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ALLGEMEINE ANMERKUNGEN

Die nachstehende Arbeit wurde im Rahmen der Forschergruppe FOR2811 ,,Adaptive Polymer-
gele mit kontrollierter Netzwerkstruktur durchgefiihrt. Diese stellt einen Verbund aus
mehreren Teilprojekten (TP) dar, die in Syntheseprojekte (TP1-TP2), experimentelle Projekte
(TP3-TP5) und Simulationsprojekte (TP6-TP7) unterteilt sind. Das in der 2. Forderperiode
(Start im Januar 2023) hinzugestoRene Projekt TP8 befasst sich mit der Eignung der Netzwerke
fiir biomedizinische Anwendungen sowie deren Zellkompatibilitat. Die vorliegende Disserta-
tion wurde im Teilprojekt TP4 mit dem initialen Titel ,,Mesoskopische Netzwerktopologie und
Permeabilitat Adaptiver Amphiphiler Conetzwerke“ angefertigt. Auf die allgemeine
Forschungsfrage und die Ziele der FOR2811 sowie die Rolle und Zielsetzung der vorliegenden
Dissertation darin wird im Kapitel Motivation and Scientific Goal eingegangen. Ebenso wird

dort das Zusammenspiel der einzelnen Teilprojekte zum Erkenntnisgewinn erldutert.

Die nachfolgende Arbeit gliedert sich in eine theoretische Einflihrung, eine Darstellung des
wissenschaftlichen Ziels, einen wissenschaftlichen Hauptteil und eine Zusammenfassung. Die
Ergebnisse des wissenschaftlichen Hauptteils (Chapter 1-V1) wurden wie unten aufgefiihrt im
Peer-Review Verfahren in wissenschaftlichen Fachjournalen verdffentlicht oder zur
Veroffentlichung eingereicht. Dabei bilden jeweils die Chapter I-1V eine thematische Einheit
zu kovalent verkniipften Netzwerken sowie die Chapter V-VI zu ionisch-reversibel verknupften
Netzwerken. Weitere Projekte und Publikationen sind im Kapitel Further Projects zusammen-

fasst.

Chapter I:

I . rribiczer, [
I \\ocromolecules, 2022, 55, 15, 6573-6589.

Chapter I1:

N.Fribiczer, |

Macromol. Chem. Phys., 2023, 2300389
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Chapter I1I:

I . Fribiczer, I
I Po!ym. Chem,, 2023, 14, 1965-1977.

Chapter 1V:

B N Fribiczer, [

I Polymer, 2024, under review

Chapter V:

BN . Fribiczer, [

Polym. Chem., 2022, 13, 4298-4308.

Chapter VI:

. . Fribiczer,
I \/acromolecules, 2024, under review

Zur Einordnung in den Gesamtkontext der Arbeit wird jedem dieser Kapitel eine spezifische
Zusammenfassung vorangestellt und die Eigenleistung erlautert. Die zugehérigen Supporting
Information sind im Appendix dargestellt. Die Nummerierung von Abbildungen, Tabellen und
Schemata sowie die Angabe von Literaturstellen erfolgt kapitelweise. Die Adaption der Publi-
kationen geschieht mit der Erlaubnis der Co-Autoren sowie der herausgebenden Verlage.

Die Ergebnisse und Publikationen in der vorliegenden Arbeit wurden aufgrund der Projekt-
struktur in der FOR2811 kollaborativ und in enger Kooperation mit den anderen Teilprojekten
erzielt. Um eine Zuordnung der Mitwirkenden der einzelnen Publikationen zu den Teilprojek-
ten der FOR2811 zu ermdglichen, sind diese in der folgenden Tabelle aufgeschlisselt. Weitere
Informationen sind auf der Website des Verbunds unter ,,https://www.for2811.uni-mainz.de/

zugénglich.
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Tabelle 1: Zuordnung der Mitwirkenden der einzelnen Teilprojekte der FOR2811.

werke fiir biomedizinische Anwendungen

TP Titel des Projekts laut Antrag Name Rolle
TP1 Synthese von kovalent vernetzten amphi- I i

philen Co-Netzwerken mit Modellcharakter _ -

Reversibel elektrostatisch vernetzte amphip- e B
TP2 | hile Conetzwerke aus sternférmigen Block-

copolymeren ] I

Netzwerkmaschenstruktur und makroskopi- e [ ]
TP3 | sche Mechanik von amphiphilen Conetzwer-

ken I I

Mesoskopische Netzwerktopologie und Per- _ .
TP4 | meabilitdt adaptiver amphiphiler Conetz-

werke I I

Struktur und ortsaufgeloste Mechanik sowie ] B
TP5 | Rheologie oberflichennaher Bereiche von

adaptiven Polymernetzwerken _ -

Simulation adaptiver Polymergele mit kon- I i
TP6 trollierter Netzwerkstruktur _ -

Simulation von elektrostatisch reversibel I i
TP7 ..

verkniipften Modellnetzwerken I [
TPS Zellkompatibilitdit amphiphiler ~Conetz- _ .
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LUSAMMENFASSUNG

Die Eigenschaften von Polymernetzwerken und -gelen wie Quellung, Mechanik und Permea-
bilitat hangen im Allgemeinen von ihrer zugrundeliegenden Struktur und Zusammensetzung
ab. In der vorliegenden Arbeit wird das Zusammenspiel zwischen Synthesebedingungen, resul-
tierender Struktur und damit verbundener Eigenschaften auch in Abhéngigkeit der Umgebungs-
parameter kollaborativ im Rahmen der Forschergruppe FOR2811 untersucht. Hierzu werden
kovalent-permanent und ionisch-reversible Modellnetzwerke basierend auf vierarmigen Stern-
polymeren hergestellt und eingehend charakterisiert. Im Rahmen der kovalenten Verkniipfung
der Bausteine werden amphiphile Polymerconetzwerke (APCN) betrachtet, die sich durch eine
umgebungssensitive Viskoelastizitit und selektive Permeabilitat auszeichnen. Im Kontext der
ionisch-reversiblen Verkniipfung werden hingegen rein hydrophile Netzwerke untersucht, um

zunéchst die Umsetzbarkeit dieser Verkntpfungsweise zu demonstrieren.

Im ersten Teil der Arbeit liegt der Fokus auf den heterokomplementér kovalent verknipften
amphiphilen Polymerconetzwerken bestehend aus sternformigen Polymeren beziehungsweise
Blockcopolymeren. In einer ersten Studie werden Netzwerke durch heterokomplementére
Verknipfung von tetra-Poly(ethylenglykol) (t-PEG) und tetra-Poly(e-caprolacton) (t-PCL)
unter verschiedenen Synthesebedingungen hergestellt und grundlegenden charakterisiert. Die
Charakterisierung erfolgt ausgehend vom Losungsverhalten der Netzwerkbausteine tber die
Netzwerkbildung hin zu den finalen Netzwerken (Quelleigenschaften, Konnektivitat und
Mechanik).

Eine zweite Studie erweitert diesen Ansatz um Untersuchungen der Netzwerke im gequollenen
Zustand sowohl im nicht-selektiven als auch im selektiven Lésungsmittel. Die Mechanik wird
auf verschiedenen Langenskalen mittels Rheologie und Rasterkraftmikroskopie sowohl an der
Oberflache als auch im Bulk bestimmt. Durch die Methode der Rasterkraftmikroskopie ist
zudem die Oberflachenstruktur zugénglich, wodurch die Detektion einer potenziellen
Phasenseparation ermdglicht wird.

Zur gezielten Erzeugung bestimmter Morphologien (sphérisch, lamellar, etc.) und Funktionen
(z.B. gerichteter Wirkstofftransport) konnen die Netzwerke bereits bei der Prdparation
vorstrukturiert werden. Erreicht wird eine solche Vorstrukturierung durch Nutzung sogenannter
Kern-Schale-Systeme aus amphiphilen Blockcopolymeren. Um ein grundsétzliches Verstand-

nis des Verhaltens solcher Blockcopolymere zu erhalten, werden in einer dritten Studie
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t-PCL-b-PEG Sternpolymere synthetisiert und ihr Losungsverhalten in verschiedenen Losungs-
mitteln mit unterschiedlicher Losungsmittelqualitat charakterisiert. Ein besonderes Augenmerk
wird hierbei auf das Verhalten in Wasser gelegt, da hier mizellartige Strukturen zu erwarten
sind. Zudem wird der Einfluss der Lange des PEG-Blocks auf das Verhalten in Losung

untersucht.

In einer vierten Studie werden schlieBlich Netzwerke bestehend aus Blockcopolymeren in den
Fokus gertickt. Diese werden durch Vernetzung von t-PEG-b-PCL mit heterokomplementéren
Endgruppen erhalten. Es wird das inverse Blockcopolymer zur vorigen Studie verwendet, da
sich die Endgruppenmodifikation im umgekehrten Fall als synthetisch herausfordernd erwiesen
hat. Es findet eine umfassende Charakterisierung statt beginnend mit den Netzwerkbausteinen,
uber die Vernetzung hin zu den Netzwerken und deren Eigenschaften wie Quellverhalten und
Mechanik sowohl im Praparationszustand als auch im gequollenen Zustand. Ein Vergleich der
Ergebnisse mit den Netzwerken aus separaten hydrophilen und hydrophoben Bausteinen zeigt

eine grundsatzliche Ubereinstimmung der Netzwerkparameter.

Im zweiten Teil der Arbeit wird nun die ionisch-reversible Verknlpfung der Bausteine in den
Blick genommen. Hierzu sind geeignete ionische Netzwerkbausteine nétig, d.h. Polyelektrolyte
oder Polyampholyte, die aus sternférmigen Blockcopolymeren bestehen. Durch diese Archi-
tektur ist es moglich die Starke der Bindung im Netzwerk durch Lange und Art des ionischen
Blocks zu variieren. In einer funften Studie wird daher ein Blockcopolymer bestehend aus
t-PEG und Poly(dehydroalanin) (PDha), t-PEG-b-PDha, synthetisiert und der Einfluss der
Blocklange des PDha und des Molekulargewichts des PEG-Kerns auf das Verhalten in Lésung
untersucht. Durch die ampholytische Natur des PDha kann die Netto-Ladung tber den pH-Wert
eingestellt und somit die Wechselwirkung zwischen den ionischen Blécken gesteuert werden.
Hiermit wird demonstriert, wie der pH-Wert die Struktur von Polyampholyten in Ldsung
beeinflusst und wie sich eine Variation der Blocklange des ionischen Blocks darauf auswirkt.

In einer letzten, sechsten Studie wird nun der Schritt vom ionischen Netzwerkbaustein hin zum
fertigen Netzwerk bzw. Gel vollzogen, indem ein t-PEG Kern entweder mit Polycarboxybe-
tainmethacrylamid (PCBAMAA) oder mit Polystyrolsulfonat (PSSNa) Blocken funktionali-
siert und beide Komponenten bei einem geeigneten pH-Wert gemischt werden. Ob die
Wechselwirkungen zwischen den Polymeren attraktiv oder repulsiv sind, kann Gber den
pH-Wert gesteuert werden. Damit ist es moglich gezielt sowohl einen Sol-Zustand als auch
einen Gel-Zustand einzustellen und die Umsetzbarkeit der Verknlpfungsweise sowie deren

maogliche Reversibilitdt zu demonstrieren.
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ABSTRACT

The properties of polymer networks and gels, such as swelling, mechanics and permeability,
generally depend on their underlying structure and composition. In the present work, the inter-
play between synthesis conditions, resulting structure and corresponding properties, also as a
function of environmental parameters, is investigated collaboratively within the research unit
FOR2811. For this purpose, covalent-permanent and ionic-reversible model networks based on
four-armed star polymers are prepared and characterized in detail. In the context of the covalent
linkage of the building blocks, amphiphilic polymer co-networks (APCN) are considered,
which are characterized by an environmentally sensitive viscoelasticity and selective permea-
bility. In the context of ionic-reversible linkage, however, purely hydrophilic networks are in-

vestigated in order to demonstrate an initial proof of concept.

