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ZUSAMMENFASSUNG

Die vorliegende Arbeit befasst sich mit der Entwicklung neuer Konzepte im Bereich der
Einzelkettennanopartikel hin zu dem endgultigen Ziel der Darstellung kinstlich
hergestellter Enzyme. Der Hauptteil dieser Arbeit beschreibt die Entwicklung und
Synthese neuer Konzepte zur Herstellung von reversibel faltbaren
Einzelkettennanopartikeln (engl. single-chain nanoparticles, SCNPs) basierend auf
Nitroxidchemie, sowie der Kombination von zwei orthogonalen Faltungsmotiven, die
durch intramolekulare Wechselwirkungen dual gefaltete SCNPs erzeugen. Die
entwickelten Konzepte lassen sich in den sogenannten selektiven Punktfaltungsansatz
und das Prinzip der Wiederholeinheit-Methode unterteilen. Des Weiteren wurden
Polymere, die freie Nitroxidradikale tragen mittels hochauflosender Elektrospray-
lonisation (ESI) Massenspektrometrie durch eine neu entwickelte ESI-MS Methode
untersucht, um die analytische Grundlage fiur die Charakterisierung Nitroxid-haltiger
SCNPs zu etablieren.

Im Rahmen der selektiven Punktfaltung wurde das Wasserstoffbricken-
bindungssystem aus Hamilton Wedge (HW)/Cyanursaure (CA) an die Kettenenden
eines Polymergerustes angebracht. Des Weiteren wurde ein Spinmarker (Nitroxid) an
vorletzter Stelle, nahe der HW Funktionalitdit angebracht, um mittels
Kernresonanzspektroskopie (engl. nuclear magnetic resonance, NMR) Rtickschlisse
Uber den Faltungsprozess zu erhalten. Zudem wurde die Kettenldnge des funktionellen
Polymers variiert, um den Einfluss des Molekulargewichtes auf das Faltungsverhalten
zu untersuchen. Die Faltung und Entfaltung des entwickelten Systems wurde mittels
'H NMR und DOSY (engl. diffusion ordered NMR spectroscopy) analysiert. Im
Anschluss daran wurden Nitroxid haltige Polymere mit verschiedenen Kettenlangen
und unterschiedlich hohen Anteilen an stabilen freien Nitroxidradikalen hergestellt und
deren Einfluss auf das experimentell ermittelte Massenspektrum mittels
hochauflosender ESI Massenspektrometrie untersucht. Des Weiteren wurde das
Verfahren der selektiven Punktfaltung vermoge des HW/CA Wasserstoffbriickenbin-
dungssystems mit dem Prinzip der Metallkomplexierung eines phosphanhaltigen
Polymers durch ein Palladium (I) Salz kombiniert. Die HW/CA Faltungsmotive wurden
in a- und @-Position angebracht, wahrend die Triarylphosphane an zuvor bestimmte

Stellen entlang des Polymerriickgrats angebracht wurden. Die synthetisierten partiell




reversibel faltbaren SCNPs wurden anschlieBend mittels *H und 3P NMR,
dynamischer Lichtstreuung (engl. dynamic light scattering) und DOSY charakterisiert,
um deren dynamisches und statisches Faltungsverhalten zu belegen.

Der zweite Teil der vorliegenden Promotionsschrift beschreibt die Herstellung von
Einzelkettennanopartikeln Uber die Wiederholeinheit-Methode. In einem ersten
System wurde das HW/CA Wasserstoffbrickenbindungskonzept mit dem Wirt-Gast
Komplex, bestehend aus Benzo-21-Krone-7 (B21C7, Wirt) und einem sekundaren
Ammoniumsalz (AS, Gast), welches aus der supramakromolekularen Chemie
adaptiert wurde, kombiniert. In einer Kontrollstudie wurde das B21C7/AS System
erfolgreich im Bereich der Einzelkettenfaltung etabliert. AnschlieBend wurde die
orthogonale Wechselwirkung der Wasserstoffbriickenbindungseinheit und des Wirt-
Gast Komplexes in einem Methacrylat-basierten Tetrablockcopolymer gezeigt. Des
Weiteren wurde die orthogonale, schrittweise und richtungsunabhangige Entfaltung
mit Hilfe von TH NMR, DOSY und DLS Messungen untersucht. Im letzten Teil der
Arbeit sind photo-induzierte, dynamisch faltbare sowie selbstberichtende SCNPs
beschrieben. Hierfir wurde ein photo-aktiver bifunktioneller Vernetzer hergestellt, der
die 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenon (Irgacure 2959)
Funktionalitat an beiden Kettenenden tragt. Dieser induziert sodann die lichtinduzierte
(Amax = 320 nm) Faltungsreaktion. Die dynamischen Eigenschaften der gebildeten
SCNPs wurden durch deren Entfaltung unter oxidativen Bedingungen und der
Regenerierung der urspringlichen offenen Polymerkette gezeigt. In einem né&chsten
Schritt wurde das entfaltete Polymer erneut der UV-Licht induzierten (Amax = 320 nm)
Faltungsreaktion, bei gleichen Bedingungen wie die urspringliche Faltung,
unterworfen. Die gefalteten SCNPs zeigen hierbei selbstberichtende Merkmale in
Form von Fluoreszenz, wohingegen die Fluoreszenz in der offenkettigen Form, durch
die Prasenz des Nitroxidradikals, unterdriickt wird. Die Faltung und Entfaltung des
entwickelten Systems wurde mittels Grol3enausschlusschromatographie (engl. size-
exclusion chromatography, SEC), 'H NMR, Elektronenspinresonanz und
Fluoreszenzspektroskopie, sowie DLS und DOSY belegt. Die vorliegende Arbeit hat
gezeigt, dass neue Konzepte im Bereich der dynamischen Einzelkettennanopartikel
etabliert wurden, auf dem Weg hin zu dem Ubergeordneten Ziel von synthetisch

dargestellten Enzymen.




ABSTRACT

The current thesis reports new concepts in the field of single-chain folding en route to
the ultimate goal of the synthesis of artificial enzymes. The main part focuses on the
formation of new platform technologies for the formation of single-chain polymeric
nanoparticles (SCNP) based on nitroxide chemistry as well as the combination of two
complementary orthogonal recognition units to establish intramolecularly dual
reversibly folded nanoparticles. These concepts are separated into the so-called
selective point folding avenue and the repeat unit approach. Furthermore, nitroxide
radical containing polymers were investigated by high resolution mass spectrometry to

establish the analytical basis for the characterization of nitroxide containing SCNPs.

In the selective point folding section, the hydrogen bonding motifs termed Hamilton’s
Wedge (HW) and cyanuric acid (CA) are attached to the chain ends of a polystyrene
polymeric backbone. Critically, the penultimate position is decorated with a nitroxide
spin-label close to the HW moiety in order to investigate the folding mechanism of the
system via nuclear magnetic resonance (NMR) measurements. Further, to investigate
the chain-length dependency of the folding, polymers with different molecular weights
were synthesized. The folding and unfolding of the system is followed by 'H NMR
spectroscopy and diffusion ordered NMR spectroscopy. Next, the high resolution mass
spectrometric access towards polymers featuring free stable nitroxide radicals are
presented, investigating the influence of the chain-length as well as the nitroxide
content within the polymer on the experimentally obtained electrospray ionization (ESI)
mass spectra, to access molecular information of nitroxide containing SCNPs, as
proper NMR analysis is prohibited by the paramagnetic nitroxide radical. The last
section of the selective point folding avenue presents the preparation of a dual folding
system combining the HW/CA hydrogen bonding motif with the existing concept of
metal complexation of a phosphorous containing polymer through a palladium (I1) salt.
The CA/HW motifs are attached to the o~ and w-position, respectively, while the
triarylphosphanes are attached at preselected points along the polymeric backbone.
The formation of the SCNPs is characterized by 'H and 3P NMR spectroscopy,
diffusion ordered spectroscopy (DOSY) and dynamic light scattering (DLS)

measurements.




The second part of the current thesis describes the formation of single-chain polymeric
nanoparticles by the repeating unit approach. Initially, a dual folding system combining
the hydrogen bonding concept of HW/CA and the host-guest system consisting of
benzo-21-crown-7 (B21C7, host) and a secondary ammonium salt (AS, guest) adopted
from supramacromolecular chemistry was established. A proof of principle study
verifies the formation of SCNPs induced by the host-guest system. Accordingly, the
orthogonal interaction of the hydrogen bonding motifs and the host-guest system is
demonstrated in a methacrylate based tetrablock copolymer. Furthermore, the
stepwise, orthogonal and pathway independent unfolding was investigated by means
of 1H NMR, DLS and DOSY. Further, the formation of photo-induced refoldable and
self-reporting SCNPs is reported. A photo-active bifunctional crosslinker featuring the
2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) unit on both
chain termini induces the photo-triggered single-chain collapse of nitroxide containing
polymers. The formed SCNPs display dynamic characteristics and are readily unfolded
under oxidative conditions to re-establish the initial state of the polymer. Subsequently,
the linear polymers are refolded, utilizing the same conditions as for the initial UV-light
induced (Amax = 320 nm) folding reaction. The established system is self-reporting in
the folded state by fluorescence, while the fluorescence is quenched in the open linear
polymer in presence of the nitroxide radical. The folding and unfolding of the system is
characterized by size-exclusion chromatography (SEC), 'H NMR, electron
paramagnetic resonance (EPR) and fluorescence spectroscopy as well as DLS and
DOSY. The current thesis describes new methodologies in the field of single-chain

folding on the way to the ultimate goal of preparing fully synthetic enzymes.
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Introduction

INTRODUCTION

It is part of the human nature to mimic what they see in nature. In Greek mythology,
Daidalos tries to counterfeit birds and builds wings with real feathers to fly. The mimicry
of nature not is only evident in myths and drafts. Taking inspiration from nature is as
old as 3000 years, when the Chinese tried to produce artificial silk.l! The process of
transferring natural functions and structures into functional artificial materials is also
called biomimetics,? and has rapidly emerged over the last decades. Many materials
have been developed that influence our daily life such as the lotus effect for self-
cleaning surfaces, dry adhesive tape mimicking the adhesive features of gecko feet,
spidersilk for generating fibers that are even tougher than Kevlar, and the tooth like
scales of shark skin to lower the hydrodynamic resistance of ships and in pipelines are

only a few examples among others.[13l

Although scientist made significant efforts to emulate nature, the degree of control in
natural biopolymers is still unmatched by synthetic chemists. Nature is capable of
controlling the synthesis of biopolymers and thus creates highly-defined monodisperse
biomacromolecules such as proteins and enzymes, which essentially enable life.
Despite recent progress in sequence-defined synthesis, the commonly prepared
synthetic polymers are still low molecular weight species compared to high molecular
weight proteins and enzymes synthesized by nature.*8l The sequence-defined
structure, which is also the termed primary structure of e.g. a protein, arranges itself
into higher ordered three dimensional secondary, tertiary and even quaternary
structures (refer to Scheme 1). For example, proteins can dynamically fold into

complex architectures such as o-helices or pB-sheets through self-assembling
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Introduction

processes. Nature stabilizes these three dimensional structures by either (dynamic)
covalent or non-covalent interactions. To ensure the reversibility of the natural self-
assembled structures, nature uses disulphide bridges as dynamic covalent bond, for
instance, and van-der-Waals interactions, hydrogen bonding, aromatic or hydrophobic
stacking, host-guest interactions or metal complexation in case of non-covalent

interactions.[®-11]

/ Primary \ / Secondary \

Structure Structure

Quaternary Tertiary
\ Structure J K Structure /

Scheme 1. The structure of proteins is divided into four structures. The primary structure
represents the amino acid sequence. The secondary structure, which is usually the « helix and
the B pleaded sheet. The 8 pleaded sheet is taken from a 3-stranded parallel 8-sheet. RCSB:
2N4N.*2 The substructures fold into complex architectures represented by the tertiary
structure. Several peptide sequences can be part of the complex; the three dimensional
structure is also known as quaternary structure. The structures shown for the tertiary and
quaternary structure are taken from BenM effector binding domain. RCSB: 2F6G.*




Introduction

Although preparing artificial macromolecules as precise as nature remains the ‘holy
grail’ of synthetic chemistry, efforts have been made in the field of reversible
deactivation radical polymerization (RDRP) techniques to obtain well-defined synthetic
polymers to mimic nature’s complex materials.l'* Especially, the field of single-chain
folding aims at mimicking complex architectures inspired by natural proteins and
enzymes by making use of RDRP protocols. By combining RDRP protocols with
orthogonal polymer ligation techniques, the folding of distinct units along the polymer
chain can be enabled.[*® The recognition units can, for example, be placed at
preselected points along the polymeric backbone and thus fold into well-defined single-
chain nanoparticles. In the field of single-chain folding, this route is the so-called
selective point folding. Alternatively, in the repeat unit approach, the folding units are
placed statistically along the polymeric backbone or in specific polymer blocks, hence
the intramolecular collapse is statistical and not as well-defined as in the selective point
avenue. Nevertheless, the aim of both strategies is to impart a certain structure to the
resulting nanoparticle, emulating the tertiary structure of proteins. In simulations it has
been proven that — at least with the selective point folding — a certain geometry is
maintained after reversible folding processes until a certain polymer chain-length.[16l
The envisioned long-term aim in the field of single-chain technology is to prepare fully
synthetic proteins which are able to execute simple tasks. Possible applications of the
so-called single-chain nanoparticles could be in nanomedicine, as sensors or in

catalysis.

Thus, the aim of the current thesis is to establish new dynamic folding technologies in

the field of single-chain folding.
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Figure 1. Overview over the projects explored in the current thesis, divided in the fields of
selective point folding and repeat unit folding.




Single-Chain Folding

SINGLE-CHAIN FOLDING

The following section provides the theoretical background relevant for the thesis. An
overview over reversible deactivation radical polymerization (RDRP) techniques is
provided and the field of single-chain folding is introduced, enabling the reader to follow

the subsequent scientific discussions.

2.1 Radical Polymerization Techniques

The field of single-chain technology, which commonly applies reversible deactivation
radical polymerization (RDRP) techniques, is trying to mimic natural biomolecules such
as proteins, although natures’ degree of control is yet unreached. The following
paragraphs provide an overview over the so-called controlled or living/controlled
polymerization methods (or more correctly, RDRP) that were applied in the course of
the current thesis to produce well-defined polymers featuring narrow molecular weight
distributions, such as nitroxide-mediated radical polymerization (NMP), atom transfer
radical polymerization (ATRP) and reversible addition-fragmentation chain transfer
(RAFT) polymerization.




2.1 Radical Polymerization Techniques

2.1.1 Nitroxide-Mediated Radical Polymerization (NMP)

Among the RDRP methods, nitroxide-mediated radical polymerization was developed
first, despite the power of ionic polymerization methods that were discovered by
Szwarc in 1956.11718 The first example was the NMP polymerization of styrene,
reported by the group of Hamer in 1993.1'°1 Here, styrene was polymerized using
dibenzoyl peroxide (DBP) as initiator in the presence of 2,2,6,6-tetramethyl-1-
piperidynyl-N-oxy (TEMPO). The linear increase of the molecular weight with time
suggested a quasi-living nature of the polymerization with constant polydispersities of
below 1.3. In fact, the living characteristics of the polymerization can be explained by

its polymerization mechanism (refer to Scheme 2).

/R1 ka M /R1
P—O-N_ ~—= iyt ON
R da R
i QJ i
monomer

Scheme 2. Fundamental polymerization mechanism underpinning the NMP process. The
propagating polymer chains are reversibly trapped by the nitroxide persistent radicals. The
reaction equilibrium lies on the side of the deactivated (dormant, left) alkoxyamine.?"!

The key feature of the NMP mechanism is the reversible C-O bond cleavage of the
(polymeric) alkoxyamine under thermal conditions. The propagation process in NMP
is controlled by the so-called persistent radical effect (PRE).?Y The activated
propagating polymeric species reacts with the nitroxide radical in a deactivation
process to form the dormant alkoxyamine. Importantly, the equilibrium lies on the
deactivated or dormant side, which is necessary to strongly reduce termination
reactions between the propagating species. Consequently, the deactivation coefficient
rate (kda) must be much larger than the activation coefficient (ka), leading to a significant

decrease of the radical concentration compared to free radical polymerization.

