituted with an electron-donating group (EDG) and

the reaction partner with an electron withdrawing group (EWG).

In the scope of the current thesis, a photoinduced Diels—Alder reaction is used to cross-link

polymer chains into SCNPs. Orthomethylbenzaldehydes (oMBAs) serve as photocaged
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dienes, generating orthoquinodimethanes (0QDM) intermediates, which react in situ with
the corresponding dienophiles. The Diels—Alder reaction between the oQDM and the
dienophile is thereby an important point considering the Woodward and Hoffmann rules
which define if a cycloaddition is allowed (favored) or forbidden (unfavored), based on the
number of rt-electrons and their orbital alignment. Following these rules [4+2] cycloadditions
are thermally allowed but photochemically forbidden. Therefore, a Diels—Alder reaction will
not occur under irradiation but — as in our case — irradiation may provide the conjugated
diene via a photoreaction which then reacts thermally with the dienophile. The mechanism

of the 0QDM formation is depicted in Scheme 11 using oMBA thioether as an example.®

R\S o R\S o} R\S R\S
—_— —_— o —_—
hv1 ic
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R A oM )-enol

OH

A
EWG /
R
s OH
EWG OH  pimolecular reaction
O‘ products via [4+4]
EWG and [4+2] cycloaddition

[4+2] cycloaddition 4r electrocyclization

Scheme 11: Photoinduced mechanism for the formation of o-quinodimethanes and side products.

The irradiation of oMBA leads to a singlet excited state, which can undergo an ISC towards a
triplet excited state. Compared to the singlet state, the triplet state has a longer half-life and
allows free C-C bond rotation. Subsequently, biradicals are formed through H-abstraction
leading to the (E)- or (Z)-enol. The (Z)-enol 0QDM can rearrange back to the oMBA or undergo
a side reaction, resulting in a 1-hydroxybenzocyclobutane or bimolecular reaction products.
However, the [4+2]-cycloaddition with an electron poor dienophile (here alkyne) leads to 1,4-
dihydro-1-naphthole. Notably, the (E)-enol oQDM does not react with dienophiles due to its

short lifetime, and rearranges back to oQDM.?”!

In the work of Feist et al. (2020)® a photoinduced Diels-Alder reaction is reported, which
led to fluorescent naphthalene via E1 elimination. In Chapter 4, this cycloaddition is utilized
to gain spatiotemporal control over the SCNP formation and to form fluorescent cross-links,

allowing an easy readout method of SCNP folding.
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2.3.4 Bimane

Bimanes were first summarized and characterized by Kosower et al.,'*® 1% as a new class of
heterocyclic molecules. These authors introduced the name bimane (bi (two) and manus
(hand)) as brief terms after their symmetric form of the core structure 1.5-diazabicyclo[3.3.0]
octadienediones. Bimanes are an interesting field of study, used as small fluorophores for
labeling and tracing application and have been widely used as fluorescent photoremovable

protecting group or for labeling and tracing in biomedical applications.0% 102!

The photolysis of bimane caged esters was reported by Chaudhuri et al.[?% who suggested
that the photon excited bimane undergoes a relaxation to the lowest excited singlet state
(S1). Subsequently, a heterolytic C-O bond cleavage forms a singlet ion pair. To prevent
recombination, the ion pair is separated and quenched by water, yielding the photoproduct

alcohol and carboxylic acid (Scheme 12).11%3!
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Scheme 12: Photoinduced cleavage mechanism of bimane diesters in the presence of water.

Bimanes are often used as fluorescent labeling agents in biological systems, as
bromoderivatives (monobromobimane or dibromobimane) are non-fluorescent but become

fluorophores after nucleophilic substitution with a substrate.[20% 104

2.3.5 Forster resonance energy transfer (FRET)

As previously mentioned, fluorescence is a radiative deactivation process of a molecule to
release absorbed energy, typically between the first excited state and the ground state of a
molecule. The process, in the range of 10° to 107 seconds, is relatively slow and involves

energy loss through internal conversion and vibrational relaxation, resulting in emission
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spectra with a higher wavelength than the absorption spectra. The difference between

absorption spectra and emission spectra is also known as stokes shift.

Energy can be transferred if two different chromophores are in close proximity, resulting in
a redshift of the fluorescence spectra, which is called Forster resonance energy transfer
(FRET).'%! Here, an excited donor chromophore can transfer energy to an acceptor
chromophore via nonradiative dipole-dipole coupling. The efficiency of this energy transfer
is highly dependent on the distance between donor and acceptor molecules. FRET is often
used as a molecular ruler to confirm that two objects of interest are close together. The

general principle of FRET is depictured in Figure 3.[20¢!
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Figure 3: Concept of Forster resonance energy transfer (FRET) with fluorescence spectra and Jablonski
diagram of FRET.

FRET only occurs if the chromophores are sufficiently close for Coulombic dipol-dipol
interactions, which is within 10 nm. The FRET efficiency is highly dependent on the distance
between the donor and acceptor, due to its correlation to the power of sixth. Additionally,
the energy transfer is improved by a high extinction coefficient and a high quantum vyield of
the donor. To enable FRET, a spectral overlap between the donor's emission spectrum and
the acceptor's absorption spectrum is required, allowing an energy transfer from the excited
state of the donor to the acceptor. The spectral overlap between two chromophores is
illustrated in Figure 3. Another factor influencing FRET is the orientation of the fluorophores
to each another. The spatial alighment is described by the orientation parameter (k%). The
orientation parameter ranges from 0 to 4, with O indicating that the dipoles are perpendicular

to each other, while a value of 4 indicates that the dipoles are collinear. When the two
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transition dipoles are parallel, k* equals 1. However, a value of 2/3 is expected for a freely

rotatable system.[107, 108]
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2.4 Coordination Complexes

An important goal of the current thesis was to implement catalytic activity in SCNPs to mimic
the catalytic behaviour of enzymes. A basic understanding of metal-to-ligand interactions is
necessary to understand the metal and ligand selection to avoid orthogonality problems with
other functional groups. A coordination complex consists of a centralized metal surrounded
by ligands that coordinate with the metal. The geometry of the complex is determined by the
metal and its oxidation state, as well as the type and number of ligands. The interactions
between metal and ligand are mostly considered as covalent bonds where the ligand
provides electrons to an empty orbital of the metal. Also, metal to ligand back donation may

occur.

In the scope of this thesis, we chose gold(l) as catalytically active metal center due to its
ability to form stable (but unreactive) chlorides which can readily be activated using a
cocatalyst. Gold complexes are able to catalyze a wide range of organic reactions!**® 1% and
are a promising study area in application as liquid crystals,**) metalorganic vapour-phase

epitaxy (MOCVD),!**? 113! Juminescence,*** and cancer therapy.[**> 11¢!

Gold(l) catalyzed organic reaction are often based on alkyne activation followed by C-C, C-O
or C-N bond formation. In the last years, studies have shown the efficiency of gold in
catalyzing cross-coupling reactions via an Au(l)/Au(lll) cycle, based on nucleophilic addition
to unsaturated C-C bonds, hydroarylation, enyne cyclization, and cycloaddition reactions.%
117) To demonstrate the catalytic activity of our gold(l) equipped SCNPs, we performed an
intramolecular hydroamination of an aminoalkyne as a benchmark reaction.l'*¥! The

proposed mechanism is shown in Scheme 13.
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Scheme 13: Mechanism for the Au(l)-catalyzed intramolecular hydroamination of an aminoalkyne.

H*

Phosphine ligands coordinate to transition metals by donating their lone pair to the empty
d-orbital of the metal center. However, phosphines are readily oxidized, leading to a
significant change in their coordination behavior. The oxidation product, phosphine oxide,
changes from bonding with soft metal centers to favoring hard acids due to its transformation
from a phosphorus-based donor to an oxygen-based one. To prevent oxidation, we utilized
sulfur as a stable protection group during the polymerization and SCNPs formation.
Phosphines also allow monitoring of their chemical surroundings using the NMR active 3'P
nuclei. Phosphor NMR is a commonly used NMR technique, as it is highly sensitive due to the
100% isotopic abundance with a nuclear spin of % and high gyromagnetic ratio of 3!P. This
enables tracking of the reaction state during protection, deprotection and coordination.

Additionally, any unwanted oxidation would be observed.***

SCNPs equipped with catalytic active metal complexes combine the advantages of homo- and
heterogeneous catalysis. Homogeneous catalysts are generally more effective and selective
under mild conditions, while heterogeneous catalysts provide the advantages of easier
separation and recyclability.® Molecular organometallic complexes, acids and enzymes are
examples of homogeneous catalysts.® 1% In the work of Knéfel and Rothfuss et al. (2017),122%
platinum(ll) cross-linked SCNPs have been demonstrated as homogeneous yet recyclable

catalysts, by utilizing the amination of allyl alcohol as a benchmark reaction.
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3 Motivation

Single-chain nanoparticles (SCNPs) are a versatile class of soft-shell nanoparticles, currently
undergoing critical advancements, aiming for applications in the field of catalysis, biomedical
application and responsive materials.[®* 2% 122 Many examples have been shown in the
literature highlighting the use of SCNPs as catalysts, with catalytically active metals or e.g.
photosensitizers.[*® 123l Compared to traditional homogeneous and heterogeneous catalysts,
such as metals and metal complexes, SCNPs merge the benefits of both, offering
homogeneous reaction conditions, enhanced recyclability, high activity, and potentially high
substrate specificity.”! In the field of biomedical applications, literature showed that SCNPs
can be used for drug delivery and in tracing and imaging applications.*?*! Furthermore, it was
shown that the conformation of the SCNPs — linear polymer chain versus compact particle —

can influence the cellular uptake within a biological system.™*

With the current body of work we aim to contribute to the research field of SCNPs and make
critical enhancements for the use of SCNPs in catalysis and biomedical applications. To allow
for changing the conformation by light, we introduced photoactive cross-links which fold or
unfold the polymer under irradiation, allowing for temporal control. Changing the
conformation of SCNPs by light could be used to influence the cellular uptake in biological
systems or influencing the catalytic active center within a polymeric pocket. To improve the
characterization of the folded state of SCNPs fluorescent cross-links are incorporated,
indicating the successful folding and unfolding allowing for an optical readout method. Those

fluorescent SCNPs could further be used in tracing and imaging applications.

The overall research strategy is implemented within three projects, where project one
focuses on the light induced folding resulting in the formation of fluorescent SCNPs. In
addition, the polymer backbone contains phosphine ligands to coordinate gold and allow for
catalysis. The second project focuses on the remote unfolding and biocompatibility of SCNPs.
Mild visible light is employed to control the conformation and size, with bimane units serving
as photolabile linkage points. Water-soluble systems with fluorescent moieties allow for
biomedical tracing and imaging applications. In the last project, we employed distance-
dependent interactions between two chromophores known as Forster Resonance Energy
Transfer (FRET) to evidence SCNP folding and pave the way for further optical read out

methods and improved characterization.
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4 Fluorescent and Catalytically Active Single-
Chain Nanoparticles

Ph_ Ph

Light Catalytic
Induced Fluorescent
Crosslinks Gold-SCNPs

Abstract: Fluorescent and catalytically active SCNPs enable homogeneous catalysis and simultaneous
monitoring of the catalyst distribution within a reaction vessel. Linear polymer chains are folded into
compact polymer nanoparticles via a photoactivated reaction under visible light irradiation (Amax = 415
nm), resulting in the formation of fluorescent cross-links. The polymer backbone was obtained by NMP
and contains functional groups for the coordination of catalytically active gold complexes and the
photoactive cross-linking moieties. Reprinted with permission from P. H. Maag et al., Macromolecules
2022, 55 (22), 9918-9924. Copyright 2022 American Chemical Society.

4.1 Motivation

In the current chapter, the synthesis of catalytically active single-chain nanoparticles (SCNPs),
utilizing a photoinduced folding reaction, is explored. The photoreaction also results in
fluorescent cross-links enabling the read-out of the folding status. Catalytic SCNPs benefit
from their tailored structure, combining the advantages of homo- and heterogeneous
catalysis (refer to Chapter 2.4). SCNPs are inspired by nature, but do not reach the same level
of precise folding as proteins with their specific spatial conformation yet. However, they are
significantly simpler to synthesize utilizing radical polymerization techniques, which allow
control over polymer chains’ length and functionality.!***! Several techniques have been
developed to prepare SCNPs from linear polymer precursors as described in the theoretical

background 2.2.13517
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The current chapter explores a photoinduced cross-linking reaction to fold linear polymer
chains into SCNPs. The [4+2] cycloaddition is initiated by the photoenolization of ortho-
methylbenzaldehyde (oMBA), generating ortho-quinodimethane (oQDM).112> 126l
Mechanistically, a 1,5-hydrogen atom transfer (HAT) takes place on the triplet manifold,
leading to a (Z)-enol, a highly reactive diene.® %7 1271 Sybsequently, the intermediate diene
undergoes a Diels—Alder reaction with an electron deficient dienophile. When alkynes are
employed as dienophiles, the initially produced cycloadduct is a 1,4-dihydro-1-naphthole,
which is non-fluorescent, but can be transformed quantitatively into the corresponding
fluorescent naphthalene-derivative through an El-elimination in the presence of a catalytic
amount of acid. Importantly, photochemical processes reach higher conversion within the
compact structure of SCNPs compared to small molecule reactions in solution due to

increased quantum efficiency.[*2% 129

The synthesis of fluorescent and catalytically active SCNPs utilizes a photoinduced [4+2]
cycloaddition to cross-link the polymer chain and create a more compact structure. The
resulting naphthalene cross-links are stable fluorophores that remain intact under both light
irradiation and high temperatures. These fluorophores serve the purpose of reporting the
cross-linking reaction directly, and further enable the tracking of the resulting SCNPs in
reaction vessels.'*® Additionally, a phosphine ligand is introduced during the nitroxide
mediated polymerization (NMP), which enables gold(l) coordination and catalysis. Gold
complexes can catalyze various organic reactions, including hydroarylation, addition of
nucleophilic heteroatoms, and cycloaddition reactions, often initiated by forming -

complexes with unsaturated carbon bonds.[*10 131-133]

For the results described in the current chapter, F. Feist closely supervised the synthesis of
polymeric and molecular structures, analytics and the catalysis experiments. C. Barner-
Kowollik, P. W. Roesky and H. Frisch motivated and supervised the project. The chapter
“Fluorescent and Catalytically Active Single Chain Nanoparticles” is adapted from Patrick H.
Maag, Florian Feist, Hendrik Frisch, Peter W. Roesky, and Christopher Barner-Kowollik,
Macromolecules 2022, 55 (22), 9918-9924, DOI: 10.1021/acs.macromol.2c01894. Al-based

language models were used to improve readability and spelling (OpenAl (2024) ChatGPT 4).
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4.2 Results and Discussion

In the current chapter, the synthesis of fluorescent SCNPs through a photoinduced cross-
linking reaction of a linear precursor polymers is described. These nanoparticles were later
post-functionalized with catalytically active metals (SCNP-AuCl). In Figure 4, the synthesis
steps are depicted, beginning with the polymerization of the polymer backbone (step 1),
consisting of sulfur-protected triarylphosphine (S=PPh,Sty) and chloromethylstyrene (CMS)
units (P1). These CMS units were subsequently replaced with bromide (P2, step 2), preparing
the polymer for the post-functionalization with a photo-active oMBA and an electron-
deficient alkyne (P3, step 3). Both pendant groups underwent a photoinduced Diels—Alder
cycloaddition, leading to the formation of fluorescent cross-links and folding P3 into SCNPs
(SCNP1, step 4). The triarylphosphine pendant groups allowed for gold(l) coordination,

resulting in both fluorescent and catalytically active (SCNP-AuCl, step 5-6).
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Figure 4: Overview of the SCNPs synthesis in 6 steps. Polymerization and exchange reaction affording
a styrene-based copolymer containing S=PPh.Sty (orange) ligand and bromomethylstyrene (BMS,
yellow), followed by the post-functionalization with an oMBA (green) and an alkyne (red), which are
utilized to fold the polymer chain into SCNPs with fluorescent naphthalene cross-links (light blue) in
the third step. Finally, the phosphine ligands are deprotected and coordinated with a catalytically
active gold complex (metallic yellow). Reprinted with permission from P. H. Maag et al.,
Macromolecules 2022, 55 (22), 9918-9924. Copyright 2022 American Chemical Society.

4.2.1 Photoinduced [4+2] cycloaddition

The folding step in the formation of SCNPs involved the [4+2] cycloaddition reaction initiated
by visible light, in which oMBA and an alkyne combined to form a fluorescent naphthalene.®®
Utilizing an oMBA thioether enabled this photochemical reaction under visible light exposure
(Amax = 415 nm), as described in Chapter 2.3.133% 135 |ncreasing the reactivity of the alkyne

(dienophile) towards the 0QDM contributes to a high formation of cross-links, resulting in
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more compact SCNPs.[”? Consequently, the 4rt-electrocyclization side-reaction of the oMBA
is reduced. Compared to terminal alkynes, bifunctional alkynes with two electron-
withdrawing groups demonstrate increased reactivity. However, to link such alkynes to the
polymer backbone, one side must carry a functional handle. The development of a functional

asymmetric electron-deficient alkyne is depictured in Scheme 1413
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Scheme 14: Synthesis of 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid (3) starting with tert-butyl
4-aminobutanoate (1).

The electron-deficient alkyne (4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid, 3) was
synthesized from tert-butyl 4-aminobutanoate (1) which was converted to an isocyanate
using triphosgene. Subsequently, the isocyanate was reacted with deprotonated methyl
propiolate using lithium bis(trimethylsilyllamide as a strong base. The educt already
contained a tert-butyl ester protected carboxylic acid group, enabling post-functionalization
in a Sn2-reaction with the existing bromomethylstyrene (BMS) pendant groups in the polymer
(Scheme 16). The protective group was removed using TFA, yielding 4-(4-methoxy-4-oxobut-
2-ynamido)butanoic acid (3, refer to Chapter 9.3 in the experimental section). The
intermediate product, tert-butyl protected 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid
(2), was employed in a molecular photoreaction to determine its suitability as an alkyne for
the Diels—Alder cycloaddition. Consequently, a mixture of oMBA and the alkyne (2) in
deuterated benzene was irradiated at Amax = 415 nm for 20 minutes and the photoreaction
was monitored by *H NMR spectroscopy (Figure 5, refer to Chapter 9.7 in the experimental

section).
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Figure 5: Left: Photoreaction of oMBA with the alkyne (2) in benzene (red numbers), initially leading
to the non-fluorescent 1,4-dihydro-1-naphthole (blue numbers) and benzocyclobutane as side product
(pink numbers), resulting in two regioisomers of the fluorescent naphthalene through an E1-
elimination (green numbers). Right: Reaction monitoring via *H NMR spectroscopy in benzene-ds. The
top spectrum was recorded prior to the irradiation. The middle spectrum was obtained after 20 min
of irradiation at Amax = 415 nm. The bottom spectrum was recorded after the addition of p-TsOH.
Reprinted with permission from P. H. Maag et al., Macromolecules 2022, 55 (22), 9918-9924. Copyright
2022 American Chemical Society.

The conversion of oMBA during the photoreaction can be observed by the decrease of the
aldehyde resonance at 6 = 10.68 ppm in the *H NMR spectrum. Within 20 minutes, the oMBA
was fully consumed, resulting in two regioisomers of the non-fluorescent 1,4-dihydro-1-
naphthole. The addition of a catalytic amount of acid led to the formation of two
regioisomers of the fluorescent naphthalene through an El-elimination, which can be
observed by the appearance of two resonances between 7.5 ppm and 9.5 ppm corresponding
to the naphthalene structure. Simultaneously, a side reaction generated benzocyclobutane
via a 4 electrocyclization from the 0QDM, as described in Chapter 2.3.1°% In contrast to the
higher local concentration in SCNPs, the lower local concentration of molecular reaction
partners in this test reaction favored the unimolecular 4 electrocyclization. However, in
SCNPs with a high local concentration, this reaction was less favored compared to the

bimolecular Diels—Alder reaction.

4.2.2 Synthesis of fluorescent and catalytically active SCNPs

To post-functionalize the polymer chain with pendant groups for cross-linking and metal
coordination, a synthetic strategy was required, taking into account the functional group
compatibility!®3”! and stability throughout the successive polymer modification steps. In the
first step, the polymeric backbone was synthesized by a nitroxide-mediated polymerization
(NMP)  of styrene, CMS (chloromethylstyrene), and sulfur-protected 4-

(diphenylphosphino)styrene (S=PPh,Sty, refer to Chapter 9.4 in the experimental section).

Fluorescent and Catalytically Active Single-Chain Nanoparticles 33



The protection group of the phosphine monomer successfully prevented a side reaction with
CMS and oxidation, leading to the synthesis of the copolymer poly(Sty-co-CMS-co-S=PPh,Sty)
(P1, M, = 21 kg mol?, Scheme 15).
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Scheme 15: Step 1, NMP copolymerization to form P1 using 2,2,6,6-Tetramethyl-1-(1-
phenylethoxy)piperidine as initiator, incorporating styrene, CMS and S=PPhSty.

It is critical to know the exact monomer composition of the polymer to be able to calculate
the amounts of reactants needed for post-functionalization and catalysis. Two techniques
were used to determine this. The first method monitors the conversion of each monomer
during the polymerization and uses this to deduce the monomer composition of the polymer.
Herein, the conversion was monitored by 'H NMR spectroscopy, utilizing 1,4-
dimethoxybenzene as an internal standard. The polymerization was stopped after a
conversion of 47 mol% styrene, 56 mol% CMS and 80 mol% S=PPh,Sty. Considering the molar
quantities of reactants used in the copolymerization, the polymer P1 contains 18 mol% CMS

and 6 mol% S=PPh,Sty (Table 1).

Table 1: Analysis of the copolymer composition by monomer conversion.

Group H f-Area conversion eq composition
ppm % %
Styrene CH=CH, 5.25-5.19 47 300 75
CMS CH, 4.60—-4.54 56 30 18
S=PPh,Sty CH=CH; 5.40-5.33 80 15 6

An alternative way to calculate the monomer composition of a polymer is by comparing the
peak integrals of different functional groups of the repeating units with the integrals of the
polymeric backbone. Using the integral of the CH; resonance of CMS and comparing it with
the CH-CH; signals of the polystyrene polymer backbone enabled calculation of the monomer
composition via equation 3. For S=PPh,Sty, an isolated aromatic resonance of 6 protons was

used.
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Using the second method, the composition of P1 consisting of 23 mol% CMS and 5 mol%
S=PPh,Sty was determined (Table 2). As the analysis can be repeated at any time, it allows
for easier comparison with other polymers. These results were used to calculate the amounts

of reactants for the post-functionalization and catalysis.