The first part of this thesis focuses on hetero-complementary, covalently crosslinked
amphiphilic polymer co-networks consisting of star-shaped polymers or block copolymers. In
a first study, networks of tetra-poly(ethylene glycol) (t-PEG) and tetra-poly(e-caprolactone)
(t-PCL) are prepared by hetero-complementary crosslinking under different synthesis condi-
tions. They are thoroughly characterized starting from the solution behavior of the network
building blocks via network formation to the final networks (swelling properties, connectivity

of the star polymers, and mechanics).

A second study extends this research by investigating the networks in the swollen state in both
a non-selective and a selective solvent. The mechanics are determined on different length scales
using rheology and atomic force microscopy both on the surface and in the bulk. The surface
structure is also accessible by means of the latter technique, which enables the detection of

potential phase separation effects.

The networks can also be pre-structured at preparation to generate specific morphologies
(spherical, lamellar, etc.) and functions (e.g. directed drug transport). Such pre-structuring can
be achieved by using so-called core-shell systems of amphiphilic block copolymers. In order to
gain a basic understanding of the behavior of such block copolymers, t-PCL-b-PEG star
polymers are synthesized in a third study. Their solution behavior in different solvents with
various solvent qualities is characterized. Special attention is paid to the behavior in water, as
micellar structures are expected. In addition, the influence of the length of the PEG block on

the behavior in solution is investigated.
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Finally, a fourth study focuses on networks consisting of block copolymers. These are obtained
by crosslinking t-PEG-b-PCL with hetero-complementary end linking groups. The inverse
block copolymer to the previous study is used, as end group modification in the reverse case
proved to be synthetically challenging. A comprehensive characterization is carried out starting
with the network building blocks, through the crosslinking reaction to the final networks and
their properties such as swelling behavior and mechanics both in the as-prepared and in the
swollen state. A comparison of the results with the networks of separate hydrophilic and hydro-

phobic building blocks reveals a fundamental agreement of the network parameters.

The second part of the work focuses on the ionic-reversible linking of the building blocks. This
requires suitable ionic components, i.e. polyelectrolytes or polyampholytes, which can consist
of star-shaped block copolymers. This architecture allows the modification of the bond strength
in the network by varying the length and type of ionic block. In a fifth study, a block copolymer
consisting of t-PEG and poly(dehydroalanine) (PDha), t-PEG-b-PDha, is therefore synthesized
and the influence of the block length of the PDha segments and the molecular weight of the
PEG core on the solution behavior is investigated. Due to the ampholytic nature of PDha, the
net charge can be adjusted via the pH value. This allows control over the interactions between
the ion blocks by the pH-value. The study demonstrates how the pH-dependent structure of
polyampholytes in solution is affected by the length of the ionic block.

In a final, sixth study, the step from ionic block copolymers to the final network or gel is
completed by functionalizing a t-PEG core with either polycarboxybetaine methacrylamide
(PCBAMAA) or polystyrene sulfonate (PSSNa) blocks and mixing both components at a
suitable pH. Whether the interactions between the polymers are attractive or repulsive can be
controlled by the pH value. This allows both a sol state and a gel state to be reached selectively

and demonstrates both proof of concept and possible reversibility of this type of crosslinking.
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THEORETICAL BACKGROUND

1. THEORETICAL BACKGROUND

1.1. Intfroduction

The first polymer networks were produced long before neither the terms polymer, macromole-
cule, or polymer network nor the underlying structures were known. The first documented
appearance of polymer networks in human history dates back to 1600 BC, when natural rubber
was used by the South American natives to produce waterproof materials. The next recorded
development was the sulfur vulcanization of natural rubber in 1839 by Charles Goodyear, the

first ever synthetically crosslinked polymer network.™

Only about 100 years later, in 1920, Hermann Staudinger postulated his macromolecular
hypothesis that macromolecules with high molecular mass are chain molecules consisting of
covalently linked monomeric building blocks. He introduced the term macromolecule and thus
initiated modern polymer science.l*~31 Wallace H. Carothers played another important role in
the development of polymer chemistry with his work on the controlled production of synthetic
polymers by polycondensation and polyaddition. He defined polymerization as “any chemical
combination of a number of similar molecules to form a single molecule” and thus contributed
significantly to the acceptance of the covalent nature of macromolecules.B-3 In general, the
early to mid of the 20™ century was characterized by the development and commercialization
of polymer-based materials like Bakelite, Epoxies, Polyurethane fibers and foams, Butyl
Rubber, and Nylon among others. The acceptance of Staudinger’s hypothesis in the 1930s and
its understanding paved the way to a rational design of polymeric materials. Inventions before,
like Bakelite, were solely based on empirical studies and trial-and-error optimizations.™*?!
Thirty years after the initial hypothesis, Staudinger was finally awarded the Nobel Prize in

Chemistry in 1953 “for his discoveries in the field of macromolecular chemistry” [

The terms polymer and macromolecule are often used synonymously but differ in an important
structural property. According to the International Union of Pure and Applied Chemistry
(IUPAC) the term polymer is defined as “A molecule of high relative molecular mass, the
structure of which essentially comprises the multiple repetition of units derived, actually or
conceptually, from molecules of low relative molecular mass”.>”1 The term macromolecule is
more general and is derived from the Greek word "macro", meaning large, and the word mole-
cule and is associated with molar masses of 10°-107 g mol* and sizes of 10-100 nm. A polymer

is a type of macromolecule that is composed of many monomeric repeating units. In contrast, a
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macromolecule does not have to be composed of repeating monomer units. Thus, every polymer

is a macromolecule, but not every macromolecule is a polymer.®!

1.2. Classification of Polymer Networks and Gels

1.2.1. Polymer Networks

Polymer networks are divided in various classes dependent on the constituting structural units
and the type of interactions. In general, according to the IUPAC definition, a network in poly-
mer chemistry is “A highly ramified macromolecule in which essentially each constitutional
unit is connected to each other constitutional unit and to the macroscopic phase boundary by
many permanent paths through the macromolecule, the number of such paths increasing with
the average number of intervening bonds; the paths must on the average be co-extensive with

the macromolecule.

1. Usually, and in all systems that exhibit rubber elasticity, the number of distinct paths is very
high, but, in most cases, some constitutional units exist which are connected by a single path

only.

2. If the permanent paths through the structure of a network are all formed by covalent bonds,

the term covalent network may be used.

3. The term physical network may be used if the permanent paths through the structure of a
network are not all formed by covalent bonds but, at least in part, by physical interactions, such
that removal of the interactions leaves individual macromolecules or a macromolecule that is

not a network. "'}

The additions to the definition already indicate that networks can be classified as physical or
chemical (covalent) depending on the type of crosslinking or crosslinking points, respectively.
Chemical networks consist of covalently linked building blocks. The network formation occurs
either directly during a polymerization reaction or through a crosslinking reaction of the
macromonomers after polymerization. Physical networks, in contrast, are of supramolecular
nature. In this case, the crosslinking points consist of associations of polymer molecules through
hydrogen bonds, Coulomb interactions, Van der Waals interactions or metal-ligand complexa-
tion. However, interlocking or entanglement of the polymers with each other, crystallization or
other specific interactions can also result in the formation of a physical network. The major

difference between the two types of networks is their possible reversibility. While the covalent
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linkage is usually permanent and irreversible, the physical linkage can be reversible if the con-

ditions are chosen accordingly 713

When polymer networks are viewed from a structural perspective, the following can be stated
about the crosslinking points: polymer networks are comprised of network junctions or
crosslinks, which have three or more groups (branch functionality f) emanating from a core,
connected by f strands. Junctions and strands can be linked together via physical interactions or

covalent bonds.!!

If the linking is of physical nature and based on electrostatics, a further class of polymer
networks can be identified. This class of networks is based on polyelectrolytes, i.e. ionic poly-
meric materials which can be “crosslinked” using suitable oppositely charged segments and
suitable environmental conditions (pH, salt concentration).[** Corresponding, a polyelectrolyte
network is a “polymer network containing ionic or ionizable groups in a substantial fraction
of its constitutional units” and is sometimes called a “crosslinked polyelectrolyte”, but the use
of the term is only recommended if “the polyelectrolyte network is formed by the crosslinking

of existing polyelectrolyte macromolecules.”l’]

The structure of polymer networks can also be viewed on length scales beyond the crosslinking

points, as depicted in Figure 1. 1.

Inhomogeneous
network density Entanglement Dangling chain

Branch 3° loops 2° loops 1° loops
functionality

Figure 1. 1: Topological features of amorphous polymer networks on different length-scales: At 10-100 nm the
topology is characterized by density inhomogeneities (green), whereas at 1-10 nm dangling chains, loops of dif-
ferent order and entanglements dominate the network structure (red). At the molecular level of <1 nm, the network
features are determined by the branch functionality (blue). (Figure adapted with permission from Ref. [4] ©2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Concentration fluctuations during network formation result in spatial inhomogeneities of
junction or strand density on length scales of 10-100 nm. At smaller length scales of 1-10 nm,
nanostructural inhomogeneities consist of connectivity defects such as loops and dangling
chains as well as mechanical entanglement of polymer chains. Such dangling chains and loop
structures are also called network defects. At the molecular scale (< 1 nm), the branch

functionality f is a decisive feature which dictates the network structure.[47:1516]

The extent of these inhomogeneities is dependent on the type of building block and chemistry
used to prepare the polymer networks. If multi-arm polymers with a narrow molecular weight
distribution are end-linked, fairly homogeneous networks can be obtained. A hetero-
complementary end-linking approach prevents the formation of primary loops and thus reduces
the amount of nanostructural inhomogeneities. Networks prepared with this strategy are re-
ferred to as model networks in literature.-?° This nomenclature corresponds to the respective
definition of the IUPAC, which defines a model network as “polymer network synthesized
using a reactant or reactants of known molar mass or masses and chemical structure” and
“prepared [...] by crosslinking of existing polymer chains.” It is furthermore stated that “a
model network is not necessarily a perfect network” due to loose ends resulting from crosslink-
ing of existing polymer chains and occurring “ring structures as network imperfections”. These
imperfections result in a reduction of the concentration of elastically active network chains and
thus in a lower modulus compared to theoretical expectations for a perfect network.[]

A perfect network, however, is defined as “polymer network composed of chains all of which
are connected at both their ends to different junction points.” It is further stated that “If a perfect
network is in the rubbery state then, on macroscopic deformation of the network, all of its chains
are elastically active and display rubber elasticity.”’l With this distinction, the [IUPAC clearly
separates theoretically perfect networks from experimental reality and at the same time provides
a reason why the modulus of experimentally produced model networks is below the theoretical
expectations of a perfect network. This definition of a perfect network corresponds to the defi-
nition of an ideal network. The requirements for an ideal network are: (i) identical length of
all network strands; (ii) constant functionality of crosslinking points throughout the entire
network; (iii) conformation of network strands obey Gaussian statistics; (iv) macroscopic and

microscopic homogeneity; and (v) no entanglement of network strands with each other.[*%21-23]