Furthermore, the polymerization can be induced by alkoxyamines, next to employing
free nitroxide radicals as initiator.[2%221 The chemical structure of alkoxyamines need to

fulfil certain criteria, in order to enable a polymerization with living characteristics. First,




2.1 Radical Polymerization Techniques

they should not self-terminate as well as not initiate the polymerization process.
Second, the structure of the alkoxyamine should prevent B-hydrogen abstraction. In
addition, a fast C-O bond cleavage of the alkoxyamine at the polymerization
temperature is essential.l182223 The synthesis of such alkoxyamines is described in
different reviews, and the interested reader is referred to literature.[*82°1 The chemical
structure of different commonly used NMP nitroxides is depicted in Figure 2. Generally,
NMP is apparently the least-demanding RDRP technique, since it is metal-free and
possesses a relatively high functional group tolerance, at least when specialized

alkoxyamines are employed.

(|) (I) EtO. //O (I)
N N /P N
<R

TEMPO TIPNO DEPN

Figure 2. Commonly applied nitroxides in NMP.

2.1.2 Atom Transfer Radical Polymerization (ATRP)

Besides NMP technology, atom transfer radical polymerization also delivers well-
defined polymeric structures. ATRP is based on the principle of atom transfer radical
addition (ATRA), and was independently developed in 1995 by Matyjaszewski and
Sawamoto.?425 To gain control over the radical polymerization process, a fast initiation
as well as the generation of dormant species should be dominant to reduce the radical
concentration throughout the polymerization process. ATRP meets those criteria by
the addition of a transition metal complex in combination with a suitable ligand. The
catalytic redox system, consisting of the above mentioned transition metal complex
and a ligand, invokes the reversible equilibrium (refer to Scheme 3) between the

propagating chain and the deactivated species.[?6!




2.1 Radical Polymerization Techniques

k .
R-X + Mt"/L —— R* .+ M™-X/L
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Scheme 3. General mechanism of atom transfer radical polymerization. Propagating chains
are reversibly trapped with a halide from a transition metal complex to generate the dormant
species to prevent termination reactions. Mt: transition metal, L: ligand, X: halide.

In the activation step, the halide which is typically bromine, is transferred to the
transition metal, which is oxidized and the generation of a radical occurs
simultaneously. The formed radical can subsequently initiate the polymerization. Next,
the macroradical is deactivated by the reaction with the halide from the oxidized
transition metal complex. The equilibrium is a fast and dynamic process and as for
NMP, the equilibrium in ATRP must lie predominantly on the side of deactivated
dormant species. In order to reduce the number of radicals present in the system and
to hence strongly reduce termination reactions, the propagating radical concentration
should typically be around 10 to 10-® M.[?6271 The presence of the halide end group
also enables the possibility to directly functionalize the resulting polymer by applying
standard organic protocols.?8 While several transitions metals were applied in ATRP,
e.g. Ti, Ru, Co or Re amongst others,[?°-37] copper based systems appear to provide
the most efficient and versatile transition metal complexes.l®8 In addition to the
transition metal derivatives, the ligand plays also an important role in the activation

step and therefore has to be selected carefully.[4

One of the reasons ATRP is frequently used, is the fact that all reagents are
commercially available, which is a major advantage compared to the other RDRP
techniques. However, there are also some disadvantages present. Since transition
metals are used, the system is sensitive towards oxidants such as oxygen, for instance.
Furthermore, the removal of the metal complex can be challenging. Progress in the
field of ATRP addressed these challenges further. For example, in order to make the
system more robust towards oxidation, activators regenerated by electron transfer
(ARGET) ATRP has been developed.*?4% Here, the additionally added reducing agent
continuously regenerates the catalytic species and reduces the amount of copper in
the system to a minimum. In terms of purification of the system towards the metal, a

sophisticated protocol has been established.*!]

-8-



2.1 Radical Polymerization Techniques

2.1.3 Reversible Addition-Fragmentation Chain Transfer (RAFT)

Polymerization

The third and last RDRP technique that has been employed within the current thesis
to obtain well-defined polymeric structures is the reversible addition-fragmentation
chain transfer polymerization technique. Twenty years ago, RAFT was developed by
the Commonwealth Scientific and Industrial Research Organization (CSIRO) in
Melbourne and has evolved as one of the most powerful and versatile polymerization
techniques towards the synthesis complex macromolecular architectures.[*243
Critically, the RAFT process differs from the above discussed NMP and ATRP
mechanisms. In the RAFT process, a so-called chain transfer agent (CTA), or the so-
called RAFT agent reacts with a propagating chain and generates another radical that
can reinitiate macromolecular growth. Thereafter, the growing chain reacts with the
CTA and the initially temporarily terminated chain is released again. This reversible
step allows for the synthesis of well-defined polymers with high end group fidelity,
without a reduction in the radical concentration and thus without (ideally) rate
retardation effects.[*? Typical RAFT agents are dithioester, trithiocarbonates or

xanthates (refer to Figure 3).

____________________________________________________________

alkyl, aryl: SR": OR": NR'R":
' dithioester  trithiocarbonat xanthate dithiocarbamate

N e e e e = -

Figure 3. General structure of a RAFT agent.
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Initiation
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Reversible chain transfer
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ki
P, + P, — Dead Chain

Scheme 4. Scheme of the mechanism of the RAFT polymerization displaying the main steps
of initiation, reversible chain transfer, reinitiation, chain equilibrium and termination.?44%!

The general RAFT mechanism is depicted in Scheme 4. Identical to conventional free
radical polymerization, the initiation of the RAFT polymerization is induced by a
classical initiator such as AIBN.“244 This radical reacts with monomer and forms a
polymeric species (1). The polymeric species 1 reacts with the RAFT agent in a
preequilibrium step, yielding the dormant species 3. This deactivation step is followed
by the release of new radical species (5) that can readily initiate polymerization of a
new chain (6), while the (macro-)RAFT agent 4 is regenerated. The polymeric chain 6
subsequently reacts with the macro-RAFT agent and forms the dormant species 7 in
the chain- or main equilibrium. As in the preequilibrium, the dormant species 7 can
release one of the polymeric chains for further growth. To obtain living characteristics,

the dormant species has to be present at high concentrations.“®!

-10 -



2.1 Radical Polymerization Techniques

The growing chain and the dormant species are in rapid equilibrium, which balances
the probability for both chains to grow equally. Hence, the RAFT agent also needs to
fulfil certain criteria. First, the C=S double bond needs to be reactive and both — the R
and Z group — activate the double bond towards radical addition as well as stabilizing
the resulting radical adduct. The S-R bond needs to be a weak single bond, so R can
be homolytically cleaved to reinitiate the polymerization, which also needs to hold valid
for the later formed bond between the polymeric species (Pn or Pm) attached to the
CTA.

The monomers are inserted between the R- and Z-C(=S)S-groups of the respectively
used RAFT agent. Consequently, the polymer chains commonly feature the
fragmented RAFT agent as end groups.[*dl Furthermore, the fast and reversible
transition between the propagating and dormant chain results in low polydispersities.
During the RAFT polymerization, radical-radical coupling is not excluded, and forms —
to a limited extend — dead polymer chains. The termination rate directly depends on
the radicals that are initially introduced to the system and thus can be limited by
lowering the radical concentration, albeit at the cost of polymerization rate.[43:46.47]

An ideal RAFT process has — as noted above — a similar polymerization rate as
conventional free radical polymerization, and hence can be described by following

equation:

fkalllpe *at

Ry () = kep [M] [FEele

(1)

Here, Rp is the polymerization rate, kp represents the propagation rate coefficient, kq
the decomposition rate coefficient of the initiator, k: the termination rate coefficient, [M]
and [l]o are the monomer and initial initiator concentration, respectively, and f indicates

the initiator efficiency.3!

Most of the commonly employed monomers in FRP are also accessible in RAFT
polymerization with the right choice of the RAFT agent. As indicated above, variable
RAFT agents are used for RAFT polymerizations and have to be selected individually
for each monomer type. A general guideline for the selection of the R- and Z- group in
the CTA is provided in Scheme 5.

-11 -
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Stabilizing Z group

o)
Ph >> SCHy ~ CH, ~ N@ >> Né > OPh > OEt ~ N(Ph)CHs) > N(Et)
-~ MMA ——— = - AC -
S, MA, AM, AN ——— ----cccmmmmmmmmmeee e -
Leaving R group
CHs CHs H CHs HsC CHs CH;  CHs H
- CH ~ - -
-cN ~ f=Ph > |=Ph > |-COOEt »> HC>— >(ZCH3 oN ~ |-Ph > [=CHy ~ |-Pn
CHs CHs CO,H  CHs 3 H H CHs H
HsC CHy
V1) -
S, MA, AM, AN
e UVAC -

Scheme 5. Guideline for RAFT agent selection based on Ref 4, Dashed lines indicate poor
polymerization control. MMA: methyl methacrylate, MA: methacrylate, S: styrene, AM:
acrylamide, AN: acrylonitrile, VAc: vinylacetate.
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2.2 Selective Point Folding vs. Repeating Unit Folding

2.2 Selective Point Folding vs. Repeat Unit Folding

Commonly, single-chain folded architectures can be classified into two main classes
according the method they are synthesized. On the one side, there is the selective
point folding avenue: here, the synthetic chemist has to tether the orthogonal folding
motifs at pre-selected points along the polymeric backbone (refer to Scheme 6).
Consequently, the resulting single-chain nanoparticles, obtained by applying the
selective point folding route, are well-defined as a result of a controlled collapse that is
induced. The straightforward way is to attach the recognition units at the reactive chain

ends of the parent polymer in o~ and w-position, respectively.

In the selective point folding approach, the group of Barner-Kowollik used the so-called
Hamilton Wedge/cyanuric acid and the thymine/diaminopyridine motifs to prepare well-
defined single-chain folded architectures (refer to Figure 4a and c).[*84% In their earliest
example, the orthogonal folding motifs were attached in o~ and «- position to result in
a SCNP that is cyclic.l*® In another study, they were able to fuse these orthogonal
recognition units,5%51 and utilize the selective point folding avenue to yield a well-
defined dual folding system.[5? By tethering the folding entities at preselected points
along the polymeric backbone, an 8-shaped architecture was achieved. The resulting
structure was subsequently characterized by dynamic light scattering (DLS), diffusion
ordered NMR spectroscopy (DOSY) and atomic force microscopy (AFM). In the
presented studies, the hydrogen bonds are cleavable by adding a competitive solvent,
e.g. methanol. One of the projects investigated in the current thesis is the addition of a
spin-label to an « cyanuric acid and @ Hamilton Wedge functional polymer. The spin-
label is grafted to the polymer close to the Hamilton Wedge functionality in order to
obtain structural information about the polymer in the folded and unfolded state via

NMR spectroscopy, respectively (refer to Section 3.1.1).

Lutz and coworkers prepared well-defined copolymers of styrene and an N-propargyl
maleimid in bulk via ATRP. The varying positioning of the alkyne protected maleimid-
based monomer was accomplished by a controlled addition procedure during the

polymerization process. Before collapsing the polymers into several macromolecular
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Scheme 6: Schematic illustration of the selective point folding avenue (upper scheme) and the
repeat unit approach (lower scheme), resulting in single-chain folded architectures.

shapes, such as P-, Q-,8- and a-shaped, the endgroups of the polymers were modified
as well as the protection groups of the maleimides were removed. The folding of the
precursor polymers was then executed by intramolecular copper-azide alkyne
cycloaddition (CuAAC) under high dilution conditions. The above mentioned structures
were subsequently characterized by *H NMR spectroscopy, Fourier-transform infrared
spectroscopy (FT-IR) as well as size exclusion chromatography (SEC).53

In a relevant study, the group of Barner-Kowollik prepared a well-defined
homotelechelic polymer by ATRP, which featured triphenylphosphines as end groups.
The subsequent addition of a palladium (II) metal complex induces the chain collapse.
The formation of the single-chain metal complexes were evidenced by *H, 31P{*H} NMR
spectroscopy, SEC and DLS.¥ Within the course of the current thesis, the concept of
metal complexation using a Pd (II) complex is fused with the Hamilton Wedge/cyanuric

acid hydrogen bonding motif (refer to Section 3.1.3).

The complementary way to fold single-polymer chains into SCNPs is the repeat unit
approach (refer to Scheme 6). By adopting this methodology, the resulting SCNPs are
less well-defined in comparison to the selective point folding approach. Often, block
and statistical copolymers are utilized in the repeat unit approach. The orthogonal
folding moieties are attached along the polymeric backbone, which consequently leads
to statistically folded architectures. The drawback is the statistical folding reaction and

thus less well-defined SCNPs are obtained via the repeat unit approach compared to
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Figure 4. The hydrogen bonding motifs thymine/diaminopyridine (a) leading to three hydrogen
bonds through DAD/ADA moieties. 2-Ureido pyrimidinone (b) with four hydrogen bonds in a
DDAA/AADD interaction and Hamilton Wedge/cyanuric acid (c), forming six hydrogen bonds
in a DADDAD/ADAADA interaction.

selective point folding. However, the repeat unit approach, is often synthetically less
demanding, as no folding units have to be placed at exact positions within the polymer
backbone. The functional polymers can either be directly copolymerized or the
recognition motifs are attached to the polymer in post-polymerization modifications. In
the literature, examples for SCNPs prepared via the repeat unit approach dominate as

a result of the more simple synthetic access to SCNPs and their precursor polymers.[5°]

As above mentioned, metal complexation leads to single-chain metal complexes.
Inspired by natural occurring metalloenzymes, Sanchez-Sanchez et al. synthesized a
water soluble amphiphilic poly(oligoethylene glycol methyl ether methacrylate-co-2-
acetoacetoxy ethyl methacrylate) (OEGMA-co-AEMA) via RAFT polymerization to
control the molecular weight and obtained narrow dispersities of the polymers.©®¢l The
collapse of the polymer strands was induced by the addition of copper (ll) acetate in
highly diluted aqueous conditions. The progress of the chain compaction was
monitored via SEC by periodically withdrawing samples. An increasing retention time
was observed indicating the successful formation of SCNPs. In addition, the
compaction of the single-polymer chains was followed by DLS, small angle neutron
scattering (SANS) and 'H NMR spectroscopy. Accordingly, these authors compared
the synthesized SCNPs with the readily available metalloenzymes and draw the
conclusion that their metal containing nanoparticles show an increased stability

towards thermal changes as well as reduced degradability by hydrolytic enzymes.

On the other hand, the group of Meijer prepared a copolymer by the ring opening
metathesis polymerization (ROMP) of a 2-ureido-pyrimidinon (UPy) substituted
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2.2 Selective Point Folding vs. Repeating Unit Folding

norbornene,® which Upy moieties are known to dimerize (refer to Figure 4b) and form
hydrogen bonds.[58-631 Therefore, the Upy moieties were protected with an UV labile o-
nitrobenzyl chloride to prevent the dimerization of the Upy motif, and hence provide
control on the folding process. Irradiation of the polymers with light at 350 nm cleaves
the protecting groups and consequently single-chain folding is induced at high dilutions
(below 1 mg mL1). Reversibility of the system is observed when formic acid is added
to disrupt the hydrogen bonds, which was justified by SEC, demonstrating a shift

towards higher retention times for the intramolecularly collapsed SCNPs.["]

2.3 Covalent Crosslinking

A vast variety of covalent crosslinking approaches are known to produce single-chain
folded architectures.[64 The folding mechanism can be divided into several categories.
Generally, it is distinguished between covalent and non-covalent crosslinks to produce
the collapsed polymer nanoparticles. The non-covalent folding approaches can be
further divided into hydrogen bonds, host-guest interactions and metal complexation
(refer to section 2.4). The current section provides a short overview on some selected
examples for the covalent crosslinking strategies employed in the field of single-chain

folding.

Hawker and coworkers introduced the benzocyclobutene (BCB) as a covalent
crosslinking unit into the field of single-chain folding.65-%"1 Until 2002, when they
adopted the BCB maotif in the single-chain folding realm, the BCB unit was used as a
component in latent Diels-Alder reactions in organic chemistry.[%8! In their study, the
precursor block copolymer consisting of styrene-stat-4 vinylbenzocyclobutene was
prepared via NMP. The resulting copolymers feature molecular weights up to 235 kDa
and dispersities in the range of 1.08-1.26 along with various BCB mol% within the
copolymers (2.5-30 mol%). Nanoparticle formation was exclusively observed by
adding the polymer to a boiling solvent such as dibenzyl ether at 250 °C (refer to

Scheme 7). Otherwise, even under ultrahigh dilution conditions (5.0x10° M BCB
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Scheme 7. Intramolecular crosslinking of a single polymer chain via the benzocyclobutene
(BCB) unit. Folding is induced by continuous addition of the precursor polymer to benzyl ether
at 250 °C, as demonstrated by Harth et al.!%!

groups), intermolecular crosslinking was pronounced. Nevertheless, the formed
crosslinks in the SCNPs are permanent and remain unreactive under the reaction
conditions. Respectively, the folded polymers were characterized via SEC, DLS and

NMR spectroscopy, further suggesting the formation of intramolecular crosslinks.