Table 2: Analysis of copolymer composition calculated from *H NMR of the polymer.

Group protons 'H [-Area HT composition
ppm %
CMS CH; 2 4.61-4.33 0.15 23
S=PPh,Sty Ar 6 7.81-7.56 0.09 5
Backbone CH-CH; 3 2.39-1.18 1.00

To enhance the reactivity of P1 for the subsequent post-functionalization of CMS with cross-
linking units, chlorine was substituted with bromine using lithium bromide, resulting in
poly(Sty-co-BMS-co-S=PPh,Sty) (P2, Scheme 16, refer to Chapter 9.5 in the experimental
section). The conversion of CMS to BMS was monitored using *H NMR spectroscopy, which
showed high conversion. Nevertheless, the resonances were not sufficiently distinct to

precisely calculate the conversion.
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Scheme 16: Overview of the detailed synthetic strategy showing the poly(Sty-co-BMS-co-S=PPh;,Sty)
(P2) and the post-functionalization with the DA reagents the oMBA (B) and alkyne (A) (P3), as well as
the resulting cross-links of SCNP1 and the final gold(l) coordinated SCNPs (SCNP-AuCl). Reprinted with
permission from P. H. Maag et al., Macromolecules 2022, 55 (22), 9918-9924. Copyright 2022
American Chemical Society.

The sulfur protecting group of S=PPh,Sty also prevented side reaction between the
phosphine and the alkyne during the post-functionalization of both the oMBA and alkyne
(shown in Scheme 17, refer to Chapter 9.5 in the experimental section). In step 3 the cross-

linking units were introduced through an esterification reaction with the BMS pendant
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groups of P3 (M, = 17 kg mol?, D = 1.55 10'° m?s!, Ry = 2.48 nm). Cesium carbonate served
as the base, which enhanced the solubility of the carboxylate in dimethylformamide (DMF),
leading to a more rapid reaction compared to the sodium salts,!*3® and achieving a
conversion of 53% of the BMS pendant groups, as confirmed by *H NMR spectroscopy. A ratio
of oMBA to alkyne at 1:0.6 was achieved. The post-functionalization also enabled the use of

highly reactive alkynes which are otherwise unstable during NMP.

(0]
HO Ho)tf/)’\s
A \[O]/\/\”)\'(O\ B . |
(0]
alkyne oMBA

Scheme 17: oMBA and alkyne used for the light introduced [4+2] cycloaddition, leading to fluorescent
cross-links of the polymer chains. To attach both to the polymer backbone, the carboxylic acid group
is used, which allows a post-functionalization with the BMS repeating units.

After post-functionalizing of the polymeric backbone with the cross-linking units, SCNP1 (M,
=15 kg mol?, D = 2.09 10 m?s?, Ry = 1.84 nm) was formed through a photoinduced [4+2]
cycloaddition as described in Chapter 2.3.3 in the theoretical background or the in the
experimental section Chapter 9.6.1, resulting in a more compact structure. The SCNP
formation was monitored using size exclusion chromatography (SEC) and diffusion-ordered
spectroscopy (DOSY). Both analytical techniques implied a decrease in the hydrodynamic
radius, Ry, after cross-linking. DOSY experiments measure the diffusion coefficient of each
'H NMR resonance and were therefore also able to confirm that the oMBA (10.7 ppm) and
the alkyne (3.8 ppm) were part of the polymer. The diffusion coefficients, D, increased by
34.8% after cross-linking and consequently the calculated hydrodynamic radius decreased,

Rh.
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Figure 6: THF-SEC and diffusion coefficients, D, measured by DOSY of P3, SCNP1 and SCNP-AuCI. Both
analytic methods show a significant decrease in the hydrodynamic radius after cross-linking. Reprinted
with permission from P. H. Maag et al., Macromolecules 2022, 55 (22), 9918-9924. Copyright 2022
American Chemical Society.

The hydrodynamic radius (Stokes—Einstein radius, Ry) was calculated using the Stokes-

Einstein relation (4) and the diffusion coefficients (D) measured by DOSY. Additionally, the

Boltzmann constant (kg), the absolute temperature (T = 294K), and the dynamic viscosity (n
= 0.56 mPa s) of the solvent CDCl; were used.
kg T

*n =D

Subsequently, the folded SCNPs were prepared for metal coordination and catalysis.

Remaining pendant groups such as the BMS functionality and unreacted alkyne needed to be

deactivated to prevent side reactions with the triarylphosphine or the deprotection reagent

tributyl phosphine (PBus). An easy approach is the esterification of BMS with cesium acetate,

which also reacts with the remaining alkynes (refer to Chapter 9.5 in the experimental

section). Step 5 was monitored using *H NMR spectroscopy until full conversion was

observed.

In step 6, the protected triphenylphosphine was deprotected with PBus at 120°C (refer to
Chapter 9.5 in the experimental section). Full conversion was confirmed by 3P NMR
spectroscopy. Step 6 also included the coordination of the deprotected SCNPs with gold(l)
for catalysis. The complexation of chloro(tetrahydrothiophene)gold(l) (AuCl(tht)) with the
triarylphosphine pendant groups of the SCNPs resulted in gold(l) decorated nanoparticles
(SCNP-AuUCI, M, = 15 kg mol?, D = 2.61 10® m?s’t, Ry = 1.47 nm). The 3P NMR spectrum of
the SCNP-AuCl showed a resonance at 32.2 ppm (chloro(4-(diphenylphosphino)
styrene)gold(l) (AuCI-PPh,Sty): 32.5 ppm) associated with this phosphorous-gold complex,

indicating full conversion (Figure 7).
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Figure 7: 3'P{*H} NMR spectra of SCNP-AuCl, AuCl-PPh,Sty and P1 recorded in CDCls, showing a
resonance at 32.2 ppm for the gold(l) complex in comparison to the sulfur protected
triphenylphosphine. Reprinted with permission from P. H. Maag et al., Macromolecules 2022, 55 (22),
9918-9924. Copyright 2022 American Chemical Society.

Furthermore, the coordinated of gold(l) was confirmed via UV/VIS spectroscopy, as indicated
by an increasing absorption below 300 nm after gold complexation similar to a small
molecule analogue chloro((4-(diphenylphosphino)styrene)gold(l) complex (shown in Figure

8).

38 Fluorescent and Catalytically Active Single-Chain Nanoparticles



—— SCNP1
—— SCNP-AuCI
—— AUCI-PPh,Sty

normalized absorption / a.u.

T T T 1
250 300 350 400 450

Al nm

Figure 8: UV/VIS spectra of SCNP-AuCl showing an increasing absorption band below 300 nm
compared to SCNP1. Reprinted with permission from P. H. Maag et al., Macromolecules 2022, 55 (22),
9918-9924. Copyright 2022 American Chemical Society.

The formation of fluorescent naphthalene cross-links provided an additional indication that
the linear precursor polymer formed SCNP1 via a light-induced Diels—Alder cycloaddition.
The recorded emission and excitation spectra were similar to the spectra of the
corresponding non-polymer bound small molecule 4, which was used as comparison (shown

in Figure 9).
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Figure 9: Fluorescence spectra of SCNP1 and gold coordinated SCNPs (SCNP-AuCl) in comparison with
the small molecule model of the fluorescent cross-linking units. The fluorescence spectra of the SCNP1
and the small molecules 4 show an emission and excitation band at the same wavelength, but
redshifted emission and excitation band for SCNP-AuCl. Reprinted with permission from P. H. Maag et
al., Macromolecules 2022, 55 (22), 9918-9924. Copyright 2022 American Chemical Society.
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However, the emission spectrum of SCNP-AuCl showed a redshift compared to the emission
spectra of SCNP1. To further investigate the origin of the red-shift, fluorescence spectra of
all intermediates were recorded, indicating that the shift appeared after the esterification
reaction with cesium acetate to eliminate unreacted BMS or alkyne units. To enable a
comparison of fluorescence spectra with the chemical structure, small molecule 4 was
exposed to the same reaction conditions as those used in step 5. After the reaction of 4 with
acetic acid and cesium hydroxide in dimethylformamide (DMF) for 3 d under N, the resulting
spectra exhibited a similar yet less pronounced redshift compared to SCNP + CsAc. We
suggest that a transformation at the cross-links of the SCNPs are responsible for the red shift

and conclude that this side reaction has no effect on the functionality as SCNPs or on the

following catalysis.
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Figure 10: Left: Fluorescence spectra of SCNP-AuCl compared with SCNP + CsAc. Right: Fluorescence
spectra of SCNP-AuCl compared with small molecule (4) before and after treatment with CsAc.
Reprinted with permission from P. H. Maag et al., Macromolecules 2022, 55 (22), 9918-9924. Copyright

2022 American Chemical Society.

LCMS traces of 4 after the reaction with cesium acetate indicated that the ester and amid

group attached at the naphthalene formed a phthalimide or an isobaric structure, causing

the redshift of the emission spectrum (Figure 11).
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Figure 11: LCMS spectra of 4 after treatment with acetic acid and cesium hydroxide in DMF for 3 d
under Na2. Reprinted with permission from P. H. Maag et al., Macromolecules 2022, 55 (22), 9918-9924.
Copyright 2022 American Chemical Society.

Reactions similar to the one proposed in Scheme 18 are known in the literature, with early

reports from Balenovi¢ et al. (1957).113%

S HN CsOH, AcOH o}
_— I I -
COOMe o)

Scheme 18: Proposed reaction scheme for the naphthalene formation within SCNPs.

4.2.3 SCNP-AuClI catalyzed intramolecular hydroamination

To demonstrate the catalytic activity of SCNP-AuCI, an intramolecular hydroamination of an
aminoalkyne (5) '8 was undertaken as previously reported by Bohlen and Kulendran et
al.,**® serving as a benchmark reaction (Scheme 19, refer to Chapter 9.3.7 in the

experimental section).
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Scheme 19: Intramolecular hydroamination of 2,2-diphenylhept-4-yn-1-amine (5) utilizing SCNP-AuCl
as catalyst and Na[B(CsFs)4] as cocatalysts forming a nitrogen-containing heterocycle.

To monitor the conversion, a sequence of *H NMR spectra was recorded at constant 21°C
(Figure 12). The conversion was calculated by comparing the integrals of the characteristic
resonances of substrate 5 (3.02 ppm) and the product (3.21 ppm), using ferrocene

(4.19 ppm) as an internal standard (equation 5).
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Figure 12: 'H NMR spectra of the hydroamination of 5 with 2 mol% SCNP-AuCl as a time series
recorded in CDCls. The conversion was calculated from the marked resonances: internal standard
ferrocene (4.19 ppm, grey), product (3.21 ppm, orange) and 5 (3.02 ppm, blue). Reprinted with
permission from P. H. Maag et al., Macromolecules 2022, 55 (22), 9918-9924. Copyright 2022
American Chemical Society.

Additionally, to evaluate the impact of the folded SCNPs design, the catalytic activity of the

SCNPs was compared with linear polymer chains containing incorporated AuCI-PPh,Sty units
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(P4) and molecular AuCI-PPh,Sty complexes. The catalyzed intramolecular hydroamination
requires the cocatalyst Na[B(CsFs)s], which was tested in a control experiment with no
catalytic activity (blank). The catalyst, along with ferrocene as an internal standard, was
dissolved in CDCl; and mixed with the cocatalyst. Fully dissolved, the mixture was frozen, and
the substrate (5) was added. The sample was thawed prior to the sequence of *H NMR
spectra. Figure 20 illustrates the determined conversion rates of the catalysis at varying

concentrations of SCNP-AuCI.

Furthermore, the SCNPs were compared with linear polymer chains with incorporated AuCl-
PPh,Sty units (P4) and AuCI-PPh,Sty complexes to study the effect of the local surroundings
of the SCNPs. A cocatalysts Na[B(CeFs)4] was used and tested in a control experiment, which
showed no catalytic activity (blank). The catalyst and ferrocene (internal standard) were
dissolved in CDCl; and mixed with the cocatalyst. After dissolving, the mixture was frozen and
the substrate (5) was added. The sample was thawed before recording the *H NMR spectra
over time. The conversion for different concentrations of SCNP-AuCl and reference

experiments is depicted in Figure 13.
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Figure 13: Kinetics of the catalyzed intramolecular hydroamination monitored by H NMR with
calculated conversion for SCNP-AuCI (0.8 mol%, 0.4 mol% [Au]), P4 (0.8 mol% [Au]) and AuCI-PPh,Sty
(1.5 mol% [Au]). Na[B(CsFs)a] was used as cocatalyst and tested in a control experiment, which showed
no catalytic activity (blank). Reprinted with permission from P. H. Maag et al., Macromolecules 2022,
55 (22), 9918-9924. Copyright 2022 American Chemical Society.

The mole fraction of gold was quantified using 3P NMR spectroscopy, using triphenyl
phosphate as an internal standard, and is based on the amount of substrate. These results

demonstrate the catalytic activity of SCNP-AuCI in the intramolecular hydroamination of 5
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used as benchmark reaction. The conversion rate exceeding 90% after 24 hours using a
catalyst concentration of 0.8 mol% [Au] relative to the substrate. Higher catalytic activities
were observed for P4 and AuCI-PPh,Sty. However, the primary aim of SCNPs is not to surpass

in catalytic activity but rather to be more selective, as their natural analogues, i.e. enzymes.

The recorded data of the SCNP-AuCI catalyzed intramolecular hydroamination of 5 with 0.8
mol% [Au] were also used to determine the reaction order of the reaction. The relative
concentration of the substrate [S], was determined from the 'H NMR spectra (5: 3.02 ppm,
shown in Figure 12) using ferrocene (4.19 ppm) as internal standard. [S],.;was plotted over
time, showing an exponential decrease. The logarithm of [S]o/[S]: was plotted over time and
fitted with a linear fit ([S].es = 100% - 10%, Figure 14). The linear correlation indicates a first

order reaction with a reaction rate coefficient (k) of 1.53 - 103 s (2.20 d}).
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Figure 14: Left: [S] over time of the SCNP-AuCl catalyzed intramolecular hydroamination with 0.8 mol%
[Au]. Right: In([S]o/[S]:) over time and fitted with a straight line. Reprinted with permission from P. H.
Maag et al., Macromolecules 2022, 55 (22), 9918-9924. Copyright 2022 American Chemical Society.

Furthermore, the turnover frequency (TOF) was calculated via equation 6 using the turnover
number (TON) and time at 90% conversion. These results underline the kinetics with a TOF
of the unfolded polymer chain P4 (68 h'), which is 13 times higher than the folded SCNP-
AuCl (5 h?).

The TON was calculated using the amount of gold determined by 3!P NMR spectroscopy and
the amount of substrate (5, 30.75 mg). However, the implementation of the catalyzation and
the determination of the gold fraction by 3P NMR with triphenyl phosphate as internal

standard and thereby the calculation of TOF was beset with a significant error.
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Table 3: TON and TOF for the catalyzed intramolecular hydroamination of 5.

Catalyst 31p fa m(PO4Ph3)® [Au]* TONgos® toont TOFso%'
mg mol% h h't
SCNP-AuCl 0.36 0.8411 0.8 113 22.1 5
P4-AuCl 1.08 0.2595 0.8 113 1.7 68
AuCl-PPh,Sty 1.20 0.4666 1.5 61 0.6 102

3Integral of the 3'P NMR spectroscopy of AuCI-PPhxSty units compared to "the internal standard PO4Phs
‘Mole fraction of gold compared with the substrate, measured by 3P NMR with triphenyl phosphate
as internal standard. “TONso%: turnover number for a conversion of 90%. ¢Time to reach a conversion
of 90%. TOFs0%: turnover frequency for a conversion of 90%.

Comparing SCNP-AuCl with P4 (poly(Sty-co-CMS-co-AuCl-PPh,Sty), M, = 20 kg mol?) it must
be considered that the polymers are not identical in molecular weight and chemical

structure.

4.3 Summary

Herein, we successfully synthesized SCNPs utilizing a visible light induced Diels—Alder
cycloaddition. We were able to equip such SCNPs with gold(l) and demonstrate their catalytic
activity. Even though these SCNPs are not water soluble, they form the first step to mimic
their natural analogues, i.e. enzymes. Furthermore, the fluorescent cross-links provided a

visual read-out of their folding state.

The fluorescent and catalytically active SCNPs were synthesized, based on linear styrene
copolymer (P1, poly(Sty-co-CMS-co-S=PPh,Sty)). The precursor polymer contains protected
phosphine moieties and CMS, which are functionalized with a photocaged diene and alkyne
moieties, resulting in a photoreactive parent polymer (P3). Under irradiation with visible light
(Amax =415 nm), a [4+2] cycloaddition takes place, leading to the formation of pro-fluorescent
intramolecular cross-links within the folded SCNP1. The compaction process was monitored
using SEC and DOSY NMR spectroscopy, both of which showed a decrease in the
hydrodynamic radius after cross-linking. Taking advantage of the tailored SCNPs, gold-
complexes were introduced to enable catalysis. An intramolecular hydroamination reaction
was monitored using *H NMR, with SCNP-AuCl as catalyst. The conversion exceeded 90%
after 24 hours at 0.8 mol% [Au] per substrate. As the fluorescent properties of SCNP-AuCl
are a direct result of its cross-linking and not due to an additional fluorophore, they allow for

a visual read-out of the folding state.
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In the current project, the compaction of linear polymer chains using visible light was applied.
The next Chapter will expand on photoinduced control over SCNPs by investigating the
reverse process e.g. the unfolding of SCNPs by light. Furthermore, we focus on water-soluble
SCNPs to increase the biocompatibility to enable biomedical tracing and imaging

applications.
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5 Visible Light Induced Control over
Reversible Single-Chain Nanoparticle
Folding

Abstract: Bimanes allow for the synthesis of water-soluble single-chain nanoparticles (SCNPs) and
enable the effective unfolding with visible light from a compact structure into a linear chain. The
unfolding of the fluorescent nanoparticles is reversible and occurs in aqueous systems, making it
promising for controlling and tracing the SCNPs in biological environments. Reprinted with permission
from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access under a CC BY-NC
4.0 DEED license by John Wiley & Sons.

5.1 Motivation

Chapter 4 focused on catalytically active SCNPs folded by a light induced [4+2] cycloaddition.
In the current Chapter, the rarely investigated reverse process is explored e.g. the light
induced unfolding of SCNPs. In addition, we combine the ability of remote unfolding with
water solubility of the polymer to enable application in a biological environment. Similar to
the previous Chapter, the cross-linking units are fluorescent and thereby allow for a simple
read-out of the folding state, paving the way towards biomedical tracing and imaging

applications with SCNPs.

The structure and functionality of soft-shell particles such as SCNPs can be tailored for
application in different fields, e.g. catalysis!**® (demonstrated in Chapter 4) and sensing, 4

but also for biomedical science.'® 122 1421 particularly in biomedical contexts, SCNPs are
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gaining attention due to their size (3 to 20 nm) and their ability to mimic proteins in

functionality and folding.

As discussed in the introduction of the present thesis, biocompatible SCNPs are primarily
explored in drug delivery, target imaging, and enzyme mimicry.*® For their biomedical
efficacy, the size and compaction of SCNPs plays an important role, influencing their cellular
uptake* in biomedical application. The ability to change particle size and compaction
remotely with spatiotemporal control could allow a change in cellular uptake as one area of
interest and therefore advancing controlled drug delivery, cell labeling, and imaging
techniques.??2 However, current methods for remote control of SCNP folding and unfolding
are limited, especially in biomedical contexts since many conventional processes are
incompatible with water.?>?% In the realm of biological applications, utilizing visible light is
essential to prevent the degradation of biomolecules, thereby imposing limitations on the

available options.[143 144

Light, especially visible light, emerges as a prime candidate for triggering SCNP unfolding due
to its precise spatiotemporal control capabilities and minimal photodamage, facilitating
tissue penetration.! However, the selection of photochemical reactions suitable for this
purpose is limited. Within SCNPs, the internal environment markedly influences
photoreaction kinetics, favoring certain reactions over others, which poses additional
challenges in biomedical applications.*?® 12°! Photocycloadditions e.g. [2+2] cycloadditions
exhibit a higher kinetic preference within the high local concentration of SCNPs as compared
to the corresponding photocycloreversion process. This preferential behavior effectively

hinders the unfolding of SCNPs triggered by photocycloreversion.[**!

In the current Chapter, the unfolding of SCNPs is presented using visible light as an external
trigger. Bimane moieties, a heterocyclic fluorescent molecule characterized by Kosower and
co-workers, are utilized as photolabile linkage points.[20% 103 146, 1471 The bimanes undergo
cleavage under mild conditions, resulting in an unfolded, reusable polymer. We were able to
control folding and unfolding of a water-soluble single polymer chain. By integrating
fluorescent moieties into a water-soluble system, we extend SCNPs' potential towards

biocompatibility, paving the way for enhanced tracing and imaging applications.[64 1021021

For the results described in the current chapter, the diffusion ordered NMR spectra of P5,
SCNP2 and P5’ were recorded by Aaron Micallef. Daniel Kodura and Vinh X. Truong

performed preliminary experiments of the photocleavage of bimanes, which preceded the
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project. C. Barner-Kowollik, P. W. Roesky, H. Frisch and F. Feist motivated and supervised the
project. The chapter “Visible Light Induced Control over Reversible Single-Chain Nanoparticle
Folding” is adapted from P. H. Maag, F. Feist, V. X. Truong, H. Frisch, P. W. Roesky, C. Barner-
Kowollik, Angew. Chem. Int. Ed. 2023, 62, €202309259 with permission from John Wiley &
Sons. Al-based language models were used to improve readability and spelling (OpenAl

(2024) ChatGPT 4).

5.2 Results and Discussion

In the following section, we describe our strategy for unfolding SCNPs by visible light, which
results in the original linear polymer chains and enables subsequent refolding. The process
utilizes fluorescent bimane cross-links, which are capable of photocleavage under light
irradiation. Scheme 20 illustrates the reversible folding process of the water-soluble linear

polymer chain.
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Scheme 20: Folding and unfolding of poly(MPEGMA-co-acrylic acid), utilizing dibromobimane 1 as
fluorescent, photoreactive cross-linker. In the folding reaction, the acrylic acid (AA) units react in a
base-mediated SN2 reaction with 1. The generated cross-links can be cleaved by visible light resulting
in the original polymer and dihydroxybimane 2. Reprinted with permission from P. H. Maag et al.
Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access under a CC BY-NC 4.0 DEED license by John
Wiley & Sons.
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5.2.1 Bimane photoinduced ester cleavage

The photolysis of bimane caged esters was reported by Chaudhuri et al.2%! and is described
in the theoretical background section 2.3.4. To further study the bimane cleavage reaction
used to unfold the SCNPs into linear polymer chains, the photoreaction was performed with

a molecular bimane caged acetate ester (8, Scheme 21) under similar conditions to the SCNPs

AL

Scheme 21: Bimane caged acetate ester ((2,6-dimethyl-1,7-dioxo-1H,7H-pyrazolo[1,2-a]pyrazole-3,5-
diyl)bis(methylene) diacetate, 8).

unfolding.