Model networks according to the above IUPAC definition are therefore also referred to as

near-ideal networks.[2124-281 |n literature, however, the term model network is sometimes
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equated with the term perfect network. Thus, some experimentally prepared networks are

termed near-model or quasi-model networks.™*327:28l

1.2.2. Polymer Gels

Since the early statement by D. Jordan Lloyd "The colloidal condition, the 'gel’, is one which is
easier to recognize than to define", many attempts have been made to define the term polymer
gel.2’I The most common description of a polymer gel today is a three-dimensional polymer
network structure containing a liquid or swollen in a solvent, respectively. In some cases the
addition “swollen but not dissolved in solvent” is stated, which only applies to covalently cross-
linked polymer networks.[?320-331 For a more precise definition, we refer again to the standard
source for such definitions, the IUPAC, which defines the term gel as follows “Non-fluid
colloidal network or polymer network that is expanded throughout its whole volume by a

fluid. TV With the corresponding characteristics:

“[..]
2. A gel can contain:

1. a covalent polymer network, e.g., a network formed by crosslinking polymer chains

or by non-linear polymerization;

2. a polymer network formed through the physical aggregation of polymer chains,
caused by hydrogen bonds, crystallization, helix formation, complexation, etc, that
results in regions of local order acting as the network junction points. The resulting
swollen network may be termed a thermoreversible gel if the regions of local order are

thermally reversible;

3. a polymer network formed through glassy junction points, e.g., one based on block
copolymers. If the junction points are thermally reversible glassy domains, the resulting

swollen network may also be termed a thermoreversible gel;

4. lamellar structures including mesophases, e.g., soap gels, phospholipids and clays;

[..]

The definition of a gel thus refers directly to the previous definition of a polymer network.
Accordingly, gels can be classified by the type of crosslinking as physically crosslinked gels
and chemically or covalently crosslinked gels, respectively. With respect to the reversibility,

physical gels are also termed reversible gels. In addition, polymeric gels can be divided into
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natural and synthetic gels based on the polymer source. If gels are categorized according to
their size, macro, micro (100 nm-1 um) and nano (< 100 nm) gels can be distinguished.
Polymer gels can also be classified depending on the fluid medium; they are termed hydrogel,
if swollen in water, or organogel, if swollen in organic media. In each of these categories,

further distinctions can be made on the basis of specific characteristics or properties.t-*1:1231-
33,34]

1.3. Amphiphilic Polymer Co-Networks

The first systematic studies on amphiphilic polymer co-networks (APCN) were published
simultaneously by Weber and Stadler!®! as well as Chen, Kennedy and Allen® in 1988. The
former authors combined polybutadiene and poly(ethylene glycol) whereas the latter ones used
polyisobutylene and 2-(dimethylamino)ethyl methacrylate to create first amphiphilic polymer
co-networks. Since these early days, APCNs have gained attention and relevance due to their

unique properties and rich structural diversity.[7-40

1.3.1. Definition

According to the name, an amphiphilic polymer co-network consists of a polymer network that
contains both hydrophilic and hydrophobic components. The suffix “co” in front of the word
“network” refers to the presence of two network components, i.e. a hydrophilic and a hydro-

phobic one.[*340]

A quite comprehensive definition of the term can be found in the review by Erdodi and Kennedy
who state that «“ amphiphilic co-networks are two-component networks of covalently intercon-
nected hydrophilic/hydrophobic (HI/HO) phases of cocontinuous morphology; as such they
swell in water and in hydrocarbons, and respond to changes in the medium by morphology
isomerization (‘smart’ networks). 1 An important point is the restriction of the definition to
covalent linkage of the phases or building blocks, respectively. This excludes systems with
dispersed, i.e. not cocontinuous hydrophilic and hydrophobic phases. According to this defini-
tion, APCNs are recognized by the following three coexisting properties: (i) simultaneous
presence of HI and HO phases in the network; (ii) HI and HO phases are covalently crosslinked
resulting in phase cocontinuity; and (iii) microphase separation due to thermodynamic incom-
patibility between HI and HO.[3840]
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But also more general definitions like “APCNs comprise hydrophilic and hydrophobic units,
with at least one of the two types of units encountered in sufficient long segments”!*®l or defini-
tions based on the swelling ability like “polymer hydrogels containing hydrophobic units in
addition to the hydrophilic ones”™ are found in literature. Since swelling in water and hydro-
carbons is possible, APCNs can also be classified as hydrogels and organogels in the respective

solvent.[#041]

The term "polymer" is often omitted in the naming or not included in the abbreviation, which
is why the abbreviation ACN is used synonymously with the abbreviation APCN for
amphiphilic polymer co-networks. In the present work, however, amphiphilic polymer co-

networks are considered at all times.

1.3.2. Design of APCN

In general, covalently linked APCNs can be prepared either by radical copolymerization with
simultaneous crosslinking, by sequential "living" polymerization and crosslinking or by end-
linking of suitably functionalized hydrophilic and hydrophobic polymer precursors. The review
by Erdodi and Kennedy!*®, for example, provides an illustrative overview of these techniques.
The key difficulty in APCN synthesis is the thermodynamic incompatibility of the hydrophilic
and hydrophobic components, especially if polymeric precursors are used. Due to thermody-
namic incompatibility, phase separation may occur, which should be avoided at all costs,
otherwise heterogeneous networks will be obtained. To overcome this obstacle, common good
solvents for both components are employed or low molecular weight starting materials are used.
Other strategies involve the utilization of large hydrophobic protecting groups or the crosslink-

ing of functional amphiphilic multiblock copolymers.[37:40-42]

Within the framework of covalent linkage and the aforementioned synthesis strategies, various
APCN designs are obtainable, a selection of which is shown in Figure 1. 2. The first possibility
is to combine amphiphilic ABA-triblock polymers (1); a second one results from the randomly
crosslinking of hydrophobic monomers with hydrophilic monomers or hydrophobic-protected
hydrophilic monomers (2 and 6). In addition, crosslinking of telechelic polymers (3), graft
polymers (4), a combination of linear and star polymers (5), or star polymers (7) can lead to
APCNs. A further design includes the crosslinking of linear polymers with a long crosslinker
of the opposite philie (8).3% The designs 1,3,5, and 7 may lead to model networks if polymers
with a known molar mass and low dispersity are used together with a suitable end-linking

strategy. One possible end-linking strategy for precise APCN synthesis is ‘click’-chemistry, i.e.
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in general a hetero-complementary reaction of the corresponding functionalized end-linking
groups.®”! A more detailed explanation of click chemistry and its contribution to the synthesis
of model networks is given in Section 1.4.

L

A APCN i

G ‘@%
e

Figure 1. 2: Crosslinking methods used to combine hydrophobic (red) and hydrophilic (blue) building blocks to
form APCNSs. (1) Crosslinked ABA-triblock polymers. (2) Copolymerized and crosslinked hydrophobic and hy-
drophobic-protected hydrophilic monomers. (3) Crosslinked telechelic polymers. (4) Crosslinked graft copoly-
mers. (5) Crosslinked hydrophobic star polymers and linear hydrophilic polymers. (6) Copolymerized and cross-
linked hydrophobic and hydrophilic monomers. (7) Crosslinked hydrophobic and hydrophilic star polymers. (8)
Hydrophobic polymers crosslinked by long hydrophilic crosslinkers. (Reprinted with permission from Ref [39]
© The Royal Society of Chemistry 2020.)

1.3.3. Properties and Application

Amphiphilic polymeric co-networks exhibit a variety of properties based on their main charac-
teristics, namely their amphiphilicity, their swelling ability and the possibility of incorporating
numerous functional groups (see Figure 1. 3). Due to their swelling in water, they can be termed
hydrogels. The reduced swelling in water while maintaining biocompatibility is an advantage
over conventional hydrogels, which are often used in biological or medical applications. The
swelling otherwise leads to a weakening of the gel and at the same time to a damage of the
surrounding tissue, which can be reduced by use of APCNSs. In the swollen state, the gels are
furthermore permeable for diffusive solute transport, e.g. gas, nutrients, drugs, or proteins. The
amphiphilicity of the networks leads to self-organization and microphase separation in analogy
to non-crosslinked block copolymers (surfactants) with a similar morphology, but in a distorted
fashion due to the limitations imposed by crosslinking. The swelling is not only limited to water
but is also possible in organic solvents. The selective swelling can lead to selective permeability

for respective solute substances and can in addition be utilized for the targeted release of guest
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substances. The mechanical properties of the gels are likewise environmental sensitive and
change accordingly with a change in the swelling medium. In addition, also simultaneous swell-
ing in both aqueous and organic media is conceivable. The introduction of functional groups
into APCNs is a versatile tool to incorporate properties like degradability, self-healing, protein
or cell adsorption, enhanced mechanics, and responsiveness to pH, temperature, salt concentra-

tion, light, or deformation among others, 24374243

Hydrogel Amphiphilicity Fumctional moieties
aqueous swellin responsiveness
queou "9 self-assembly P I.
franslucency self-healing

microphase separation
dually swellable
selective permeability

semi-solid
solute transport
biocompatibility

degradability
enhanced mechanics
protein/cell adsorption

O ¢ ¢ O ©O
o O O O
o 0 O 0O O

Figure 1. 3: Selection of APCN properties based on the main APCN characteristics. ]

Due to this variety of adjustable properties, APCNs offer the potential for many possible appli-
cations. The most common and commercial application of APCNs are soft contact lenses with
extended wear-time. The hydrophobic phase provides high oxygen permeability whereas the
hydrophilic phase ensures wettability and on-eye lens movement. The mechanical properties of
the lenses are controlled by the crosslinking density and the ratio of hydrophilic and hydropho-
bic components. In addition, there are many potential biomedical applications for APCNs like
drug delivery devices, support for cell proliferation or in general as cell culture surfaces,
matrices or membranes for drug or nutrient delivery, tissue engineering, or artificial
pancreas.[3":38:40411 |n the field of biomedical applications, many research articles deal with
amphiphilic hydrogels based on the hydrophobic polycaprolactone (PCL) and hydrophilic
poly (ethylene glycol) (PEG) due to their complementary properties and biocompatibility. PEG
is used as hydrophilic phase in most hydrogels because of its good solubility in water and
organic solvents, non-toxicity, and absence of antigenicity and immunogenicity. The non-
biodegradability of PEG, however, is a severe limitation in bioapplications. The combination
with PCL as hydrophobic phase which is biodegradable and biocompatible improves the
biodegradability of the respective amphiphilic hydrogels and allows for the transport of hydro-
phobic substances and drugs. A selection of the synthetic methods for the preparation of
networks based on PEG and PCL, the resulting properties and corresponding bioapplications

can be found in the review by Dabbaghi et al.[!
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Amphiphilic copolymers in general are also ideal candidates for drug delivery and are being
extensively researched for biomedical applications. The review by Perin et al. provides a
comprehensive overview of this topic.[*243 Further potential areas of application for APCNs
are chemical and biochemical sensors, membranes for chiral separation, switchable aqueous
permeation control, antimicrobial coating, minimal-adhesive surface coatings, antifouling

surfaces, and nanoreactors among others,[37:38:40:41.:44]