Copper(l) catalyzed azide-alkyne 1,3 dipolar cycloaddition (CUAAC) is a powerful tool
for creating conjugated polymers and has been reviewed in detail.[8%75 The CUAAC
was demonstrated to be applicable during the synthesis of single-chain folded
aggregates.[’6-781 De Luzuriaga et al. reported the synthesis of SCNPs that are
crosslinked through the CUAAC.["®l Here, a terpolymer featuring the monomers methyl
methacrylate,  3-azidopropyl methacrylate and  3-trimethylsilyl-propyn-1-yl
methacrylate was polymerized by RAFT, in order to obtain good control over the
molecular weight as well as the distribution. Polymers with different functional
concentrations of the functional monomers were prepared with 4, 7 and 10 mol%,
respectively, prior to collapsing the systems. After the polymerization, the trimethylsilyl
(TMS) protected alkyne functionality was deprotected followed by the CUAAC reaction.
The formation of the intramolecular 1,2,3 triazole, generated during the crosslinking
reaction, was confirmed by FT-IR and *H NMR spectroscopy. In the IR spectrum, the
azide asymmetric stretch at 2102 cm™ as well as the TMS protecting group at
2181 cm? indicate the successful folding reaction. The successful reaction is
additionally supported by 'H NMR spectroscopy. The *H NMR spectrum displays a
new resonance at 5.36 ppm associated with the triazole ring, in addition to the vanished
resonances from the TMS protecting group at 0.2 ppm. Further, SEC measurements
indicated a decrease of the apparent number average molecular weight (Mn) of 40-

46%, the latter arising from the fact that the SCNPs are known for their reduced
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hydrodynamic volume in comparison to the unfolded precursor polymers. Furthermore,
the nanoparticles were also visualized by TEM, depicting sub 10 nm particles,
providing additional proof for the formation of intramolecularly folded nanopatrticles.

Pomposo and coworkers applied the Glaser-Hay coupling for self-ligating
homofunctional polymer chains internally.[”®l Synthetically, MMA was copolymerized
with propargyl acrylate (PgA) in a redox initiated RAFT polymerization process. The
intramolecular crosslinking was realized by the Glaser-Hay coupling, which is a
copper-catalyzed carbon-carbon coupling.[%8 The intramolecular folding was
conducted in high dilution under inert atmosphere, due to the oxygen labile Cul
catalyst. Tetramethylethylenediamine (TMEDA) was used as ligand for the copper(l)
complex. The diyne functional SNCPs were obtained in the range of 80-92% and

characterized by SEC, the latter showing the shift of the retention time.

In another study from the group of Pomposo, the photo activated thiol-ene as well as
the thiol-yne coupling (TYC, refer to Scheme 8) was explored in the field of single-
chain folding.®? Copolymers with unprotected alkene and alkyne functionalities were
prepared via redox-initiated RAFT polymerization for fine control over the molecular
weight and dispersities of the copolymers. Molecular weights of the alkene/alkyne
functional polymers were targeted to a molecular weight of around 125 kDa and close
to 20 mol% of the functionality within the random copolymer. A mixture of
dimethylaniline (DMA) and benzoyl peroxide (BPO) was used as redox-initiator, while
2-cyano-2-propyl-benzodithioate (CPBD) was selected as a chain transfer agent
(CTA), MMA and allyl methacrylate were utilized as monomers. For the alkyne
functional copolymer, the allylic acrylate was substituted by propargyl acrylate. The
resulting precursor polymers were folded by photoactivated thiol-ene coupling (TEC)
and TYC (A = 300-400 nm), respectively, using 3,6-dioxa-1,8-octane-dithiol (DODT) as
homobifunctional crosslinker. The resulting single-chain aggregates were
characterized by means of SEC, SAXS and DLS to unambiguously underpin the

assumption of intramolecular collapsed polymeric nanopatrticles.

-18 -



2.3 Covalent Crosslinking

a) | HS |
0. _0O % 0__0
+ B
X O X
0”0 %2 0o
¢ /ﬁ
---8
by | |
(@] O o) o)

|

@)
O x

N
b prort

Scheme 8. Photoactivated crosslinking of an alkene functional polymer by thiol-ene coupling
(@) and an alkyne functional polymer via thiol-yne coupling (b) using 3,6-dioxa-1,8-octane-
dithiol (DODT) as crosslinker reported by Pomposo and coworkers.®2

In the group of Barner-Kowollik, the covalent crosslinking of single polymer chains was
accomplished by using hetero Diels-Alder (HDA) chemistry.3 |Initially, a
cyclopentadiene  (Cp)-protected cyanodithioester (CDTE) monomer was
copolymerized with MMA by either RAFT polymerization or conventional free radical
polymerization. The polymers feature different chain length and molar ratios of the
functional monomer and were subsequently folded by heating the dilute solution of the
polymer in presence of a sorbic bilinker, which substituted the Cp of the protected
CDTE. The presented HDA system can be reversed by heating the SCNP in a solution
with an excess of sorbic alcohol, which consequently leads to the unfolded
nanoparticles. The folding and unfolding of the polymers was monitored by SEC and
DLS, both showing the characteristic features of single-chain nanoparticles, i.e. a shift
towards higher retention times in SEC, due to the compaction of the polymer chain and
smaller DLS derived hydrodynamic diameters (from 3.9 nm of the parent polymer to
3.3 nm for the folded SCNP). In addition, the folding and unfolding character of the
system was monitored by 'H NMR spectroscopy. The comparison of the CDTE
resonances of remaining Cp-protected species and for the open chain (in the range of
6-7 ppm) with the adduct resonances at approximately 5.5-6.0 ppm indicate the
formation of crosslinks of close to 86% after the crosslinking reaction. The group of

Berda used the thermally triggered DA reaction for the intra-chain crosslinking of a
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furan and maleimide containing copolymer.[4 Synthetically, the intramolecular folding
was induced by reaction of a maleimide and pendant furan groups. In their study, two
methods to fold the linear polymer chains were pursued: (i) the internal folding reaction
by synthesizing a terpolymer of MMA, furfuryl methacrylate (FMA) and a maleimide
functional methacrylate and (ii) induction of the intra-chain crosslinking reaction of a

MMA and FMA copolymer by adding an external maleimide functional crosslinker.

Besides the thermally induced Diels-Alder (DA) reactions presented above, DA
reactions can also be triggered by light to induce the folding reaction of functional
polymers, as demonstrated by Altintas et al.®® The precursor block copolymer was
prepared from styrene and 4-chloromethylstyrene (CMS) via the NMP technique to
control the functional group density (from 9 to 34 mol%) along with narrow
polydispersities. The photo responsive DA motifs — 4-hydroxy-2,5-dimethylbenzo-
phenone and a maleimide analogue — were attached to the polymer in a post-
polymerization modification manner, which is a one-pot two-step procedure. The
quantitative functionalization of the block copolymer was confirmed by 'H NMR
spectroscopy. The intramolecular crosslinking was subsequently induced by UV light
(Amax = 320 nm) in DCM under highly diluted concentrations (¢ = 0.0117 mg mL™?).
Here, SEC was indicative of intermolecular crosslinking at higher concentrations. In
addition, a kinetic study of the folding process was conducted, suggesting completed
single-chain folding after 30 min of irradiation. The size of the SCNPs could be tuned
by the functional group density of the folding motifs. Monotethered nanoparticles were
obtained by CUAAC of the precursor polymers with an azide functional polyethylene
glycol. The folding of the precursor polymers was followed by SEC, DLS, 'H NMR

spectroscopy and atomic force microscopy (AFM).

The group of Barner-Kowollik pioneered the synthesis of fluorescent single-chain
nanoparticles induced by UV light.[8] The folding reaction is based on tetrazole
chemistry8:88l in — the natural occurring medium — water. The use of water
corresponds to the working medium of proteins and enzymes. Poly(acrylic acid) (PAA)
was selected as water soluble polymer, due to its well-known properties, such as non-
toxicity and biocompatibility.?] The linear PAA were synthesized by RAFT and
subsequently modified by esterification with the tetrazole (Tet), furan-protected
maleimide and triethylene glycol monomethyl ether for better biocompatibility in a ratio
of 1:2.5:5.3 and 1:2.3:3.3. Both polymers still possess unreacted carboxylic acid
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functionalities. However, these unreacted acid functionalities can react efficiently with
photogenerated nitrile imines, as was also shown by Li and coworkers.?? The single-
chain architectures were synthesized by the photo induced nitrile imine-mediated
tetrazole-ene cycloaddition (NITEC). In order to verify the nitrile imine- carboxylic acid
ligation (NICAL), which occurs simultaneously, due to the presence of unreacted
carboxylic acid functionalities within the polymers, an additional polymer only featuring
the Tet units was prepared. After irradiating the highly diluted solution of the unfolded
polymers at Amax = 320 nm for 17 h, the resulting SCNPs were readily characterized by
'H NMR, UV-vis, fluorescence spectroscopy, DLS and SEC, all indicating the

successful formation of single-chain nanoparticles.

The dimerization of anthracene is often discussed alongside with the dimerization of
coumarin and cinnamates in the field of single-chain folding, exploited to
photochemically induce the chain collapse.l®>-%4 The group of Berda used the known
photochemical dimerization behaviour of anthracenes[® and adopted it in the realm of
single-chain folding. Hence, they utilized the dimerization ability of anthracene in a
[4+4] cycloaddition manner upon irradiation with Amax = 350 nm (refer to Figure 5a).[®!
A copolymer of MMA was copolymerized with 9-anthracene methacrylate by RAFT to
control the composition as well as the molecular weight and its distribution. The SCNPs
containing the lowest functional group density (10 mol%) showed the smallest change
of the hydrodynamic volume in SEC, whereas the SCNP derived from the precursor
with 46% anthracene units shows the largest shift in SEC towards higher retention

times, indicative of SCNP formation.

Figure 5. Photochemical dimerization of a) anthracene, b) coumarin and c) cinnamates in the
realm of single chain folding.[®-94.%!
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The multi-angle light scattering (MALLS) detector adopted in the triple detection SEC
system for characterization unveiled a small shoulder at shorter retention times for the
folded polymers with increasing reaction time, indicating intermolecular crosslinking.
This higher molecular weight shoulder becomes more and more pronounced with

increasing anthracene content.

There are many more possibilities and functionalities to access single-chain
nanoparticles, such as photo induced Bergman cyclization®”l, Michael addition!®8-%9 or

intramolecular metathesis('°%-191 among many others.[55.64.102-104]

2.4 Non-Covalent Interactions

In order to emulate naturally occurring structures such as proteins, non-covalent
chemistry — namely hydrogen bonds, aromatic stacking and hydrophobic
interactions — are used in the realm of single-chain folding along covalent folding
chemistry, which was discussed in the previous section. The following section focuses
on non-covalent interactions that induce single-chain folding and stabilize the resulting
SCNP architectures.

2.4.1 Hydrogen Bonds

The class of hydrogen bonds is the most applied and studied design to stabilize single-
chain nanoparticles. Several orthogonal motifs are known in literature such as the
benzene-tricarboxamide (BTA),[105106] 2_yreidopyrimidinone (Upy),571971 or Hamilton’s
Wedge/cyanuric acid (HW/CA),“8 ranging from two to six hydrogen bonds. Some

selected examples will be introduced in the following section.

An important motif in the class of hydrogen bonding is the so-called benzene-
tricarboxamide (BTA), which forms three hydrogen bonds to stabilize the collapsed
architecture. The group of Meijer intensively studied the BTA folding motif.[105.106,108-

118] The self-assembly of the BTA units, to develop a helical internal secondary
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structure within the SCNP (refer to Figure 6a), can be controlled by introducing the
photolabile o-nitrobenzyl group that can be cleaved by irradiation of the polymer at
Amax = 354 nm.[1%¢] The investigated polymers consisted of propargyl methacrylate and
isobornyl methacrylate in the ratio of 80:20, which were copolymerized via ATRP. The
resulting polymers contained close to 25% propargyl groups and subsequently about
half of the accessible propargyl groups were converted with an azide functional BTA-
moiety in a cupper(l) catalyzed azide-alkyne cycloaddition reaction affording a
copolymer with about 20 BTA units per chain. After the UV light induced deprotection
of the BTA moiety in high dilution (c = 3 mg mL™), the intramolecular self-assembly
was observed in a mixture of 1,2 dichloroethane and methylcyclohexane (65:35 vol%)
and readily characterized by circular dichroism (CD) spectroscopy. CD spectroscopy
illustrates a negative Cotton effect at A = 225 nm and suggests the collapse.

Figure 6. Hydrogen bonding motifs a) benzene-tricarboxamide (BTA) building up three
hydrogen bonds. b) the quadruple hydrogen bonding motif of the dimerizing benzamide
and c) the ureidoguanosine and diaminonaphthyridine (UG-DAN) quadruple hydrogen
bonding motif.

The orthogonality of the BTA was shown in another study by the group of Meijer in
which the dual folding was induced by exploiting the self-assembly of the BTA unit and

additionally the dimerization of the Upy hydrogen bonding motif.[*1°

The second literature known example that leads to three hydrogen bonds is the

thymine/diaminopyridine recognition motif, which has been discussed in Section 2.2.

The 2-ureidopyrimidinone (Upy) functionality leads to four hydrogen bonds by the
dimerization of the Upy motif and was presented in Section 2.2 and thus will not be

discussed in further detail in the current section.
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Seo et al. caused the intramolecular non-covalent crosslinking with a benzamide
containing polymer.[*1° The functional polymer was prepared by the copolymerization
of methyl methacrylate (MMA) and a MMA based monomer featuring a benzamide
dendron (refer to Figure 6b) via RAFT. The folded state was reached by dissolving the
polymers in a mixture of THF and toluene with subsequent evaporation of the more
volatile THF. The intramolecular folded structures were characterized via scanning
force microscopy showing well dispersed, uniform, spherical nanoparticles. These

results were confirmed by dynamic light scattering (DLS) measurements.

Weck and coworkers used the recognition motif of ureidoguanosine and
diaminonaphthyridine (UG-DAN) for quadruple hydrogen bonds (refer to Figure 6c¢).12%
A triblock copolymer was synthesized by ring opening metathesis polymerization
(ROMP) featuring the DAN, UG functionalities on the outer block A and C, respectively,
while a flexible middle block (norbornene octyl ester) served as spacer. The sheet-type
single-chain structures were characterized and verified via DLS and 'H NMR

spectroscopy.

As indicated in Section 2.2, the Hamilton Wedge/cyanuric acid (refer to Figure 4c)
recognition pair can be applied in the single-chain realm to stabilize the SCNPs by six
hydrogen bonds.[#8-50.52108] |n g collaborative study of the Meijer and Barner-Kowollik
groups,*%l a PMMA based copolymer polymer featuring a primary bromine functional
monomer, a trimethylsilyl protected alkyne as well as a trimethylsilyl protected hydroxyl
functionality, was prepared. The ABC-type block copolymer was synthesized through
chain-extension via RAFT polymerization. Each functional monomer was
copolymerized with ethyl hexyl methacrylate and the final polymer contains close to
5% of each functional monomer. In post-polymerization modifications, the HW/CA pair
was grafted to the outer blocks A and C, whereas the BTA moiety was attached to the
middle block B. The motifs were orthogonally linked via etherification, CUAAC and
Steglich esterification, respectively.[1% The recognition motifs fold selectively as was
shown with various characterization techniques. CD measurements of the SCNP show
no interference of the HW/CA folding motif on the BTA self-assembly. Furthermore,
NMR studies show no influence of the BTA motif of the folding of the HW/CA pair. To
evidence the single-chain nature of the resulting structures, light scattering
measurements were carried out resulting in particle sizes between 11.7 and 24.4 nm.