Therefore 8 was dissolved in water, degassed by passing through a stream of N, and the
solution irradiated with Amax = 415 nm for 30 min (refer to Chapter 9.3.9 in the experimental
section). The subsequently freeze-dried reaction mixture was analyzed by LC-MS, showing
the formed monohydroxybimane 9 and dihydroxybimane 7 along with a small amount of an
unknown side product (Figure 15). After 30 min of irradiation, the reaction mixture still
contained a significant amount of educt which can easily be adjusted by changing the
concentration, the irradiation intensity or the reaction time. The quantitative and a fast

cleavage shows the potential of bimane moieties as photocleavable cross-linking units.
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Figure 15: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of irradiation products and side products of 8. Reprinted with permission from P. H. Maag
et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access under a CC BY-NC 4.0 DEED license by
John Wiley & Sons.

5.2.2 Synthesis of water-soluble SCNPs

The polymeric backbone of the SCNPs was designed to be water-soluble, allowing for
application in biological systems, but to also support the bimane cleavage reaction as
described in the theoretical background 2.3.4. The polymer was synthesized by reversible
addition fragmentation chain transfer (RAFT) copolymerization of poly(ethylene glycol)
methyl ether methacrylate (MPEGMA, M, = 300 g mol?) and acrylic acid (AA). The monomer
composition within the polymer was 16% AA units, as shown by 'H NMR spectroscopy in
deuterated chloroform. The resonances of the solvent DMF ((CH3),NC(O)H, 7.62 — 8.59 ppm)
were used as internal standard to calculate the monomer conversion after 22 h of
polymerization, resulting in a conversion of 79 mol% MPEGMA and 46 mol% AA. Figure 16

shows the crude 'H NMR spectra before and after 5 and 22 h of reaction time, respectively.
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Figure 16: 'H NMR spectrum of the reaction mixture before and after copolymerization for 5 and 22 h.
The spectrum obtained after 22h was used for the calculation of the copolymer composition.
Reprinted with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open
access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

Based on the conversion, the monomer composition within the copolymer poly(MPEGMA-
co-AA) was calculated to be 84 mol% MPEGMA units and 16 mol% AA, while taking the

equivalents of the reactant used into account (Table 4).

Table 4: Analysis of copolymer composition by conversion of the polymerization.

Monomer Group H f-Area conversion eq composition
ppm % %

MPEGMA CH3C=CH. 5.45-5.57 78.6 300 84

AA HC=CH. 5.72-5.82 45.5 100 16

The monomer conversion also enabled calculation of the theoretical molecular weight
(Mineo), Which can be used for further calculation and is more accurate than the apparent
molecular weight measured by SEC or DOSY because of the grafted copolymer structure.
Mineo is calculated based on the monomer conversion multiplied with the equivalents of
monomer units per RAFT agent, considering the molecular weight of the monomers, resulting

in Mineo = 74.02 kg mol™. The theoretical molecular weight is expected to be higher than the
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molecular weight obtained by SEC due to the PEG side chains and the applied PMMA

calibration.

To prepare the polymer backbone for further modification and photoreactions, the RAFT
end-groups were hydrolyzed to form hydroxy groups (refer to Chapter 9.5.5 in the
experimental section)®® affording poly(MPEGMA-co-AA) (P5, M, = 36.53 kg mol', D=8.53 +
0.2310" m2s?, Ry = 4.62 + 0.13 nm, xaa = 16%). The RAFT end-groups could otherwise
undergo side reactions and affect the photo cleavage. Additionally, the apparent molecular
weight (M») was determined by size exclusion chromatography (SEC) based on the
hydrodynamic volume of the polymer in dimethylacetamide. To support these data, the
diffusion coefficient, D, was determined by diffusion-ordered spectroscopy (DOSY) in
deuterated chloroform. The diffusion coefficient D can be inserted into the Stokes-Einstein
equation to calculate the hydrodynamic radius (Ru). The end-group modified polymer P5 was
cross-linked into SCNPs by an esterification reaction of the carboxylic acid pendant groups
with dibromobimane 6 in a highly diluted solution in tetrahydrofuran (THF, 0.2 mg mL?) and
cesium carbonate as base (SCNP2, M, = 31.34 kg mol, D=1.14 £ 0.05 10 m? s?, R, = 3.46
+ 0.16 nm, refer to Chapter 9.6.2 in the experimental section). Scheme 22 illustrates the

folding reaction as well as the light induced unfolding.

Visible Light Induced Control over Reversible Single-Chain Nanoparticle Folding 53



>Q
45 OH
P5 / P5'
o) 0
N
\_N-#/ Cs,C0; H,0 | Q 415 nm
Br Br
6
0 0

N

\_1_/
Y O O rd
oA

SCNP2

Scheme 22: Synthesis route for folding poly(MPEGMA-co-acrylic acid) (P5) with dibromobimane 6 in
an esterification reaction with the AA units using cesium carbonate as base resulting in SCNP2. The
bimane caged esters — functioning as cross-links — can be cleaved by visible light, resulting in the
original polymer and dihydroxybimane 7 as side product. Reprinted with permission from P. H. Maag
et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access under a CC BY-NC 4.0 DEED license by
John Wiley & Sons.

During the intramolecular cross-linking reaction, the hydrodynamic volume of the polymer
decreased, resulting in a decrease of the apparent molecular weight by 17% (refer to SEC,
Figure 17). This compaction can be evidenced by the shift of the SCNP2 SEC retention time
compared to the P5 (red arrow). The SCNP formation was further monitored by the UV/VIS
absorption of the polymer in the SEC elugram, normalized by the refractive index detection
(RID), returning the amount of incorporated bimane units within the polymer. We observed
a linear increase in absorption over time at 400 nm, the absorption maxima of bimane, which
correlated with the decrease in molecular weight and confirmed the incorporation and role
as cross-linking agents of the bimane units. The linear increase of absorption indicates a
constant incorporation of bimane units, which might occur from the low concentration of
bimane and carboxylic acid pendant groups in THF, resulting in a concentration independent
trend. A higher bimane ratio may lead to an increased reaction rate, but also incorporate
single binding bimanes, which do not contribute to cross-linking. However, the apparent
molecular weight indicates a higher compaction rate at the beginning of the cross-linking

reaction.
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5.2.3 Photoinduced unfolding of SCNPs

Next, we unfolded the bimane cross-linked SCNP2 by irradiation with visible light (Amax =
415 nm) in an aqueous solution, cleaving the ester bonds and releasing dihydroxybimane 2
and the original polymer with carboxylic acid groups (P5’, M, = 37.29 103 g mol*, D = 6.97
0.20 10 m2s?, Ry =5.65 +0.17 nm, refer to Chapter 9.7.2 in the experimental section). The
unfolding process of SCNP2 was monitored using SEC and DOSY measurements. The
unfolding was visually observed in the SEC traces by a shift in the elution time of P5’
compared to SCNP2 (blue arrow), indicating an increase in the hydrodynamic volume, which

results in an increase in the apparent molecular weight by 19%.
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Figure 17: Top left: Kinetics of the folding reaction of P5 to SCNP2 monitored by UV/VIS absorption at
400 nm and apparent molecular weight determined by size SEC. The cross-linking of the polymer chain
leads to a higher compaction and consequently to a smaller hydrodynamic volume appearing with a
smaller molecular weight in the SEC. Bottom left: RID SEC traces of P5 folding to SCNP2. Top right:
Kinetics of the unfolding reaction of SCNP2 to P5’ by irradiation with visible light monitored by UV/VIS
absorption at 400 nm and apparent molecular weight by SEC. The cleavage of the cross-links leads to
unfolding and consequently to a higher hydrodynamic volume appearing with a higher molecular
weight in the SEC. Bottom right: RID SEC traces of SCNP2 unfolding to P5’ compared to P5. Reprinted
with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access
under a CC BY-NC 4.0 DEED license by John Wiley & Sons.
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The observed shift in the SEC elugram during unfolding (toward P5') does not appear as
pronounced as in the initial folding (toward SCNP2), even though both polymers (P5 and P5')
must have similar molecular weights (refer to SEC, Figure 17). The incomplete unfolding may
be caused by remaining bimane cross-links tethered to the polymer chain or by side reactions
occurring during the photocleavage of the ester bonds. During irradiation, the UV/VIS
absorption of the polymer in the SEC trace decreases asymptotically, indicating high cleavage
of the bimane units from the polymer as the polymer does not absorb light at 400 nm.

Consequently, the apparent molecular weight response with a simultaneous increase.

The pH was measured during the unfolding to evidence the release of the carboxylic acid
groups by photocleavage. The pH value decreased rapidly within the first 5 min of irradiation,
aligning with the kinetics monitored using absorption and molecular weight. The lower pH
values indicate the release of the carboxylic acid groups and a full recovery of the original

polymer (Figure 18).
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Figure 18: pH-value over time during radiation of SCNP2 (25 mg) in 80 mL water. Reprinted with
permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, e202309259. Open access under a
CC BY-NC 4.0 DEED license by John Wiley & Sons.

The change in the pH value during the reaction was recorded using a similar setup as during
the SCNP2 unfolding, equipped with a pH meter within the reaction mixture (refer to Chapter
9.2 in the experimental section). The aqueous solution was degassed by passing through a

stream of nitrogen, which was continued during irradiation.

In addition, the diffusion coefficient (D) was determined by DOSY measurements to support
the shifts in the molecular weight during folding and unfolding observed by SEC. The results

show the same trend, an increase of D by close to 34% after folding. Consequently, the
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calculated Ry decreases from 4.62 + 0.13 nm (P5) to 3.46 + 0.16 nm (SCNP2, Figure 19)

indicating the compaction.
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Figure 19: Diffusion coefficients (D) determined by diffusion-ordered spectroscopy (DOSY) in
deuterated chloroform of integrated polymer resonances for the original polymer P5, the folded
SCNP2 and the unfolded P5’. The defined integrals are compared with the *H NMR spectrum of P5
displayed above. The D of the corresponding chemical shifts is displayed as a colored square (m) within
the integral areas. For each polymer, the arithmetic mean was calculated and displayed as a colored
line (-), wherefrom the hydrodynamic radius (Rx) was calculated. D increased after folding, correlated
with a smaller Ry and decreases after irradiation, indicating an unfolding of the SCNPs. Reprinted with
permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access under a
CC BY-NC 4.0 DEED license by John Wiley & Sons.

D decreased by 63.5% after unfolding, resulting in an increased Ry of 5.65 + 0.17 nm (P5’).
We assume that the higher Ry might be caused due to the same factors which cause the less
pronounced shift in the SEC trace. Remaining bimane moieties could influence the
hydrodynamic volume of the polymer, depending on the solvent. This could lead to slightly

different trends of Ry in dimethylacetamide (SEC) and chloroform (DOSY).

5.2.4 Cross-linking density of SCNPs

Different methods were used to quantify the cross-linking density in both the SCNPs and the
unfolded polymer (P5’). The first approach compared *H NMR resonances of the polymer
backbone with the resonances from the cross-linking units. The second approach attempted

to determine the cross-linking density indirect based on the 'H NMR resonances of the
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cleaved dihydroxybimane 7 after irradiation. Lastly, the molar absorption coefficient of the

bimane caged acetate ester (3) was compared to the absorption spectra of SCNP2 and P5’.

The first method determines the cross-linking density of SCNP2 and unfolded polymer (P5’),
by comparing the backbone resonances with the resonances from the cross-linking units.
Therefore H NMR spectra of P5, SCNP2 and P5’ were recorded and compared. The
resonances of the cross-linking bimane (indicated with a blue 2 and 3 in Figure 20) are
expected at close to 5.1 ppm (2, CH;) and 2.1 ppm (3, CHs), respectively. The CHx-groups are
observed as a broad resonance in the 5.0to 5.5 ppm range after the SCNP formation (SCNP2).
The resonances of the CHs-groups overlap with the backbone (CH, CH,), but an increase in
the integral area was measured after folding. Upon unfolding, the integral areas of both
resonances decrease again, indicating a successful release. These data provide qualitative
support for the folding and unfolding processes, although they do not allow for precise

calculation of the exact cross-linking density due to high experimental uncertainty.
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Figure 20: 'H NMR of the original polymer (P5), folded (SCNP2) and unfolding (P5’) polymer with
integrals areas compared to the backbone. Reprinted with permission from P. H. Maag et al. Angew.
Chem. Int. Ed. 2023, 62, €202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley
& Sons.

Another indirect way to determine the cross-linking density is to determine the quantity of

the cleaved dihydroxybimane 7 after irradiation. Therefore, *H NMR spectra of SCNP2 were
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compared with P5’ after irradiating for 20 min with 415 nm LED in D,O without purification.
The resonances of the cleaved dihydroxybimane 7, indicated by the blue numbers 3 and 4 in

Figure 21 are integrated and compared with the methyl group of the MPEGMA side chains.
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Figure 21: 'H NMR spectra of SCNP2 and P5’ after irradiating for 20 min with 415 nm LED in D20. The
resonances of the bimane cross-link (CHs, CHz) are not separated from the polymer resonances, but
can be observed after cleaved of as dihydroxybimane 7 indicated by the blue numbers 3 and 4.
Reprinted with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, e202309259. Open
access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

The integral area of the methyl MPEGMA side chains was used to calculate the overall
monomer content, based on the monomer cooperation of the copolymer P5, as discussed
above, of 16% acrylic acid and 84% MPEGMA units. Compared with the integral areas of
dihydroxybimane 7, 1 bimane unit is released per 33 monomer units. Considering the
theoretical molecular weight of the polymer calculated from the conversion of the
polymerization of 74 kg mol™, 8.5 bimane units are released per SCNP. This second approach
evidences the cleavage of dihydroxybimane 7 during irradiation and provides a minimum
estimate on cross-links released. However, the experiment cannot return the absolute
number of cross-linking before and after irradiation and systematic error might result from
side reactions accruing. Furthermore, the experiment is not directly comparable with the
original unfolding experiments of SCNP2, as it was performed in an NMR tube and might
differ in conversion after 20 min of irradiation due to higher concentrations and differences

in light penetration.

In addition to NMR experiments, the cross-linking density of the SCNPs was determined by

comparing the molar absorption coefficient of the bimane caged acetate ester (8, €3s5nm =
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5.91 + 0.38 10° L mol™* cm?), as a close comparison of the bimane cross-links in the SCNPs,
with SCNP2 and P5’. 8 was synthesized from 6 with cesium acetate in DMF with an additional
purification step by column chromatography on silica gel to remove any impurities (refer to
Chapter 9.3.9 in the experimental section). The calculated molar absorption is displayed in
Figure 22 for wavelengths between 205 nm and 800 nm in methanol, showing a peak

absorbance at 230 nm and 385 nm.
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Figure 22: Left: Molar absorption of 3 in methanol with standard deviation. Right: Absorption spectra
of SCNP1 and P1’ for similar concentrations. Reprinted with permission from P. H. Maag et al. Angew.
Chem. Int. Ed. 2023, 62, e202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley
& Sons.

Subsequently, the absorbance of both SCNP2 and P5’ at the peak absorbance was compared
with the molar absorption coefficient of 8. From it the number of bimane units per polymer
chain was determined, using the theoretical molecular weight of the polymer derived from a
polymerization conversion of 74 kg mol. Using this calculation, SCNP2 contained 18.5 + 0.6
bimane units per polymer (Xaa = 81%), whereas P5’ bound 3.6 + 0.2 bimane units per polymer

(Xaa = 16%). This corresponded to a decrease of 80% after 20 min of irradiation (Table 5).

Table 5: Calculation of the cross-linking density for SCNP1 and P1’.

Sample  &3385ml?  SD? cld ¥ SDP Mo  CLDB!  SDP Xaal®  decrease

L moltcm™ mmol g g mol? % %

SCNP2 5908.80 377 0.2495 0.0084 74019 185 0.62 81.2

P5’ 5908.80 377 0.0487 0.0027 74019 3.6 0.20 15.9 80

[1] molar absorption coefficient (€) of 8 at peak absorbance of 385 nm. [2] Standard deviation (SD). [3] Cross-
linking density (cld = n(bimane)/m(polymer) calculated from the absorption (a) of the sample at different
concentration, £(8) and the mass concentration (8) of the samples (cdl = a / £(8) / 8). [4] Theoretical molecular
weight (Mineo) Obtained from the monomer composition. [5] Number of cross-links per polymer chain (CLD = cld
* Mitheo). [6] Conversion of acrylic acid units (Xaa).
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The results shown in Table 5 provide an overview of the cross-linking density within the
SCNPs, with around 81% functionalized AA units. However, these results come with a
significant error as the number of bimane units per polymer is highly dependent on the
calculated theoretical molecular weight. The decrease in intensity by 80% aligns with the
decrease in the ratio of UV trace at 400 nm with the RID trace observed via SEC during

unfolding (Figure 17).

5.2.5 Monte Carlo simulation of bond cleavage

A high degree of unfolding after a cleavage of 80% of bimane units is supported by a Monte
Carlo simulation, modelling the probability of single to double bonded bimane units.
Experimental results of the ester bond cleavage of 8 over irradiation time showed similar
composition of single (9) and double (7) cleaved bimanes. According to both methods, only
one quarter of the remaining 20% bimane units are double bonded (i.e., representing cross-
links in SCNPs), whereas the other three quarters are cleaved on one side and do not cross-

link the polymer chain anymore.

The Monte Carlo simulation distinguished between units which cross-link the chain (double
bonded) and single bonded bimane units, which are cleaved off on one side and do not cross-
link the chain. The obtained absorption of the UV/VIS detector normalized by the RID in the
SEC trace was proportional to the amount of cleaved bimane units, but does not distinguish
between double bonded and single bonded bimane units. This simulation allows us to
address this question further and obtain the mathematic probabilities of the double bonded
to single bonded bimane units. An important assumption we are making is that single bonded
and double bonded bimane units are equal in reactivity towards irradiation. The results are
displayed in Figure 23 as percentage of fully cleaved bimane units (X-axis), which aligns with
the decrease of absorption, against the remaining bimane units (Y-axis), which are either

single or double bonded to the polymer chain.
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Figure 23: Probability of double bonded and single bonded bimane units for different conversion
simulated by a Monte Carlo method. Reprinted with permission from P. H. Maag et al. Angew. Chem.
Int. Ed. 2023, 62, e202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

For example, after 10% of the bimane units are cleaved, 90% bimane units are still attached
to the polymer chain, of which around 60% are double bonded and 30% are singly bonded,
demonstrating that 40% of SCNPs are already unfolded after a 10% decrease in absorption.
The Monte Carlo method simulated this probability of single or double bonded bimane units
for every 5% and lists the results in a table. In the case of our experiment discussed above,
where a decrease of 80% in absorption was observed, it is assumed that 80% of the bimane
units were fully cleaved and according to the simulation, 5.1 % of the remaining 20% are
double bonded (cross-links) and 14.9 % are cleaved off on one side and do not cross-link the
polymer chain. The results support the high degree of unfolding we observe in the SEC traces,
which show a similar molecular weight to the original polymer P5. The simulation was
performed on MatLab R2022b using a code generated by Bing, an Al-powered language

model (refer to Appendix D: MatLab code).

We supported the simulated probabilities with empiric data. A small molecule analogue to
the polymeric cross-links, the bimane caged acetate ester 8, was irradiated with 415 nm in
degassed water/acetonitrile at ambient temperature. A sequence of samples was taken over
time and analyzed by LC-MS. The signals were assigned to dihydroxybimane 7 (RT = 4.9 min),
monohydroxybimane 9 (RT = 5.8 min), and 8 (RT = 6.7 min). The composition of the main
irradiation products is shown in Figure 24. The irradiation time of nearly 90 min until full
conversion could have been required due to the addition of acetonitrile to ensure complete

solubility or to a higher concentration of bimane units compared to SCNP unfolding.
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Figure 24: Left: UV traces (380-400 nm) of LC-MS during irradiation of 8. Over time the ester groups
are cleaved resulting in 9 and further into 7. Right: Composition of 7, 8 and 9 over time. Reprinted
with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, e202309259. Open access
under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

Particularly, 8 was selected as a close comparison of the bimane units in the SCNPs.
Consequently, 9 represents the single bound bimane unit, which is cleaved off on one side
from the polymer chain. The final irradiation product 7 is identical to the cleaved product
obtained after unfolding of SCNP2 as obtained in our NMR spectroscopic studies. By
comparing the results from the Monte Carlo simulation with the irradiation experiment of 8,
it can be observed that both curves align closely, supporting the assumption that single
bonded and double bonded bimane units are equal in reactivity towards irradiation (Figure
25). A small uncertainty remains due to the assumption that the bimane esters have similar
photocleavage kinetics in the single-chain nanoparticle SCNP2 and as solvated individual

molecules (i.e. 8 and 9).
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Figure 25: Experimental (scattered) and simulated (line) results of bimane ester photocleavage.
Reprinted with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open
access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

5.2.6 Fluorescent SCNPs

The fluorescent bimane cross-links allow for a simple read-out of the folding state and could
be further used in biomedical tracing and imaging applications. Bimanes are often used as
fluorescent labeling agents in biological systems as bromoderivatives (monobromobimane
or dibromobimane, 6). They are non-fluorescent but become fluorophores after nucleophilic
substitution with a substrate,% 1% enabling visual read-out of the folding and unfolding,
showing a strong emission at around 470 nm (Aex = 395 nm) also visible under a TLC-UV lamp

(Figure 26).
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Figure 26: Fluorescence of SCNP2 and P5’ in water under a UV lamp showing a lower intensity after
unfolding. Reprinted with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62,
€202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.
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The fluorescence spectra of SCNP2 and the unfolded P5’ were recorded, showing similar
emission and excitation spectra, with an emission maximum at around 475 nm. The
fluorescence of P5’ mainly occurs from residual bimane units along the chain, in addition to
cleaved dihydroxybimane 7, which was not removed during purification (Figure 27, left side).
To ensure complete purification, polymer P5’ was separated from small molecules by dialysis
(cellulose membrane, 10 kDa MWCO in methanol). Subsequently, the intensity of the
emission of P5’ decreased by 95% compared to SCNP2 (Figure 27, right side). The remaining
emission intensity is caused by residual bimane moieties which are primarily single bonded

according to the Monte Carlo simulation and bimane studies (refer to Chapter 5.2.5).
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Figure 27: Left: Normalized emission and excitation spectra of SCNP2 compared with P5’. Right:
Emission and excitation spectra after purification by dialysis. The intensity at 475 nm decreases by 95%
after unfolding. Reprinted with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62,
€202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

Understanding the different fluorescence intensities and spectra of the resulting products is
essential for effective utilization of fluorescent SCNPs in labeling and tracing applications. To
examine the fluorescence characteristics of compound 8 and its photoreaction products, the
reaction mixture of 8 after irradiation with Amax = 415 nm for 30 minutes was analyzed using
an HPLC system equipped with a fluorescence detector. The analysis revealed comparable
fluorescence spectra and intensities to the absorption of the educt (7.44 min, 8), the product
(5.17 min, dihydroxybimane 7), and the intermediate (6.45 min, monohydroxybimane, 9), as

identified by LCMS (Appendix A: LCMS).