1.4. Synthesis Approaches towards Model Networks

In general polymer networks are formed by chain-growth polymerization (radical polymeriza-
tion), step-growth polymerization (addition and condensation polymerization), vulcanization,
or by end-linking of suitable functionalized prepolymers. Several types of inhomogeneities can
be the result of such network formation processes (see also Section 1.2): (i) nonuniform spatial
distribution of crosslinks; (ii) nonuniform contour length or molecular weight of the network

strands; (iii) dangling chains; (iv) loops; and (v) trapped entanglements. 415171

From all possible network inhomogeneities, loops are the most difficult to control. However,
the formation of primary loops can be avoided by use of either rigid monomers or prepolymers
with hetero-complementary end-linking which simply cannot react in an intramolecular
fashion.[*™! The latter approach leads to model networks, which are therefore a promising way
to reduce these inhomogeneities and are generally formed by end-linking of suitable prepoly-
mers with a narrow molar mass distribution. For the IUPAC definition of a model network, see
Section 1.2. The first investigation on model networks were carried out in the 1970s and are
based on linear telechelic polymers crosslinked by small molecule crosslinkers with a
functionality of £ > 3.1*74% The first tests with star-shaped instead of linear polymers then took
place in the 1980s.17461 However, it was not until the 2000s that these became popular as the
primary component for model networks.*"-20471 In particular, end-linking of star polymers with
complementary functional groups has been used extensively since then due to the control of

branch point functionality.[*517.2%]

Key factors that have to be considered when designing a model network based on the
end-linking of star polymers are (Figure 1. 4): (i) molecular structure of the stars; (ii) solvent
and concentration of the stars; (iii) method of addition of the components; and (iv) end-linking

reaction.[t]
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{i) molecular structure

(ii) solvent and polymer concentration star polymer network

(iii)
addition
method

Figure 1. 4: Key factors in the design and synthesis of star polymer networks are the molecular structure of the
stars (i), the choice of solvent and polymer concentration (ii), the addition method (iii) and the final end-linking
chemistry (iv).[*")

(i)

(i)

(iii)

The molecular structure comprises structural characteristics like the primary
structure of each arm, end group structure, number of arms, and molecular weight.
The number of arms must be greater than three and is usually limited to three, four
and eight, with four being the most commonly used. The number of arms can affect
both the mechanical properties and the network topology. The molecular weight
significantly influences the mechanics but also affects the solubility and structure in
the pregel solution (see (ii)). The end group structure determines the kind of possible
end-linking reaction and influences the solubility of the star polymers. The primary
structure, i.e. the type of polymer, determines the nature of the resulting network
and its properties (biological and chemical stability, biocompatibility, melting point,
glass transition temperature, ...). Of course, the type of polymer also influences the
behavior in solution and the choice of solvent and thus the gelation process.!*”]

To ensure a homogeneous mixture of the prepolymers, a common good solvent for
both reaction partners should be used. The concentration of the star polymers in the
pregel solution affects the homogeneity of the final network; the higher the concen-
tration, the less inhomogeneity is observed. An important parameter that should be
considered for the synthesis is the overlap concentration c¢* (see also Section 1.5.1),
as space filling is only achieved at concentrations that are at or above the overlap

concentration.17:28

In most cases all components are mixed at a stochiometric ratio and end-linked

either spontaneously or by an external stimulus.*"l
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(iv)  The end-linking process is the most important step in the preparation of a star
polymer network. To synthesize a model network, the efficiency of the reaction, i.e.
the conversion, should be as high as possible. However, the rate of the reaction
should be adjustable or not too high in order to avoid spatial inhomogeneities in the
network resulting from frozen concentration fluctuations. Additional requirements
can be imposed on the process if the networks are produced for special applications,
e.g. in the biological/biomedical field. Here, harsh conditions and toxic additives or

byproducts have to be omitted.*"]

As already mentioned, the end-linking process plays a decisive role in avoiding primary loops
and in preparing quite homogeneous model networks. A publication by Sakai and coworkers!?!
on star polymer networks based on the hetero-complementary end-linking of t-PEG made an
important contribution to this in the late 2000s. Here, the end-linking reaction is a condensation
reaction of amine-terminated t-PEG and NHS-glutarate-terminated t-PEG. Due to this polymer
architecture and functionalization, no intramolecular reactions are possible and therefore no
primary loop formation; only higher order loops can be formed by intermolecular reactions.
The resulting networks are characterized by high homogeneity and enhanced mechanical
properties. After the publication of this study, the number of related research articles increased
5-10-fold in the following years.[!8202425481 Moreover, the concept was not only used
to prepare homopolymer networks, but was also transferred to amphiphilic star polymer

networks.[27:3949]

Next to the aforementioned condensation reaction also click reactions have been used for the
preparation of model networks. In general click chemistry describes a reaction with the follow-
ing features: (i) quantitative reaction conversion; (ii) rapid reaction with high thermodynamic
driving force; (iii) no byproducts or at least inoffensive byproducts; (iv) stereospecific;
(v) selective reaction without side reactions; (vi) functional group tolerance; (vii) mild reaction
conditions; (viii) broad applicability; (ix) readily available starting materials; (x) no solvent or
non-hazardous solvent; and (xi) minimal synthetic work-up. Exemplary click reactions are
Cu'-catalyzed azide-alkyne cycloaddition, Diels—Alder cycloaddition, thiol-ene reaction, and
azide-nitrile cycloaddition.l0-52

The concept of Click Chemistry was developed to “harness the power of molecular assembly
for the widest possible range of applications”.[5% It was first articulated by Sharpless, Kolb, and
Finn in a publication in 2001.55% In 2022, the Nobel Prize in Chemistry was awarded jointly to
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Carolyn R. Bertozzi, Morten Meldal and K. Barry Sharpless "for the development of click chem-
istry and bioorthogonal chemistry".®*! In polymer science, click chemistry offers a new way
for post polymerization functionalization by incorporation of clickable groups at the chain ends
or in the chain backbone. However, the concept can also be applied to the end-linking process
of suitable prepolymers in order to build homopolymer networks as well as amphiphilic poly-

mer (co-)networks. 17373843511

This section has provided a brief insight into the variety of synthesis paths to model networks
with a controlled structure, especially those based on star polymers. To reduce or eliminate
primary loops, hetero-complementary crosslinking is advantageous, which only allows
intermolecular reactions, but no intramolecular reactions. This avoids a significant amount of
inhomogeneities directly by a suitable choice of the starting material and crosslinking strategy.
Due to the controlled and near-ideal structure of model networks, they can be used to study
basic physical principles and structure-property relationships as well as the influence of external

environmental conditions.

1.5. Characterization Methods

1.5.1. Viscometry

Viscometry is a classical technique in polymer science and polymer characterization. It
takes advantage of a change in the viscosity of a dilute polymer solution in comparison to the
pure solvent. This effect depends on both the concentration and the molar mass of the

polymer.[55-57]

Three basic concentration regimes can be distinguished (see Figure 1. 5) based on the polymer
concentration, c, or polymer volume fraction, ¢. The dilute regime (a) at low polymer concen-
tration, in which the polymers do not interact or overlap and are thus isolated from each other.
If the concentration increases, space filling is obtained at a certain critical concentration, this is
the so-called overlap concentration c* (b). At this concentration the polymer chains start to
overlap. Above the overlap concentration (c), the semi-dilute regime is reached in which the
chains overlap and may even entangle. At even higher concentrations, a second critical concen-

tration is reached (c**), above which concentrated solutions are found.[2357-601
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Figure 1. 5: Schematic representation of different concentration regimes below (a: dilute), at (b) and above
(c: semi-dilute) the overlap concentration c*.123.59.601

The viscosity increase of a solvent upon addition of a polymer can also be quantified by the
intrinsic viscosity [n], also known as the Staudinger index, which is a measure of the size and
expansion, i.e. the volume, of the polymer in solution. This quantity can be determined using
viscosity measurements and is inversely proportional to the overlap concentration outlined in
Figure 1. 5b.[55-57]

123 For this purpose, an Ubbelohde capillary viscometer
1 - (see Scheme 1. 1) is used to measure the time required
9 2  venting tube for the solvent and a series of diluted polymer solutions
8 g e e far below the overlap concentration to flow through the
4 sample reservoir . .
Ay capillary at constant temperature. The time measure-
- 5 level bulb
6 capillary ment is started when the meniscus of the liquid passes
7 measuring bulb  the upper marking line and stopped when it reaches the
8 king i N . .
arking ines lower marking line (red lines in Scheme 1. 1). The
9 feeder bulb
measurement is based on the principle of laminar flow
and by assuming a similar density of solvent and (poly-
mer) solution, the viscosity can be equated with the

times required for the solvent, t,, or solution, t, to flow
Scheme 1. 1: Ubbelohde viscometersn  through the capillary (see Equation 1).

This assumption is justified as very dilute polymer solutions are used. Upon use of Ubbelohde
viscometers, attention must also be paid to the range of suitable viscosities for the respective

capillary diameter. Corrections of the experimentally measured flow times can be necessary
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(Hagenbach-Couette correction) due to additional pressure losses at the capillary ends, which

are not considered in the theory.[5556:585961]

First of all, the specific viscosity, 7, is determined from the flow times of solvent and solution

corresponding to the viscosity of solvent, 1, and solution, 1, as follows!®565°

Msp = ~ (1)

From this, the reduced viscosity, n..q, Can be calculated with the respective polymer

concentration c.[256:5]

n
Mred = % (2)

An extrapolation to zero concentration yields the intrinsic viscosity®6:5

[TI] = lcl_r)% Nred (3)

This extrapolation can be performed according to a linear equation (4a) by various empirical
found extrapolation methods; among those the Schulz—Blaschke approach (4b) and the Huggins
approach (4c) are established and well-known. The intrinsic viscosity is obtained from the
intercept. The Schulz-Blaschke and Huggins constant, kgg and kg, can be interpreted as a
measure of solvent quality, i.e. of the interactions of solvent and polymer molecules. The lower

the constant, the better the solvent and the more expanded the polymer chain.[®585962]

y = m-Xx +b (4a)
Schulz-Blaschke Meea = [N Kksg-Nsp + [n] (4b)
Huggins Mea = [M?ky-c + [n] (4c)

It is important to keep in mind, that the intrinsic viscosity of branched polymers or star polymers
is lower than the one of their linear counterparts of the same molar mass. This is due to their
more compact architecture and smaller radius of gyration. This relation is quantified with the

so-called contraction factor, g,, which is defined as follows with the intrinsic viscosity of the

branched (index b) and the corresponding linear polymer (index I):[57:6%
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[n]b
9y =T (%)
7 nh
For four-armed star polymers in a good solvent, the contraction factor is found in literature to

be g, = 0.68-0.74.[57.6364]

Finally, the overlap concentration can be calculated as the reciprocal of the intrinsic viscos-

ity:[57.59,62]

cF=— (6)

The overlap concentration can also be determined according to Equation 7, which is based on
a geometric argument. The polymers are regarded as spherical objects and the overlap concen-
tration corresponds to the concentration of spheres at which space filling is reached. The volume

of the spheres is calculated using the radius of gyration, Ry, as the radius of the sphere together

with the weight average of the molar mass My, and the Avogadro constant Ny.