Here, the size of the SCNPs is depending on the size of the precursor polymers.
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2.4.2 Host-Guest Interactions

As it is one of the overall aims in the field of single-chain folding to emulate natures’
structures and to be able to ultimately synthesize a synthetic protein, it is important to
explore several classes of binding motifs. A second class of reversible binding motifs
that will be discussed are host-guest systems. Host systems applied in the field of

single-chain folding are cyclodextrins!*?1 or cucurbit[n]uril,[*2? for instance.

Cyclodextrins are well studied hosts and were successfully applied in single-chain
technology.[1?1123.124] |n order to emulate the natural occurring working medium of
proteins, Willenbacher et al. prepared a water soluble polymer with the cyclodextrin
(CD)/Adamantyl (Ada) host-guest system in « and o position, respectively. The Ada
moiety is known to be strongly complexed by B-cyclodextrins in aqueous media with
association constants up to 10°> M1.11241 The resulting SCNPs were followed by DLS as
well as nuclear Overhauser enhancement spectroscopy (NOESY). The group of Che
used the B-CD host in another system with a bridged bis(ferrocene) guest to prepare

electrically responsive single-chain nanoparticles.[*?1]

Another commonly used host-guest system is the family of cucurbit[n]uril (CB[n]). Here,
the number of glycoluril units is given by the number [n]. The most commonly used
CB[n] are CBI[5]-CB[8].[1?>126] The cucurbiturils are mostly used to prepare
supramolecular assemblies as well as networks.[27-131 Generally, cucurbituril hosts
complex hydrocarbons, for example, CB[8] is capable of binding two aromatic rings
simultaneously, such as biphenyl or naphthalene derivatives.[*?51321 Sherman and
coworkers took advantage of this feature and used the CBJ[8] host to complex a
substituted bipyridine and a substituted napthyl moiety to induce the single-chain
collapse by the formation of a host-guest complex in water (refer to Scheme 9).113]
Another advantage of the host-guest interaction is that it can be disrupted by different
external stimuli such as pH, light or temperature. The applicability in water

demonstrates another step towards the overall aim in mimicking natural proteins, since
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Scheme 9. Schematic illustration for the host-guest complexation of a bipyridine and naphthyl
moiety by the CB[8] complex.!***!

they are operating in aqueous media. Furthermore, the same group used the larger
nor-seco-CBJ[10] (ns-CB[10]) to prepare a ternary 2:1 complex. The ns-CB[10] has two
identical cavities and binds a substituted bipyridine as a guest inducing single-chain
folding, yielding a ternary 2:1 complex.l'??1 The (reversible) SCNPs were monitored by

DLS and AFM measurements.

In the current thesis, a dual folding system consisting of the hydrogen bonding system
Hamilton Wedge/cyanuric acid (refer to Section 2.3.1) and the host guest system
benzo-21-crown-7 and a secondary ammonium salt (refer to Section 3.2.1) has been
prepared to increase the system complexity and move towards the next level in order
to mimic the high complexity of natural biomacromolecules. In addition, the dynamic

nature of the folding/unfolding has been investigated.

2.4.3 Metal Complexation

In nature, the higher ordered structures are not only stabilized by non-covalent
hydrogen bonds but also other techniques to maintain and stabilize their structure such
as hydrophobic interactions, aromatic stacking or metal complexation.[’34 In the
following section, some of the established methods for metal complexation that are
applied in the single-chain folding realm are presented.

Several metals can be used to induce the collapse of single polymer chains such as
copper (I1),156:135-13% rhodium (1),124%-242 jridium (1),1244 nickel (0),144 palladium (11),[54243]
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ferrous (I)[244145] or platinum (I1).[16 Although copper is known to be toxic in high
amounts,[147.148] several examples can be found in literature with respect to single-
chain folding. Bai et al. synthesized a polyolefin containing aspartate, which was
internally crosslinked by the addition of Cu (ll) in water, mimicking natural
metalloenzymes. The so-called metal-organic nanoparticles (MONP) were further used
in a CUAAC click reaction for the ligation of terminal functional alkynes and azides with
low catalyst concentration of the Cu catalyst (parts per million) in water. Importantly,
the MONP display low toxicity. 139

The group of Lemcoff prepared a poly(cyclooctadiene). The ethylene ligands of a
rhodium (Rh) complex were exchanged with the double bonds of the cyclooctadiene
(COD) and thus led to the compaction of the single-polymer chain by metal
complexation. In a proof of concept study, the complexation was first shown in a small
molecule study. For the SCNP, the size reduction of the polymer was monitored via
DLS, SEC and TEM, all suggesting the formation intramolecular linked SCNPs.[140 The
same group was also able to expand that principle to the iridium (I) and Ni (0) metals
as well as the combination of Rh (1) and Ir (I) to bimetallic nanoparticles.[4%

In our group, the single-chain folding induced by the complexation of platinum (II) ions
was investigated along with the catalytic activity for the amination of allyl alcohol of the
prepared single-chain nanoparticles. The polymer was prepared by NMP,
copolymerizing styrene and 4-(diphenylphosphino)styrene employing different
feedstock ratios. The phosphine can form 2:1 complexes with Pt (II) and thus leads to
the compaction as a result of the intramolecular crosslinking as demonstrated by DLS
and DOSY (refer to Scheme 10).11#¢1 The incorporation of the Pt ions was verified by
31p as well as Pt NMR spectroscopy. A catalytic study for the amination of allyl

alcohols displays better or similar results of the Pt-SCNPs compared to [Pt(PPH)3Cl2]

ﬂ\w o (VB>

o
P----Pd----P

catalyst.

Scheme 10. Schematic illustration of the SCNP collapse induced by metal complexation of
triarylphosphane containing polymers using Pt (ll) ions.
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2.4.4 n — wt Interactions

Nature stabilizes its formed higher architecture structures by hydrogen bonds,
hydrophobic interactions or aromatic stacking. As a result, the field of single-chain
polymer nanoparticles also knows some examples exploiting aromatic © — = stacking.
An example for aromatic stacking was provided by the group of Weck. In their study, a
triblock copolymer consisting of pentafluorostyrene (PFS), N,N dimethyacrylamide and
styrene on the blocks A, B and C, respectively, was prepared using the RAFT protocol.
The folding of the system was induced by the n — & interactions between the A and C
blocks of the electron deficient PFS block A and the electron rich styrene block C. The
middle block B of the copolymer serves as a spacer block consisting of poly(acryl

amide). The SCNP is suggested to form B-hairpin structure.[14°]

Gillissen et al. prepared polynorbornene based polymers featuring (N-dodecyl)-5-
norbornene-exo-2,3-dicarboximide and 3,3’-bis(acylamino)-2,2’-bipyridine substituted
benzene-1,3,5-tricarboxamide  (BiPy-BTA) via ring opening  metathesis
polymerization.!*5% Polymers with 5 and 10% BiPy-BTA were prepared. In high dilution,
the BiPy-BTA units lead to the intramolecular collapse of the polymers, stabilized by
7 - © interactions. Interestingly, after the collapse the formed SCNPs show fluorescent,
compartmentalized characteristics. 2,2’ Bipyridines are known for their affinity to metal
ions such as copper,151-1581 making the SCNPs interesting for applications such as
sensing of Cu(ll) ions. When metal ions such as Fe(lll), Cr(l11), V(I11), Mn(ll1), Zr(Il1) or
Cu(ll) are added the fluorescence is quenched, whereas Cu(ll) ions were shown to be

most effective in decreasing the fluorescence.

Within the current thesis, luminescent, i.e fluorescent, single-chain nanoparticles have
been prepared. Hence, in the following paragraphs the concept of luminescence and

their application within the field of single-chain folding will be discussed.
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Fluorescent Single-Chain Nanoparticles

Generally, upon light impact, an electron is exited from its electronic ground state,
which is usually a singlet state and called So, to the exited (singlet) state Si1, Sz and so
on, possessing higher energies. The excitation process is also referred to as
absorption. The excited states undergo different competing deactivation mechanisms.
The activation and deactivation processes can be illustrated in the so-called Jablonski
diagram (refer to Figure 7). The deactivation process can either occur non-irradiative
(vibrational relaxation and internal conversion) or irradiative, resulting in fluorescence
or phosphorescence. In non-irradiative processes, the energy is thermally dissipated
by the transition from higher (excited) states to levels of lower energy. By the transition
from the exited Si state to the ground state So, fluorescence is generated (irradiative
deactivation). Compared to non-irradiative processes, fluorescence is a rather slow
process. In addition to fluorescence, phosphorescence can be observed when
intersystem crossing (ISC) occurs from the exited singlet state to an excited triplet
state, although being spin forbidden. The non-radiative transition of the ISC can only
take place between excited states of different spin multiplicity.>4 Here, the emission
of radiation from the ground level of the exited triplet state to the ground state So causes
the phosphorescence. ISC is a slow process, resulting in an even slower process for
phosphorescence, which makes the phenomenon of phosphorescence rather

unlikely.[155-157]

The concept of fluorescent single-chain nanopatrticles is relatively new, nevertheless
the way to implement fluorescent properties to the respective nanoparticles can be
divided into four strategies: (i) the precursor is pre-functionalized with a fluorophore;
(i) post-polymerization functionalization of the SCNP with the fluorophore; (iii) the
fluorophore entrapment/in situ generation or (iv) fluorophore generation through SCNP
collapse. For the routes (i) and (i) the fluorescent moiety is attached before or after the
single-chain collapse, respectively.[’6.158] Within the third route, a fluorescent moiety
such as pyrene is attached to the polymer to e.g. determine the polarity in locally
packed zones in the folded SCNP.[159.160] The example from Gillissen et al.[*3% exploits
the fourth pathway to fluorescent SCNPs: the fluorophore is generated via the collapse

of the single polymer chains.
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Figure 7. Schematic Jablonski diagram. The ground electronic singlet state S, excited singlet
state Si, and triplet state T: energies (together with vibrational states) are indicated by
horizontal lines. Fluorescence and phosphorescence (radiative) vibrational transitions, internal
conversions and intersystem crossing (non-radiative) processes are indicated by arrows. The
levels of vibrational energy and the position of the electronical states are not drawn to scale.!*>

2.4.5 Hydrophobic Interactions

As mentioned in the section above higher degree architectures by nature are also
stabilized by hydrophobic interactions.[*34 Inspired by nature, the field of single-chain
polymeric nanoparticles adopted the concept of hydrophobic interactions to produce

single-chain nano-objects.[161-165]

Sawamoto and coworkers synthesized single-chain aggregates by producing water
soluble amphiphilic copolymers based on methacrylates through the course of
ruthenium-catalyzed RDRP.I261 The water solubility arises from the poly(ethylene
glycol)methyl ester methacrylate (PEGMA), whereas the hydrophobic alkyl
methacrylates, e.g. MMA, n-butyl methacrylate or n-octyl methacrylate, lead to the
formation of single-chain aggregates in water under highly diluted conditions.

Interestingly, the molecular weight of the unfolded polymer should be identical to the
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estimated SCNP in water, while the size should be smaller in agueous medium in
comparison to good organic solvents. Single-chain folding is observed for up to
40 mol% of hydrophobic functionalities within the polymer. When the concentration is
further increased to 50mol%, intermolecular interactions are observed. These results
were also observed in SEC-MALLS measurements as well as DLS. Due to repulsion
effects in water, single-chain aggregates are stable to concentrations up to
60 mg mL™*. As mentioned above, the hydrodynamic radii obtained by DLS are larger
compared to the obtained Rn in water. The fairly high concentrations as well as the
aqueous medium used for the hydrophobic interactions represents a step towards

mimicking natural (bio-)macromolecules such as enzymes and proteins.

In another study by the same group, the authors were able to combine hydrophobic
folding with intramolecular hydrogen bonding (refer to Scheme 11).1*64 The feature was
realized by preparing a poly(ethylene glycol) and urea functionalized amphiphilic
random copolymer, which was again synthesized by ruthenium-catalyzed RDRP. The
folding was followed by SEC-MALLS and DLS measurements in water as well as in

chloroform as organic solvent.

hydrophilic
water
‘chloroform‘ X" hydrophobic
l Hydrogen Bonds
\ NN
“'/\N'R‘N CF.
H H 8

Scheme 11 Schematic illustration of the hydrophobic/hydrogen bonding system by Sawamoto
and coworkers. The hydrophilic side chains (blue) are on the outer part of the SCNP, the
hydrophobic (red) side chains are in the core of the SCNP building up hydrogen bonds based
on urea. Adapted with permission from ref [164]. Copyright (2016) American Chemical Society.
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2.5 Characterization Methods

The characterization of polymeric materials, especially single-chain nanoparticles, is a
challenging task. The most evident and critical task is to prove single-chain folding and
exclude intermolecular interactions/crosslinking. Several methods for the
characterization of SCNPs are currently used such as size exclusion chromatography
(SEC), NMR spectroscopy or light scattering experiments. In probably all cases of
single-chain nanoparticles, there is no uniqgue method that provides all necessary proof
for the SCNP formation in one experiment. Consequently, only one characterization
method is insufficient for the analysis and characterization of single-chain
nanoparticles and, usually, several analytical methods are combined to allow the

conclusion that SCNPs are formed.

2.5.1 Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) is the most widely used method for
characterizing polymers and was introduced by Moore in 1964. SEC separates the
molecules by size or — more accurately — by its hydrodynamic volume and is the
standard analytical method to obtain the molecular weight as well as the molecular

weight distribution (MWD) of a polymeric sample.[104.166.167]

Specifically, a diluted solution of the analyte is pumped through a column system that
is typically filled with macroporous gels such as crosslinked polystyrene, dextran,
polyacrylamide, cellulose or silica particles. The separating process is expected by
applying sufficiently low flow rates. The inner volume of the gel Vi and the outer volume
Vo between the gel particles of the gel-scaffold define the total volume of the column.
As shown in Figure 8, large (macro)molecules cannot access the pores of the gel and
elute first. Here, the elution volume Ve is equal to the outer volume Vo given by equation
2:

v, =V, (2)
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Figure 8. Schematic illustration of the separation mechanism during size exclusion
chromatography (SEC) of different sized molecules. a) Larger molecules diffuse faster through
porous particles. b) The largest particles access only few pores and elute first. ¢) Medium sized
particles can access some pores and elute after the largest molecules. d) Small sized
molecules can access all pores and elute last.

With decreasing size of the molecules, they can diffuse freely into the pores and have

access to the total pore volume, thus the elution volume is given by equation 3.
Ve=Vo+V; 3)

In case the (macro)molecules can access only a fraction Kq of the pores (0 < Kg < 1)

the elution volume is described by the SEC equation 4.
Ve = Vo + KqVi 4)

The constant Kg is a thermodynamic parameter and depends on the size or the
hydrodynamic volume of the molecule, the pore-size of the gel and the gel itself as well

as the solvent, temperature and the degree of branching of the analyte. Since Kd
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depends on many parameters, it is not possible to calculate the molecular weight from
it. Hence, the system has to be calibrated with well-known, narrowly distributed
standards. How calibrations are established for SEC systems as well as the deflection
of the molecular weight distributions will not be discussed here and the interested

reader is referred to standard text books.[168-170]

As already mentioned the SEC separation mechanism is based on the hydrodynamic
volume Vh. The elution volume for branched polymers is smaller compared to linear
polymers with the same molecular weight (Ve branched < Ve linear, With Mbranched = Miinear).
This phenomenon can be explained by the fact that Vn of the linear polymer is larger
for branched analogues and Vh is given by equation 5:

4
V, = ?”R;’; )

where Rn is the hydrodynamic radius. The hydrodynamic radius can be related to the
molecular weight of the sample by the Flory-Fox equation 6, where [n] is the intrinsic

viscosity and @’ is the Flory constant.
R = ¢'[nlM (6)

At this point it is obvious that SEC is a suitable analysis method for the characterization
of single-chain nanoparticles. The collapsed and often crosslinked SCNPs can be seen
as (intramolecular) branched polymers with a smaller hydrodynamic radius and
consequently a smaller Vn. Thus, the SEC chromatogram should show a shift towards
higher retention times, due to the fact that smaller particles can access more pores of
the gel material in the SEC columns and elute later compared to the linear precursor

polymer.