Visible Light Induced Control over Reversible Single-Chain Nanoparticle Folding 65



—— EMtrace 472 nm (A, = 380) [}|
—— UV trace 400 nm |

Fluorescence spectra
\ ——7.44 min
—— 6.45 min

N\ 5.17 min

wavelength / nm

time / min intensity / a.u.

Figure 28: Spectral fluorescence slices obtained by HPLC coupled with a fluorescence detector of 8
after radiation with Amax = 415 nm for 30 min showing the emission trace at 472 nm (pink) in
comparison with the UV/VIS absorption trace at 400 nm (black). As well as the fluorescence spectra of
the assigned signals. Reprinted with permission from P. H. Maag et al. Angew. Chem. Int. Ed. 2023, 62,
€202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley & Sons.

5.2.7 Reusable SCNPs

A major benefit of the bimane folded SCNPs is the reusability of the unfolded polymer (P5').
The folding/unfolding cycle was successfully repeated for a second time, using the same
conditions as the first cycle, after recovering the crude polymer through freeze-drying. After
the second folding cycle, SCNP2’ was obtained, and a second unfolding yielded P5”,
demonstrating the successful release of the carboxylic acid groups and enabling the

polymer's reuse, as depicted in Figure 29.
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Figure 29: Folding of poly(MPEGMA-co-acrylic acid) (P5) with dibromobimane 6 and unfolding with
visible light in a repetitive fashion. Left: The second cycle shows a similar shift of the SEC trace
compared to the first cycle (Figure 17) resulting in a lower molecular weight for SCNP2’ and increasing
molecular weight for P5”. Right: Depictures the molecular weight and absorption at 400 nm for every
step in the cycle showing alternating values. Reprinted with permission from P. H. Maag et al. Angew.

Chem. Int. Ed. 2023, 62, e202309259. Open access under a CC BY-NC 4.0 DEED license by John Wiley
& Sons.

The shift in SEC elution times observed during the second cycle closely resembles that of the
first cycle, leading to alternating changes in molecular weights after each folding and
unfolding event. At the same time, the UV/VIS absorption increases with each folding process

and decreases upon unfolding, demonstrating the release and incorporation of bimane cross-

links.

5.3 Summary

The present chapter describes the synthesis of SCNPs that respond to visible light (Amax = 415
nm), transitioning from a compact structure to linear chain analogues. The SCNPs are folded
by an esterification reaction of the polymer backbone, containing acrylic acid pendant groups
with commercially available dibromobimane cross-links. The bimane moieties facilitate the
photochemical unfolding by cleaving the ester-bond and restoring the original polymer. In
addition, the fluorescent cross-links indicate successful cross-linking and unfolding reactions
after purification. The different conformation after folding and light-driven unfolding can be
monitored using size exclusion chromatography (SEC) and diffusion ordered NMR
spectroscopy (DOSY), which observe changes in the hydrodynamic radius (Ru) resulting from
the different conformations. Both the folding reaction and the light-induced unfolding are

repeatable, supported by a highly efficient photocleavage.
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The SCNPs were designed with MPEGMA sidechains to make the particles water soluble and
with bimane cross-links which allow for an unfolding reaction in aqueous media, indicating
potential for controlling the unfolding of SCNPs in biological environments. However, to allow
applications in biological environments, the toxicity of the particles and released
dihydroxybimane units must be investigated, as well as the cleavage reaction in such

environments.

In contrast to the previous chapters, where the folding or unfolding of SNCPs was followed
by conventional analysis techniques, in the following we studied how the folding process can

be monitored by a simpler optical readout.
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6 Forster Resonance Energy Transfer within
Single-Chain Nanoparticles

Abstract: In this chapter we introduce a method using Forster Resonance Energy Transfer (FRET) to
visualize the folding of single polymer chains into single-chain nanoparticles (SCNPs). A molecular FRET
pair, consisting of a bimane and a nitrobenzoxadiazole (NBD) unit, is used for small molecule
fluorescence studies. Subsequently, a polymer chain with incorporated NBD units was synthesized and
folded via difunctional bimane cross-links into compact SCNPs. The close proximity of bimane and NBD
units in the resulting SCNP reports itself as a distinct FRET fluorescence signal, evidencing the folded
state of the SCNPs. The herein introduced readout method offers a simpler way to monitor SCNP
folding without relying on complex analytical techniques. Reproduced from P. H. Maag et al. Chem.
Sci. 2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a
CC BY 3.0 DEED license.

6.1 Motivation

As described in the theoretical background Chapter 2.2, SCNPs have been synthesized in
various structures through different intramolecular cross-linking methods and with a wide
range of functionalities.!> 24 67 1481501 Thejr morphology and molecular structure have been
analyzed using techniques such as molecular dynamic simulations,™>* microscopy,® NMR
spectroscopy,**? and high-resolution mass spectrometry.'?" 153 Most common methods for
evidencing SCNP compaction are dynamic light scattering (DLS)?%28! and size exclusion

chromatography (SEC).[?> 30 154 However, these methods require complex analytical
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equipment. Therefore, determining the folding state of SCNPs through a simple optical
readout would mark a significant advancement in easily establishing and tracking their

folding status.

In the previous chapter, we studied the light induced unfolding of SCNPs in aquas solution
utilizing photolabile bimane moieties for cross-linking. In the current chapter, we introduce
a method to visualize the folding reaction of the bimane cross-linked SCNPs described above,

using Forster Resonance Energy Transfer (FRET).

FRET uses distance-dependent energy transfer FRET to visualize the folding state of SCNPs by
a fluorescence indication. FRET is a common technique, especially in molecular biology to
evidence the close proximity of two fluorophore labeled systems.['®®! As described in the
theoretical background Chapter 2.3.5, FRET is defined as energy transfer between two
fluorophores. The donor fluorophore absorbs light and can transfer the energy to an acceptor
fluorophore via nonradiative dipole—dipole interactions.'% 1>>157] EFRET induced changes in
fluorescence has been widely used in various of fields, including studies on the stability and
encapsulation behavior of drug delivery nanogels or micelles,[**® 9 as well as in

understanding the aggregation patterns of amphiphiles into micelles.[*¢"

To visualize SCNP folding by a FRET induced change in fluorescence, we initially developed a
molecular FRET pair (10, Scheme 24) using bimane and nitrobenzoxadiazole (NBD) as
fluorophores, to preliminarily study the system. Bimane was selected for its fluorescent
properties and its availability as a difunctionalized symmetric cross-linker. NBD was chosen
due to its high fluorescence intensity and shifted emission spectrum, resulting in an ideal

spectral overlap of donor emission and acceptor absorption.

Furthermore, both fluorophores were incorporated in a water-soluble precursor polymer
using carboxylic acid functionalities for post-functionalization and intramolecular cross-
linking. Folding the polymer chain with dibromobimane 6 into SCNPs positions the bimane
and NBD units in close proximity allows the FRET pair to self-report the folding status. This

optical method offers a unique way to understand and monitor the folding state of SCNPs.

C. Barner-Kowollik, P. W. Roesky, H. Frisch and F. Feist motivated and supervised the project.
The chapter “Forster Resonance Energy Transfer within Single-Chain Nanoparticles” is
adapted from P. H. Maag, F. Feist, H. Frisch, P. W. Roesky, C. Barner-Kowollik, Forster
Resonance Energy Transfer within Single Chain Nanoparticles, Chem. Sci. 2024, 15, 5218-
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5224 with permission from Royal Society of Chemistry. Al-based language models were used

to improve readability and spelling (OpenAl (2024) ChatGPT 4).

6.2 Results and Discussion

In the current chapter, we evidence the SCNP folding using FRET as a distance dependent
fluorescence response. Initially, we investigate the efficiency of the energy transfer between
two fluorophores based on a molecular FRET pair (10, Scheme 24) consisting of the donor
fluorophore bimane and acceptor NBD. Both fluorophores show an ideal spectral overlap
between donor emission and acceptor absorption, a criterion for an efficient energy transfer.
Subsequently, we introduced both fluorophores into a water-soluble SCNPs, using
dibromobimane 6 as intramolecular cross-links, thereby enabling FRET interactions between

the bimane units and NBD (Scheme 23).
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Scheme 23: Linear polymer chain P6 with incorporated FRET acceptor (NBD, green), folded via
intramolecular cross-links utilizing dibromobimane (6, blue). The introduced bimane units act as
energy donor, absorbing light at shorter wavelengths and transferring this energy to the NBD units,
which emits light in its unique spectral range, allowing the optical read out of the folding state via the
characteristic FRET spectrum. Reproduced from P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224 with
permission from the Royal Society of Chemistry. Open access under a CC BY 3.0 DEED license.

6.2.1 Molecular FRET pair

To examine the efficiency and photochemical characteristics of a FRET bimane and NBD
system, both fluorophores were combined into a molecular FRET pair (10, Scheme 24) with
glycine as a short linker. The emission spectra of 10 show an efficient energy transfer in
organic solvents as THF and (dichloromethane) DCM, yet emission was less pronounced in

acetonitrile (ACN) or methanol and displayed up to no FRET in polar solvents such as water.
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Scheme 24: Structure of the molecular FRET pair (10) composed of bimane (blue) and NBD (green),
connected with a short linker. Bimane, the energy donor, absorbs light at shorter wavelengths and
transfers this energy to the acceptor (NBD), which in turn emits light in its characteristic spectra.
Reproduced from P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224 with permission from the Royal
Society of Chemistry. Open access under a CC BY 3.0 DEED license.

Bimane derivates, like dihydroxybimane (7) or the corresponding diacetate (refer to Chapter
9.3.9 in the experimental section), exhibited fluorescence spectra with a peak emission at
450 nm and an excitation maximum at 380 nm in THF. In comparison, NBD derivates, such as
(7-nitrobenzo(c][1,2,5]oxadiazol-4-yl)glycine (11), show similar fluorescence spectra but red-
shifted by around 100 nm compared to the bimane (Figure 30). 11 shows a peak emission at
530 nm and an excitation maximum at 460 nm in THF. The local excitation minimum of 11
overlapped with the excitation maximum of 7, enabling selective excitation of 7 at 380 nm

(Figure 30, top left).
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Figure 30: Top left: Overlayed fluorescence spectra of 7 and 11 in THF with spectral overlap of the
donor emission spectrum with the acceptor excitation spectrum. Top right: Fluorescence spectrum of
10 in THF. Bottom: 3D Fluorescence spectra of 7 (left), 11 (middle) and 10 (right) in THF with indicated
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2D slices of spectra above. Reproduced from P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224 with
permission from the Royal Society of Chemistry. Open access under a CC BY 3.0 DEED license.

The overlap between the emission spectrum of the donor and the absorbance spectrum of
the acceptor is an important parameter influencing the FRET efficiency.!**”) For the acceptor
NBD, the excitation spectrum overlaps perfectly with its absorbance spectrum (as shown in
the appendix). After combining bimane and NBD with a short linker (10), the bimane emission
shifted towards longer wavelengths as a result of energy transfer from the donor (bimane)
to the acceptor (NBD). In addition, the excitation spectrum, resulting in the emission at 520
nm, merges the excitation spectra of both fluorophores. 3D fluorescence spectra of 10
compared to the individual fluorophores can also be used to visualize FRET. Compounds 7
and 11 each show a distinct emission spectrum depending on the excitation wavelength
displayed in a heat map Figure 30, bottom). Bringing both compounds into close proximity
enabled the energy transfer from the donor to the acceptor, returning the emission spectrum

characteristic of NBD.

Fluorescence spectra of 10, 7 and 11 were recorded in THF, showing an efficient energy
transfer, indicating close proximity and free orientation of both fluorophores. FRET was also

observed in DCM, but was less efficient in ACN and methanol. No FRET was observed in polar

solvents such as dimethylformamide (DMF), dimethyl sulfoxide (DMSQ), and water (Figure
31).

Figure 31: 3D Fluorescence spectra of 10 in different solvents sorted by polarity. Less polar solvents
show a more efficient energy transfer between donor (bimane) and acceptor (NBD) then polar
solvents. Reproduced from P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224 with permission from the
Royal Society of Chemistry. Open access under a CC BY 3.0 DEED license.
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The differences in FRET efficiencies observed for 10 in the different solvents may result from
different orientations of the fluorophores to each other. The orientation parameter (k) is an
important factor influencing the Foérster distance, which describes the separation of both
fluorophores at which the corresponding FRET has an efficiency of 50%. k* can theoretically
range from 0 to 4, but a value of 2/3 is typically assumed for a system with free rotation of
the emission transition dipole in comparison to the absorption dipole.’*”” Another
explanation could be the impact of the solvent on the rate coefficient of intramolecular
energy transfer, as shown in previous research, which could have changed the efficiency of
FRET.[*Y With regard to 10, the solvent may restrict the free orientation of the donor and
acceptor, or could reduce the transfer efficiency by changing the transfer rate coefficient.
Further investigation of this specific FRET pair would require time-resolved fluorescence

spectroscopy.

To further quantify fluorescence measurements, the changes in emission had to be in a linear
range. Thus, the absorption at 475 nm was compared to the emission intensity at 550 nm of
1. Figure 32 shows a linear behavior of the absorption at different dilutions in water.
However, the emission intensity is only linear until an absorption of 0.2 %. To ensure a linear
behavior of the emission intensity during bleaching experiments or photoreactions,

fluorescence spectra were recorded for solutions with an absorptivity adjusted to 0.1 %.
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Figure 32: Comparison of peak absorption (470 nm) to peak emission (550 nm) intensity for different
volume fractions of a stock solution of 10 in water (/= 1 cm). Reproduced from P. H. Maag et al. Chem.
Sci. 2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a
CC BY 3.0 DEED license.

The efficiency of the energy transfer in the fluorescence spectra above was determined by

photobleaching experiments of the acceptor, comparing the emission of the bimane before
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and after bleaching. Additional cleavage experiments were conducted, separating bimane

and NBD photochemically (Figure 33).
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Figure 33: Reaction pathway of photobleaching and cleavage followed by 3D fluoresce spectra in THF.
To photo-bleach the acceptor NBD, 10 was irradiated in water for 13 h with Amax = 505 nm, resulting in
an increasing intensity of the bimane emission. The cleavage reaction was performed in water for 25
min with Amax = 415 nm resulting in an increasing intensity of the bimane emission. Reproduced from
P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224 with permission from the Royal Society of Chemistry.
Open access under a CC BY 3.0 DEED license.

The bleaching experiment of 10 was performed at Amax = 505 nm, irradiating for 13 h until the
emissions of the NBD were no longer detectable, leading to an 80% increase in the intensity
of the bimane emission. Consequently, the FRET efficiency is estimated to be approximately
80% (refer to appendix). A different approach to demonstrate the FRET efficiency utilizes the
photochemical cleavage abilities of bimane moieties through an ester bond cleavage, which
was reported in the work of Chaudhuri et al.'%! and described in the theoretical background
Chapter 2.3.4. Using this approach, 10 was irradiated for 25 minutes at Amax = 415 nm in
water, leading to the generation of a carboxylic acid and an alcohol (as shown in Figure 33,
left). The resulting 3D fluorescence spectrum displays the distinct patterns of each
fluorophore individually, indicating that the ester bond linking the donor-acceptor pair has

been cleaved.

The photo cleavage reaction was monitored by LCMS, showing the expected reaction
products with minor side products (Figure 34). The main products are derived from the
cleaved bimane unit converting the ester to an alcohol function and the NBD connected to
the glycine linker. A side product which was identified is the NBD with cleaved glycine linker.

All compounds show the expected absorption spectra and the masses could be assigned.
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Figure 34: LC-MS trace (254 nm, 500 nm detector wavelength), absorption spectra and accumulated
mass spectra of 10 irradiated with 415 nm for 25 min. Reproduced from P. H. Maag et al. Chem. Sci.
2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a CC BY
3.0 DEED license.

6.2.2 FRET read-out of SCNP folding

To evidence the SCNP folding via FRET and to use the discovered features of 10 within SCNPs,
we introduced both fluorophores into water-soluble SCNPs. Dibromobimane 6 served as
intramolecular cross-links, thereby enabling FRET interactions between the bimane units and
NBD (Scheme 23). As water-soluble polymeric backbone, we utilized the same copolymer
from Chapter 5, a statistic RAFT copolymer of poly(ethylene glycol) methyl ether
methacrylate (MPEGMA, M,=300 g mol?), and acrylic acid (AA). The polymer composition
was determined based on the conversion of the monomers during polymerization. 16% AA
was determined via *H NMR spectroscopy using DMF as an internal standard (Figure 16, Table
4). The RAFT end-groups were hydrolyzed to avoid side reactions and to decrease light
absorption (refer to Chapter 9.5.5 in the experimental section), affording poly(MPEGMA-co-
AA) (P5, M, = 42.62 kg mol™, xaa= 16 %).1°”! To equip P5 with a FRET acceptor, P5 was post-

functionalized with N-(3-bromopropyl)-7-nitrobenzo[c][1,2,5] oxadiazol-4-amine (12) by an

76 Forster Resonance Energy Transfer within Single-Chain Nanoparticles



esterification reaction of the carboxylic acid pendant groups in a solution of THF and cesium

carbonate as base (P6, M, = 47.27 kg mol?, Scheme 25).
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Scheme 25: Post-functionalization of P5 with the fluorophores 12 and 6 to incorporating the FRET pair.
6 concomitantly acts as cross-linker, folding P5 into SCNP3. Reproduced from P. H. Maag et al. Chem.
Sci. 2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a
CCBY 3.0 DEED license.

After the post-functionalization of 12 within the polymer, changes in the hydrodynamic
volume led to an 11% increase of the apparent molecular weight (M,), which appeared as a
shift in the SEC elution time of P6 compared to P5 (as shown in SEC, Figure 42). The
incorporation of 12 was also monitored by comparing the UV/Vis absorption of the polymer
in the SEC trace with RID. An increase in absorption at 450 nm over time confirmed the
successful tethering of the NBD units to the polymer chain. Subsequently, P6 was cross-linked
into a SCNP by another esterification with the difunctional dibromobimane 6 in a highly
diluted reaction mixture (0.2 mg mL™ P2 in THF) to form SCNP3 (M, = 35.67 kg mol?, Scheme
24, refer to Chapter 9.6.3 in the experimental section). The folding process resulted in
compact SCNPs with a decreased hydrodynamic volume, leading to a 25% reduction in the

apparent M,, appearing as a shift in the SEC elution time of SCNP3 compared to P6.
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Figure 35: Left: RID SEC traces of P5, post-functionalized to P6 and folded into SCNP3. Middle: UV/Vis
absorption SEC trace at 380 nm and 450 nm normalized by RID of P5, P6 and SCNP3. Right: Kinetics of
the post-functionalization of P5 to P6 and folding of P6 to SCNP3 monitored by UV/Vis absorption and
M by SEC. The cross-linking of the polymer chain leads to a compaction and consequently to a smaller
hydrodynamic volume e.g. a smaller apparent molecular weight in the SEC. Mn: apparent molecular
weight. Reproduced from P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224 with permission from the
Royal Society of Chemistry. Open access under a CC BY 3.0 DEED license.
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Additionally, the increase of the UV/Vis absorption at 380 nm of the polymer in the SEC trace
over time confirms the effective addition of bimane units into the polymer chain, leading to
a decreased apparent molecular weight, indicating that the bimanes function as cross-links.
After 2 h of folding, the absorption at 380 nm reaches a plateau, indicating a full conversion

of the carboxylic acid repeating units.

A 3D fluorescence spectrum of SCNP3 in water was recorded and compared with the
molecular FRET pair 10 (Figure 36, top left). The 3D spectrum of SCNP3 displays a similar
pattern compared to 10, suggesting an efficient FRET between bimane and NBD within the
SCNP structure, likely due to the close proximity of the cross-links (donor) and the polymer-

bound fluorophore (acceptor).
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Figure 36: 3D fluorescence spectra of SCNP3-5 in water as well as an image of the cuvettes irradiated
with Amax = 380 nm. Mn: apparent molecular weight. Reproduced from P. H. Maag et al. Chem. Sci.
2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a CC BY
3.0 DEED license.

By bleaching experiments, it was confirmed that the observed fluorescence pattern is the
result of FRET. After irradiating for 8 h at 505 nm, the intensity of the bimane emission at
around 470 nm increases, evidencing the interrupted energy transfer (refer to appendix E).
Notably, FRET is now also observed in water and other polar solvents whereas 10 did not
show any energy transfer, perhaps suggesting a change in the orientation parameter in

different solvents, as previously discussed in Chapter 6.2.1.
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To investigate how different ratios of NBD pendant groups influence the FRET efficiency,
SCNPs were synthesized with adjusted reaction time and NBD (12) concentration to stepwise
decrease the NBD incorporation. P5 was functionalized with decreasing amounts of NBD
units (12), utilizing the carboxylic acid pendant groups, leading to the formation of P7 (M, =
42.62 kmol?) and P8 (M, = 41.64 kg mol?), both with a slight increase in apparent M,
compared to P5. The incorporation of NBD units was monitored by UV/Vis absorption at 450
nm in the SEC elugram. Without purification, P7 and P8 were cross-linked with equal amounts
of dibormobimane 6 in a highly diluted solution of 0.2 mg mL! in THF, resulting in SCNP4 (M,
=36.13 kg mol™) and SCNP5 (M, = 38.62 kg mol™). The changes in molecular weight, as shown
in Figure 37, along with the absorption of the polymer at 380 nm and 450 nm, also presented

in Figure 37, confirm the incorporation of bimane and NBD units.
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Figure 37: Bottom: lllustration of SCNPs with different incorporation of NBD analyzed by SEC showing
different absorption at 450 nm compared to the RID and similar incorporation of bimane units
according to the absorption at 380nm. The apparent M (red) slightly increases after post-
functionalization and decreases with folding to SCNPs. Reproduced from P. H. Maag et al. Chem. Sci.
2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a CC BY
3.0 DEED license.