M
ATNAR3 ()
_Ry ©

The drawback of this method is that R, is difficult to access experimentally and is therefore
often derived from the hydrodynamic radius Ry according to Equation 8. The hydrodynamic
radius is much easier to determine experimentally and can be received from dynamic light scat-
tering (DLS), for example. Their ratio, p, is a constant for the respective polymer but depends
on the polymer architecture and the solvent quality. However, the ratios found experimentally
are often approximately 10-20% smaller than the theoretically calculated ones. This results in
a relatively high error when using this method, as R, enters the equation in the third power. In
addition, this estimate usually represents the lower limit of the overlap concentration range,
while the value determined from viscometry forms the upper limit. The overlap concentration
indicates the threshold value at which space filling is reached and a space filling polymer
network can be produced by crosslinking. Thus, it is reasonable to use the upper limit if homo-

geneous networks with a low defect fraction are desired.[?8:57.69]
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The intrinsic viscosity of polymers does furthermore characteristically depend on the molar
mass. This relationship is expressed in the Kuhn-Mark-Houwink-Sakurada equation with the

molecular specific constants K,, and a,:[?56:57:5%62

[7] = K, M (©)

From the exponent a,, which depends also on solvent quality, conclusions can be drawn about
the geometry of the respective polymer. For flexible linear polymers in a theta-solvent a,, = 0.5

is obtained, whereas values of 0.7-0.8 are expected in a good solvent.[®5659

1.5.2. Rheology

According to its greek origin (“rheos” = flow; “logos” = study of or understanding), rheology
is the study of flow. An important aphorism in this context is "panta rhei”, which means
“everything flows”. This phrase alludes to the fact that, depending on the time scale, every
material exhibits a dualism between liquid and solid and that the appearance of the material
therefore depends on the observation time. The flow characteristics of a material range between
the two boundary cases of the ideal elastic solid and the ideal viscous liquid. Polymers exhibit
both, solid-like and liquid-like material properties on experimental relevant timescales and are

therefore termed viscoelastic.[6¢7]

Viscons viscoelastic elastic
( Newton 4 Maxwell N Kelvin—Voigt\ Hooke
liguid viscoelastic liquid| | viscoelastic solid solid
o=1"Y —_ o=Gy
=/ ./
'

stress relaxation cree
X AN >

Figure 1. 6: Overview of the three basic cases of rheological behavior: pure viscous liquid, pure elastic solid and
viscoelastic materials together with the respective model approaches and corresponding mechanical elements. The
viscoelastic case can be further divided into viscoelastic liquids and viscoelastic solids. [°66-51

Characterization Methods | 17



THEORETICAL BACKGROUND

Figure 1. 6 provides an overview of the two boundary cases of an ideal elastic solid and ideal
viscous liquid as well as the intermediate case of viscoelastic behavior together with the corre-
sponding mathematical description, mechanical elements, and model approaches. The purely
elastic case can be modeled by a spring and described by Hooke’s law. Here, for the case of
shear deformation, the stress, o, is proportional to the strain, y, with the proportionality con-
stant, G, the shear modulus. In contrast, a purely viscous medium can be modeled by a dashpot
and obeys Newton’s law in which the stress is proportional to the strain rate, y, with the

viscosity, 7, serving as proportionality constant.!°5567.68l

The two basic mechanical elements spring and dashpot can also be combined linearly or in
parallel to model the behavior of viscoelastic materials. The linear arrangement is referred to as
Maxwell element and thus corresponds to the Maxwell model for viscoelastic fluids. It is well
suited for modeling stress relaxation in such materials. The parallel arrangement of spring and
dashpot, on the other hand, corresponds to the Kelvin-Voigt model for viscoelastic solids and

is suitable for modeling creep processes. [:55.66-6]

It is noteworthy, that for polymer solutions, deviations from the ideal Newtonian behavior like
shear-thinning and shear-thickening can occur. In these cases, the viscosity is dependent on the
shear rate and decreases (shear-thinning) or increases (shear-thickening) from a critical point
with increasing shear rate. Other cases of non-Newtonian behavior are rheopexy and thixotropy,

where the viscosity increases or decreases with time at a constant shear rate.[58.61.66-6€]

(a) rheometer geometry (b) dynamic experiment

ﬁondi’rion: o = g+ exp(iwt)
/ \ answer: Y =y - exp(i(wt — §)
8

(N R —

plate-plate cone-plate n .
phdse angle o:
(PP) (CP) elastic: 8=0

k / viscous: §=m/2
\ viscoelastic: 0 <6 < r/2 /

Figure 1. 7: (a) Schematic representation of the set-up for rheological measurements. The plate-plate geometry
(PP) is usually chosen for polymer gels and melts, while the cone-plate geometry (CP) is used for polymer solu-
tions. (b) Sketch of the applied sinusoidal shear stress and the measured time-dependent shear strain in a dynamic
oscillatory shear rheology measurement. The phase angle reflects the elastic, viscous or viscoelastic nature of the
material under investigation.®"]
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The method of shear rheology is a versatile tool to probe the mechanical and flow properties of
polymeric materials by means of stress relaxation, creep, and dynamic experiments. To perform
a shear rheological experiment, the sample is placed between an upper and lower geometry.
The lower geometry is most commonly an even plate and the upper one can be a plate (PP) or
a cone (CP) (see Figure 1. 7a). The plate-plate geometry is commonly used for measurements
on polymeric gels and the cone-plate geometry for the measurement of polymer solutions. The
upper geometry is rotated by the motor of the rheometer and the resulting torque is measured,
from which the elastic and viscous contributions to the rheological properties of the material

can be derived.[5>6667]

In case of a dynamic test, the upper geometry is rotated in an oscillating fashion (see
Figure 1. 7b) and a sinusoidal stress is applied while the resulting time-dependent strain is
measured. The phase angle between the applied state and the "answer" of the material, i.e. the
measured strain, provides information about the type of rheological behavior (elastic, viscous,

viscoelastic).[*¢7]

The shear modulus, G, reflects the ratio of stress and strain. In case of the aforementioned
dynamic experiment, it is obtained as a complex quantity (G*) and can be divided in a real part,

G', and an imaginary part, G'' according to the following equation.[®556267]

o
G === G' +iG" (10)

The real part is referred to as the storage modulus and the imaginary part as the loss modulus.
The storage modulus represents the elastic contributions, i.e. the energy that is elastically stored
upon deformation. The loss modulus, on the other hand, reflects the viscous contributions, i.e.
the energy that is dissipated to heat and thus lost. The ratio of loss and storage modulus,
G'"/G' = tand, is referred to as the loss tangent and is a measure of the elastic and viscous
components of the viscoelastic behavior of a material. Values lower than one refer to

viscoelastic solids, while values greater than one indicate viscoelastic liquids.[>62.6667]

Applying the Maxwell model to such oscillatory shear experiments results in the following
expressions for the angular frequency-dependent storage, G'(w), and loss modulus, G"'(w),
with the angular frequency, w, the plateau modulus, G,, at very high frequencies (see

Figure 1. 8a), and the terminal relaxation time 7,.[%66.67]
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Cw = G w?té
(@) =Gp T w272 (11a)
17 _ WTo 11b
G (w)_(;p—szTg (11b)

At low frequencies, the numerators of both equations dominate and a characteristic power-law
scaling of G'~w? and G''~w?! is observed. At high frequencies, the storage modulus gets
frequency independent, whereas the loss modulus shows a power law scaling of G"'~w™ (see
Figure 1. 8a). From a molecular point of view, the polymeric system has no time to rearrange
at short time scales, i.e. at high frequencies, and the elastic properties prevail. Therefore, the
storage modulus dominates and converges towards a plateau. On long time scales, i.e. at low
frequencies, the polymer chains can slip past each other and relax, the material flows. Here, the
viscous behavior dominates and therefore the loss modulus. The time it takes for a polymer to
move a distance equal to its own size is called the terminal relaxation time, t,, which is located

at the intersection point of G' and G"'.[>¢7]

(a) Maxwell model (b) full rheological spectrum
N
S —~
3 3
Y En flow regime
en =)
] - rubbery plateau

leather-like regime
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glassy state
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N

log w

wgy = 1/1 log w

Figure 1. 8: Double-logarithmic representation of the frequency dependent shear-modulus G (w) according to the
Maxwell model (a) and in a full rheological spectrum covering a broad frequency range (b).[6%66-581

The relaxation time further connects the quantities of shear modulus and viscosity as follows:

n=G-t (12)

The viscosity represents how hard it is to rearrange polymeric building blocks, i.e. to flow, and
is linearly connected to the shear modulus, which reflects how much energy can be stored
initially in a material, and the relaxation time, which represents the time it takes to relax the

stored energy.[667]
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So far, only one relaxation time and thus only one relaxation mode has been discussed.
However, polymers have a variety of relaxation modes (relaxation times) and mechanisms on
different time and length scales, which is also due to their polydisperse nature. Depending on
the time or frequency scale, polymeric materials exhibit a broad rheological spectrum, as de-
picted in Figure 1. 8b. Such a rheological spectrum can basically be divided into four sections,
which are from high to low frequency: glassy state, leather-like regime, rubbery elastic plateau,
and terminal flow regime. At the glassy state, the polymer behaves like an energy elastic solid
and on these very short time scales (very high frequencies), no motion is possible at all. Upon
entering the leather-like regime, relaxation modes are sequentially activated, and sequences of
monomers can be displaced over distances equal to their own size. Here, the polymer can be
described as a viscoelastic solid using the Kelvin-Voigt model. If only short polymer chains
without entanglements or chemical crosslinks are considered, the leather-like regime is directly
followed by the terminal flow regime. Here, the Maxwell model applies and the polymer
resembles a viscoelastic liquid. If, on the other hand, long entangled chains or chemically cross-
linked polymers are probed, a rubber-elastic plateau follows at the end of the leather-like
regime. Entanglements or crosslinks hinder the relaxation of the polymer chains by trapping
them and the deformation energy cannot be relaxed but is stored instead. The trapping by
entanglements can be overcome at long timescales by the reptation mechanism leading to
terminal viscous flow. In covalently crosslinked polymer networks, however, there is no such

terminal flow regime due to the permanent linkage of the chains.*66-68]

Such a full spectrum spans over a wide range of frequencies (up to 12 decades) and is only
accessible by use of the time—temperature superposition principle. This principle allows the
superposition of viscoelastic data sets measured at different temperatures by shifting along the
frequency (or time) axis to create the full spectrum. Equating temperature and time is possible
because the movement of the polymer chains, i.e. the relaxation modes, are thermally activated
and the activation energy is overcome more frequently either at higher temperatures or with a
longer observation time and vice versa. Therefore, whether and to what extent the individual
sections of the rheological spectrum occur depends not only on the observation time but also

on the temperature and, above all, on the polymer system itself.[>65-68l

Also theoretical approaches have been developed to model the rheological behavior of polymer
networks upon deformation. The plateau modulus of the rubbery elastic plateau can be esti-
mated by use of the affine and the phantom network model, which directly correlate the plateau

modulus to the number density of elastically active network strands (veg).5562
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The affine network model assumes that the deformation is affine, i.e. that the relative
deformation of each network strand is the same as the macroscopic relative deformation of the
whole network. The network modulus can be calculated as follows with the Boltzmann constant
kg, the temperature T, the network density p, the number-average molar mass of a network

strand M,;, and the gas constant R.[42355.62]