Pomposo and coworkers derived an expression for the expected apparent molecular
weight (Mapp) of uniform SCNPs that were synthesized from linear precursors through

the intramolecular crosslinking.
Mgy, = cMP 7)
In equation 7, c is a constant and the power-law exponent is given by

b= e (®)

1+aj,
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where ar > 0 and is related to the fractal nature of the SCNP, measuring its variation
from the ideal “hard-sphere” state, while o is one of the Mark-Houwink-Sakurada
constants. Generally, it is expected that 0.56 < 8 < 1, because a value of 8= 0.56 is
estimated for compact uniform nanoparticles and B8 = 1 for particles with fractal

behaviour similar to swollen flexible chains.[171]

The polydispersity of the sample can be calculated by

Dapp = DF )

The power-law for the dispersity is based on the assumption that the MWD follows a
log-normal function. The equations 7 and 9 enable the determination of the reduction
of the apparent molecular weight and dispersity of the formed SCNPs from their linear

precursors based on SEC data.

In addition, the size or hydrodynamic radius Rn can be calculated from SEC, which is

given by the power-law of Fetters et al.
R, = 1.44 x 1072 M3561 (10)

The expression is valid for samples measured in THF with PS standards.!*72 With
expression 10, the Rn of the initial polymer as well as the resulting SCNP can be
predicted. Pomposo et al. used equation 10 for the calculation of the linear precursor
and developed formula 11 to estimate the size reduction of the polymer upon
folding:[73l

R =Ry(1—x)%6 (11)

Here, Ro is the size of the initial polymer sample based on equation 10 and x is the
functional group density. For the formula, a Flory-like argument was used to deduce
the equation. Further, the SCNPs dissolved in good solvents are assumed. For the
complete deduction of equation 11, the interested reader is referred to the original
literature.l173 With this formula it is possible to empirically estimate the size reduction
of the SCNP by only having measured the SEC chromatogram of the parent polymer.
From equation 11 it is obvious that there are some shortcomings. In the case of x =1,
the SCNP would have a resulting radius of 0 nm and thus and infinite density, which
definitely would not hold true. Accordingly, the reported equation must be wrong.

Nevertheless, the reported equation 11 helps to empirically estimate the size reduction
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prior to the single-chain collapse, which is also reflected by successfully employing the

formula to numerous examples reported in literature.

2.5.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

Generally, nuclear magnetic resonance (NMR) spectroscopy is practiced as the
standard method for the determination of the molecular structure of molecules and to
verify the existence of certain functionalities within the molecular structure. Here, the
most commonly used techniques are proton and carbon NMR experiments. In the
course of single-chain folding, these methods are not sufficient, since they only provide
information about the success of a (crosslinking) reaction or the interaction of non-
covalent functional groups, resulting in a shift or the appearance of new resonances.
Evidence about the intra- or intermolecular nature of the folding event cannot be
determined by the proton or carbon NMR spectra. However, some more specialized
NMR techniques exist for the assessment of the nature of crosslinking effects. The
most employed technique here is diffusion ordered spectroscopy (DOSY), which will

be discussed in the following paragraphs.

2.5.2.1 Diffusion Ordered Spectroscopy (DOSY)

Diffusion ordered spectroscopy (DOSY) measures — as indicated by the name itself —
the diffusion of a molecule in solution and thus provides the diffusion coefficient of the
measured sample. The diffusion coefficients, D, can be determined for every
resonance — and thus functional group — in the proton (*H) NMR spectrum.[174-176] The
diffusion coefficient of a spherical molecule is related to its hydrodynamic radius, Rn,
and can be expressed by the Stokes-Einstein equation (refer to equation 12):

kgT
o 6TNRp

(12)
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In the formula, ks, is the Boltzman constant, T the temperature, n gives the viscosity of

the solution and R is the hydrodynamic radius of the molecule.

As indicated above, DOSY indirectly is able to provide the size of the measured sample
and is thus is a widely used characterization method in polymer chemistry, if the
hydrodynamic size of a polymer is of interest. Especially in the realm of single-chain
folding the size reduction plays an important role, since the size reduction of the SCNP
compared to its parent polymer leads to an increase of the diffusion coefficient of the
individually compacted chains within the chain ensemble. Consequently, the diameters
of the precursor polymers and the resulting SCNPs are different and can be estimated
by applying the Stokes-Einstein equation.l194176-1791 DOSY experiments can also help
to understand the formation of single-chain architectures. Measuring different
concentrations, DOSY helps to differentiate between inter- and intramolecular

aggregations due to different diffusion coefficients.

In the following paragraph some theoretical knowledge about the DOSY experiment is
provided. In Figure 9, the coordinate system that is referred to in the following

paragraphs is illustrated, with the magnetic field Bo along the z-axis.

yA
BOA

T X

» v (Detector

Figure 9. Coordinate system for the discussion of diffusion ordered spectroscopy (DOSY). The
static magnetic field By is applied along the z-axis, the detector is along the y-axis and the
pulses are applied from the x-axis.

The measurement of diffusion is based on the fact that the position of a spin can be
spatially labelled (indirectly) by application of a pulsed magnetic field gradient,
changing the spins Larmor frequency. A first gradient pulse encodes the previously

aligned magnetization and causes a corkscrew effect, which is followed by the time A,
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where the molecules are allowed to diffuse. A second gradient pulse decodes and
realigns the magnetization. The strength of the corkscrew effect is dependent on
gradient strength as well as the gradient pulse length 8. The signal intensity is given
by equation 13 and was developed by Stejskal and Tanner, where y is the
gyromagnetic ratio, G represents the strength of the gradient pulse, A is the mixing
time between the pulsed gradients, 8 is the duration of the pulse and D is the diffusion
coefficient.[176:180.181] The complete mathematical derivation will not be discussed here.

The interested reader is referred to other reviews in this field.[182-184]
I = Iyexp[-y?G?6% (A — 2) D] (13)

Stejskal and Tanner developed the pulsed magnetic field gradient (PFG) methods
(refer to Scheme 12). The Larmor equation (equation 14) describes the effects of the

gradient on nuclear spins.
wo =YBy (14)

wo is the Larmor frequency and Bo the static magnetic field strength in z direction and
y is the before mentioned gyromagnetic ratio. Bo is assumed to be spatially
homogeneous and consequently o of the sample is the same. Nonetheless, if there is
another spatially magnetic field gradient, ® becomes spatially dependent. The Bo field
is typically in z direction and thus DOSY measures diffusion along the z-axis, although
the x and y directions would also be possible. When only one gradient orientated along
the z-axis is applied, the magnitude of G is a function of the position of the z-axis only.

The cumulative phase shift for a single spin is given by equation 15.
®(t) = yBot + [, G(t") + z(t')dt’ (15)

The first part of the right-handed term represents the phase shift due to the static field
and the second part of the term is the phase shift due to the applied gradient. The
second part of the term is proportional to the type of nucleus (linear dependence on y)
as well as the strength of the gradient, the duration of the gradient and the

displacement of the spin along the gradient direction.
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90° 180°

i

t, t+A

Scheme 12. Schematic illustration of the Stejskal and Tanner or pulsed magnetic field (PFG)
sequence. Adapted from ref [184]. © 1999 with permission from Elsevier.

The PFG or Stejskal and Tanner sequence circumvents several limitations compared
to steady gradient experiments. First, the lines are not broadened due to the fact that
the gradients are off during acquisition, which allows for the measurement of diffusion.
Second, the radiofrequency (rf) power must not be raised to interpret a gradient-
broadened spectrum. Next, by the use of larger gradients smaller diffusion coefficients
can be measured. Another advantage include the use of gradient pulses, resulting in
a well-defined time where diffusion is measured. Finally, gradient pulses make it

possible to separate diffusion effects from spin-spin relaxation.

Qualitatively, the ensemble of diffusion spins in thermal equilibrium are rotated from
the z-axis in the x,y-plane by 90° pulse (refer to Scheme 12). Next, a gradient pulse of
the duration & and magnitude G is applied in the first period T at time tz1, resulting in a
phase shift of the spins i at the end of the first t period. The shift of spin i is expressed

by the following equation:
t1+6
®,(t) = yByt + YG ftl z;(t)dt (16)

Here, the first term phase shift results from the main static field and the second part of
the term results from the applied gradient. Due to the assumption of a constant
amplitude gradient, G is taken out of the integral. After the first T period, a 180° rf pulse
is applied to reverse the sign of the phase. A second gradient pulse of equal magnitude
and duration is applied at time ti+A. In case the spins did not diffuse along the z
direction, the spins refocus if the applied gradient pulses are aborted. In this case, a

maximum signal will be detected. In the other case — if the spins have moved — the
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degree of dephasing is proportional to the displacement in the direction of the gradient
in the time period A, which is caused by the applied gradient. Hence, the recorded
signal is attenuated and with increasing diffusion the signal becomes more and more
attenuated. Some advantages have already been stated above, e.g. the PFG methods
has also a drawback, which is the long period in the X,y (transverse) plane. The
transverse magnetization is then subjected to J-modulation effects as well as
transversal relaxation. The transversal relaxation can be especially short for
macromolecules, which then results in a loss of signal. Complete refocusing is
prevented by J-modulation, if hard pulses exchange the spin states of nuclei that are

attached to the nucleus of concern.[182.184]

The disadvantage of the transverse magnetization can be overcome by the so-called
stimulated echo (STE) sequence that was investigated by Hahn in 1950.[!8% The STE
sequence contains three 90° pulses (refer to Scheme 13) and the signal or echo is
recorded after the last pulse and is called stimulated echo. The STE sequence can
generate up to five echoes and can be used for measuring the effects of diffusion. The
second 90° pulse stores the magnetization by rotating the spins in y-direction back into
the z-direction, while the spins in x direction remain unaltered (transverse) and
contribute to the first and second echo. After a storage time Tw, the third 90° pulse flips
the z-components back into the y-direction, where they are refocussed by a second

gradient pulse and a STE signal is detected.

90° 90° 90°
i T I Ty I T
i 6 0 . i 0 i
I

—

Scheme 13. Schematic illustration of the stimulated echo (STE) sequence. Adapted from ref
[184]. © 1999 with permission from Elsevier.

The advantage of the STE sequence is that the evolution time T for the transverse
magnetization can be limited. The relaxation depends primarily on Ti, which is
significantly longer than the T2, resulting in the enhancement of the signal. Those
characteristics mark an improvement compared to the PFG sequence with the short 1
values, which are only slightly longer than the gradient pulse duration 6. However, the

developed improvements of the PFG sequence lead to the problem of eddy currents.

=40 -



2.5 Characterization Methods

The eddy current in the STE sequence arises after the final gradient pulse and since 1
has to be kept short in this method the effects are significant and dependent on the
gradient pulse strength. Some changes to the STE sequence have been made to
suppress the eddy current effects, resulting in the improved longitudinal eddy current
delay (LED) sequence. In the LED sequence, two more pulses are inserted (refer to
Scheme 14). Here, a fourth 90° pulse stores the magnetization in longitudinal direction
while the eddy current decays during the eddy current settling period Te. The
magnetization is then recalled with the fifth and last 90° pulse, after which the echo

can be measured.

90° 90°

o I

Scheme 14. Schematic illustration of the longitudinal eddy current (LED) delay. Adapted from
ref [184]. © 1999 with permission from Elsevier.

Alternatively, the best way to overcome the effects of eddy currents is to use the bi-
polar LED (BPLED) sequence that was introduced by Wu et al.['8¢] Here, each gradient
pulse of the LED sequence is replaced by two pulses of contrasting polarity
(G and -G). In addition, these two pulses are separated by a 180° pulse (refer to
Scheme 15). Hence, the applied G-180—(-G) sequence diminish the eddy

currents. [180.184,187]
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Scheme 15. Schematic illustration of the bi-polar longitudinal eddy current delay (BPLED).
Adapted from ref [184]. © 1999 with permission from Elsevier.
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Typically, eddy currents have settling times of hundreds of milliseconds, hence the
eddy currents generated by the first (positive polarity) pulse can be eliminated by a
second (negative polarity) pulse that follows a few milliseconds after the first pulse.183]
Similar to the Stejskal and Tanner signal attenuation given by equation 2, the signal
attenuation in the BPLED sequence due to diffusion can be expressed by equation 17.

I = Ioexp[—yzGZSZ( _g_%g) D] (17)

2.5.3 Electron Paramagnetic Resonance (EPR) Spectroscopy

Electron paramagnetic resonance spectroscopy (EPR) has not been used for the
characterization of single-chain nanoparticles in the literature, yet it was used for the
characterization of radical polymers within this thesis as well as for the characterization
of the SCNP folding/unfolding of nitroxide containing polymers (refer to Section 3.1.2
and Section 3.2.2). Thus, EPR will be discussed in the following paragraphs.

Electron paramagnetic resonance spectroscopy is similar to NMR spectroscopy, but
more specific and not as widely applicable. In EPR spectroscopy, the sample must
contain unpaired electrons, so a signal can be detected.['8818% Generally, an EPR
spectrometer consists of a source for microwave radiation, a sample chamber, detector
and an electromagnet with fields of about 0.3 T. A free electron has a magnetic dipole

moment, which is given by equation 18.

1= gusS (18)

Here, S is the spin quantum number for the rotation and us is a constants. The Landé-
factor g is also a constant. The energy of the relevant magnetic dipoles in an external

field with a magnetic field strength Bo is expressed by
E = uB = gugSB, (19)

Electrons can either be in the ms = + ¥2 or ms = - %2 state. The transition between the
two states depends on g and the requirement for the resonance and the transition is

given by:
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hv = gugB, (20)

The resonance condition for an external field with the strength of one Gauss a
frequency of 2.8 MHz is required. If the magnetic fields have several thousand Gauss
the frequency increases into the realm of microwaves (about 10 GHz).

The g-factor gives information about the electronic structure of the system and is
similar to the shielding constant in NMR, yet provides information about how applied
fields can induce streams in the molecule and which magnetic fields cause these
streams.[182.1%0] The deviation of g from the free electron is proportional to {/AE, where
¢ is the spin-orbit interaction constant. The g-factor is also anisotropic and depends on
the orientation of the radical with regard to the applied field and only detectable in solid

state, since it is averaged in solution.

In case the resonance conditions are fulfilled, parts of the microwave energy is
absorbed and electron spin resonance occurs and the wave is damped. Practically,
the absorption maximum is reached by variation of the magnetic field strength.
Unpaired electrons such as radicals are not only in the external field of the magnet, but
also in the magnetic field of neighbouring nuclei, if they have a nuclear spin | # 0,
leading to complex splitting of the energy levels and thus to numerous energy
transitions. The splitting is also called hyperfine structure, giving information about the
chemical structure of the radical. If a radical has N equivalent nuclei with the spin
guantum number | the hyperfine structure shows 2NI+1 lines in the spectrum. For
further information about EPR as well as hyperfine splitting, the interested reader is

referred to standard text books and reviews.[189.191]

2.5.4 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), also referred to as photon-correlation spectroscopy,
measures time-dependent properties such as the hydrodynamic radius or the

translational diffusion coefficient.[169.192,193]

In DLS measurements a monochromatic, coherent laser is typically used as light

source. Through optical mirrors and lenses the light beam is focused on the sample.
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The laser emits light of a certain polarization, which determines the scattering intensity.
For small samples, where patrticle sizes are smaller than A/20, light is scattered in all
directions. For particles larger than 20 nm, oscillating dipoles are generated and the
emitted light waves possess a phase difference. The interference of emitted light of the
“‘large” particles leads to a nonisotropic angular dependency of the scattered light
intensity. The interference patterns of the scattered light is characteristic for the size
and shape of the particles.[2%4

Some fundamental principles of DLS will be discussed in the following paragraphs. For
more detailed information and mathematical derivation the interested reader is referred
to text books.[193-195]

The basic principle of DLS is the so-called Doppler-effect. Here, a source that emits
sound or light with a certain speed, v, moves relative to the detector, thus the wave
getting to the detector has a shift, the so-called Doppler-shift. Dissolved molecules can
rotate in all directions and may have different velocities. In addition, the molecule can
rotate altogether or only some parts of them, resulting in many differently shifted
frequencies regarding the originating frequency. The resulting spectrum is called
optical Doppler-shift spectrum S(g,w) and is the sum of many Lorentz-functions that
contain the Form-factor Pxm(X, m) and the argument of the Doppler-shift spectrum
Gkm(g, M) among others. Both are dependent on the pattern of the scattering molecule
and hence are different for spheres, coils or rods. For instance, for a sphere X = R;
Gkm = ¢°D and Pxm = k = m = 0. Here q = (41tn/A)sin(6/2), where 6 is the angle of the
detected scattered light, n the refractive index of the used solvent and D is the

translational diffusion coefficient.