The folding of the linear polymer chain into SCNPs resulted in a decreased hydrodynamic
volume, correlating with a decrease in the apparent M., as determined from a change in the
SEC elution time. 3D fluorescence measurements indicated a decreasing FRET efficiency with
decreasing number of NBD moieties, with no FRET observed in SCNP5. The difference in

emission can be visually observed by irradiating with Amax = 380 nm LED (Figure 36).
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The photochemical behavior of SCNP3 and SCNP4 was further investigated to study the
differences between the small molecule 10 and the SCNPs. To demonstrate the efficiency of
the FRET, SCNP3 was irradiated for 8 h with Amax = 505 nm until no emission of the NBD could
be observed anymore. This resulted in an increasing intensity of the bimane emission, with

no significant changes in the apparent M, (Figure 38, Figure 39, left).
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Figure 38: Left: SCNP3 and SCNP4 analyzed by SEC showing different absorption at 450 nm and 380
nm. The apparent M, (red) increases after irradiating with 415 nm for 3 h in water indicating an
unfolded of the SCNPs. Mn: apparent molecular weight. Reproduced from P. H. Maag et al. Chem. Sci.
2024, 15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a CC BY
3.0 DEED license.

Furthermore, SCNP4 was irradiated with Amax = 415 nm for 3 h in water, leading to a strong
decrease of absorption at 380 nm and 450 nm. In addition, the apparent M, increased,
indicating that the SCNPs were unfolded to linear chains. The irradiation of the SCNPs led to
ester bond cleavage, releasing dihydroxybimane 7 and the carboxylic acid pendant groups of
the polymer. The increased hydrodynamic volume of the irradiated SCNPs compared to
SCNP4 was evidenced by a shift in the SEC elution time, as indicated by the red arrow (Figure
39, left).
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Figure 39: Left: RID SEC traces of SCNP4 unfolding compared to P5. Right: 3D fluorescence spectrum
of SCNP4 irradiated with 505 nm for 8 h in water. Reproduced from P. H. Maag et al. Chem. Sci. 2024,
15, 5218-5224 with permission from the Royal Society of Chemistry. Open access under a CC BY 3.0
DEED license.

The change of the SEC elution time after unfolding was less pronounced than for the initial
folding, perhaps caused by remaining bimane cross-links within the chain or side reactions

that occur during the photocleavage and bleaching of the NBD units.

6.3 Summary

We introduce a method to monitor the folding of polymer chains into single-chain
nanoparticles (SCNPs) by fluorescence, utilizing Férster Resonance Energy Transfer (FRET).
We designed a molecular FRET pair by linking the two judiciously chosen fluorophores
bimane and nitrobenzoxadiazole (NBD) together into one molecule which exhibited efficient
energy transfer in solvents such as tetrahydrofuran (THF) or dichloromethane (DCM), while

displaying no FRET in more polar solvents such as dimethylformamide (DMF) and water.

SCNPs were folded from linear polymer chains equipped with NBD units using the
difunctional bimane units for intramolecular chain collapse. Upon cross-linking, the donor
fluorophore bimane and the acceptor fluorophore NBD reach close proximity, leading to a
strong FRET fluorescence signal of the SCNPs, signaling their folded state. The presented
visual read-out method on the folding state of SCNPs allows for future real-time analysis of
the folding process and reduces the need for complex analytical devices, paving the way for

in-situ monitoring of SCNP folding and unfolding.

FRET is a useful tool to determine the close proximity of two fluorophores evidencing the

folded state of the polymer, however, this method could be further developed to allow for a
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qguantification of the actual compaction of SCNPs by monitoring the increasing FRET

efficiency during folding.
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7 Conclusions

With the results presented in this thesis we are contributing to the research field of SCNPs
and addressing various challenges. Key challenges are for example the controlled folding of
SCNPs, the characterization of the folded state but also the incorporation of functionalities.
We focused on the remote folding control by visible light which could be used to influence
the conformation and size within a biological system or affecting the catalytic center of a
metal coordinated SCNP. To improve the characterization of the folded state of SCNPs
fluorescent cross-links were incorporated, indicating the successful folding and unfolding,
allowing for an optical readout method. Those fluorescent SCNPs could further be used in

tracing and imaging applications.

In Chapter 4 we introduce fluorescent and catalytically active SCNPs, synthesized through a
photoinduced cross-linking reaction. The precursor copolymer contains phosphine ligands
for gold coordination among the photoreactive cross-linking moieties. Visible light (Amax =415
nm) initiates the folding and leads to a compacted structure. The catalytic activity of the
introduced gold(l) complexes is demonstrated in an intramolecular hydroamination reaction,

with high conversion rates observed.

Chapter 5 focuses on light induced unfolding of SCNP with a water-soluble backbone, making
them suitable for further investigations using biological media. The SCNPs are initially cross-
linked through an esterification reaction with bimane moieties. The unfolding proceeds in
water under mild conditions yielding in the original precursor polymer which can be
repeatedly folded and unfolded. This light-responsive behavior in water positions these
SCNPs as promising candidates for biological applications, given their ability to respond to

external triggers and the potential for manipulating their size.

In Chapter 6 we present a method to visualize SCNP folding using Forster Resonance Energy
Transfer (FRET). A molecular FRET pair, containing bimane as donor fluorophore and cross-
linking unit as well as NBD acceptor fluorophores, were attached to the polymer backbone
and employed to monitor the folding state of SCNPs. The incorporation of this FRET pair into
the polymer chain enables direct optical readout of SCNP formation, as indicated by a strong
FRET signal. This method eliminates the need for complex analytical tools and paves the way

for in-situ observation of SCNP folding.
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8 Outlook

The results of the thesis address specific challenges in the field of SCNPs. Focusing on
synthesis strategies such as the folding control and characterization of the folding state. Light
induced crosslinking thereby enables spatiotemporal control over the folding state but does
not affect the spatial arrangement of the cross-links and backbone. At present, synthetic
SCNPs do not reach the level of precision in their folding as proteins with their highly specific
spatial conformation. Such spatial control may ultimately only be achievable by starting from
sequence-defined polymer chains. More control over the folded shape of SCNPs could be
implemented using alternating copolymers with alternating amphiphilic groups, creating a
micelle-like structure but much smaller and cross-linked.™*®? Block polymers and grafted
polymers could also add a degree of structure to the folded state, creating pockets for

catalysis or drug delivery.

Furthermore, the pocket design of SCNPs could be used to catalyze sequential reactions,
where one substrate undergoes a cascade of reaction steps catalyzed by different metals in
the same polymeric pocket. Ebensperger et al.l'®® reported a two-step reaction in aqueous
solution where the catalytic center is located within an artificial protein containing a dual-
metal-tagged guest protein, potentially serving as a blueprint for a similar reaction within
SCNPs. Instead of two metals the SCNPs could also contain different catalysts like organic
catalysts or photo catalysts. To catalyze a sequential cascade reaction within one type of
SCNP a defined polymeric particle is required — ideally forming a pocket — hosting the
substrate for the duration of the reaction. The cascade reaction then could be a combination
of a metal, organic and photo catalyzed reaction. Therefore, metals could be used fold the
polymeric chains into SCNPs and catalyze a first reaction step followed by a second reaction

step catalyzed by a photoreaction or organic catalysts along the backbone.

In addition to the interest in catalytic SCNPs, there is a high interest to study SCNPs in
biological environments. A promising way to synthesize and unfold such potentially
biocompatible SCNPs is demonstrated in our project on water-soluble SCNPs described in
Chapter 5.1% Water-soluble SCNPs likely allow for biomedical applications and are one step
closer to their natural analogues, i.e. enzymes. However, the availability of water-soluble and
biocompatible polymer backbones suitable for folding into SNCPs remains limited, requiring

additional research in this area.
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Another limitation for biocompatible photo responsive SCNPs is the presence of oxygen in
biological environments. Many photoreactions that proceed via the triplet excited state are
sensitive to oxygen, as it quenches the triplet state, converting the oxygen into singlet
oxygen. Photosensitizers could potentially use this to eliminate the oxygen around the SCNPs
and enable photoreactions within the SCNPs.[***! Alternatively, photoreaction could be used
which are more oxygen tolerant and more suitable for biological environments. Afterwards,
SCNPs could be designed carrying functional units e.g. drugs which are released in a photo
induced cleavage reaction. Additionally, the unfolding reaction could be used to cleave not
only the cross-links but also degrade the polymer backbone in smaller parts to enable an
enhanced clearance of the SCNPs from a biological system. To achieve this, short polymer
chains would be connected at their end groups with a photolabile linker to longer linear
chains and intramolecular cross-linked into SCNPs with the same linker. In an additional step
functional units e.g. drugs would be attached to the remaining not saturated linking units.
Under irradiation the SCNPs would simultaneously be unfolded, degraded and the drug

released (Figure 40).

“@?"%x

Figure 40: Illustration of a photoinduced drug release and degradation of SCNPs.

As mentioned in Chapter 5, FRET is a common tool to determine the close proximity of two
fluorophores and we employed it to indicate the folded state of SCNPs. However, additional
research is necessary to determine the exact degree of compaction in SCNPs by FRET
efficiency. To achieve this, two fluorophores would be attached to the backbone of a linear
polymer chain and the folding monitored by SCE or DOSY compared with the FRET efficiency

to obtain a calibration curve for this system.
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FRET efficiency

e

Figure 41: lllustration of two fluorophores attached to a linear polymer chain which get closer by
folding the polymer chain into SCNPs and report their folding and increasing compaction by a strong

FRET signal.

SCNP compaction

Overall SCNPs are an existing ongoing research field with a high potential in application as

catalysis and in biomedical science.
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9 Experimental Section

9.1 Materials

All chemicals were used as received unless noted otherwise. 11-mercaptoundecanoic acid
(95%, Sigma-Aldrich), 2-Cyano-2-propyl benzodithioate (Sigma-Aldrich, >97%), 2-fluoro-6-
methylbenzaldehyde (fluorochemicals), 4-chloro-7-nitrobenzofurazan (Sigma-Aldrich, 98%),
4-chloromethylstyrene (90%, abcr, stabilized with TBC, ONP, o-nitrocresol), acetic acid (Fisher
chemical, >99.0%), acetic acid (ROTIPURAN® 100 %, p.a., Roth), acetonitrile (ACN, Fisher
chemical, >99.9%), acrylic acid (AA, anhydrous, Sigma-Aldrich, contains 200 ppm MEHQ as
inhibitor, 99%), azobisisobutyronitrile (AIBN, Sigma-Aldrich, 12.-wt% in acetone), cesium
carbonate (>98.0%, TCl), cesium carbonate (Alfa Aesar, 99.5%), cesium hydroxide
monohydrate (99.95%, thermo scientific), chloroauric acid (Acros Organics), chloroform D
(99.8%, Eurisotop), cyclohexane (Sigma-Aldrich, EMSURE®), dibromobimane (6, Synchem,
98%), dichloromethane (fischer scientific, >99.8%) diethyl ether (Ajax Finechem, >99.5),
diethyl ether (Ajax Finechem, >99.5), dimethyl sulphoxide (Ajax Finechem, >99.0), ethanol
(Ajax Finechem, absolute, >99.5%), ethyl acetate (Fisher chemical, 299.8%), ferrocene (98%,
Sigma-Aldrich), geduran® Si 60 for column chromatography silicagel 60 (40-63 um, Merck),
glycine tert-butyl ester HCI (Combi-Blocks, 98%), lithium bis(trimethylsilyl)amide solution (1.0
M in THF, Sigma-Aldrich), lithium bromide (anhydrous, 99% min, Alfa Aesar), magnesium
sulfate anhydrous (Sigma-Aldrich), magnesium sulphate hydrate (299%, dried, Roth),
methanol (Ajax Finechem, >99.9), methyl 4-(bromomethyl)benzoate (98%, ABCR), N,N,-
Dimethylformamide (99.8%, extra dry, over molecular sieve, AcroSeal®, Acros organics), N, N-
Dimethylformamide (DMF, Sigma-Aldrich, 99.8%), n-pentane (Ajax Finechem, absolute,
>98%), poly(ethylene glycol) methyl ether methacrylate (average Mn 300, MPEGMA, Sigma-
Aldrich, contains 100 ppm MEHQ as inhibitor, 300 ppm BHT as inhibitor), raney nickel catalyst
activated for hydrogenation (~50% water, Merck), sodium formate (Sigma-Aldrich), sodium
hydrogen carbonate (Ajax Finechem, absolute, >99.7%), styrene (299%, Sigma-Aldrich,
stabilizer: 15 ppm 4-tert butylcatechol), tetrachloroauric(lll) acid trihydrate (99%, Acros
organics), tetrahydrofuran (THF, Fisher chemical, >99.9%), tetrahydrothiophene (>99%, TCl),
toluene (HPLC grade, VWR BDH Chemicals), toluene-4-sulfonic acid monohydrate (299%,
Merck), triethylsilane (Sigma-Aldrich, >99%), trifluoroacetic acid (thermos scientific, 99%),

tri-n-butylphosphine (95%, AcroSeal, Acros Organics), triphenylphosphine (ChemSupply,
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>99%), triphenylphosphine (Sigma-Aldrich), triphosgene (98%, Sigma-Aldrich), 1,4-

Dimethoxybenzene (98%, Alfa Aesar).

Styrene and CMS were purified by passing through a column of basic alumina before use.

9.2 Instrumentals
DMAC-Size Exclusion Chromatography (DMAc-SEC)

DMACc-SEC measurements were conducted on a PSS SECurity2 system consisting of a PSS
SECurity Degasser, PSS SECurity TCC6000 Column Oven (60 °C), PSS GRAM Column Set
(8x150 mm 10 pm Precolumn, 8x300 mm 10 pm Analytical Columns, 1000 A, 1000 A and
30A) and an Agilent 1260 Infinity Isocratic Pump, Agilent 1260 Infinity Standard
Autosampler, Agilent 1260 Infinity Diode Array and Multiple Wavelength Detector
(A: 400 nm, B: 360 nm), Agilent 1260 Infinity Refractive Index Detector (RID, 35 °C). HPLC
grade DMAc, 0.01 M LiBr, is used as eluent at a flow rate of 1 mL min. Narrow disperse linear
poly(styrene) (M,: 266 g mol™ to 2.52x10° g-mol?) and poly(methyl methacrylate) (PMMA,
M,: 202 g mol™? to 2.2x10°% g mol™? ) standards (PSS ReadyCal) were used as calibrants. All
samples were passed over 0.22 um PTFE membrane filters. Molecular weight and dispersity

analysis were performed in PSS WinGPC UniChrom software (version 8.2).

THF-Size Exclusion Chromatography (THF-SEC)

THF-SEC measurements were conducted on a PSS SECurity2 system consisting of a PSS
SECurity Degasser, PSS SECurity TCC6000 Column Oven (35 °C), PSS SDV Column Set (8 x 150
mm 5 pm Precolumn, 8 x 300 mm 5 um Analytical Columns, 100000 A, 1000 A, and 100 A)
and an Agilent 1260 Infinity Isocratic Pump, Agilent 1260 Infinity Standard Autosampler,
Agilent 1260 Infinity Diode Array and Multiple Wavelength Detector (A: 254 nm, B: 360 nm),
Agilent 1260 Infinity Refractive Index Detector (RID, 35 °C). HPLC grade THF, stabilized with
BHT, is used as eluent at a flow rate of 1 mL min. Narrow disperse linear poly(methyl
methacrylate) (PMMA, M,: 202 g mol? to 2.2x10° g-mol?) standards (PSS ReadyCal) were
used as calibrants. All samples were passed over 0.22 um PTFE membrane filters. Molecular
weight and dispersity analysis were performed in PSS WinGPC UniChrom software (version

8.2).
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Nuclear Magnetic Resonance (NMR) Spectroscopy

1D spectra (*H,*3C-APT, 3!P) as well as 2D spectra (COSY, HSQC, HMBC, NOESY) were recorded
using a Bruker Ultrashield plus 500 spectrometer (*H: 500.28 MHz, *3C 125.81 MHz, 3'p
202.51 MHz), a Bruker Avance Ill 600 MHz, equipped with a BBO-Probe (5 mm) with z-
gradient (*H: 600.13 MHz, 3C: 150.90 MHz,) or a Bruker Avance Ill 400 MHz spectrometer
equipped with a Quattro Nucleus Probe (QNP) with an operating frequency of 400 MHz (1H).
All measurements were carried out in deuterated solvents. The chemical shift (8) is recorded
in parts per million (ppm) and relative to the residual solvent protons.*®® The measured
coupling constants were calculated in Hertz (Hz). Spectra were analyzed with MestreLab
MNova 11.0. The signals were quoted as follows: s = singlet, d = doublet, t = triplet, and m =

multiplet.

Diffusion Ordered Spectroscopy (DOSY) NMR

All samples were measured in amber NMR-tubes to prevent exposure to ambient light. DOSY
experiments based on 'H -NMR were performed in CDCl; at 301.0 K on a Bruker 400
UltraShield spectrometer equipped with a Quattro Nucleus Probe (QNP) with an operating
frequency of 400 MHz (*H). A double-stimulated echo sequence using bipolar gradients was
used in order to compensate convection. A bipolar gradient 6 of 4.8 ms and a diffusion delay
A of 129.9 ms were found to be a good compromise for all samples in order to maintain
comparability of the samples. Gradient strength was linearly incremented from 2% at 0.96 G
to 95% in 20 steps. The obtained data was processed with TopSpin 4.2 and Dynamics Center
2.8.3. After Fourier transformation of the 1D spectra, the signal decay along the gradients G

was fitted to:

bezy2a(a-d)

fie)=1, e -10*
With the gyromagnetic ratio y and the full signal intensity /o.
kyT
R. =
H 6mnD

Hydrodynamic radii Ry were calculated from the Stokes-Einstein equation: Where ks is the

Boltzmann constant, T the temperature and n the solvent viscosity (CHCl3: 0.537 mPa).[%¢!
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Liquid Chromatography — Mass Spectrometry (LC-MS)

LC-MS measurements were performed on an UltiMate 3000 UHPLC System (Dionex)
consisting of a pump (LPG 3400SZ), autosampler (WPS 3000TSL), and a temperature-
controlled column compartment (TCC 3000). Separation was performed on a C18 HPLC
column (Phenomenex Luna S5pum, 100 A, 250 x 2.0 mm) operating at 40 °C. Water (containing
5 mmol L' ammonium acetate) and acetonitrile were used as eluents. A gradient of
acetonitrile: H,0, 5:95 to 100:0 (v/v) in 7 min at a flow rate of 0.40 mL-min* was applied. The
flow was splitin a 9:1 ratio, where 90% of the eluent was directed through a DAD UV-detector
(VWD 3400, Dionex) and 10% was infused into the electrospray source. Spectra were
recorded on an LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) equipped
with a HESI Il probe. The instrument was calibrated in the m/z range 74-1822 using premixed
calibration solutions (Thermo Scientific). A constant spray voltage of 3.5 kV, a dimensionless
sheath gas, and a dimensionless auxiliary gas flow rate of 5 and 2 were applied, respectively.
The capillary temperature was set to 300 °C, the S-lens RF level was set to 68, and the aux

gas heater temperature was set to 100 °C.

Flash Column Chromatography

Flash chromatography was performed on a CombiFlash Rf+ (Teledyne ISCO). Fractions were
collected via a UV detector (254, 280, 320 or 344 nm and detection of the full UV-Vis
spectrum). Puriflash cartridges of 12, 25, 40 and 120 g (interchim, FO012, FO025, FO040,
F0120, 30 um, SI-HP) or an Uptisphere Strategy silica column (100 A, 15 pum, interchim) were
employed for the purification in direct mode and puriflash C18-HP cartridges of 12 and 40 g
(interchim, FO012, FO040, 15 um) for the reverse mode. The analyte was dried on celite and

was transferred into an adapted pre-column prior to purification.

UV-VIS Spectroscopy

UV/vis spectra were recorded on a Shimadzu UV-2700 spectrophotometer equipped with a
CPS-100 electronic temperature control cell positioner. Samples were dissolved, filtered, and
subsequently measured in Hellma Analytics quartz high precision cells with a path length of

10 mm at ambient temperature.
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Fluorescence Spectroscopy

The fluorescence intensities were measured using a Cary Eclipse Fluorescence
Spectrophotometer from Agilent Technologies. Voltage was adjusted between low (400 V)
and medium (600 V) with an excitation and emission slit of 5 nm (scan rate 600 nm min)
and the excitation wavelength was set to 395 nm if not noted otherwise. Samples were
prepared in deionized water and measured at ambient temperature in Hellma Analytics
quartz high precision cells with a path length of 10 mm. 3D spectra were recorded in the
emission scan mode with an excitation wavelength of 230 nm to 530 nm with increments of
5 nm. To ensure a linear behavior of the emission intensity as a function of concentration,

the absorption of the solution was adjusted to 0.1 %.

HPLC- Fluorescence Measurements

The fluorescence spectra of the crude mixture of 8 and its photoreaction products were
separated and recorded using a HPLC system (UltiMate 3000, UHPLC+ focused, Thermo
Scientific) comprising a quaternary solvent delivery pump, diode array and fluorescence
detectors and an auto sampler was used to follow Oll concentration-time profiles. Separation
was performed on a C18 HPLC column (Phenomenex Luna 5um, 100 A, 250 x 2.0 mm)
operating at 40 °C. Water (containing 5 mmol L ammonium acetate) and acetonitrile were
used as eluents. A gradient of acetonitrile: H,0, 5:95 to 100:0 (v/v) in 7 min at a flow rate of
0.40 mL-min was applied. The injection volume was 10 pl and detection was achieved with
the diode array detector and fluorescence detectors in scan mode. Data was analyzed with

Chromeleon 7.2.9.0.

Photoreactor

The photoreactions were performed using a 250 mL round-bottom flask or a NMR-tubes
(NORELL ST500-7 5mm, high-throughput 7” standard series) and LED (10W Violet LED, 410-
420nm EPILED from futureeden) with an emission centered at 415 nm. The LEDs were
powered by a variable power supply (1.00 A current) and positioned in a distance of 4 cm
measured from the center of the vials (Figure 42). The LEDs and vials were cooled by two
small ventilators to maintain ambient temperature of 20 to 24 °C. Individual procedures are

described at Chapter 9.7.
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Figure 42: Left: Setup for small scale batch photoreactions performed in NMR-tubes. Right: Batch
photoreaction setup for the cross-linking of linear polymers to SCNPs (Step 4). The LEDs and the
reaction mixture were cooled using two small ventilators.

The change in the pH value during the reaction was recorded using a similar setup with a
100 mL two neck flask and the pH electrode AQUA-pH from TPS. Two small fans were used
to maintain ambient temperature of 20 °C. The aqueous solution was degassed by passing
through a stream of nitrogen for at least 10 min, which was continued during radiation

(Figure 43).