PRT
Mel

Gar = Vegr - kT = (13)

Instead, the phantom model assumes that the strands of the network can fluctuate around their
average position. These fluctuations reduce the conformational constraints and thus the net free
energy of the network compared to the affine model. The model also takes into account the
branching functionality, f. Therefore, for four-armed star polymers, the affine model modulus
is twice as high as the modulus of the phantom network model. However, both models converge

for high branch functionalities. 2355621

Gon = (1 - 3) Vest - kpT = (1 - E) pRT (14)

f [/ Mg
As already mentioned in Section 1.2, even model networks are not necessarily ideal or perfect
networks and possess structural inhomogeneities or even defects. The presence of loops and
dangling chains significantly reduces the number of elastically active chains and in turn the
plateau modulus. Therefore, the theoretically expected values assuming an ideal network are

often significantly higher than those determined experimentally.[>562

1.5.3. Light Scattering

Light scattering is used as a versatile technique in polymer chemistry to determine either
molecular properties such as the weight-average molar mass (M,,) and the radius of gyration
(Rg) with static light scattering or molecular dynamics such as the diffusion coefficient (D) with
dynamic light scattering. Such measurements are often carried out on dilute polymer solutions

in order to avoid interactions between the particles that affect the measurement result.[6:65]

The setup for a typical light scattering experiment is shown in Figure 1. 9. The polymer solution
or sample of interest is filled into a quartz glass cuvette and the prepared cuvette is placed in a
temperature-controlled toluene bath. During sample preparation, the precleaned cuvettes are

rinsed with hot acetone and the solutions are filtered to remove dust particles. The incident laser
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beam is scattered by the sample particles and the scattering intensity is recorded by a detector
in the scattering plane. The detector can also be moved around the setup using a goniometer to
measure at different scattering angles, 6. The detector is connected to a computer setup with a

suitable software for data processing and analysis.>%%%]

polymer solution
in quartz glass
cuvette

incident
laser beam

detector

Figure 1. 9: Schematic representation of the setup for a light scattering experiment. The incident laser beam is
scattered by the sample solution in the quartz glass cuvette, which in turn is located in a temperature-controlled
toluene bath. The scattering intensity is recorded by a detector at specific scattering angles (8).5%

The scattering of light is based on the interaction of light as an electromagnetic wave with
matter. However, only the electric field is considered here. The electric field, E;, of the incident
light wave, which propagates in x-direction, is given by Equation 15 with the amplitude, E,

the angular frequency, w, and the absolute value of the wave vector, k.[*566567]

E; = E; - sin(wt — kx) (15)

If a molecule with polarizability « is located in this oscillating electric field, a displacement
polarization takes place in which the positive atomic nuclei are deflected against the negative
electrons and a Hertzian dipole, u;,q, is induced. This dipole oscillates at the same frequency
as the electric field according to u;,q = @ - E;. The isotropic radiation of this dipole has the

same wavelength as the incident light; the scattering processes is elastic.[%°6:6567]

The scattering vector ¢ is an important quantity in light scattering and refers to the optical path
difference of incident and scattered laser beam (see also Figure 1. 9). Its absolute value, g, is
denoted in Equation 16 with the wavelength of the laser light in vacuum, A,, the refractive

index of the solvent, n, and the scattering angle 6.[5556:59656°
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gl =q="sin(3) (16
=q=——-sIn|>
ql=a=— >
It is important to note that light scattering is only possible if there is sufficient scattering
contrast. This contrast results from the relative differences of the refractive indices, n, of the
sample and its environment. These differences are generated by density and concentration

fluctuations due to thermal movement of the scattering particles.[®”]

The detector measures the intensity of the scattered light, /s, at a certain scattering angle in the
scattering plane. The ratio of scattered light intensity and the intensity of the incident laser light
depends on the polarizability of the scattering particle, a, and the polarization of the incident
light, which is reflected in the angle 9. In most cases vertical polarized light is used (9 = 90°
and sin?(9) = 1). The term &, represents the vacuum dielectric permittivity.[56:5°°
2,2
% = % : riz - sin?(9) 17)

For dilute solutions of small scattering particles (< 4/20) with only one scattering center per
particle, the scattering intensity is independent of the scattering angle. For larger particles,
however, intraparticle interference must be taken into account due to multiple scattering centers
per particle. The particle form factor, P(q), reflects this interference depending on size and

shape of the scattering particle. [9:55:56:59.65,67.69]

scattered intensity at scattering angle 6

P(q) = (18)

scattered intensity without interference (at 0 = 0°)

Static light scattering is one of the few absolute methods to determine the molar mass of
polymers in solution. In addition, it can be utilized to determine structural characteristics like
the radius of gyration and the second virial coefficient, which gives evidence of the solvent
quality and polymer-solvent interactions. 566

For this purpose, the time-averaged scattering intensity is measured as a function of the scatter-
ing angle at different concentrations. The aforementioned molecular parameters can then be
received from a so-called Zimm-plot according to the Zimm equation (Equation 19a). This
form of the equation already accounts for scattering from large particles and possible polydis-
persity effects. The required Rayleigh ratio, Rg, can be calculated from the scattering intensities

of solvent, solution and standard (most commonly toluene) as well as the absolute Rayleigh
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ratio of the standard, RRgangard, if all intensities are measured using the same experimental
setup (see Equation 19c). The value of the absolute Rayleigh ratio can be found in literature.
The optical constant K (see Equation 19b) contains all setup and solvent dependent parameters

like the refractive index of the solvent, n, the wavelength of the incident laser light in vacuum,

2o, the Avogadro constant, N, and the refractive index increment, 22.[9.56.65.67]

ac

Ke _ 1, 1 2¢p2

= (1+36%(R2),) + 245 +... (19)
2,2 2
K = 4°n <6n>
2N, \ac (19b)
_ Isorution — Isolvent
RG = I : RRstandard (19C)
standard

To perform an analysis according to the Zimm plot, the data ? are plotted as a function of
6

q? + k'c and extrapolated towards zero scattering angle and zero concentration. The factor k'’
is a constant, which is arbitrarily chosen to enhance the graphical analysis by spreading the data
points equally. The intercept of both extrapolations gives the weight-average molar mass, M,,.
From the slope of the extrapolation towards zero scattering angle, the second virial coefficient,
A,, is obtained. Whereas the z-average mean square radius of gyration, (Ré)z, is received from

the slope of the extrapolation towards zero concentration.[®6567]

The method of dynamic light scattering (DLS), on the other hand, is used to determine the
dynamics of scattering particles in solution and thus their diffusion coefficient. For this purpose,
the time-dependent fluctuation of the scattering intensity is recorded (see Figure 1. 10a), which
is caused by Brownian particle motion of the scattering particles (due to thermal density fluc-
tuations of the solvent). The intensity autocorrelation function, g (g, 7), is introduced to quan-
titatively analyze these time- and angle-dependent intensity fluctuations. In an autocorrelation,
the signal at time t is compared with the signal at time ¢t + ¢ (numerator of Equation 20) and
the degree of self-similarity is determined. The greater the shift in time, i.e. the higher t, the
lower the self-similarity and thus the correlation of the signal. The normalized function shows

an exponential decay from 2 to 1 (see Figure 1. 10b).[5557.6567]

(I(q,t) - 1(q,t + 1))
@) —
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The amplitude autocorrelation function, g (g, T), can be obtained from the intensity autocor-

relation function using the Siegert relation.[57:656%

9P (g, 1) = /9(2) (g1 -1 (21)

For a more simplified analysis, the amplitude correlation function is commonly plotted in a
semi-logarithmic scale as a function of the lag time 7 (see Figure 1. 10c), with the amplitude,
A, and the diffusion coefficient, D. 656769
T
990 = 4-exp(=—) = A- exp(~Dg?1) @2)
R
The characteristic relaxation time Tz marks the decay of the function to 1/e of its initial value.

If this time is determined for different scattering angles (different g?), the diffusion coefficient,

D, is obtained as the slope of a linear fit to the data according to Figure 1. 10d. [6567]
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Figure 1. 10: Data acquisition, processing, and evaluation in dynamic light scattering. (a) Recorded time-
dependent intensity fluctuations. (b) Intensity autocorrelation function as a function of correlation time, 7. (c)
Semi-logarithmic plot of the amplitude correlation function derived from the intensity correlation function. The
characteristic time, tg, corresponds to the decay of the amplitude correlation function to 1/e of its initial value. (d)
If the characteristic time is plotted for different scattering angles, i.e. as a function of the scattering vector q, the
diffusion coefficient, D, is obtained as the slope of a linear fit to the data points. (e) In case of monodisperse
samples, an angle-independent diffusion coefficient is obtained. For polydisperse samples, a linear increase of the
diffusion coefficient with increasing scattering vector can be observed. The “true” average diffusion coefficient,
(D), is determined by extrapolating the data towards zero scattering vector.[6567]
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For the case of polydisperse samples containing several diffusing and scattering species,
additional exponential terms must be added to Equation 22. Every species "i" then has a

corresponding characteristic relaxation time 7 ; and diffusion coefficient D;.[656769]

The received diffusion coefficient is only angle-independent for monodisperse spheres without
interactions (see Figure 1. 10e). However, the case of no interactions is only present at very
high dilution. The diffusion coefficient then corresponds to the self-diffusion coefficient. In
contrast, in more concentrated solutions, interactions between the scattering particles can
strongly influence their mobility. For polydisperse samples, however, an increase of the
diffusion coefficient with scattering angle can be observed (see Figure 1. 10e). To receive the
self-diffusion for this type of sample, an extrapolation towards zero scattering vector g, is

carried out. This results in the z-average of the self-diffusion coefficient (D), .16

Finally, from the self-diffusion coefficient, D, the hydrodynamic radius, Ry, can be determined
according to the Stokes—Einstein equation with the temperature, T, and the solvent viscosity,

ns. For polydisperse samples, the hydrodynamic radius also corresponds to a z-average value
(Ry) [55,57,62,65,67]
-

R _kBT_ kgT 23)
m f B 671 D

The hydrodynamic radius reflects the radius of an equivalent sphere that diffuses ideally and
experiences the same friction, f, upon diffusion as the scattering particle. Thus, the hydrody-
namic radius does not correspond to the precise hydrodynamic radius of the scattering particle

(unless it is a monodisperse sphere without interaction).[57:6567]

Up to this point, light scattering from (polymer) solutions was considered. However, it is also
possible to investigate polymer networks or gels using light scattering and thereby characterize
their structural characteristics. If compared to a corresponding polymer solution at the same
concentration, the scattering intensity of a gel is higher. This is due to the fact that in addition
to dynamic thermal concentration fluctuations,8cg, which are caused by Brownian molecular
motion (fluctuation of the polymer chains between the crosslinking points), frozen concentra-
tion fluctuations, &cc, due to an inhomogeneous distribution of crosslinking points also
contribute to the scattering signal. How these contributions constitute the total concentration

fluctuation, &c, is illustrated in Figure 1. 11.[707
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Figure 1. 11: Contributions to the position-dependent scattering of gels due to concentration fluctuations, which
are composed of thermal fluctuations (a) and frozen inhomogeneities (b). Their superposition constitutes the
resulting overall concentration fluctuation (c).[7.70.7