Experimentally, the autocorrelation function is determined because there are
difficulties in the determination of the optical spectrum S(q,w). The difficulties are
caused by the speed of motion of the molecules, which is small compared to the
velocity of light. Thus, not the optical spectrum is detected but the autocorrelation

function gi(t), which is expressed in equation 21
9:1(@,0) = g:(®) =< X(@OX"( + ) >= Jim () [, XX (x + )dr (21)

Here, a photon-counter is necessary to measure the incoming photons of the signal

source to define the autocorrelation function. X(1) gives the signal at the time 1 and
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X(1 + t) the signal intensity of the same signal at At and gai(t) is the arithmetic mean of
the product of X(1) and X(1 + t).

The Wiener-Khinchine-theorem (refer to equation 22) correlates the autocorrelation

function and the optical spectrum S(q,w).

S(q.w) = f,” g:(t) exp(—iwt) dt (22)
After Fourier transformation, gi(t) is deduced:
91(t) = Xm P (X, m) exP(—Gk,m(CI' M)t) (23)
In case of only translational diffusion, equation 24 is simplified to:
91(t) = Py o(X)exp(—q*Dt) (24)

Here, D is the diffusion coefficient and via the Stokes-Einstein equation 25 the
hydrodynamic radius is accessible.

_ kpT
- 6TNRp

(25)

The above discussed equations are only valid for monodisperse systems. When
polydisperse systems are considered, a probability-density-function G(I) is defined:

9:(0) = [ G(I) exp(~Tt) dr (26)

To determine the diffusion coefficient, several mathematically demanding methods can
be applied to determine the autocorrelation function. One way to get access to the
autocorrelation function, ga(t), is to use a homodyne-procedure and via the Stiegert-
relation gi(t) can be determined:

92(t) = A+ Blg:(D)]? (27)
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2.5.5 Mass Spectrometry

Mass spectrometry evolved as a powerful tool to analyse chemical and polymeric
substances and to characterize their molecular structure as well as providing
information about the molar mass distribution.!1%:1971 |n mass spectrometry, the mass-
to-charge (m/z) ratio of the analyte is detected in the gas phase. An important
parameter in mass spectrometry is the resolution R. The resolution is defined by the
resolving power of the spectrometer as M/AM according to the 5% peak height
definition, where M is the mass of a peak and AM the width of the peak at 5% of its
height.[198.199 Moreover, the analyte must be charged to be detected in a mass
spectrometer. The pathway of the gaseous ions is controlled by electric and/or

magnetic fields.[200.201]

A mass spectrometer consists of a sample injection device, an ion source for ionization,
an ionization system, a detector and a computer. Initially, the sample is injected by the
inlet device, followed by the ionization in an ion source, since non-charged species
cannot be detected. The mass spectrometer functions under (ultra) high vacuum to
avoid collisions of the analytes with atmospheric gas molecules. There exist different
techniques for the ionization and these can be categorized into hard and soft ionization
methodologies. Soft ionization techniques such as matrix assisted laser desorption
ionization (MALDI),12%? in which a laser vaporises the analyte that is embedded in a
matrix or electrospray ionization (ESI), allow for the structural elucidation due to the
intact non-fragmented ionization of the sample.[293-205 On the other hand, there are the
hard ionization methods, in which the analyte is destroyed and fragments are detected
such as fast atom bombardment (FAB)[2%! or electron-impact ionization (EI).[2°71 ESI
MS has been used within the course of this thesis and will be discussed in the following

paragraph.

After ionizing the analyte in the gaseous phase, the ions are separated in the mass
analyser. The most popular analysers are: (i) the time-of-flight (TOF) analyser that
separates the ions by their velocity within a field free field path; (ii) the quadrupole
mass analyser in which ions with a certain m/z ratio oscillate on specific trajectories
through the electrodes and are subsequently detected; (iii) the quadrupole ion trap that

holds ions with particular m/z values on a three dimensional electrical field, while
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unwanted ions are removed and (iv) Fourier Transform lon Cyclotron Resonance
(FT-ICR) analyzers. Here, a strong homogeneous magnetic field separates the ions
according to their orbital frequency. Finally, (v) the Orbitrap analyser traps the ions by
electrostatic attraction of a spindle-shaped electrode. The ions circulate around the
electrode as well as along the axis of the electrode simultaneously. FT leads to the
frequency of the ions, which can subsequently be used to calculate the m/z ratio of the
sample.l?%8l Thereafter, the dispersed ions reach the detector, which processes the
signals to digital data that are subsequently converted to a mass spectrum by a

computer.

Electrospray lonization Mass Spectrometry (ESI MS)

Given their analytical power, mass spectrometric methods have recently been applied
by the Barner-Kowollik team to single-chain nanoparticles for their characterization on
the molecular level, exploiting electrospray ionization (ESI MS). The field of mass
spectrometry evolved as an important and powerful tool to analyze polymers and
biomacromolecules over the last decades to gain information about their structure. Soft
ionization methods such as ESI MS have been introduced by the group of Mack and
coworkersl?09.2101 and further developed by Fenn and colleagues.[196.211]

As indicated above, ESI MS provides a mild method to bring the synthetic polymers to
the gaseous phase unfragmented and is mainly applied to biopolymers such as
peptides, or proteins, because mostly multiple charged species are generated.[212:213]
Systematically, a dilute solution of the sample is injected into a small diameter capillary
or needle at a constant flow. A high voltage is applied to the capillary, which is typically
between 0.5-5 kV. By passing through the capillary, excess charges are accumulated
resulting from the high potential, creating a Taylor cone at the outlet, where the solution
is sprayed. After spraying, the solvent begins to evaporate and an aerosol of highly
charged droplets is generated. The droplets are divided due to the high charge density
on the droplet surface and the resulting Coulomb repulsive forces. Successive fission
leads to droplets that only incorporate a single molecule, which can be
detected.[200.214.215] For synthetic polymers multiple signals are detected in the mass

spectrum, which is correlated to the polydispersity compared to monodisperse
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biopolymers that only give one peak at a certain m/z ratio for one species. The detected
signals are always from analyte molecules that are bound to an ion. Typical ions that
are used for ionization are H*, Na*, K* or NH4*.

Steinkonig et al. used high resolution ESI MS to characterize the formation of single-
chain nanoparticles on a molecular level coupled with size exclusion
chromatography.l?¢ Here, a statistically copolymerized polymer consisting of methyl
methacrylate (MMA) and glycidyl methacrylate (GMA) has been prepared. The
collapse was induced by intra-chain ring opening metathesis polymerization (ROP)
using B(CsFs)s as catalyst. The resulting SCNPs are stable during the ionization
process and thus were characterized by ESI MS. For the collapse, two main scenarios
were observed: First, the bimolecular coupling and second: propagation. During
bimolecular coupling, two GMA units react, which is entropically favoured. The
assumption is supported by SEC ESI MS measurements, showing predominantly the
bimolecular coupling compared to the propagation. Second, during the propagation
mechanism at least three GMA units react, as described for ROP. In addition, the
formation of single-chain architectures was underpinned by the characteristic SEC shift

towards higher retention times.

2.5.6 Atomic Force Microscopy (AFM) and Transmission Electron
Microscopy (TEM)

The above discussed methods for characterizing single-chain nanoparticles are
performed in solution. However, in the literature solvent-free imaging techniques such
as atomic force microscopy (AFM) and transmission electron microscopy (TEM) are
employed to characterize single-chain architectures. Through the imaging methods,

conclusions about the size and shape of the polymeric nanoparticles can be drawn.

AFM is a form of scanning tunnelling microscopy (STM) with high resolution.[227-2191 |n
force microscopy, a cantilever-type spring is equipped with a probing tip, which is
moved across the sample surface during measurement. During the scanning process

the tip-sample interactions lead to position dependent deflections of the cantilever
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following Hooke’s law.[?17:2201 The deflections are caused by forces such as van der
Waals, electrostatic, magnetic or capillary and other forces giving information about
e.g. the surface topography. Typically, the cantilever deflection is measured by optical
methods. Here, a light beam is reflected from the top of the cantilever. The force is
kept small by applying a feedback mechanism and to prevent collisions of the tip with
the sample. The adjustment of the distance between tip and sample is realized by small
piezoelectric elements.[?18219.221.222] Thys, the tip follows the contour of the measured
sample, leading to a point-by-point picture of the surface. The resolution of AFM
depends on the radius of curvature of the tips (typically 10-30 nm), the thickness of the
tip and roughness of the sample amongst others. AFM resolution can be as precise as
0.1 to 10 nm.

Plenty of studies investigating SCNPs employed AFM to characterize their
structures.[110.223-226] Aggregation of the nanoparticles during the evaporation process
as well as dewetting effects need to be prevented by careful preparation of the sample
for AFM analysis.[?27-22%1 The Meijer group used the AFM technique in various studies
for the characterization and visualization of polymeric SCNPs. The formation of
nanoparticles by the dimerization of Upy moieties has been visualized, for instance.!1%7]
The AFM monitored particles show smaller diameters compared to the initial parent
polymers and showing a “fried-egg” structure. In addition, they were able to monitor
the time dependent decrease of the diameter resulting from the degree of deprotection.
The Upy moieties were protected, so the parent polymer is stable and not immediately
dimerizing. AFM measurements confirmed the SEC results, revealing a more
pronounced shift to smaller diameters. In another study, the same group found that the
Upy dimerization lead to aggregates after slow evaporation of a diluted solution, similar
to other synthetic nanopatrticles and even proteins.®”] Furthermore, Hosono et al. used
an AFM-based single-molecule force spectroscopy to gain information on the internal
structure of the folded polymer. Here, no AFM scans were performed, but a AFM
cantilever was used to stretch the polymeric chain of a SCNP and to mechanically
induce the unfolding of the BTA or Upy folding motifs.[*!] The stretching leads to
rupture events, resulting in force-extension profiles, giving insight into the internal

conformation of the SCNPs.
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Besides AFM, single-chain polymeric nhanoparticles can be visualized by transmission
electron microscopy (TEM). In doing so, an electron beam is directed onto a conductive
sample and the transmitted electrons are used for imaging. The resolution of TEM
microscopes is sufficiently high in the nanometre scale to depict the formed
nanoparticles. In addition, contrasting agents such as ruthenium oxides can be applied
to enhance the contrast between the surface and the sample. Since TEM does not
need any contact with the surface during the measurement particle distortion is
prevented, it is a useful technique to get information about the dimensions of SCNPs.
Furthermore, the shape of the particles is revealed and numerous studies used TEM

for imaging of prepared intramolecular folded structures.[76.91,104,105,230-232]

AFM and TEM both have some disadvantages. The sample preparation in AFM and
TEM needs to be carefully accomplished, nonetheless the evaporation of the solvent
is potentially leading to deviating results. The SCNPs might form “pancake” structures,
which is not representative of the SCNP in solution. Here, after drop casting the
samples onto the surface, the SCNPs can flat out on the outer parts of the SCNP, while
the inner part might be unchanged. Further, the visualized SCNP might consist of more
than one polymer chain. Moreover, in TEM the sample must be conductive, which is
certainly not the case for most polymers. The coating of the polymers as well as the
addition of contrasting agents potentially leads to changed structures of the SCNP or
even aggregation of multiple chains. In addition, the structure in the solid state could
significantly differ from the configuration in solution, which is necessary for most of the
other characterization techniqgues such as SEC or NMR. Thus, AFM and TEM

potentially lead to deviations to other characterization methods.
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DYNAMIC SINGLE-CHAIN NANOPARTICLES

3.1 Selective Point Folding Approach

Section 2.2 outlines variable approaches to realize dynamic intramolecularly collapsed
three dimensional single-chain nanostructures, with the selective point folding avenue
being one of them. Placing the orthogonal folding motifs at precisely (pre)selected
points along the polymeric backbone is often a synthetic challenge, requiring
demanding synthetic efforts. Thus, only few examples of single-chain nanoparticles
prepared via the selective point avenue are found in the literature to date. Within the
current section, the systems developed within the present PhD thesis in the realm of
the selective point folding are presented. Generally, the folded structures are
presented as loops, although more complex structures such as entanglements within
the polymeric backbone, are most probably obtained, leading to architectures that
deviate from the assumed cyclic structure for the single-chain nanoparticles (SCNPs).
Synthetically, the loop is the simplest way of folding and thus representative of the
single-chain folded structures in the selective point folding approach. Figure 10
provides a schematic illustration of the developed methodologies towards well-defined
single-chain collapsed structures. Further, the high resolution electrospray ionisation
mass (ESI MS) analysis of polymers containing different amount of nitroxide radicals
is presented. Within the project of the spin-labelled system (refer to Figure 10A) the
analytical gap of employing ESI MS to nitroxide containing polymers was thus closed

by synthesizing polymers featuring different amounts of nitroxide radicals within the
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3.1 Selective Point Folding

polymeric backbone. The polymers featuring the nitroxides were characterized by high
resolution ESI mass spectrometry to access the molecular information such as
chemical structure and composition of the prepared polymeric structures and thus
found the analytical basis for the structural characterization of nitroxide containing
SCNPs.
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Figure 10. Schematic illustration of the selective point folding methodologies presented in the
current section. (A) the single polymer chains folded via a hydrogen bonding system in - and
w-position. (B) the selective point folding induced by a dual folding system consisting of a
hydrogen bonding system (Hamilton Wedge/cyanuric acid) and metal complexation and (C)
the analysis of nitroxide containing polymers with high resolution mass spectrometry as an
analytical concept to image folding systems containing nitroxide radicals.
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3.1.1 Spin Labelling of a Hydrogen Bonding System

3.1.1 Spin Labelling of a Hydrogen Bonding System

In previous studies, the hydrogen bonding motif of Hamilton Wedge (HW) and cyanuric
acid (CA) was investigated by our group in the selective point folding approach and
successfully implemented into the field of single-chain folding. Further, SCNPs were
designed combining the HW/CA recognition unit with the benzene-tricaboxamide
(BTA, refer to Section 2.4.1) in the repeat unit methodology.[*8-50.198] |n addition,
theoretical simulations investigated characteristic features of the interacting HW/CA
hydrogen bonding motif such as the distance of between the motifs after the hydrogen
bonds are established.?3%l The following paragraphs describe the synthesis of the
linear precursor polymers, featuring the HW/CA motif and to further enhance the
system compared to the already existing examples, a spin-label is attached close to
the HW moiety. Here, the spin-label enables multidimensional nuclear magnetic
resonance (NMR) measurements to investigate the folding behaviour and
experimentally determine the distance of the established hydrogen bonds upon single-
chain collapse.*$ In order to achieve the folding, a heterotelechelic styrene based
polymer has been prepared that features the cyanuric acid and Hamilton Wedge on
the respective chain ends. After the attachment of the spin-label, i.e. 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO) in penultimate position, close to the HW moiety,
the collapse is induced in highly diluted solutions.

*The current project was carried out in collaboration with the NMR group of Prof. B. Luy (KIT).
All small molecule compounds and polymers were designed and prepared by T. S. Fischer
unless otherwise stated. NMR experiments other than *H and *C NMR experiments were

conducted by S. Spann in the group of Prof. B. Luy.

SParts of the section are adapted or reproduced from T. S. Fischer, J. Steinkonig, H. Woehlk,
J. P. Blinco, K. Fairfull-Smith, C. Barner-Kowollik, Polym. Chem., 2017, 8, 5269-5274. with
permission of the Royal Society of Chemistry. T. S. Fischer designed and conducted the
synthesis of the polymers as well as the evaluation of the mass spectra and wrote the
manuscript. J. Steinkoénig conducted the mass spectrometric measurements, H. Woehlk,
measured EPR, J. P. Blinco, K. Fairfull-Smith were involved in scientific discussions and C.

Barner-Kowollik motivated and supervised the project.
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3.1 Selective Point Folding

Thereafter, the folding is investigated by multidimensional NMR experiments
accessible by the spin-label such as nuclear Overhauser enhancement (NOE). The
TEMPO spin-label influences the relaxation rate dependent on the distance of the
protons to the paramagnetic centre, which can be exploited to determine the distance
of the folding motifs in the collapsed state. In order to investigate the influence of the
chain-length on the folding behaviour, polymers with different molecular weights were
synthesized. In addition, the folding of the polymers was characterized by *H NMR as

well as diffusion ordered spectroscopy (DOSY).