Figure 43: Irradiation setup for the photo cleavage of bimane wit pH electrode to track the pH over
time. The degassed sample in water was stirred with an electric stir bar and further flushed with N2 to
prevent contamination with oxygen. The LED and reaction mixture was cooled by small electric fans
to maintain ambient temperature. Both pictures show the same setup from different angel without
and under irradiation in a lightproof box.
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LED emission spectra were recorded using an Ocean Insight Flame-T-UV-Vis spectrometer,

with an active range of 200-850 nm and an integration time of 10 ms. The emission spectra

of the employed LEDs are depicted in Figure 44.
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Figure 44: Emission spectrum of 415 nm (green) and 505 nm (blue) 10 W LEDs and absorbance

spectrum of bimane and NBD (black).
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9.3 Synthesis of Molecular Structures

9.3.1 2,2,6,6-Tetramethyl-1-(1-phenylethoxy)piperidine

MeCN, Cu

The procedure was adapted from Harrisson et al., 2011.1*3 71 (1-Bromoethyl)benzene
(0.75mL, 5.5 mmol, 1.00eq) and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 0.94 g,
6.0 mmol, 1.10 eq) were dissolved in dry acetonitrile (10 mL). Copper powder (0.17 g, 2.7
mmol, 0.50 eq) was added, and the solution was degassed by purging with nitrogen for
10 min.  N,N,N’,N”,N”-Pentamethyldiethylenetriamine (PMDETA, 0.65mL, 3.3 mmol,
0.60 eq) was added by syringe. The reaction was stirred overnight at ambient temperature.
Afterwards the solvent and volatiles were removed under reduced pressure. The crude
product was isolated by column chromatography on basic aluminum oxide with toluene as
eluent. The solvent was removed under reduced pressure, yielding in the final product of a

white, crystalline solid (1.1 g, 81%).

1H NMR (400 MHz, CDCl3) § 7.29 — 7.11 (m, 5H), 4.72 (g, J = 6.7 Hz, 1H), 1.42 (d, J = 6.7 Hz,
3H), 1.37 - 0.60 (m, 18H).

13c{*H} NMR (101 MHz, CDCl5) § 145.8, 127.9, 126.7, 126.5, 83.0, 59.6, 40.3, 34.4, 34.1, 23.5,
20.3, 17.2.

9.3.2 4-(Diphenylphosphino)styrene sulfide (S=PPh,Sty)
Q™ L
S
P Ss 4
@ 100°C, 3 h @q
|

The procedure was adapted from Goodwin et.al., 2020.1*%® Toluene (30 mL) was added to a
mixture of Sg (0.11 g, 3.5 mmol, 1.00 eq) and 4-(diphenylphosphino)styrene (1.0 g, 3.5 mmol,
1.00 eq) in a round bottom flask. The clear solution was heated at 110 °C for 3 h. The clear
solution was concentrated to 15 mL, causing some colorless precipitate to form, which was
redissolved by heating. Pentane (15 mL) was layered on top of the solution, which was
subsequently stored overnight at -20 °C to give the product as large colorless needles (0.65 g,

59%).
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1H NMR (400 MHz, CDCls) 6 7.80 — 7.60 (m, 6H), 7.56 — 7.38 (m, 8H), 6.74 (dd, J = 17.6, 10.9
Hz, 1H), 5.85 (d, J = 17.6 Hz, 1H), 5.38 (dd, J = 10.8, 0.7 Hz, 1H).

31p{1H} NMR (162 MHz, CDCls) & 42.9.

9.3.3 4-(Diphenylphosphino)styrene gold complex (CIAu-PPh,Sty)

[:)S [::1\ Au—ClI
c PPh,Sty P.

|
HAUCIl, -3H,0 ——————> S—Au” E——
EtOH DCM

|
The procedure was adapted from Harper et al., 2017.1**® Chloroauric acid (HAuCls-3H,0,

0.10 g, 0.25 mmol, 1.00 eq) in EtOH (2.5 mL) was added to a solution of tetrahydrothiophene
(0.11 g, 1.3 mmol, 5.00 eq) at ambient temperature. After stirring for 10 min, the precipitate
was filtered and washed with cold EtOH (3 x 2 mL) and dried in vacuo to afford the
intermediate chloro(tetrahydrothiophene)gold(l), [(tht)AuCl], as a white amorphous solid.
[(tht)AuCl] was redissolved in DCM (2 mL) and 4-(diphenylphosphino)styrene (PPh,Sty,
0.50 mmol, 2.00 eq) was added at room temperature. After stirring for 1h, the solution was
concentrated to afford a colorless solid. The solid was dissolved in DCM and the solution was
layered with hexane and allowed to stand overnight during which colorless crystals were
formed. The crystals were filtered, washed with pentane (2 x 10 mL) and dried in vacuo to

afford the pure product as colorless crystals (280 mg, 87%).

H NMR (500 MHz, CDCls) & 7.59 — 7.42 (m, 14H), 6.73 (dd, J = 17.6, 10.9 Hz, 1H), 5.86 (d, J =
17.6 Hz, 1H), 5.41 (d, J = 10.9 Hz, 1H).

13C{*H} NMR (126 MHz, CDCl3) § 141.3, 135.6, 134.6, 134.5,134.3,134.1, 132.1, 132.1, 129.4,
129.3,129.1, 128.6, 127.9, 127.4, 127.0, 126.9, 117.2.

31p{1H} NMR (203 MHz, CDCl3) & 32.5.

9.3.4 Tert-butyl 4-isocyanatobutanoate

H2N\/\)OI\OJ<

Triphosgene

OCN\/\)OI\OJ<

0°C in DCM/NaHCO35 (aq)

The procedure was adapted from Avalos et al., 2008.27% Triphosgene (125 mg, 0.42 mmol,
0.30 eq) was added to a mixture of tert-butyl 4-aminobutanoate (250 mg, 1.28 mmol,
1.00 eq) in DCM (50 mL) and a saturated solution of NaHCOs3 (30 mL). The resulting mixture
was stirred vigorously at 0°C for 30 min. The organic layer was separated and washed with

distilled water and brine, dried (MgS0.), and evaporated to dryness.
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1H NMR (500 MHz, CDCls) & 3.37 (t, J = 6.6 Hz, 2H), 2.32 (t, J = 7.2 Hz, 2H), 1.87 (p, J = 6.9 Hz,
2H), 1.44 (s, 9H).

13¢{*H} NMR (126 MHz, CDCl5) 6 172.0, 122.1, 80.8, 44.7, 33.0, 28.0, 26.6.

9.3.5 Methyl 4-((4-(tert-butoxy)-4-oxobutyl)amino)-4-oxobut-2-ynoate (2)

0
F 0 0
/070‘// . OCN\/\)I\OJ< % /O/H/\/\(I)r A
0
The procedure was adapted from Aioub et.al., 2018.[27*) Methyl propiolate (272 pL, 3.1 mmol,
1.00 eq) was dissolved in dry THF (10 mL) and cooled at -78°C in a dry ice/acetone bath under
nitrogen atmosphere. LHMDS (1 M in THF, 3.2 mL, 3.2 mmol, 1.10 eq) was added dropwise.
The resulting solution was stirred for an additional 30 min at -78°C. Subsequently, tert-butyl
4-isocyanatobutanoate (567 mg, 1.1 mmol, 1.00 eq) was added slowly to the reaction
mixture and the resulting solution was stirred for an additional 30 min. The reaction was
guenched by addition of saturated NH4Cl (20 mL) at -78 °C. The mixture was allowed to warm
to ambient temperature, extracted with ethyl acetate (2x20 mL) and the combined organic
layers were washed with NaHCOs3 and brine, dried over MgSQO,4, and concentrated at reduced
pressure. The crude product was purified by column chromatography on silica gel (gradient

CH:EE 100:0-30:70 v/V) to afford the product as a yellow oil (592 mg, 72%).

1H NMR (500 MHz, CDCls) 6 6.84 — 6.55 (m, 1H), 3.80 (s, J = 0.9 Hz, 3H), 3.40 — 3.30 (m, 2H),
2.34-2.23 (m, 2H), 1.94 — 1.74 (m, 2H), 1.49 — 1.36 (m, 9H).

13c{’H} NMR (126 MHz, CDCl3) 6 172.7, 152.8, 150.8, 81.0, 77.6, 73.5, 53.4, 39.7, 32.9, 28.1,
24.1.

9.3.6 4-(4-Methoxy-4-oxobut-2-ynamido)butanoic acid (3, A)

0 j\ 0
0
The procedure was adapted from Zhou et al., 2020.72 Methyl 4-((4-(tert-butoxy)-4-
oxobutyl)amino)-4-oxobut-2-ynoate (100 mg, 0.37 mmol, 1.00 eq) in dichloromethane (5
mL) was added dropwise at ambient temperature to a solution of TFA (422 mg, 3.72 mmol,
10.0 eq). The solution was stirred over night at room temperature, and volatiles removed

under reduced pressure. The brown oil was coevaporated with toluene and dichloromethane

to afford the final product as a yellow oil (75 mg, 95%).
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1H NMR (500 MHz, CDCls) § 6.70 (d, J = 6.3 Hz, 1H), 3.84 (s, J = 12.3 Hz, 3H), 3.40 (q, / = 6.6
Hz, 2H), 2.44 (t,J = 7.0 Hz, 2H), 1.91 (dp, J = 13.8, 6.8 Hz, 2H).

13C{'H} NMR (126 MHz, CDCls) 6 178.2, 152.9, 151.2, 77.5, 73.8, 53.5, 39.5, 31.2, 24.0.

9.3.7 11-((2-Formyl-3-methylphenyl)thio)undecanoic acid (0MBA, B)

o F
' 0 0 S/\HKOH
e 0N
HS , OH K,CO3, DMF, 85°C ij

The procedure was adapted from Feist et al., 2022.1*34 A dry Schlenk round bottom flask was

charged with K>COs (2.50 g, 18.10 mmol, 2.50 eq), 2-fluoro-6-methylbenzaldehyde (1.00 g,
7.24 mmol, 1.00 eq), and 11-mercaptoundecanoic acid (1.90 g, 8.69 mmol, 1.20 eq) and the
mixture was dissolved in 25 mL dry DMF. The solution was degassed by passing through a
stream of N, for 10 min and stirred overnight at 85°C for 12 h. The crude mixture was cooled
to ambient temperature, dissolved in 200 mL ethyl acetate, the organic phase was washed
with 50 mL 1 N HCI, 2x 25 brine and dried over MgS0.. After recrystallization from DCM and

n-hexane in a freezer the product was obtained as yellowish solid (2.10 g, 86 % yield).

1H NMR (500 MHz, CDCl3) & 10.68 (s, 1H), 7.35 (t, J = 7.7 Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 7.04
(d, ) = 7.4 Hz, 1H), 2.90 (t, J = 7.4 Hz, 2H), 2.60 (s, 3H), 2.35 (t, J = 7.5 Hz, 2H), 1.71 — 1.58 (m,
5H), 1.47 — 1.39 (m, 2H), 1.37 — 1.23 (m, 12H).

13C{!H} NMR (126 MHz, CDCls) 6 192.6, 179.1, 142.8, 141.9, 132.8, 128.8, 126.7, 34.0, 33.8,
29.3,29.3,29.1, 29.1, 29.0, 28.9, 28.6, 24.6, 20.6.

9.3.8 Catalyzed Intramolecular Hydroamination

Intramolecular Hydroamination with SCNP-AuCl as Catalyst

SCNP-AuCI
Ph Ph Na[B(CgFs)4] Ph N
% NH — |
2 CDCl; 21°C Ph
H H
5
3.02 ppm 3.21 ppm

The procedure was adapted from Bohlen et al., 2021.18 A stock solution of the substrate (5,
123.26 mg, 0.468 mmol) in 800 uL CDCl; and the internal standard ferrocene (8.72 mg,
0.0468 mmol) in 1000 uL CDCl; were prepared. SCNP-AuCl (0.0029 mmol, 0.02 eq or
0.0005 mmol, 0.004 eq, [PPh,Sty-AuCl] units calculated by 3!P{*H} NMR with internal
standard PO4Phs) and the cocatalyst Na[B(CsFs)s] (2.16 mg, 0.0023 mmol, 0.02 eq) were
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mixed with 200 pL CDCls and 200 plL of ferrocene stock solution (1.741 mg, 0.0094 mmol,
0.08 eq) in a 10 mL vial with screw cap. The mixture was stirred and treated in an ultrasonic
bath until the cocatalyst reacts with the gold complex and therefore dissolves. The solution
was transferred to a Young NMR tube and the vial rinsed with 200 pL CDCls. The solution was
frozen with liquid nitrogen and 200 pL of the stock solution of the substrate (5, 30.82 mg,
0.117 mmol, 1 eq) was added and frozen. The open Young NMR tube was warmed up until
the solution thawed and inserted into the NMR spectrometer (to). To monitor the conversion,
'H NMR spectra were recorded as a time series at constant temperature of 21°C. The
conversion was determined via comparison of the integrals of the characteristic resonances
of substrate 5 (3.02 ppm) and the product (3.21 ppm), using ferrocene (4.19 ppm) as internal

standard.

Intramolecular Hydroamination with AuCl-PPh,Sty as catalyst

Ph Ph Na[B(CeFs)4] Ph N
% NH — |
2 CDCl3 21°C Ph
H H

5
3.02 ppm 3.21 ppm

The procedure was adapted from Bohlen et al., 2021.18 A stock solution of the substrate (5,
123.26 mg, 0.468 mmol) in 800 uL CDCl; and the internal standard ferrocene (8.72 mg,
0.0468 mmol) in 1000 uL CDCl; were prepared. AuCl-PPh,Sty (0.0017 mmol, 0.015 eq
calculated by 3'P{*H} NMR with internal standard PO4Phs) and the cocatalyst Na[B(CsFs)4]
(2.16 mg, 0.0023 mmol, 0.02 eq) were mixed with 200 pL CDCl; and 200 pL of ferrocene stock
solution (1.741 mg, 0.0094 mmol, 0.08 eq) in a 10 mL vial with screw cap. The mixture was
stirred and treated in an ultrasonic bath until the cocatalyst reacts with the gold complex and
therefore dissolves. The solution was transferred to a Young NMR tube and the vial rinsed
with 200 puL CDCls. The solution was frozen with liquid nitrogen and 200 pL of the stock
solution of the substrate (5, 30.82 mg, 0.117 mmol, 1 eq) was added and frozen. The open
Young NMR tube was warmed up until the solution thawed and inserted into the NMR
spectrometer (to). To monitor the conversion, 'H NMR spectra were recorded as a time series
at constant temperature of 21°C. The conversion was determined via comparison of the
integrals of the characteristic resonances of substrate 5 (3.02 ppm) and the product

(3.21 ppm), using ferrocene (4.19 ppm) as internal standard.
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Intramolecular Hydroamination with P4 as catalyst

Ph Ph Na[B(CgFs)4] Ph N
% NH — |
2 CDCl; 21°C Ph
H H

5
3.02 ppm 3.21 ppm

The procedure was adapted from Bohlen et al., 2021.18 A stock solution of the substrate (5,
123.26 mg, 0.468 mmol) in 800 uL CDCl; and the internal standard ferrocene (8.72 mg,
0.0468 mmol) in 1000 pL CDCl; were prepared. P4 (0.0001 mmol, 0.008 eq calculated by
31p{’H} NMR with internal standard PO4Phs) and the cocatalyst Na[B(CsFs)s] (2.16 mg,
0.0023 mmol, 0.02 eq) were mixed with 200 uL CDCl; and 200 uL of ferrocene stock solution
(1.741 mg, 0.0094 mmol, 0.08 eq) in a 10 mL vial with screw cap. The mixture was stirred and
treated in an ultrasonic bath until the cocatalyst reacts with the gold complex and therefore
dissolves. The solution was transferred to a Young NMR tube and the vial rinsed with 200 pL
CDCls. The solution was frozen with liquid nitrogen and 200 uL of the stock solution of the
substrate (5, 30.82 mg, 0.117 mmol, 1 eq) was added and frozen. The open Young NMR tube
was warmed up until the solution thawed and inserted into the NMR spectrometer (to). To
monitor the conversion, 'H NMR spectra were recorded as a time series at constant
temperature of 21°C. The conversion was determined via comparison of the integrals of the
characteristic resonances of substrate 5 (3.02 ppm) and the product (3.21 ppm), using

ferrocene (4.19 ppm) as internal standard.

Intramolecular Hydroamination without catalyst (blank)

Ph Ph Na[B(CsFs)4] Ph N
AN NH _— \
2 CDCl3 21°C Ph
H H

5
3.02 ppm 3.21 ppm

The procedure was adapted from Bohlen et al., 2021.18 A stock solution of the substrate (5,
123.26 mg, 0.468 mmol) in 800 uL CDCl; and the internal standard ferrocene (8.72 mg,
0.0468 mmol) in 1000 uL CDCl; were prepared. The cocatalyst Na[B(CsFs)s] (2.16 mg,
0.0023 mmol, 0.02 eq) were mixed with 200 uL CDCl; and 200 pL of ferrocene stock solution
(1.741 mg, 0.0094 mmol, 0.08 eq) in a 10 mL vial with screw cap. The mixture was stirred and

treated in an ultrasonic bath for 20 min. The solution was transferred to a Young NMR tube
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and the vial rinsed with 200 uL CDCls. The solution was frozen with liquid nitrogen and 200 uL
of the stock solution of the substrate (5,30.82 mg, 0.117 mmol, 1 eq) was added and frozen.
The open Young NMR tube was warmed up until the solution thawed and inserted into the
NMR spectrometer (to). To monitor the conversion, *H NMR spectra were recorded as time
series at a constant temperature of 21°C. The conversion was determined via comparison of
the integrals of characteristic resonances of starting material (5: 3.02 ppm) and product
(3.21 ppm), using ferrocene (4.19 ppm) as internal standard.

9.3.9 2,6-dimethyl-1,7-dioxo-1H,7H-pyrazolo[1,2-a]pyrazole-3,5-diyl)bis(methylene)
diacetate, 8

To study the photo induced cleavage of the bimane ester bonds, the photoreaction was
performed with the bimane caged acetate ester ((2,6-dimethyl-1,7-dioxo-1H,7H-

pyrazolo[1,2-a]pyrazole-3,5-diyl)bis(methylene) diacetate, 8) with similar conditions to the

A

Dibromobimane 6 (10.00 g, 0.03 mmol, 1.00 eq), cesium carbonate (23.30 mg, 0.07 mmol,

SCNPs unfolding.

2.50 eq) and acetic acid (8.20 uL, 0.14 mmol, 5.00 eq) were dissolved in THF and stirred at
ambient temperature overnight. The reaction mixture was mixed with water (5 mL) and
extracted with ethyl acetate (2 mL) four times. The organic phase was washed with brine
(2 mL) and dried over MgS0Q.. The obtained product 8 was characterized by LC-MS (Figure 46)
and NMR.

1H NMR (600 MHz, CDCls) § 5.12 (s, 2H), 2.14 (s, 3H), 1.97 (s, 3H).
13¢{H} NMR (151 MHz, CDCls) 6 169.8, 160.0, 142.3, 117.0, 77.4, 77.2, 77.0, 54.6, 20.7, 7.3.

8 was dissolved in 8 mL H,0 and degassed by passing through a stream of N, for 10 min. The
solution was irradiated with Amax = 415 nm for 30 min (Irradiation Experiments) and
subsequently freeze dried. The obtained product was analyzed by LC-MS (Figure 15 - Figure
50).

The LC-MS traces show a mixture of the monohydroxybimane 9 ((5-(hydroxymethyl)-2,6-
dimethyl-1,7-dioxo-1H,7H-pyrazolo[1,2-a]pyrazol-3-yl)methyl acetate) and dihydroxybimane
7 (3,5-bis(hydroxymethyl)-2,6-dimethyl-1H,7H-pyrazolo[1,2-a]pyrazole-1,7-dione) along
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with a small amount of side product. After 30 min of irradiation the reaction mixture still
contains a significant amount of educt. Compared with the SCNPs unfolding were full
conversion after 20 min according the UV/VIS absorption was observed, the conversion of 8
is lower. This might be due to a higher concentration of 8 in water compared to the SCNPs

unfolding.

9.3.10 Dihydroxybimane 7

To study the stability of dihydroxybimane 7 during radiation 7 was synthesized and irradiated

for 30 min.

HO OH
7

Dibrombimane (10.00 mg, 0.03 mmol, 1.00 eq) was dissolved in ethanol and sodium formate
(19.40 mg, 0.29 mmol, 10.00 eq) was added. The reaction mixture was heated overnight at
80 °C, cooled at ambient temperature, filtered and the solvent evaporated to obtain the

product 7 without further purification. The product was characterized by LC-MS (Figure 51).

7 was dissolved in 8 mL H,O and degassed by passing through a stream of N, for 10 min. The
solution was irradiated for 30 min (IrRadiation Experiments) and subsequently freeze dried.

The obtained product was analyzed by LC-MS (Figure 15, Figure 52).

After 30 min of radiation no significant conversion of 7 or formation of side products could

be observed.

9.3.11 tert-Butyl (7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)glycinate (NBD-Gly-tert)

O_.'n'lj@\

Y. o}

TS

The procedure was adapted from Greco et al.*’® Glycine tert-butyl ester (1.68 g, 5.01 mmol,
2.00 eq), 4-chloro-7-nitrobenzo-2-oxa-1,3-diaziole (0.51 g, 2.51 mmol, 1.00 eq) and NaHCOs
(0.63 g, 7.52 mmol, 3.00 eq) were dissolved in 25 mL of methanol. The mixture was stirred
under light exclusion at room temperature. After 16 h, the solvent was evaporated and the
residue dissolved in 100 mL of ethyl acetate, the organic phase was washed with 3x 50 mL of

1 N HCI, 25 brine, dried over MgS0O, and filtered. The solvent was evaporated. The crude
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product was purified by column chromatography on silica gel (gradient CH:EE 70:30-20:80

v/V) to afford the product as an orange powder.

'H NMR (600 MHz, CDsCN) 6 8.50 (d, J = 8.7 Hz, 1H), 7.28 (s, 1H), 6.28 — 6.24 (m, 1H), 4.20 (s,
2H), 1.47 (s, 9H).

B3C{*H} NMR (151 MHz, CDsCN) 6§ 168.5, 145.7, 145.3, 137.9, 125.0, 100.8, 83.5, 46.4, 28.2.