Thus, the overall concentration fluctuation is a superposition of both types of concentration
fluctuations and in analogy to the frozen concentration fluctuations dependent on the position,

r, in the gel 16770711

Sc(r) = 6cp(r) + 6cc(r) (24)

Accordingly, the total position-dependent scattering intensity or Rayleigh ratio of the gel, Rge,
in static light scattering is composed of a fluid scattering contribution, R, arising from thermal
concentration fluctuations, and excess scattering, Rgy, resulting from frozen concentration
fluctuations. The fluid scattering intensity thereby corresponds in good approximation to the
scattering intensity of the uncrosslinked polymer solution of the same concentration. In
dynamic light scattering, the scattering intensity of the gel, Iy (), is analogously composed of
the time-dependent fluctuating intensity, Ir(t), due to the diffusive motion of polymer chain

segments, and a constant scattering contribution, I, due to static inhomogeneities.[677071

Rgel = RF + REX (253.)
Igel(t) = Ig(t) + Ic (25D)

Because of the position-dependent scattering intensity mentioned above, polymer gels are non-
ergodic systems. This means that the time average of the scattering intensity is unequal to the

ensemble average. Therefore, light scattering measurements on gels must be carried out at
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several different positions in order to obtain adequate statistics. This is realized in the experi-
mental setup by use of a rotating cuvette. In ergodic systems, e.g. dilute polymer solutions, on
the other hand, the time average and ensemble average are identical.[67:7071]

Commonly static and dynamic light scattering are measured simultaneously on gels. From the
static measurements and the obtained excess scattering, the static correlation length E can be
calculated, which is a measure of the average distance over which spatial inhomogeneities (fro-
zen concentration fluctuations) occur. From the dynamic measurement, the dynamic correlation
length, &y, is received, which is a measure of the distance of concentration correlation. In ideal
polymer networks the dynamic correlation length can be regarded as the mesh size of the

network, i.e. the distance between two crosslinking points.[67707
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2. MOTIVATION AND SCIENTIFIC GOAL

Amphiphilic polymer co-networks (APCN) consist of both, hydrophilic and hydrophobic
building blocks, which makes their structure and properties dependent on the environmental
conditions, such as solvent polarity. Especially, their environmentally sensitive permeability
and viscoelasticity give rise to many potential applications such as membranes, drug delivery
systems, tissue engineering, and in general biomedical applications. In the field of biomedical
applications, many amphiphilic networks used consist at least in parts of poly(ethylene glycol)
(PEG) or poly(e-caprolactone) (PCL).

However, for a targeted design of APCNs for such and other applications, a rational
understanding of the interplay between synthesis and environmental conditions, the resulting
structure, and the related properties is essential. For this purpose of systematic exploration of
structure—property relationships, model systems with a defined structure and almost no
structural inhomogeneities are advantageous. Such model networks can be obtained with the
tetra-PEG approach by hetero-complementary reaction of two hydrophilic poly(ethylene
glycol) four-arm star polymers with different reactive end groups. The use of hetero-
complementary reacting terminal groups prevents the formation of intramolecular loops and
thus eliminates a significant part of undesirable microscopic defects. Networks prepared by this
approach exhibit outstanding mechanical stability and homogeneity. Therefore, the adaption of
this approach to amphiphilic systems seems promising for targeted structure-property relation
studies on APCNSs.

The above-mentioned synthesis strategy leads to permanent covalently crosslinked APCNSs,
which are only capable of correcting structural changes to a very limited extent, e.g. after
adaptation to changing solvents. Thus, also reversible crosslinked networks based on star
polymers are of special interest due to their ability to eliminate potential structural defects
incorporated during preparation by reorganization. These reversible crosslinking points can
consist of electrostatic interactions allowing for control of the bond strength through length and
type of the ionic segments. In addition, switching between a gel state and a sol state can be
possible by control of the pH value and usage of suitable polyelectrolyte or polyampholyte

building blocks.

The present work is carried out in the framework of the research unit FOR2811 "Adaptive
polymer gels with controlled network structure", whose overall objective is therefore to manu-

facture tailor-made amphiphilic polymer co-networks with near-ideal structure based on four-
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armed star polymers that are either covalent-permanent or ionic-reversible crosslinked, and to
comprehensively study the interplay of synthesis conditions, resulting structure and associated
properties. The aim is to get a rational understanding of the interplay of network building block
parameters (molecular weight; functionality; philie; mixing ratio), the resulting network
structure (extent of crosslinking; elastically effective network strands; network connectivity and
(in)homogeneity; modulus) and the corresponding phase morphology as a function of environ-
mental conditions (temperature; solvent quality; pH). This interplay shall furthermore be inves-
tigated in different states of the network (as prepared; swollen; selectively swollen) and in bulk
as well as at the surface. With this knowledge, specific functions for potential applications can
be imprinted on the gels such as controlled substrate transport or release, volume change or
mechanical strength.

How the subprojects (german: Teilprojekt (TP)) in the research unit FOR2811 act jointly to
reach this goal is sketched in Figure 2. 1 together with the respective network type (covalent-
permanent or ionic-reversible) or the mainly used method to characterize the networks. Through
close cooperation and feedback loops between theory (simulation) and experiment (synthesis;

experimental), the subprojects TP1 to TP7 prepare the basis for the application oriented TP8.

TP3: MQ-NMR

TP1: Covalent-Permanent

TP4: Rheology, Light Scattering
TP2: lonic-Reversible

Synthesis
Experimental

TP5: Atomic Force Microscopy

TP6: Covalent-Permanent

TP7: lonic-Reversible

4

Biomedical Application

Simulation

TP8: Cell Biology

Figure 2. 1: Schematic representation of the subproject (german: Teilprojekt (TP)) interaction within the research
unit FOR2811 divided into synthesis projects, experimental characterization projects and theoretical simulation
projects. The subprojects are listed together with the respective network type or the most prominently used tech-
niques for characterization. In addition, the cell compatibility and applicability of the networks for biomedical
purposes is tested in TP8.
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The present thesis represents the work of TP4 and has the goal to bridge the respective synthesis
projects (TP1, TP2) with the complementary theory projects (TP6, TP7), and to establish direct
comparisons with the other experimental projects (TP3, TP5) in the field of structure-property
relationships and their dependence on synthesis as well as environmental conditions. This trans-
lates into comprehensive investigation of the different network building blocks, the network
formation process, and the final networks of both crosslinking types with the methods of
viscometry, light scattering and rheology. Furthermore, in case of the permanent-covalent
crosslinking, a characterization of the networks under different solvent conditions and in
different states, i.e. in preparation state, swollen or selectively swollen, are of interest to identify
the impact of the network building block architecture on the resulting network structure and
properties. The amphiphilicity of the networks can be implemented by use of separate hydro-
philic and hydrophobic building blocks as well as by direct use of amphiphilic building blocks
(see Figure 2. 2). In the case of ionic-reversible crosslinking, the initial focus is on the synthesis
and characterization of suitable ionic prepolymers (polyelectrolytes, polyampholytes) and the

proof of the reversibility of this crosslinking type.

LIGHT SCATTERING
Q RHEOLOGY

Q VISCOMEIRY

Figure 2. 2: Schematic representation of the scope of TP4 with regard to the permanent-covalent linkage of the
building blocks. The aim is to gain a rational understanding of the relationship between the synthesis conditions
and the building block architecture, the resulting structure and the corresponding properties. The tools for this are
mainly the methods of viscometry, rheology and light scattering.
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In this context, a first collaborative study addresses the fundamental aspects of synthesis,
structure and properties in a common good solvent for amphiphilic polymer co-networks based
on t-PEG and t-PCL. With the aim of obtaining model networks with a defined, homogeneous
structure, a hetero-complementary coupling of the building blocks is required. This is realized
by combining benzoxazinone-terminated t-PCL with amine-terminated t-PEG. The influence
of the synthesis conditions (temperature, mixing ratio, solvent) on the structure and properties
of the networks is probed, next to the characterization of the building blocks in solution and the
gelation kinetics. The plausibility of the results is checked by a comparison with theoretical

models and literature on previous model networks.

Although this first study considers fundamental issues, no information on the mechanical prop-
erties at equilibrium swelling and in general in a selective solvent, e.g. water, are provided.
These aspects are addressed in a second collaborative study, which uses the complementary
methods of rheology and atomic force microscopy to provide information on the mechanical
properties over a wide range of length-scales and in both selective and non-selective solvent.
Due to the hydrophobicity of t-PCL, a significant change in structure both in bulk and at the
surface as well as in the mechanical properties is expected. The impact of the hydrophobic
t-PCL is clarified by comparison with networks prepared solely from t-PEG but with the same

benzoxazinone-based linking chemistry.

In the first two studies, separate hydrophilic and hydrophobic building blocks are used to form
amphiphilic polymer networks. Another approach to such networks is to encode the am-
phiphilicity within the building block, e.g. by use of block copolymers with complementary end
linking groups. This can also be applied to pre-structure the networks in the as-prepared state
in order to implement specific structures and corresponding functions, e.g. transport properties
for guest substances. Therefore, in a third collaborative study, block copolymers of four-armed
t-PCL cores block extended with linear PEG, t-PCL-b-PEG, are synthesized and investigated
concerning their solution behavior depending on the length of the PEG arms via DLS and TEM.
In a rather good solvent for both types of polymer, single stars are expected. Whereas the
formation of micellar structures is expected in water, which is only a good solvent for PEG, but
a poor solvent for PCL. The length of the PEG arms can influence the stability of such micellar

structures and may change the solution behavior.

A next step in exploring the potential of such amphiphilic block copolymers is to add
hetero-complementary end groups and prepare networks by crosslinking. For this purpose, in a

fourth collaborative study, networks composed of t-PEG-b-PCL block copolymers with
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complementary benzoxazinone and amine linking end-groups are considered. Next to the
building block themselves, the network formation as well as the swelling properties and the
mechanics are examined. The networks are probed in two types of solvent, dimethyl sulfoxide
and water to give a comprehensive overview on the structure and properties in a non-selective

and a selective solvent.

Up to this point, only permanent-covalent crosslinked networks are subject of the investigation.
However, ionic-reversible crosslinked networks are also of interest due to their ability to
eliminate possible structural defects introduced during synthesis by reorganization and their
potential for self-healing, which can be used in biomedical applications. Furthermore, the bond
strength in such systems can be tuned by length and type of the ionic segments. To generate
such networks, a first step is to synthesize and characterize suitable well-defined polyelectrolyte

or polyampholyte building blocks based on four-armed star polymers.

In this context, a fifth study addresses the synthesis and pH-dependent solution behavior of
t-PEG-b-PDha, i.e. a t-PEG core block extended with polydehydroalanine (PDha) segments.
The ampholytic nature of polydehydroalanine causes the overall net charge and thus the
solution behavior to be strongly dependent on the pH value. How the length of the PDha block
and the molar mass of the PEG core influence this dependence will be probed by potentiometric

titration, zeta potential measurements, dynamic light scattering and atomic force microscopy.

In a next step, this knowledge can be used to form ionic networks with a suitable counterpart,
e.g. a strong negatively charged polyelectrolyte. To provide a first proof of concept and demon-
strate the initial feasibility of the concept, purely hydrophilic gels are prepared in a first instance.
The purely hydrophilic approach is also easier to implement in this early stage due to the high
number of charges.