Synthesis of the Hamilton Wedge and Cyanuric Acid Functional Folding Motifs

Initially, the Hamilton Wedge functionality that is to be attached to the polymer via
copper azide-alkyne cycloaddition (CUAAC) was prepared in a multi-step synthesis
(refer to Scheme 16). In addition, the HW moiety has to feature a free hydroxyl
functionality to which the spin-label (TEMPO) can be attached after the HW
functionality is tethered to the polymeric backbone. In a first step, the monosubstituted
diaminopyridine (3) was prepared by reacting 2,6-diaminopyridine and tert-
butylacetylchloride (17). Secondly, in an esterification, the protected
hydroxydiisophthalic acid (4) was synthesized and subsequently reacted with 3 to yield
the protected HW species 5. The 'H NMR of 5 shows the characteristic amine proton
resonances at 5.68 ppm, thus indicating the success of the reaction. The deprotection
of 5 was achieved under basic conditions using 1.2 M NaOH, affording the hydroxyl
functional HW 6. The *H NMR spectrum of 6 as well as the assignment of the
resonances is shown in Figure 11. All intermediate structures were confirmed via
proton and carbon NMR spectroscopy. The synthetic protocols as well as the

characterization of all structures are collated in the Experimental Section 5.3.1.
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Figure 11. 'H NMR spectrum of the hydroxyl functional Hamilton Wedge 6, measured in
DMSO-ds (298 K).
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Scheme 16. Synthetic strategy for the preparation of the HW functionality. (i) dioxane, ambient
temperature, 24 h. (i) NaOH, H20, Et,O, ambient temperature, 4 h. (iii) 1. THF/DMF. 2. THF,
16 h. (iv) 1.2 M NaOH, ambient temperature, 5 h.
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In order to couple the HW compound to the polymer, 6 was further modified resulting
in the final compound 11 featuring the required HW moiety as well as the free hydroxyl
functionality (refer to Scheme 17). Here, initially the acetal protected 2,2-bis-
(hydroxymethyl)-propionic acid 7 was prepared. The acid functionality was esterified
with propargyl alcohol to obtain the alkyne functionality that can undergo CUAAC. Next,
the acetal protected compound 8 was deprotected, affording the free hydroxyl
functionalities of which one was modified in an esterification with bromo acetylchloride
to install a bromine functionality that can readily be modified with 6. Subsequently, in
an etherification 10 was reacted with 6 using potassium carbonate to yield the final
organic compound 11 that can be tethered to the polymer via CUAAC and further
features the required functionalities, i.e. HW for the folding reaction and an additional
hydroxyl functionality to be reacted with 4-hydroxy TEMPO serving as a spin-label. The

formation of 11 was confirmed by *H NMR spectroscopy (refer to Figure 12).
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Figure 12. *H NMR spectrum of the alkyne functional HW compound 11 featuring an additional
hydroxyl functionality, measured in DMSO-dg (298 K).
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Scheme 17. Synthetic pathway to the HW functional organic compound 11. (i) p-TsOH
monohydrate, acetone, ambient temperature, 2 h. (i) DMAP, DCC, DCM, ambient
temperature, 24 h. (iii) Dowex H*-resin, MeOH, ambient temperature, 12 h. (iv) TEA, THF,
ambient temperature , 12 h. (v) K.COs, ambient temperature, 72 h.

Concomitantly, an initiator able to induce activator regenerated by electron transfer
(ARGET) atom transfer radical polymerization (ATRP) to obtain well-defined polymers
was prepared in a two-step procedure (refer to Scheme 18). Simultaneously, the
initiator features the complementary motif to the HW functionality — cyanuric acid — to
induce the single-chain collapse. In the first step, compound 14 was prepared by
substitution of the bromine functionality of the 11-bromoundecanoic acid (13) with
cyanuric acid (12). Next, the hydroxyl functionality of 14 was modified in an
esterification with a-bromoisobutyryl bromide to yield the cyanuric acid functional
ATRP initiator 15. The structure of 15 was confirmed by 'H as well as * C NMR
spectroscopy, the *H NMR spectrum is depicted in Figure 13. The 'H NMR spectrum
displays the characteristic amide proton resonances at 11.37 ppm and the methyl

resonances at 1.88 ppm.
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Scheme 18. Synthetic strategy for the preparation of the cyanuric acid functional ATRP initiator
15. (i) DBU, DMF, 70 °C, 24 h. (ii) TEA, DMAP, THF, ambient temperature, 24 h.
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Figure 13. 'H NMR spectrum of the cyanuric acid functional ARGET ATPR initiator 15,
measured in DMSO-ds (298 K).

Synthesis of the a-,m-Functional Polymers

For the synthesis of the heterotelechelic polymer the strategy presented in Scheme 19
was designed. Polymer P1 was synthesized using the previously synthesized cyanuric
acid functional ARGET ATRP initiator 15 and styrene under ARGET ATRP conditions.
Three polymers (P1-P3) differing in molecular weights and thus chain lengths were
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Table 1. Molecular characteristics of the prepared polymers. The molecular weights and
polydispersities of the polymer samples P1-P12 are depicted.

ID Mn /g mol* b

P1 4400 1.08
P2 12400 1.10
P3 28600 1.09
P4 4400 1.07
P5 13600 1.04
P6 28700 1.10
pP7 5500 1.06
P8 14400 1.04
P9 29500 1.09
P10 5600 1.05
P11 15200 1.05
P12 30200 1.09

prepared. The molecular characteristics of the polymers are collated in Table 1 (entries
2-4). The initially synthesized polymers display narrow molecular weight distributions
and low polydispersities that are characteristic for ATRP polymers. Subsequently, the
bromine functionality was replaced by an azide functionality in a nucleophilic
substitution reaction. The azide functionality is installed in w-position for further
modification via CuAAC, which requires an azide moiety. The modification of the
polymers was followed by 'H NMR to verify the successful and quantitative

transformation of the bromine functionality, resulting in a shift from 4.4 ppm to 3.9 ppm.

The second post-polymerization modification was the above mentioned CuAAC click
reaction of the azide functional polymers P4-P6 with the alkyne functional HW moiety
11. As catalytic system, CuSO4x5H20 and sodium ascorbate were employed in DMF.
Within the scope of 'H NMR spectroscopy, the quantitative modification of the
polymers was confirmed. The CH-Ns resonance at approximately 3.9 ppm disappeared
and the CHa-triazole proton resonances emerge after the reaction at approximately
5.2 ppm. In addition, the characteristic NH resonances at 9.9 and 9.5 ppm attributed

to the HW appear (refer to Figure 14).
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Scheme 19. Synthetic route towards the a-, o-functional heterotelechelic polymers featuring
a nitroxide spin-label in penultimate position to the HW moiety. (i) styrene, CuBrz, MesTREN,
Sn(EH),, anisole, 90 °C. (ii) NaNs, DMF, ambient temperature, 72 h. (iii) CuSOa4 x5 H-0, sodium
ascorbate, DMF, ambient temperature, 24 h. (iv) DCC, DMAP, DCM, ambient temperature,
48 h.
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3.1.1 Spin Labelling of a Hydrogen Bonding System

Furthermore, in sample P7, the NH resonances of the CA moiety at approximately
13 ppm are visible (refer to Figure 14). Already at this stage the hydrogen bonds are
established and shifted compared to the small molecules, yet most probably the
interaction detected by NMR takes place intermolecularly since intramolecular
interactions are only dominant in highly diluted conditions. In addition, the SEC
displays a shift towards higher retention volumes and thus lower molecular weights
due to the linking of the HW moiety to the polymer (refer to Figure 15 a-c)

In the final post-polymerization modification, the spin label — i.e. 4-carboxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (4-carboxy TEMPO) — was introduced to the polymers in
penultimate position next to the HW functionality. Steglich conditions!?34 were chosen
to attach the TEMPO moiety. In particular, 4-carboxy TEMPO, N,N'-
dicyclohexylcarbodiimid (DCC) and 4-dimethylaminopyridine (DMAP) in DCM at
ambient temperature for 48 h were applied (for full synthetic details refer to the
Experimental Procedures in Section 5.3.2). After the attachment of the paramagnetic
nitroxide radical in penultimate position to the polymer, NMR analysis becomes rather
difficult due to line broadening effects of the paramagnetic centre present in the system
(refer to Figure 14). Commonly, *H NMR analysis is carried out prior to the attachment
or preparation of the paramagnetic species.[?35236] Nonetheless, the effect of line
broadening itself in the measured *H NMR spectra of the polymers P10-P12 indicate
the successful grafting of the nitroxide to the polymer. Further, SEC shows a slight
increase of the molecular weights (Mn) underpinning the successful nitroxide grafting
(refer to Table 1). Furthermore, the modification from P7 to P10 was followed by
electrospray mass spectrometry in negative ion mode. The styrene based polymers
within the current study are generally nonpolar and poorly ionisable through positive
charges such as protons or alkali metal ions using the positive ion mode. Therefore,
the previously established negative ion mode ionization protocol for polymers
pioneered by our team was applied for the detection of the synthesized polymers in
ESI MS.[2371 Here, the polymers are negatively charged using chlorine anions.
Compared to the positive ion mode, the PS can be multiply be charged in negative ion
mode compared to only singly charged species in positive ion mode. The overview
mass spectrum as well as a zoomed in section with the assignments of the structures

is given in Figure 16.
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Figure 14.*H NMR spectra of the CA and bromine functional ARGET ATRP polymer P1 (black
curve), the CA and azide functional polymer P4 (red curve), the CA and HW/OH functional
polymer P7 (blue curve) as well as the CA and HW/TEMPO functional polymer P10 (pink
curve). The spectra for P1 and P4 were recorded in CDCI; at 298 K. The polymers P7 and P10
were measured in DCM-d, at 298 K. Adapted from ref [238] with permission of the Royal
Society of Chemistry.
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Figure 15. SEC chromatograms of the synthesized CA/HW functional polymers featuring an
nitroxide spin label with different molecular weights (refer to Table 1) measured in THF, 35 °C,
1 mL min™ using PS standards for calibration. Graph a) is adapted from ref [238] with
permission of the Royal Society of Chemistry.
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Figure 16. a) Overview ESI mass spectrum of P10 from m/z 1500 to 4800 recorded in negative
ion mode. (c) Expanded region of the ESI mass spectrum of polymer P5 in the doubly charged
area between m/z 2155 and 2215. The most abundant species are labelled as well as the
repeating unit of PS. The assignment of the labelled patterns is provided in Table 2, all
assignments are discussed in the text. Adapted from ref [238] with permission of the Royal
Society of Chemistry.
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3.1 Selective Point Folding

Based on the structural assignments in the mass spectra (refer to Table 2), it is very
likely that the target structure, i.e. P10, has been prepared (refer to structure 0 and @
in Table 2, entries 1 and 2). It should be mentioned, however, that only P10 is
accessible in mass analysis with ESI MS, since the molecular weights of P11 and P12
are too high to fall within the detection limit of the employed Orbitrap mass analyser.[237]
Nonetheless, P11 and P12 are assumed to be similar in composition and structure to
P10 despite the larger Mn, due to the fact that the NMR spectra display the same
resonances for the polymers. Interestingly, the mass spectrum of P10 reveals four
additional species. The most abundant species (refer to Figure 16b and Table 2) is the
doubly charged species of P10. In addition, four low abundant species were assigned
in the mass spectrum. Two species where the nitroxide was oxidized to the
oxoammonium species were also detected (labelled with O and M, refer also to Figure
16b and Table 2). The oxoammonium salts can be generated by applying voltage in
the range of 2.5-4 V or synthetically.[?3%-241 The ionization process in electrospray
ionization uses high redox potential, which may cause the formation of the detected
oxoammonium species. Further, the synthetic conditions employed for P10 or a
prolonged storing period could lead to the formation of the oxoammonium salt. In

addition, in the case of O, the cleavage of the CA moiety was observed.
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3.1.1 Spin Labelling of a Hydrogen Bonding System

Table 2. Peak assignment of the ESI Orbitrap mass spectrum of P10 showing the labels (corresponding to the species in Figure 16b), the resolution
(obtained by the Xcalibur software), the experimental m/z and theoretical m/z values, Am/z and the proposed chemical structures. Adapted from ref

[238] with permission of the Royal Society of Chemistry.

Label Resolution
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3.1.1 Spin Labelling of a Hydrogen Bonding System

Single-Chain Collapse

The folding of P10-P12 to the corresponding single-chain nanoparticles was realized
in high dilution conditions (in the range of 1.4 — 2.3 mg mL™) and characterized by
DOSY measurements. Generally, DOSY provides the diffusion coefficients of the
molecules in solution, based on which the hydrodynamic radius/diameter of the
species can be deduced via the Stokes-Einstein equation 12 (refer to Section 2.4.2.1).
Thus, DOSY measurements provide a suitable platform technology to access
information about changes in the diffusion coefficient upon the single-chain collapse.
The DOSY measurements were performed by the cooperation partner S. Spann (Luy
group, KIT). An overview of the DOSY results is provided in Table 3. It is evident that
with increasing molecular weight, the shift of the hydrodynamic diameter from the open
linear precursor polymer to the SCNP becomes more and more pronounced. In
addition, the larger polymers tend to have higher diameters for the unfolded state. The
smallest polymer P10 displays a shift from 2.7 nm to 4.3 nm, which corresponds to a
collapse of the hydrodynamic diameter by close to 37 % (refer to Table 3, entry 1 and
2). For P11, the Dn increases from 4.0 nm in the folded state to 7.5 nm after the addition
of MeOH to disrupt the hydrogen bonds, corresponding a collapse of close to 47%
(refer to Table 3, entry 3 and 4). Interestingly, for polymer P12 with the highest
molecular weight of 30.0 kDa, a hydrodynamic volume reduction of 61% is observed
between the open unfolded state and the SCNPs.

Table 3. Overview of the single-chain folding and unfolding (diffusion coefficients D and the
calculated hydrodynamic diameter Dy via the Stokes-Einstein equation 12) as well as the

resulting intramolecular collapse measured by DOSY. The DOSY data will be discussed in
detail in the forthcoming PhD thesis of S. Spann, KIT, 2019.

ID Diffusion coefficient D2/ m?3s DnP / nm Collapse / %
P10scnp 3.91x1010 2.7
P10unfolded 2.42x10710 4.3 3
Pllscnp 2.69x1010 4.0
P1lunfolded 1.40x1010 7.5 4
P12scnp 3.55x1010 2.9
P12unfolded 1.13x10%0 7.5 o1
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3.1 Selective Point Folding

The increasing collapse may be associated with the fact that the polymeric backbone
of the larger P11 and P12 could be partly aligned through aromatic stacking of the
aromatic styrene backbone, whereas P10 with a Mn of 5600 Da is not sufficiently long
for the alignment through r-m-interactions. Accordingly, the combination of n-n-
stacking of the polymeric backbone and the hydrogen bonding motif at the chain ends
leads to a higher degree of compaction and thus a more pronounced shift between the

open chain and the resulting SCNP.

Currently, further multidimensional NMR experiments are under investigation by S.
Spann to gain information about the distance of the chain ends during folding. The
distance of the recognition motifs in the folded state can be determined by spin-
labelling the system to influence the relaxation time in NMR analysis. The relaxation
rate depends on the distance of the proton to the spin-marker. Accordingly, the closer
protons are to the nitroxide spin-label, the larger the relaxation rate will be influenced.
In the end, the integration of nuclear Overhauser enhancement spectroscopy (NOESY)
cross-signals or by determination of exact NOEs the distance between the recognition

motifs in the folded state can be deduced.

In summary, a heterotelechelic o, @-functional polystyrene polymer has been
prepared for single-chain folding, featuring the hydrogen bonding motif CA/HW at the
chain ends. Further, a spin-label, i.e. 4-carboxy-TEMPO, was tethered in penultimate
position close to the HW functionality. The spin-label serves as marker for
multidimensional NMR measurements to ultimately gain information about the folding
distance between the recognition units. To investigate the influence of the chain-length
on the folding event, well-defined polymers with different molecular weights, ranging
from 5.5 kDa to 30.2 kDa featuring low polydispersities (below 1.1) were prepared via
ARGET ATRP. The polymers were characterized by *H NMR spectroscopy, high
resolution ESI MS spectrometry as well as SEC. The folding and unfolding of the
polymers was subsequently followed by DOSY. Currently, NMR measurements are
performed to gain the aforementioned folding distance between the HW and CA

moieties as a function of temperature.
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3.1.2 Analyzing Nitroxide Containing Polymers by High Resolution

Electrospray lonisation Mass Spectrometry

After the structure of P10 had been confirmed by high resolution mass spectrometry,
inspection of the literature suggested that nitroxide containing polymers were
previously not characterized by mass spectrometry.l?42 To address the lack of mass
spectrometric analytical data on nitroxide containing polymers, a set of polymers
featuring different contents of free stable nitroxide radicals within the backbone of the
polymer were prepared. The influence of the nitroxide radical content and the chain
length on the mass spectra was investigated by increasing the amount of incorporated
radicals.* Well-defined block copolymers are accessible by nitroxide-mediated
polymerization (NMP). Here, a TEMPO based initiator starts the polymerization (refer
to Section 2.1.1) and is present as end group in the polymers. Hence, the free nitroxide
radicals are tethered to the block copolymer in a post-polymerization modification (refer
to Scheme 21).