9.3.12 (7-Nitrobenzo[c][1,2,5]oxadiazol-4-yl)glycine (11)

(0]
U
O_. Q\
OH
7
N\ p H/\n/
O0-N (6]

tert-Butyl (7-nitrobenzo(c][1,2,5]oxadiazol-4-yl)glycinate (50.00 mg, 0.17 mmol, 1.00 eq) was
dissolved in 1 mL of trifluoroacetic acid and 0.1 mL triethylsilane was added. After 90 min,
the reaction mixture was dissolved in 50 mL ethyl acetate, the organic phase was washed
with 3x 50 mL of 1 N HCI, 25 brine, dried over MgS0, and filtered. The product was afforded

as an orange powder.
1H NMR (600 MHz, MeOD) & 8.52 (d, J = 8.7 Hz, 1H), 6.30 (s, 1H), 4.32 (s, 2H).

B3C{’H} NMR (151 MHz, MeOD) 6 171.8, 145.9, 145.4, 138.0, 127.8, 124.5, 100.6, 45.4.

9.3.13 (5-(Acetoxymethyl)-2,6-dimethyl-1,7-dioxo-1H,7H-pyrazolo[1,2-a]pyrazol-3-
yl)methyl (7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)glycinate (10)

0]

N? P
o
Q\ oﬂ“ ©
N H/\ﬂ/ N
O-N 0
2
0

11 (10.00 mg, 0.04 mmol, 1.00 eq), dibromobimane (22.00 mg, 0.04 mmol, 1.50 eq), and
Cs2C0s (6.84 mg, 0.02 mmol, 0.50 eq) were dissolved in 5 mL of THF and stirred at ambient
temperature for 6 h. Cs,CO;5 (123 mg, 0.38 mmol, 9.00 eq) and acetic acid (0.024 mL, 0.42
mmol, 10.00 eq) were added and stirred for additional 2 h. The reaction mixture was
dissolved in 50 mL of ethyl acetate, the organic phase was washed with 3x 50 mL of 1 N HCI,
25 brine, dried over MgSO, and filtered. The crude product was purified by column
chromatography on silica gel (gradient DCM:MeOH 98:2-92:8 v/v) to afford the product as

an orange powder.
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1H NMR (600 MHz, CDsCN) & 8.48 (d, J = 8.6 Hz, 1H), 6.29 (d, J = 6.5 Hz, 1H), 5.24 (s, 2H), 5.01
(s, 2H), 4.40 (s, 2H), 2.05 (s, 3H), 1.88 (s, 3H), 1.83 (s, 3H).

13c{’H} NMR (151 MHz, CDsCN) & 170.8, 161.0, 144.0, 143.3, 137.5, 116.5, 56.4, 55.5, 20.7,
7.2,7.1.

9.3.14 N-(3-bromopropyl)-7-nitrobenzo|c][1,2,5] oxadiazol-4-amine (12)

N2
o
N/ ) N/\/\Br
\ N H

The  procedure was adapted from  Buscher et al”  4-Chloro-7-
nitrobenzo(c][1,2,5]oxadiazole (100 mg, 0.50 mmol, 1.00 eq.) was dissolved in EtOAc (3.0
mL). 3-Bromopropylamine (109.70 mg, 0.50 mmol, 1.00 eqg.) and NaHCOs (126.26 mg, 1.50
mmol, 3.00 eq.) were added and the suspension was stirred at 50 °C for 3 d. The reaction
mixture was diluted with 50 mL of ethyl acetate, the organic phase was washed with 3x 50
mL 1 N HCI, 25 brine, dried over MgSO, and filtered. The crude product was purified by
column chromatography on silica gel (gradient CH:EE 75:25-45:55 v/V) to afford the product

as an orange powder (63 mg).

'H NMR (600 MHz, CDsCN) 6 8.49 (d, J = 8.8 Hz, 1H), 7.39 (s, 1H), 6.34 (d, J = 8.8 Hz, 1H), 3.66
(s, 2H), 3.58 (t, / = 6.5 Hz, 2H), 2.27 (p, / = 6.6 Hz, 2H).

13C{’H} NMR (151 MHz, CDsCN) & 144.4, 145.3, 144.9, 137.8, 123.5, 99.5, 42.5, 31.5, 31.4.
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9.4 Polymerizations

9.4.1 NMP copolymerization to form a poly(styrene-co-chloromethylstyrene-co-4-
(diphenylphosphino sulfide)styrene) (P1)

d ©@ N ©/P\© ol

The procedure was adapted from Hooker et al., 2020.13 |nitiator 2,2,6,6-Tetramethyl-1-(1-
phenylethoxy)piperidine (9.0 mg, 0.034 mmol, 1.00 eq), styrene (0.98 mL, 10.3 mmol,
300 eq), chloromethylstyrene  (CMS) (0.34 mL, 2.07 mmol, 60.0 eq) and
4-(diphenylphosphino sulfide)styrene (165.5 mg, 0.52 mmol, 15.0 eq) were added to a 10 mL
Schlenk tube and dissolved in DMF (2.5 mL). As internal standards 1,4-dimethoxybenzene
(15.0 eq) and triphenylphosphate (5.00 eq) were used. The reaction mixture was degassed
by passing through a stream of N, for 10 min. Subsequently, the reaction mixture was sealed
and heated at 125 °C. After 6 h, the reaction was stopped by cooling the flask to ambient
temperature. The crude mixture was dissolved in a small amount of THF (2 mL) and added
dropwise to a solution of cold methanol (-20°C). The precipitate was collected by
centrifugation and purified in the same way a second time before the polymer was dried

under high vacuum. The product was obtained as white powder.
SEC characterization (THF, RI): M, =21 000 g:'mol™?, § = 1.28.

'H NMR (500 MHz, CDCl3) & 7.73 — 6.22 (m, aromatic protons of S=PPh,Sty, CMS and Sty),
4.58 (bs, CH,Cl), 2.19 — 1.12 (m, aliphatic protons, backbone).

31p{1H} NMR (203 MHz, CDCls) & 42.7 (s, S=PPhs).

9.4.2 NMP copolymerization to form a poly(styrene-co-chloromethylstyrene-co-AucCl-
PPh,Sty) (P4)

The procedure was adapted from Hooker et al., 2020.1*3% Initiator 2,2,6,6-Tetramethyl-1-(1-
phenylethoxy)piperidine (9.0 mg, 0.034 mmol, 1.00 eq), styrene (0.98 mL, 10.3 mmol,
300 eq), chloromethylstyrene (CMS) (0.17 mL, 1.03 mmol, 30.0eq) and (chloro(4-
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(diphenylphosphino) styrene)gold(l) (264.8 mg, 0.52 mmol, 15.0 eq) were added to a 10 mL
Schlenk tube and dissolved in DMF (2.5 mL). As internal standards 1,4-dimethoxybenzene
(15.0 eq) and triphenylphosphate (5.00 eq) were used. The reaction mixture was degassed
by passing through a stream of N, for 10 min. Subsequently, the reaction mixture was sealed
and heated at 125 °C. After 6 h, the reaction was stopped by cooling the flask to ambient
temperature. The crude mixture was dissolved in a small amount of THF (2 mL) and added
dropwise to a solution of cold methanol (-20°C). The precipitate was collected by
centrifugation and purified in the same way a second time before the polymer was dried

under high vacuum. The product was obtained as white powder.
SEC characterization (THF, RI): M, = 20 000 g-mol?, © = 1.34.

'H NMR (500 MHz, CDCls) & 7.63 — 6.26 (m, aromatic protons of AuCI-PPh,Sty, CMS and Sty),
4.57 (bs, CH,CI), 2.31 —1.23 (m, aliphatic protons, backbone).

31p{*H} NMR (203 MHz, CDCls) 6 32.3 (s, AuCI-PPh,Sty), -17.68 (s, internal standard PO4Phs).

9.4.3 RAFT copolymerization to form poly(poly(ethylene glycol) methyl ether
methacrylate-co-acrylic acid) (poly(MPEGMA-co-AA))

S n
;(')\ O HO™ "0

>Q

45
The procedure was adapted from Irshadeen et al., 2022.17 Poly(ethylene glycol) methyl
ether methacrylate and acrylic acid was passed through a short neutral alumina column to
remove the inhibitor before being utilized in the polymerization. Poly(ethylene glycol) methyl
ether methacrylate (M, = 300gmol?, 2.79 mL, 300.00 eq, 13.52 mmol), acrylic acid
(309.00 uL, 100.00 eq, 4.51 mmol), 2-cyano-2- propyl benzodithioate (9.97 mg, 1.00 eq,
45.06 umol) and AIBN (12 wt. % in acetone, 9.97 pL, 0.20 eq, 9.01 umol) were added to a 10
mL Schlenk tube and dissolved in 10 mL of DMF. The reaction mixture was degassed by
passing through a stream of N, for 10 min. The mixture was subsequently heated at 70 °C for
22 h. The polymer was purified by twice precipitation into cold Et,O/pentane (5:1) and

centrifuged.

SEC characterization (THF, Rl): M, = 47.24 10® g mol%, B = 1.37.
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9.5 Polymer Post-Functionalization and Modification

9.5.1 Poly(styrene-co-bromomethylstyrene-co-4-(diphenylphosphino sulfide)styrene)
(P2)

P1 (450.0 mg, equivalent to 1.15 mmol CMS units, 1.00 eq) and lithium bromide (1.50 g,
17.27 mmol, 15.02 eq) were dissolved in 12 mL of anhydrous THF resulting in a clear solution.
The solution was degassed by passing through a stream of N, for 10 min and stirred overnight
at ambient temperature. The crude mixture was added dropwise to a solution of cold
methanol (-20°C). The precipitate was collected by centrifugation and dried under high

vacuum. The product was obtained as white powder.
SEC characterization (THF, Rl): M, = 16 000 g-mol?, # = 1.50.

'H NMR (500 MHz, CDCls) 6 7.91 — 6.12 (m, aromatic protons of S=PPh,Sty, BMS and Sty),
4.42 (bs, CH,Br), 2.51 — 0.83 (m, aliphatic protons, backbone).

31p{1H} NMR (203 MHz, CDCls) § 42.7 (s, S=PPhs).

9.5.2 Post-functionalization of P2 with the alkyne and oMBA (P3)

o .
o OH
o s/\(V)J\OH
| 9 + —_—
DMF, CsOH N
NH P
0 o0
N\ ©
0
\

[¢)

P2 (50.00 mg, equivalent to 0.13mmol BMS units, 1.00eq), 11-((2-formyl-3-
methylphenyl)thio)undecanoic acid (86.10 mg, 0.26 mmol, 2.00 eq) and 4-(4-methoxy-4-
oxobut-2-ynamido)butanoic acid (81.80 mg, 0.38 mmol, 3.00 eq) were dissolved in DMF
(3 mL) and degassed by passing a stream of N, for 10 min through the solution. Subsequently,
CsOH (85.90 mg, 0.51 mmol, 4eq) was added and the mixture stirred at ambient
temperature for 2 h under exclusion of light. The crude mixture was added dropwise to a
solution of cold methanol (-20°C) and the precipitate was collected by centrifugation. The

white solid was immediately dissolved in a small amount of DCM and purified in the same
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way. For better flocculation, CsCl was added as a coagulant. The product was stored in DCM

solution.
SEC characterization (THF, Rl): M, =17 000 g mol?, D = 1.68.

'H NMR (500 MHz, CDCl3) § 10.68 (s, CHO), 7.87 — 6.03 (m, aromatic protons of S=PPh,Sty,
BMS and Sty), 5.04 (bs, CH,-00C), 4.47 (bs, CH,Br), 3.76 (bm, alkin-CHs), 3.41 (bd, CH,-N, CH,-
S), 2.24 — 0.64 (m, aliphatic protons, backbone).

31p{’H} NMR (203 MHz, CDCl5) 6 42.7 (s, S=PPhs).

9.5.3 Removing of remaining BMS groups with cesium acetate

SCNP1 (20 mg) were dissolved in 3 mL DMF and mixed with acetic acid (100 pL, 1.74 mmol)
and cesium hydroxide (263 mg, 1.57 mmol). The solution was degassed by passing through a
stream of N, for 10 min and stirred at room temperature for 3 d. The crude mixture was
added dropwise to a solution of cold methanol (-20°C) and the precipitate was collected by

centrifugation.
SEC characterization (THF, RI): M, = 10 000 g-mol?, © = 1.28.

'H NMR (500 MHz, CDCl3) & 7.86 — 6.03 (m, aromatic protons of S=PPh,Sty, BMS and Sty),
4.96 (bs, CH,-00C), 3.12 — 0.63 (m, aliphatic protons, backbone).

9.5.4 Complexation of gold yielding in SCNP-AucCl

thtAuCl
DeM™ Cl=Au_

o0 SAe

Protected SCNPs (20 mg, from section 9.5.3) were dissolved in 5 mL toluene and degassed by

PBuj

toluene

passing a stream of N, for 10 min through the solution. Tributylphosphine (0.35 mL,

1.42 mmol) was added and heated at 120°C using a pressure tube. After 24 h, the reaction
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mixture was cooled to ambient temperature and added dropwise to a solution of cold
methanol (-20°C). The precipitate was collected by centrifugation, dissolved in a small
amount of DCM, and purified again in cold methanol (-20°C). For better flocculation CsCl was
added as a coagulant. The brown solid product was diluted in DCM and degassed by passing
through a stream of N; for 10 min. Chloro(tetrahydrothiophene)gold(l) ([(tht)AuCl], 5 mg,
0.02 mmol, approximately 1.5 eq per PPh; unit) was added and stirred for 1 h. The crude
mixture was added dropwise to a solution of cold diethyl ether (-20°C) and the precipitate
was collected by centrifugation. For better flocculation CsCl was added as a coagulant. The

product was obtained as yellow solid.
SEC characterization (THF, Rl): M, = 15 000 g mol?, D = 1.14.

'H NMR (500 MHz, CDCls) 6 7.75 — 6.12 (m, aromatic protons of S=PPh,Sty, BMS and Sty),
5.00 (bs, CH,-00C), 2.77 — 0.52 (m, aliphatic protons, backbone).

31p{1H} NMR (203 MHz, CDCls) § 32.3 (s, AuCl-PPhs), 29.1 (s, O=PPhs).

9.5.5 End group modification of poly(poly(ethylene glycol) methyl ether methacrylate-
co-acrylic acid) (poly(MPEGMA-co-AA)) yielding P5

HO CN
n

0" O HO™ "0

P\

>Q

45
The procedure was adapted from Dietrich et al, 2010.°° A solution of 2,2'-
azobis(isobutyronitrile) (14.79 mg, 0.09 mmol, 10 mmol L) in 9 mL of THF was heated at 60
°C for 60 min under ambient atmosphere. A solution of 3.00 g RAFT-polymer in the pre-
treated THF (10 mmol L™ based on M,) was prepared in a 50 mL round flask under ambient
atmosphere. The flask was subsequently heated to 60 °C under vigorous stirring. After the
discoloration of the solution indicated full conversion of the RAFT end group, the
temperature was reduced to 40 °C and 3.00 eq triphenylphosphine were added. After 15 min

the polymer was precipitated twice in cold Et,O/pentane (5:1) and centrifuged.
SEC characterization (DMAc, RI): M, = 36.53 103 g mol?, # = 1.50.
SEC characterization (THF, RI): M, = 47.95 10° g mol?, © = 1.36.

'H NMR (400 MHz, CDCl3) 6 4.43 —3.92 (m), 3.75 — 3.60 (m), 3.59 — 3.53 (m), 3.39 (bs), 2.25
—-1.68(m), 1.21 -1.08 (m), 1.09 —0.94 (m), 0.94 —0.82 (m).
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9.6 SCNPs Formation

9.6.1 Photoinduced Diels—Alder cycloaddition for the SCNP formation (SCNP1)

hv

—_—
DMF, [H*]

OOOO

A P3 (10 mg in 1 mL DCM, from step 3) solution in DCM was passed through a 0.2 um PTFE
membrane filter and diluted with toluene (100 mL, c(poly) = 0.1 mg/mL). The solution was
degassed by passing a stream of N, for 10 min through the solution and irradiated for 2 h
using an LED with an emission centered at 415 nm (refer to Chapter 9.2). The solvent was
removed under reduced pressure at 40°C water bath temperature yielding in a yellowish

solid.
SEC characterization (THF, Rl): M, = 15 000 g mol?, © = 1.54.

'H NMR (500 MHz, CDCl3) § 7.74 — 6.21 (m, aromatic protons of S=PPh,Sty, BMS and Sty),
5.01 (bs, CH,-00C), 4.42 (bs, CH,Br), 3.96 — 3.22 (m, alkin-CHs), 3.11 — 0.66 (m, aliphatic

protons, backbone).

31p{1H} NMR (203 MHz, CDCls) § 42.7 (s, S=PPhs).

9.6.2 SCNPs formation by cross-linking with dibromobimane 6 (SCNP2)

b d
-
>0 N
5 0 0

A solution of P5 (150.00 mg, equivalent to 0.09 mmol AA units, 1.00 eq) and cesium
carbonate (16.10 mg, 0.05 mmol, 0.50 eq) was dissolved in 750 mL of THF in a 1 L round
bottom flask (brown glass). Dibromobimane 6 (16.10 mg, 0.05 mmol, 0.50 eq) was added and
stirred for 48 h. Afterwards, the solvent was evaporated and the polymer was precipitated in
cold Et,0/pentane (5:1) and centrifuged yielding SCNP2 which was stored in a solution of

MeOH (10 mg mL) to prevent side reaction and precipitation.
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SEC characterization (DMAc, RI): M, =31.34 10° g mol?, = 1.49.

1H NMR (400 MHz, CDCls) & 4.08 (bs), 3.64 (bs), 3.55 (bs), 3.37 (bs), 2.09 — 1.64 (m), 1.14 —
0.74 (m).

9.6.3 Post-functionalization and SCNPs formation (SCNP3)

0”0 070 0~ ~o
P\ /NN
N
> NH
45 o)
/N\
—~ IO
N
N
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P5 (50.00 mg, equivalent to 30.74 umol AA units, 1.00 eq) and cesium carbonate (5.01 mg,
15.37 umol, 0.50 eq) was dissolved in 2.5 mL of THF in a 500 mL round bottom flask (brown
glass). 12 (4.6 mg, 15.37 umol, 0.50 eq) was added and stirred for 18 h. Subsequently, the
reaction mixture was diluted with 250 mL THF and dibromobimane 6 (5.01 mg, 30.74 pumol,
0.50 eq) was added and stirred further 24 h. Next, the solvent was evaporated, and the
polymer was purified by dialysis (cellulose membrane, 10 kDa MWCO) in methanol affording
SCNP3, which was stored in a solution of MeOH (10 mg mL) to prevent side reaction and

precipitation.

SEC characterization (DMAc, RI): M, = 35.67 10° g mol*, ® = 1.57.

'H NMR (600 MHz, MeOD) & 8.61 (s), 6.50 (s), 5.45 (bs), 4.13 (bs), 3.66 (bs), 3.56 (bs), 3.38
(bs), 2.30-1.66 (m), 1.25-0.79 (m).
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9.6.4 Post-functionalization and SCNPs formation (SCNP4)

0”0 070 o/gzﬁg
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P5 (50.00 mg, equivalent to 30.74 umol AA units, 1.00 eq) and cesium carbonate (5.01 mg,
15.37 umol, 0.50 eq) was dissolved in 2.5 mL of THF in a 500 mL round bottom flask (brown
glass). 12 (4.6 mg, 15.37 umol, 0.50 eq) was added and stirred for 2 h. Subsequently, the
reaction mixture was diluted with 250 mL of THF and dibromobimane 6 (5.01 mg, 30.74
pumol, 0.50 eq) was added and stirred further 3 h. Next, the solvent was evaporated and the
polymer was purified by dialysis (cellulose membrane, 10 kDa MWCQO) in methanol affording
SCNP4 which was stored in a solution of MeOH (10 mg mL) to prevent side reaction and

precipitation.

SEC characterization (DMAc, RI): M, = 36.13 10° g mol*, ® = 1.65.

1H NMR (600 MHz, MeOD) & 8.63 (s), 6.51 (s), 5.37 (bs), 4.13 (bs), 3.86 — 3.47 (m), 3.38 (bs),
2.34-1.41 (m), 1.22 - 0.72 (m).

9.6.5 Post-functionalization and SCNPs formation (SCNP5)

(@) O O (6] (6] O O (6]
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P5 (50.00 mg, equivalent to 30.74 umol AA units, 1.00 eq) and cesium carbonate (5.01 mg,
15.37 umol, 0.50 eq) was dissolved in 2.5 mL of THF in a 500 mL round bottom flask (brown
glass). 12 (0.93 mg, 3.07 umol, 0.10 eq) was added and stirred for 2 h. Subsequently, the
reaction mixture was diluted with 250 mL THF and dibromobimane 6 (5.01 mg, 30.74 umol,
0.50 eq) was added and stirred further for 3 h. Next, the solvent was evaporated and the

polymer was purified by dialysis (cellulose membrane, 10 kDa MWCO) in methanol, affording
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SCNP5 which was stored in a solution of MeOH (10 mg mL) to prevent side reaction and

precipitation.
SEC characterization (DMAc, RI): M, = 38.62 10° g mol*, ® = 1.62.

'H NMR (600 MHz, MeOD) & 5.62 — 5.08 (m), 4.13 (bs), 3.91 — 3.46 (m), 3.38 (bs), 2.43 - 1.42
(m), 1.41-0.83 (m).
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9.7 Photoreactions

9.7.1 Photoreaction of ortho-methylbenzaldehyde thioether (0MBA) with tert-butyl
protected 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid (alkyne)

0.
~
A T o s
COOMe COOMe
H
;
O N._~_-COO-t-bu OO N._~_-COO-t-bu
+ _—

HH o H* il
CeDe, hv —

0
Meooc/ u“/ﬁiji W&ﬁo” \%\HMCOO.M
COO-thu P coome
The procedure was adapted from Feist et al., 2020.°% The batch photoreactions were
performed using NMR-tubes (NORELL ST500-7 5mm, high-throughput 7" standard series) and
LEDs with an emission centered at 415 nm (refer to Chapter 9.2). The reagents, oMBA
(3.85mg, 12.0 umol, 1.00 eq) and methyl 4-(hexylamino)-4-oxobut-2-ynoate (alkyne)
(2.70 mg, 13.0 umol, 1.10 eq), were dissolved in 0.45 mL deuterated benzene (concentration
of 0-MBA 5 mmol L), degassed by passing through a stream of nitrogen and irradiated for
the respective time. Afterwards the reaction mixture was analyzed via H NMR. The
cycloadduct was converted further by adding a crystal of p-TsOH to obtain the naphthalene

from the intermediate.

The crude product also contains the side product 1-hydroxybenzocyclobutane and is

composed of two regioisomers and was not further purified.

'H NMR (500 MHz, CDCl3) § 9.34 (s), 8.68 (s), 8.30 (s), 7.62 (s), 7.44 — 7.30 (m), 7.00 (t, /= 7.6
Hz), 6.69 (d, J=7.2 Hz), 5.49 (t, /= 6.1 Hz), 5.16 — 5.11 (m), 5.01 (dd, J = 4.6, 1.9 Hz), 3.66 (s),
3.58 (s), 3.36 (q, / = 6.8 Hz), 3.26 (d, J = 14.6 Hz), 3.14 (s), 3.05 (dt, J = 12.8, 7.2 Hz), 2.95 (dft,
J=12.7,7.5Hz),2.84 (q, /= 6.6 Hz), 2.74 — 2.60 (m), 1.85 (t, /= 7.1 Hz), 1.80 (q, / = 7.0 Hz),
1.62 (dd, J=15.1, 7.6 Hz), 1.51 (h, J = 6.8 Hz), 1.43 - 1.11 (m), 0.95 — 0.89 (m).

9.7.2 Unfolding of SCNP1 by radiation with visible light (P5’)

HO CN
n

O~ O HO™ “O

P\

>Q
4.5
A solution of SCNP2 (25.00 mg, 2.50 mL in MeOH) was dissolved in 83 mL H,0 (0.3 mg mL?)

and degassed by passing through a stream of N, for 10 min. The solution was irradiated for
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30 min and subsequently freeze dried. The obtained polymer was purified by precipitation in

cold Et,0/Pentane (5:1) and centrifuged yielding P5’.
SEC characterization (DMAc, RI): M, = 37.29 10° g mol?, = 1.49.

'H NMR (600 MHz, CDCls) & 4.19 — 3.88 (m), 3.65 —3.53 (m), 3.51 — 3.46 (m), 3.31 (s), 2.05 —
1.65(m), 1.01 - 0.88 (m), 0.84 —0.78 (m).

9.7.3 Irradiation experiment of 10

Compound 10 (30 pL stock solution, 5 mg/mL) was diluted in 5 mL water and degassed by
passing through a stream of nitrogen for 10 min using a 10 mL crimp cap vial. The solution
was irradiated with 415 nm for 25 min. The reaction mixture was analyzed by fluorescence

spectroscopy and LCMS. The photoreaction products were analyzed by LCMS.

9.7.4 Unfolding of SCNP4 by radiation with 415 nm

A solution of SCNP4 (2.00 mg, in 300 pL MeOH) was dissolved in 10 mL H,0 (0.2 mg mL?) and
degassed by passing a stream of N; through the solution for 10 min. The solution was
subsequently irradiated with 415 nm for 3 h and analyzed by fluorescence spectroscopy and
SEC. The SEC sample was prepared by adding 0.5 mL DMAc to the reaction mixture and

evaporating the water under reduced pressure.

SEC characterization (DMAc, RI): M, = 38.95 103 g mol?, # = 1.59.
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molecular weight in the SEC. Bottom left: RID SEC traces of P5 folding to
SCNP2. Top right: Kinetics of the unfolding reaction of SCNP2 to P5’ by
irradiation with visible light monitored by UV/VIS absorption at 400 nm and
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H. Maag et al. Angew. Chem. Int. Ed. 2023, 62, €202309259. Open access
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Figure 30: Top left: Overlayed fluorescence spectra of 7 and 11 in THF with spectral
overlap of the donor emission spectrum with the acceptor excitation
spectrum. Top right: Fluorescence spectrum of 10 in THF. Bottom: 3D
Fluorescence spectra of 7 (left), 11 (middle) and 10 (right) in THF with
indicated 2D slices of spectra above. Reproduced from P. H. Maag et al.
Chem. Sci. 2024, 15, 5218-5224 with permission from the Royal Society of
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Figure 32: Comparison of peak absorption (470 nm) to peak emission (550 nm)
intensity for different volume fractions of a stock solution of 10 in water (/ =
1 cm). Reproduced from P. H. Maag et al. Chem. Sci. 2024, 15, 5218-5224
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Appendices

Appendix A: LCMS
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Figure 45: LC-MS trace (254 nm, 215 nm detector wavelength), accumulated mass spectra of Methyl
4-((4-(tert-butoxy)-4-oxobutyl)amino)-4-oxobut-2-ynoate (2).

Figure 46: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated

mass spectra of 8.
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Figure 47: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of radiation products and side products of 8.
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Figure 48: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of radiation products and side products of 8.
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Figure 49: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of radiation products and side products of 8.
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Figure 50: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of radiation products and side products of 8.

Table 6: Experimental and theoretical m/z of radiation products and side products of 8.

Symbol m/z&° m/ztheer m/z" Dppm
[M+H]* 309.108 308.1008 1.0073 0.26
[M+H]* 225.0871 224.0797 1.0073 0.54
[M+H]* 209.0922 208.0848 1.0073 0.58
[M+H]* 267.0976 266.0903 1.0073 0.08
[M+H]* 309.1081 308.1008 1.0073 0.06
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Figure 51: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of 7.
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Figure 52: LC-MS trace (250 nm, 400 nm detector wavelength), absorption spectra and accumulated
mass spectra of 7 after radiation for 30 min.

Table 7: Experimental and theoretical m/z of radiation products and side products of 7.

Symbol m/z%*° m/ztheer m/z"* Dppm
[M+H]* 225.0869 224.0797 1.0073 0.36
[M+H]* 225.0867 224.0797 1.0073 1.25
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Figure 53: LC-MS trace (254 nm, 500 nm detector wavelength), absorption spectra and accumulated

mass spectrum of tert-butyl (7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)glycinate (NBD-Gly-tert).
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Figure 54: LC-MS trace (254 nm, 500 nm detector wavelength), absorption spectra and accumulated
mass spectrum of 11.
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Figure 55: LC-MS trace (254 nm, 500 nm detector wavelength), absorption spectra and accumulated
mass spectrum of 10.
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Figure 56: LC-MS trace (254 nm, 500 nm detector wavelength), absorption spectra and accumulated
mass spectrum of 12.
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Figure 57: LC-MS trace (254 nm, 500 nm detector wavelength), absorption spectra and accumulated
mass spectrum of 7.

Table 8: Experimental and theoretical m/z of small molecule synthesis products.

Product Symbol m/ze® m/ ztheor m/ z2dduct Dppm

NBD-Gly-tert  [M+H]" 2951035  294.0964 1.0073 0.61

4 [M-HT 237.0261 238.0338 1.0073 1.76

1 [M+NH,4]* 504.1470 486.1135 18.0338 0.62

5 [M-HT 298.9787 299.9858 1.0073 0.60

3 [M+H]* 225.0869 224.0797 1.0073 0.36
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Appendix B: SEC
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Figure 58: Overview of the detailed synthetic strategy and THF-SEC Rl traces of poly(Sty-co-BMS-co-
S=PPh2Sty) (P2) and the post-functionalization with the DA reagents, i.e. oMBA and alkyne (P3), as
well as the resulting cross-links of SCNP1 and the final gold(l) coordinated SCNPs (SCNP-AuCl).
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Figure 59: SEC traces of P5, SCNP2 and P5’. Left: Processed data as normalized intensity of RID over
molecular weight compared with PMMA standards. Middle: Normalized intensity of RID over elution
time. Right: Unprocessed data of RID and UV detector at 400 nm over elution time.
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Appendix C: NMR kinetics of catalyzed Intramolecular Hydroamination
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Figure 60: 'H NMR spectra of the hydroamination of 5 with 2 mol% SCNP-AuCl as a time series
recorded in CDCls. The conversion was calculated from the marked resonances: internal standard
ferrocene (4.19 ppm, grey), product (3.21 ppm, orange) and 5 (3.02 ppm, blue).
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Figure 61: 'H NMR spectra of the hydroamination of 5 with 0.4 mol% SCNP-AuCl as a time series
recorded in CDCls. The conversion was calculated from the marked resonances: internal standard
ferrocene (4.19 ppm, grey), product (3.21 ppm, orange) and 5 (3.02 ppm, blue).
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Figure 62: 'H NMR spectra of the hydroamination of 5 with AuCl-PPh,Sty as a time series recorded in
CDCls. The conversion was calculated from the marked resonances: internal standard ferrocene
(4.19 ppm, grey), product (3.21 ppm, orange) and 5 (3.02 ppm, blue).
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Figure 63: 'H NMR spectra of the hydroamination of 5 with P4 as a time series recorded in CDCls. The
conversion was calculated from the marked resonances: internal standard ferrocene (4.19 ppm, grey),
product (3.21 ppm, orange) and 5 (3.02 ppm, blue).
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Figure 64: *H NMR spectra of the hydroamination of 5 without catalyst as a time series recorded in
CDCls. The conversion was calculated from the marked resonances: internal standard ferrocene
(4.19 ppm, grey), product (3.21 ppm, orange) and 5 (3.02 ppm, blue).
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Appendix D: MatLab code

The cleavage simulation was performed on MatLab R2022b using an adapted code written

by an Al-powered language model (Microsoft (2023) Bing, Copilot).

o

% Initialize the number of simulations
num_sims = 10000;
% Initialize the range of bimane units remaining in the polymer for different
conversions
bimane_ remaining range = 0:5:100;
% Initialize a table to store the results
results = table('Size', [length(bimane remaining range), 3], 'VariableTypes',
{'double', 'double', 'double'}, 'VariableNames', {'BimaneRemaining',
'ProbNeverReacted', 'ProbReactedOnce'}l);
% Run the Monte Carlo simulation for each conversion
for i = l:length(bimane remaining range)
% Get the current number of bimane units remaining in the polymer
bimane remaning = bimane remaining range(i);
% Initialize counts for unreacted bimanes and bimanes cleaved once
never reacted count = 0;
reacted once count = 0;
% Run the Monte Carlo simulation
for sim = l:num sims
% Initialize the polymer chain with 100 distinguishable bimanes
chain = 1:100;

% Initialize a vector to keep track of which bimanes reacted
reacted bimanes = zeros(1,100);
% Continue cleaving bimanes until there are bimane remaining left in the
polymer chain

while length(chain) > bimane remaning

% Randomly choose a bimane to react
bimane = chain (randi (length(chain)));

% Check if the chosen bimane has reacted before
if reacted bimanes (bimane) ==
% If yes, cleave it off completely
chain(chain == bimane) = [];
else
% If no, remember that this specific bimane unit has reacted
once
reacted bimanes(bimane) = 1;
end
end
% Count the number of bimanes remaining in the polymer chain that have
been cleaved once
num cleaved once = sum(reacted bimanes (chain));

% Count the number of bimanes remaining in the polymer chain that has

not reacted at all

num _not reacted = length(chain) - num cleaved once;

% Update counts for bimanes never reacted and bimanes reacted once
never reacted count = never reacted count + num not reacted;
reacted once count = reacted once count + num cleaved once;

end

% Estimate probabilities for bimane units never reacted and cleaved once
prob never reacted = never reacted count / num_sims;

prob reacted once = reacted once count / num sims;

152 Appendices



o

% Store results in table

results.BimaneRemaining (i) = bimane remaning;
results.ProbNeverReacted (i) = prob never reacted;
results.ProbReactedOnce (i) = prob reacted once;

end

% Display results table
disp (results)
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Appendix E: Fluorescence spectra
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Figure 65: 3D Fluorescence spectrum of 10 in water with emission and excitation slices (/ = 10 mm,
sample concentration around 0.1 % absorption).
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Figure 66: 3D Fluorescence spectrum of 11 in water with emission and excitation slices (/ = 10 mm,
sample concentration around 0.1 % absorption).
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Figure 67: 3D Fluorescence spectrum of 7 in water with emission and excitation slices (/ = 10 mm,

sample concentration around 0.1 % absorption).

Fluorophores in THF

emission wavelength / nm

0

800

530

500

470

440

410

380

350

320

290

260

230

Molecular FRET pair (10)
—— emission (%, = 380nm)

—— emission (1, = 450nm) |

800
600
400
200

T T T T
400 450 500 550 600 650 700 750

450

380

430

520

0

800

530

500

470

440

410

380

350

320

290

260

230

1000

1000

intensity / a.u.

excitation
(hem = 480nm)

intensity / a.u.

T
N
Is)

008+

Y
o
. o, . ©
intensity / a.u.

002

000T

excitation
(hem = 430nm)

excitation
(hem =520nm)

T
I
[

002

009

008+

. o .
intensity

a.u.

000T

excitation wavelength / nm

excitation wavelength / nm

Figure 68: 3D Fluorescence spectrum of 10 in THF with emission and excitation slices (/ = 10 mm,
sample concentration around 0.1 % absorption).
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Figure S69: 3D Fluorescence spectrum of 11 in THF with emission and excitation slices (/ = 10 mm,
sample concentration around 0.1 % absorption).
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Figure 70: Overlap of the excitation spectrum (Aem = 525 nm) and the absorption spectrum of 11 in
THF.
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Figure 71: 3D Fluorescence spectrum of 7 in THF with emission and excitation slices (/=10 mm, sample
concentration around 0.1 % absorption).
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Figure 72: 3D Fluorescence spectrum of Acz2-Bimane 8 in THF with emission and excitation slices (/= 10
mm, sample concentration around 0.1 % absorption).
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Irradiation Experiments
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Figure 73: 3D Fluorescence spectrum of 10 irradiated with 415 nm for 30 min recorded in THF with
emission and excitation slices (/ = 10 mm, sample concentration around 0.1 % absorption).
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Figure 74: 3D Fluorescence spectrum of 10 irradiated with 505 nm for 16 h recorded in THF with
emission and excitation slices (/ = 10 mm, sample concentration around 0.1 % absorption).
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Figure 75: Fluorescence spectra of 10 before and after irradiating with 505 nm for 16 h recorded in
THF (/= 10 mm, sample concentration around 0.1 % absorption, 3D experiment, PMT voltage = 570V).
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Figure 76: 3D Fluorescence spectrum of SCNP3 in water with emission and excitation slices (/=10 mm,
sample concentration around 0.1 % absorption).
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Figure 77: 3D Fluorescence spectrum of SCNP3 in THF with emission and excitation slices (/ = 10 mm,
sample concentration around 0.1 % absorption).
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Figure 78: 3D Fluorescence spectrum of SCNP3 in methanol (MeOH) with emission and excitation slices
(/=10 mm, sample concentration around 0.1 % absorption).
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Figure 79: 3D Fluorescence spectrum of SCNP3 in dimethylformamide (DMF) with emission and
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excitation slices (/ = 10 mm, sample concentration around 0.1 % absorption).
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Figure 80: 3D Fluorescence spectrum of SCNP4 in water with emission and excitation slices (/=10 mm,

sample concentration around 0.1 % absorption).
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Figure 81: 3D Fluorescence spectrum of SCNP5 in water with emission and excitation slices (/=10 mm,
sample concentration around 0.1 % absorption).
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Figure 82: Absorption spectra of SCNP3-5 in water showing different absorptivity in the bimane (390
nm) and NBD (475 nm) region.
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Figure 83: 3D Fluorescence spectrum of SCNP4 before irradiating with 505 nm in water with emission
and excitation slices (/= 10 mm, sample concentration around 0.1 % absorption).
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Figure 84: 3D Fluorescence spectrum of SCNP4 after irradiating with 505 nm for 3 h in water with
emission and excitation slices (/ = 10 mm, sample concentration around 0.1 % absorption).
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Appendix F: NMR-Spectra of Small Molecules
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Figure 85: 'H NMR spectrum of 2,2,6,6-tetramethyl-1-(1-phenylethoxy)piperidine recorded in CDCls
and assigned resonances.
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Figure 86: 3C{*H} NMR spectrum of 2,2,6,6-tetramethyl-1-(1-phenylethoxy)piperidine recorded in
CDCls and assigned resonances.
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Figure 87: 'H NMR spectrum of 4-(diphenylphosphino)styrene sulfide (S=PPh.Sty) recorded in CDCl3
and assigned resonances.
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Figure 88: 3'P{H} NMR spectrum of 4-(diphenylphosphino)styrene sulfide (S=PPh2Sty) recorded in
CDCls and assigned resonances.
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Figure 89: 'H NMR spectrum of 4-(diphenylphosphino)styrene gold complex (CIAu-PPh:Sty) recorded
in CDCls and assigned resonances.

CIAu-PPh,Sty

r--rr+r-~-~~-~r 1. ~++ 1 ¢ ° * 1 1 1 " 1]
50 40 30 20 10 0 -10 -20
S/ ppm

Figure 90: 3P{*H} NMR spectrum of 4-(diphenylphosphino)styrene gold complex (CIAu-PPhSty)
recorded in CDClz and assigned resonances.

166 Appendices



4
o 4
2
/C’/N\/\)j\ok
o 1 3
1 3
2

O

I

@)

[ L.
r-rrrtrrrr-rrrrr1rrrr 1 rrrr 1 111
8 7 6 5 4 3 2 1 0

ol ppm

Figure 91: 'H NMR spectrum of tert-butyl 4-isocyanatobutanoaterecorded in CDCls and assigned
resonances.
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Figure 92: 13C-APT NMR spectrum of tert-butyl 4-isocyanatobutanoaterecorded in CDCls and assigned
resonances.
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Figure 93: 'H NMR spectrum of methyl 4-((4-(tert-butoxy)-4-oxobutyl)amino)-4-oxobut-2-ynoate (2)
in CDCls and assigned resonances.
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Figure 94: 3C-APT NMR spectrum of methyl 4-((4-(tert-butoxy)-4-oxobutyl)amino)-4-oxobut-2-ynoate
(2) recorded in CDCl3 and assigned resonances.
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Figure 95: *H NMR spectrum of 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid recorded in CDCl3
and assigned resonances.
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Figure 96: 3C-APT NMR spectrum of 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid recorded in
CDCls and assigned resonances.
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Figure 97: 'H NMR spectrum of 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid recorded in CDCls
and assigned resonances.
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Figure 98: 3C-APT NMR spectrum of 4-(4-methoxy-4-oxobut-2-ynamido)butanoic acid recorded in
CDCls and assigned resonances.
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Figure 99: 'H NMR spectrum of 2,2-diphenylhept-4-yn-1-amine recorded in CDClz and assigned
resonances.
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Figure 100: *C-APT NMR spectrum of 2,2-diphenylhept-4-yn-1-amine recorded in CDCls and assigned
resonances.
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Figure 101: *H NMR spectrum of 8 recorded in CDCls and assigned resonances.
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Figure 102: 3C DEPTQ135 NMR spectrum of 8 recorded in CDCls and assigned resonances.
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Figure 103: *H NMR spectrum of tert-butyl (7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)glycinate (NBD-Gly-
tert) recorded in CD3CN and assigned resonances.
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Figure 104: 3C{*H} NMR spectrum of tert-butyl (7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)glycinate (NBD-
Gly-tert) recorded in CDsCN and assigned resonances.
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Figure 105: *H NMR spectrum of 11 recorded in CDsOD and assigned resonances.
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Figure 106: 3C{*H} NMR spectrum of 11 recorded in CD30D and assighed resonances.
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Figure 107: *H NMR spectrum of 10 recorded in CDsCN and assigned resonances. The resonance at
1.29 ppm results from high boiling alkanes as part of impurity of cyclohexane and are difficult to avoid

for small scale reactions. We assume that high boiling alkanes do not interfere with the photochemical
reactions.
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Figure 108: 3C{*H} NMR spectrum of 10 recorded in CD3CN and assigned resonances.
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Figure 109: 'H NMR spectrum of 12 recorded in CDsCN and assigned resonances.
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Figure 110: 3C{*H} NMR spectrum of 12 recorded in CD3CN and assigned resonances.
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Appendix G: NMR-Spectra of polymers
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Figure 111: 'H NMR spectrum of poly(Sty-co-CMS-co-S=PPh,Sty) recorded in CDCls and assigned
resonances (Step 1, P1).
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Figure 112: 31P{*H} NMR spectrum of poly(Sty-co-CMS-co-S=PPh:Sty) recorded in CDCl3 and assigned
resonances (Step 1, P1).
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Figure 113: 'H NMR spectrum of poly(Sty-co-BMS-co-S=PPh,Sty) recorded in CDCls and assigned
resonances (Step 2, P2).
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Figure 114: 3'P{*H} NMR spectrum of poly(Sty-co-BMS-co-S=PPh.Sty) recorded in CDCls and assigned
resonances (Step 2, P2).
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Figure 115: 'H NMR spectrum of the post-functionalized poly(Sty-co-BMS-co-S=PPh,Sty) recorded in
CDClz and assigned resonances (Step 3, P3).
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Figure 116: 'H NMR spectrum of the cross-linked poly(Sty-co-BMS-co-S=PPh.Sty) recorded in CDCl3
and assigned resonances (Step 4, SCNP1).
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Figure 117: 'H NMR spectrum of the cross-linked and protected poly(Sty-co-BMS-co-S=PPh,Sty)
recorded in CDClz and assigned resonances (Step 5).
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Figure 118: 3'P{*H} NMR spectrum of the deprotected SCNP recorded in CDCls and assigned
resonances (Step 6).
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Figure 119: 'H NMR spectrum of the SCNP-AuCl recorded in CDCl3 and assigned resonances (Step 6,
SCNP-AuClI).
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Figure 120: 3'P{*H} NMR spectrum of SCNP-AuCl recorded in CDClz and assigned resonances (Step 6,
SCNP-AuClI).
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Figure 121: *H NMR spectrum of poly(Sty-co-CMS-co-AuCl-PPhySty) recorded in CDCls and assigned
resonances (P4).
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Figure 122: 3'P{*H} NMR spectrum of poly(Sty-co-CMS-co- AuCl-PPh,Sty) recorded in CDCls and
assigned resonances (P4).

182 Appendices



PEG| 1

2
of
5 3
5 4
N e |
I T T T L L L L L
8 7 6 5 4 3 2 1 0
o/ ppm

Figure 123: *H NMR spectrum of end group modification poly(MPEGMA-co-AA) recorded in CDClz and
assigned resonances (P5).
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Figure 124: 'H NMR spectrum bimane cross-linked SCNPs recorded in CDCls and assigned resonances
(SCNP2).
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Figure 125: 'H NMR spectrum of unfolded poly(MPEGMA-co-AA) recorded in CDCls and assigned
resonances (P5’).
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Figure 126: *H NMR spectrum of NBD post-functionalized and bimane cross-linked poly(MPEGMA-co-
AA) recorded in CD30D and assigned resonances (SCNP3).
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Figure 127: *H NMR spectrum of NBD post-functionalized and bimane cross-linked poly(MPEGMA-co-
AA) recorded in CD30D and assigned resonances (SCNP4).
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Figure 128: 'H NMR spectrum of NBD post-functionalized and bimane cross-linked poly(MPEGMA-co-
AA) recorded in CD30D and assigned resonances (SCNP5).
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