First, the initiator for the nitroxide-mediated polymerization (NMP) was synthesized in

a one-step procedure according to literature (refer to Scheme 20).1243

Scheme 20. Synthesis of the NMP initiator 16 in an one-step procedure. (i) CuBr, PMDETA,
toluene, 50 °C, 1 h.

*Parts of the section are adapted or reproduced from T. S. Fischer, J. Steinkonig, H. Woehlk,
J. P. Blinco, K. Fairfull-Smith, C. Barner-Kowollik, Polym. Chem., 2017, 8, 5269-5274. with
permission of the Royal Society of Chemistry. T. S. Fischer designed and conducted the
synthesis of the polymers as well as the evaluation of the mass spectra and wrote the
manuscript. J. Steinkdnig conducted the mass spectrometry measurements, H. Woehlk,
measured EPR, J. P. Blinco, K. Fairfull-Smith helped with scientific discussions and C. Barner-

Kowollik motivated and supervised the project.
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The structure of 16 was confirmed by 'H NMR (refer to Figure 63, Section 5.3.1).

Subsequently, the NMP initiator was used for NMP copolymerization of styrene and 4-
(chloromethyl)styrene (CMS, refer to Scheme 21) to afford statistical copolymers
poly(styrene-stat-4-(chloromethyl)styrene) (p(S-stat-CMS, P13-P16) with varying
amounts of incorporated CMS units within the polymeric backbone, which are 9.3, 15.3,
35.7 and 34.9 mol%, respectively. The polymers P13-P16 were further characterized
by high resolution mass spectrometry as well as SEC (refer to Figure 17 and Figure
18 for the overall and expanded mass spectra as well as Figure 19 for SEC traces). As
indicated above, the chain-length was additionally increased from 4300 Da for P13 to
8400 Da for polymer P16 (refer to Table 4).

Ll oo ..
o) . n _n, n
5 + + 00 00
Cl
Cl (6]
16 P13-P16 P13'-P16’ o
N-g

Scheme 21. Synthetic procedure for the preparation of the nitroxide functional polymers P13’-
P16’. (i) P13, P14: 2 h at 125 °C in bulk. P15: 0.5 h at 125 °C in bulk. P16: 1 h at 125 °C in
bulk. (ii) K.CO3s, 4-carboxy TEMPO in DMF for 72 h at 50 °C. Adapted from ref [238] with
permission of the Royal Society of Chemistry.

Table 4. Molecular characteristics of the synthesized P13-P16 and P13’-P16’ polymers. The
molecular weights, dispersity and percentage of incorporated CMS and TEMPO are provided.
Reproduced from ref [238] with permission of the Royal Society of Chemistry.

ID Mn2 /g mol? ba % CMSP % TEMPQO°

P13 4300 1.20 9.3
P14 6000 1.24 15.3
P15 6000 1.37 35.7
P16 8400 131 34.9
P13’ 4800 1.19 11.3
P14’ 6900 1.23 16.3
P15’ 8600 1.29 27.8
P16’ 11100 1.26 29.1

a Determined by SEC. ° Calculated by NMR, using the reported equation from

literature.8% ¢ Determined by EPR.
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Figure 17. Overview and expanded mass spectra of the p(S-stat-CMS, P13 and P14 recorded
in negative ion mode. a) Overview ESI mass spectrum of P13 recorded from m/z 1500 to 3500.
b) Expanded region of the ESI mass spectrum of P13 recorded from m/z 2055 to 2217. c)
Overview ESI mass spectrum of P14 recorded from m/z 1500 to 4000. d) Expanded region of
the ESI mass spectrum of P14 recorded from m/z 2055 to 2217. Adapted from ref [238] with
permission of the Royal Society of Chemistry.

The overall mass spectra of the copolymers P13-P16 are highly resolved and show no
formation of high molecular aggregates at about m/z 3000-3500 or above (refer to
Figure 17a and ¢ and Figure 18a and c). For each polymer in the expanded region
several structures were assigned and could be identified. The assignment of all

assigned species is provided in the Appendix Table Al-Table A4.
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Figure 18. Overview and expanded mass spectra of the p(S-stat-CMS, P15 and P16 recorded
in negative ion mode. a) Overview ESI mass spectrum of P15 recorded from m/z 1500 to 3500.
b) Expanded region of the ESI mass spectrum of P15 recorded from m/z 1983 to 2153. ¢)
Overview ESI mass spectrum of P16 recorded from m/z 1800 to 4000. d) Expanded region of
the ESI mass spectrum of P16 recorded from m/z 1840 to 2010. Adapted from ref [238] with
permission of the Royal Society of Chemistry.

Subsequently, all polymers were modified in a post-polymerization modification by
reacting the chlorine group in a nucleophilic substitution reaction with 4-carboxy-
2,2,6,6-tetramethylpiperidine 1-oxyl (4-carboxy TEMPO), affording the polymers P13’-
P16’. NMR analysis of paramagnetic compounds, especially molecules containing a
persistent nitroxide radical, is challenging and often hampered when the radical is
generated, due to effects such as line broadening. Thus, nitroxide containing
compounds are generally characterized by *H NMR before the paramagnetic radical
centre is generated. Moreover, characterization via SEC does not provide any
molecular information with regard to the polymer microstructure and only provides the
average molecular weights.[235236.2441 Nevertheless, the grafting of 4-carboxy TEMPO
to the polymers P13-P16 was analysed by 'H NMR spectroscopy, to qualitatively

evaluate the post-polymerization modification.
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Figure 19. SEC traces of the polymers P13-P16 and P13’-P16’, measured in THF, 35 °C,
1 mL min? using PS standards for calibration. Adapted from ref [238] with permission of the
Royal Society of Chemistry.

The shift of the CH2 resonance adjacent to the chlorine functionality from 4.52 ppm to
5.16 ppm, indicates the successful attachment of the radical species (refer to Appendix
Figure 79-Figure 81 for the recorded *H NMR spectra for P13-P15 and P13’-P16’),
without providing any structural information, due to line broadening associated with the
persistent nitroxide radical. The SEC chromatogram displays the expected shift
towards higher molecular weights after the ligation (refer to Figure 19), thus confirming
the formation of P13’-P16’. Further proof for the installed nitroxide radicals was
obtained by electron paramagnetic resonance (EPR) spectroscopy (refer to Table 4).
The density of TEMPO can be determined by EPR by establishing a calibration curve
for pure TEMPO and integrating the measured EPR signal of the sample. The EPR
measurements and the obtained results are in excellent agreement with the
beforehand determined CMS content of the polymers from NMR measurements. The

slight discrepancy between the calculated amount of CMS and the obtained nitroxide
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content (9.3 mol% CMS in P13 compared 11.3 mol% TEMPO in P13’, 15.3 mol% CMS
in P14 compared to 16.3 mol% TEMPO in P14’, 35.7 mol% CMS in P15 compared to
27.8 mol% TEMPO in P14’ and 34.9 mol% CMS in P16 compared to 29.1 mol%
TEMPO in P16’) may be due to the accuracy of (i) the calculation of the CMS content,
which is dependent on the precise determination of the integral values and the NMR
spectra themselves and (ii) the EPR measurements and the preparation of the EPR
samples. Nevertheless, EPR confirms the modification of the precursor polymers P13-
P16 to the nitroxide radical containing polymer P13’-P16’.

The so far employed characterization methods did not afford any information about the
structure and chemical composition of the prepared polymers. The molecular and
structural proof for P13’-P16’ was obtained by high resolution mass spectrometry, after
subjecting all nitroxide containing polymers to mass analysis, using the reported
negative ion mode chlorine attachment.[?3”1 By applying the reported method, well
resolved mass spectra were recorded up to approximately m/z = 3500 (refer to Figure

20) even with the non-polar nature of the polymeric samples P13’-P16’.

Inspecting the overview mass spectra, some general observations can be made: (i)
with increasing nitroxide content within the polymeric sample, the mass spectra display
an increasing abundance of high molecular weight species. Already in the ESI MS
spectrum of P13’ that contains the lowest amount of nitroxide radicals some minor
aggregates at approximately m/z = 4500 are observed, although with low abundance.
Interestingly, the sample with approximately 30 mol% TEMPO shows a drift of the
baseline, probably due to the formation of high molecular weight aggregates. As
reported in literature, the TEMPO radicals can form hydrogen bonds with an H-bond
donor. In addition, the dimerization of nitroxides has been reported.[?45246] The effect
of the baseline drift becomes even more pronounced with increasing molecular weight
from P15’ (Mn = 8600 g mol?) to P16’ (Mn = 11100 g mol?). Despite the formation of
the high molecular weight aggregates for all polymers, several structures were

unambiguously assigned (refer to Figure 21 and Appendix Table A5-Table A8).
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Figure 20. Overview ESI mass spectra of the nitroxide containing polymers P13’-P16’
recorded in negative ion mode. (a) Overview ESI mass spectrum of P13’ from m/z 1500 to
6000, showing some minor high molecular weight species between m/z 4000 to m/z 6000. (b)
Overview ESI Orbitrap mass spectrum of P14’ from m/z 1800 to 6000 with increasing ion
abundance of higher molecular weight species compared to (a). (c) Overview ESI Orbitrap
mass spectrum of P15 from m/z 1900 to 6000, showing a significant increase of ion
abundance of higher molecular weight species compared to (a) and (b). (d) Overview ESI
Orbitrap mass spectrum of P16’ from m/z 1800 to 6000. Clusters detected in the mass range
between m/z 3500 and m/z 6000 cannot be identified due to insufficient resolution. Such high-
molecular weight species are out of range for higher-energy collision dissociation tandem MS
experiments (<2500 m/z). Adapted from ref [238] with permission of the Royal Society of
Chemistry.

From Figure 21a-c) it can be seen that for the polymers P13’-P16’ the mass spectrum
consists of two species identified in the negative ion mode: (i) a singly-charged species,
labelled with ® and (ii) the doubly-charged species that is labelled with 4. The ESI MS
spectrum of the polymer P16’ that exhibits an increased molecular weight compared
to P13’-P15’, indicates the formation of only doubly-charged species ionized in
negative ion mode (labelled with 4). The obtained isotopic patterns consist of several
almost isobaric species, which possess an intact nitroxide radical. In Figure 22, the
assignment of the ® labelled pattern of P13’ at m/z 2481 is depicted. Here, the singly-
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charged pattern consists of four species with different styrene:nitroxide ratios. First,
there is the homopolymerized PS species that contains no incorporated nitroxide
(labelled with ®). The detection of the non-functional PS probably arises from the low
concentration of the copolymerized CMS monomer the reaction mixture. Further
detected species display different styrene:nitroxide ratios, i.e. 18:1 (label %), 15:2
(label 3) and 12:3 (label ®). The comparison of the radical grafting obtained by the
different analytical methods are in good agreement. NMR suggests 9.3%, EPR 11.3%
and mass spectrometry 13.3% (label ). In the doubly-charged isotopic pattern (label
4) of P13, no homopolymerized species are detected and thus only species featuring
a free nitroxide radical are found (refer to Figure 23). The detected styrene:nitroxide is
in the range of 39:0 to 27:6. The assignment for the isotopic patterns of P14’-P16’ can
be found in the Appendix (Figure 82-Figure 86 and Table A5-Table A8).
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Figure 21. Expanded region of the ESI mass spectrum of P13’-P16’ measured in negative ion
mode. a) Expanded region of the ESI MS spectrum of polymer P13’ between m/z 2480 and
2605. b) Expanded region of the ESI mass spectrum of P14’ recorded from m/z 2068 to 2185.
c) Expanded region of the ESI mass spectrum of P15’ recorded from m/z 2491 to 2611. d)
Expanded region of the ESI mass spectrum of P16’ recorded from m/z 2469 to 2535. Adapted
from ref [238] with permission of the Royal Society of Chemistry.
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Figure 22. Isotopic pattern assignment of peak ® of P13’ m/z 2481. The most abundant
species are labelled. The ratio for the polymeric species in (a) is 0.3 (label ®): 1.0 (label <):
0.7 (label 3): 0.3 (label m). Adapted from ref [238] with permission of the Royal Society of

Chemistry.
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Figure 23. a) Isotopic simulation of a selected doubly charged pattern from m/z 2510 to 2525
of P13’ (#) comparing the experiment (black line) with the simulation (grey line) b) Identified
structures and their ratio within the pattern. Adapted from ref [238] with permission of the Royal

Society of Chemistry.

In summary, the current section describes the synthesis of nitroxide containing
polymers and a powerful characterization method for such polymers via high resolution
ESI mass spectrometry. The analytical gap in the structural analysis of polymers that
feature nitroxides was revealed by the mass analysis of P10 (refer to previous Section
3.1.1) and after inspecting the literature with regard to the characterization of nitroxide
containing polymers. Thus, the present section of the present dissertation closes this
existing critical analytical gap and lies the analytical basis for the characterization of

nitroxide containing SCNPs. Accordingly, polymers varying in amount of nitroxide
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within the polymeric backbone in the range of 11.3 and 29.1 mol% as well as chain
length (4800 = Mn/g molt = 11 100) were synthesized. The subsequent ESI mass
analysis unambiguously confirms the existence of nitroxide radicals along the
polymeric backbone. Further, the mass spectra display an increasing amount of high
molecular weight aggregates with increasing nitroxide content. In addition, a baseline
drift is detected for samples with an amount of nitroxides close to 30 mol% and

becomes even more pronounced with increasing molecular weight.
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3.1.3 Metal Complexation and Hydrogen Bond Driven Single-Chain
Folding

Natural macromolecules such as enzymes often contain metals that are directly linked
to the protein.®® Proteins in turn are internally stabilized by hydrogen bonds, aromatic
stacking or hydrophobic interactions. 1134 Taking inspiration from these concepts, the
ensuing step is to combine two methodologies, in order to enhance the system
complexity and to pursue the ultimate goal of preparing an artificial protein/enzyme
step-by-step. In particular, the above presented concept of Hamilton Wedge and
cyanuric acid (refer to Section 3.1.1) hydrogen bonding, is combined with the already
established methodology of metal complexation to prepare an orthogonal dual folding
system (refer to Scheme 22).54143 A well-defined polymer was prepared by ARGET
ATRP using a cyanuric acid (CA) functional ATRP initiator and subsequently
functionalized in multiple steps. The orthogonal recognition motifs were placed at
preselected points along the polymeric chain to induce a well-defined collapse of the

polymer, which is the characteristic feature of the selective point folding approach.

|

Scheme 22. Schemaitic illustration of the combination of the hydrogen bonding motif (HW/CA)
and metal complexation to prepare dual compacted single-chain nanoparticles.
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3.1 Selective Point Folding

In the following section the preparation of the cyanuric acid functional ATRP
polymerization initiator as well as the Hamilton Wedge functionality is not reiterated as
it can be found in the previous Section 3.1.1. For the CA functional ATRP initiator 16
bromohexanol was used instead of 11-bromo undecanol and was prepared according
to literature.*8l Synthetic details and the characterization of 16 are provided in the

Experimental Section 5.3.1.

Synthesis of the Multi-Functional Linear Precursor Polymers

The synthetic route for the polymer carrying the hydrogen bonding motifs — Hamilton
Wedge (HW) and CA - as well as the phosphine for metal complexation presented in
Scheme 23 has been designed. The CA/HW functionalities are tethered to the «- and
w-position, whereas the phosphines are attached at preselected points along the

lateral polymer chain.

The cyanuric acid functional ATRP initiator 17 was utilized for the polymerization of
styrene in an initial step to generate the linear precursor polymers that were modified
step by step (refer to Scheme 23). The bromine end group of the synthesized polymers
was modified to an azide functionality at the chain terminus. Both polymers display
narrow molecular weight distributions in SEC (refer to Figure 24). Next to the CA
functional polymer P18, a further polymer that incorporates an alkyne end group as
well as a free hydroxyl functionality (P19) was prepared (refer to Experimental Section
5.3.2 for syn