Thus, in a sixth study, ionically crosslinked gels are investigated by combining ionic block
copolymers with a t-PEG core and attached poly carboxy betaine methacrylamide
(PCBAMAA) or poly styrene sulfonate (PSSNa) segments, respectively. Styrene sulfonate is a
strong electrolyte and therefore negatively charged over the entire pH-range investigated.
Hence, the gel formation is dependent on the charge of the carboxy betaine species, which is
positively charged at low pH and charge neutral at high pH. In consequence, a gel formation is
expected at low pH and a sol state is expected at high pH. Switching the pH between low and

high values, possibly enables switching between a gel and a sol state.
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3. CHAPTER I: AMPHIPHILIC POLYMER CO-NETWORKS BASED
ON PEG AND PCL

Amphiphilic Model Networks Based on PEG and PCL Tetra-Arm Star

Polymers with Complementary Reactivity

Macromolecules, 2022, 55, 15, 6573-6589; doi: 10.1021/acs.macromol.2c00693

The corresponding Supporting Information is included in Appendix A.3.

The results in this chapter were first published on August 1, 2022 and are adapted with permission
from Macromolecules, 2022, 55, 15, 6573-6589.

Copyright © 2022 The Authors. Published by American Chemical Society.

3.1. Specific Summary

Amphiphilic polymer co-networks consist of both, hydrophilic and hydrophobic building
blocks, and swell independently in water as well as in organic solvents. Due to their am-
phiphilicity, they exhibit environmentally sensitive viscoelasticity and selective permeability,
which makes them suitable candidates for applications as membranes and drug delivery systems
among other biomedical applications. For all these applications control over the structure of the
network is essential as the structure significantly determines the network properties. In this
context, model networks with a defined starting structure are advantageous. Model networks
are tailored infinite three-dimensional structures of covalently crosslinked polymers consisting
of a defined number and length of monodisperse polymer strands connected by junction points
of known and constant functionality. One way to such networks is the hetero-complementary
reaction of star-polymers with different reactive end groups. The hetero-complementarity
reduces the formation of microscopic defects and leads to enhanced mechanical stability and
homogeneity. This concept can be adapted for amphiphilic networks to receive networks with

a tailor-made structure and a high level of homogeneity.

For this purpose, 2-(4-nitrophenyl)-benzoxazinone terminated tetra-poly(caprolactone) (t-PCL)
is hetero-complementary crosslinked with amino-terminated poly(ethylene glycol) (t-PEG)
under different reaction conditions by varying solvent, concentration and temperature to form
near-ideal amphiphilic polymer co-networks. The network building blocks are thoroughly

characterized concerning their solution behavior in toluene, chloroform and tetrahydrofuran
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using viscometry, dynamic light scattering (only in tetrahydrofuran due to insufficient contrast
in toluene and chloroform) and the Flory—Huggins interaction parameter. Herein, the
Flory—Huggins parameter is estimated for the used conditions combining literature data and the
experimental viscometry results. All solvents are good solvents, but the solvent quality
decreases in the order chloroform, toluene, and tetrahydrofuran and shows a temperature
dependence especially for the t-PEG compound. Next to the characterization of the building
blocks, the reaction kinetics during gel formation are examined with NMR spectroscopy and
computer simulations. The results indicate a nearly homogeneous mixture in which the kinetics
are only affected by local composition fluctuations after most of the star polymers are attached
to the network. The local structure after gelation is characterized by an increased formation of
double links between the same pair of star polymers compared to preceding work on pure
hydrophilic star polymer networks prepared by the same crosslinking strategy but based on
other end linking groups. Nevertheless, the networks possess a near model structure with a
small defect fraction. The respective solvent quality of toluene, chloroform and tetrahydrofuran
for the individual star polymer species is also reflected in the corresponding swelling capacities.
Drying-reswelling-cycles reveal distinct post-crosslinking during the drying procedure result-
ing in a significant lower swelling degree after the first cycle. Rheological investigations of the
as-prepared networks in toluene result in a similar power law behavior of modulus as related

work, despite the modulus is a factor of 4 below the expectations from the phantom model.

The obtained results of this comprehensive study on amphiphilic co-networks based on t-PEG
and t-PCL in co-solvents allow first deductions of structure—property relationships in such net-
works and provide a basis for further investigations in either a selective solvent or in the swollen

state.
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3.4. Abstract

A new approach for the synthesis of model amphiphilic polymer co-networks (ACNSs) based on
a hetero-complementary coupling reaction of a 2-(4-nitrophenyl)-benzoxazinone terminated
tetra-arm polycaprolactone star (tetra-PCL) with an amino-terminated tetra-arm polyethylene
glycol star (tetra-PEG) is presented. The reaction conditions (solvent, concentration, and
temperature) were varied widely. Reaction Kkinetics and gelation were analyzed with high-
resolution NMR spectroscopy and computer simulations. The results agree with a nearly
homogeneous mixture where local composition fluctuations affect kinetics only after most of
the molecules are attached to the gel. Viscometry data, dynamic light scattering data, and
literature data for the solubility parameters were combined to provide estimates for the
Flory—Huggins interaction parameter of the two star polymers in toluene, chloroform, and THF
as solvents. These estimates allow one to collapse equilibrium swelling data in different sol-
vents on a universal curve. Multiple quantum NMR analysis shows an enhanced formation of
double connections between the same pair of stars as compared to preceding work on tetra-PEG
gels made by the same crosslinking strategy but with a different coupling reaction. Besides this
last observation, the remaining results indicate that the networks possess a near model-like
structure with only a small fraction of pending arms as the most relevant type of network

defects.

0
-0 NH
Amphiphilic Nozﬂ*‘

. 0
Hydrophobic star Hydrophilic star co-network

Scheme 3. 1: Schematic illustration of the reaction of benzoxazinone terminated PCL with amino terminated PEG
to form an amphiphilic polymer co-network.
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3.5. Infroduction

Model amphiphilic polymer co-networks (ACNS) are tailor-made adaptive soft solids of cova-
lently crosslinked polymers with both hydrophilic and hydrophobic units.!'"*! Based on their
amphiphilicity, ACNs swell independently in water as well as in organic solvents.[” The re-
sulting environmentally sensitive viscoelasticity and selective permeability make them suitable
for deliberately controlling the transport of molecules of different polarity through the swollen
polymer network (gel).[® The latter is exploited for soft contact lenses with extended wear time,
the most common application of ACNs.''21 Further biomedical applications are (multi)
stimuli-responsive functionalized ACN-based matrices or membranes especially for drug de-
livery devices!'*"'®! but also for tissue engineering™® and bioartificial pancreas.’*” In addition,
potential technological uses of ACNs are being explored as biocatalyst supports,?*
sensors,?2 2%l and polymer electrolytes for batteries.!®! The properties for all these and other
applications are controlled by the polymer network structure, which in turn is strongly
dependent on the formation process. A very good overview on the synthesis of ACNSs is pro-
vided in the review by Erdodi and Kennedy.[®! A major concern of some authors cited there was
to obtain networks with a defined structure. Although very promising results were achieved in
some cases, the attained structures did not meet the criteria of a model network, which is
characterized by a homogenous structure of defined length and number of monodisperse
polymer strands connected together by junction points of known and constant functionality

within an infinite three-dimensional net structure.[* 24

A seminal paper published by Sakai et al.[? in 2008 showed one possible way to obtain hydro-
philic star-polymer networks with a model network structure.!?! Their approach is based on an
end-linking process through a hetero-complementary conversion of two four-arm polyethylene
glycol stars (As- and Bs-type tetra-PEG) containing different reactive end groups. For star
polymers with narrow polydispersity, the number of chain segments between the network junc-
tions is well-fined. Furthermore, the hetero-complementary conversion of the terminal groups
prevents arms of one star from reacting with each other. This eliminates the formation of a
significant part of undesirable microscopic defects,?” leading to a substantial enhancement of
the elastic modulus of the networks when prepared at a low overlap number of the network
strands.?®! Gels synthesized in this way are characterized by excellent mechanical stability and
homogeneity.?*!1 While the structure of such gels is quite close to that of a model network,
they still feature structural defects, like pending arms and double or multiple links between the
star polymers, which are due to the statistical nature of the crosslinking process.*? In

particular, double links with adjacent stars (see Scheme 3. 2) can be detected and quantified by

Introduction | 43



CHAPTER I: AMPHIPHILIC POLYMER CO-NETWORKS BASED ON PEG AND PCL

low-field *H multiple-quantum nuclear magnetic resonance (MQ NMR) spectroscopy®! and
Monte Carlo simulations,'® which provide detailed insight into the topology of the networks.
In recent years, the synthesis and characterization of networks with well-defined structures have
raised the understanding of their structure—property relations to a new level. In contrast,
corresponding studies on amphiphilic co-networks have been performed only sporadically to
date.t® 9 34 351 With our contribution, we aim to advance the state of knowledge regarding

structure—property relationships of model amphiphilic co-networks.

Mixture of connectivity types

S o

g. single link (SL) double link (DL) higher order connectivity (HOC),
e.g. triple link

Scheme 3. 2: Synthesis of ACNs based on hydrophobic 2-(4-Nitrophenyl)-benzoxazinone-terminated PCL (3) and
hydrophilic amino-terminated PEG (5) Tetra-arm star polymers: (a) Reaction scheme and (b) Connectivity types
within the polymer network formed.

In analogy to the tetra-PEG gels, a key aspect in the synthesis of model ACNs is the hetero-
complementary linkage of structurally defined hydrophilic and hydrophobic star polymers via
their end groups. Typically, fast click reactions, such as azide—alkyne cycloaddition,®®! con-
densation reactions of amino groups with activated ester bonds,!® 34 as well as the addition
reaction of benzaldehyde and benzaacylhydrazide terminal groups,® have been used for the
synthesis of A>Bs- and AsBs-type ACNSs. These reactions provide high conversions within a
short time. While this may initially appear to be an advantage, it entails the risk that the com-
ponents forming the network do not mix properly. As a result, additional defects and large-scale
heterogeneities inducing shielding of reactive groups may occur. This problem has already been
pointed out by Sakai et al.}l in connection to the synthesis of tetra-PEG gels via the active
ester method, where the rate of gelation was controlled by the pH value. Another influencing
factor is a possible segregation of the chemically different building blocks during the ACN

formation, which is also assumed to have an effect on network inhomogeneities. These aspects
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have hardly been considered in previous works. To address this challenge of minimizing struc-
tural network defects, a homogeneous reaction mixture prior to gelation is essential, especially
for systems based on components of different polarity. Accordingly, in addition to a hetero-
complementary end group reaction with high conversion, a sufficiently slow and adjustable
viscosity increase is of particular importance, i.e., a crosslinking reaction with an adjustable

moderate reaction rate and a suitable nonselective solvent for both star polymers are desired.

In previous works, we used 2-phenylbenzoxazinone-based compounds to functionalize poly-
mers with oxazinone groups.8 3% By the reaction of these oxazinone-functionalized polymers
with amino group containing polymers, block and graft copolymers were obtained. As a proof
of concept, we also synthesized A>-Bs hybrid networks by conversion of an oxazinone-
terminated four-arm poly-g-caprolactone star with a linear amino-terminated polypropylene
glycol prepolymer.l*d A major advantage of the oxazinone-amine reaction is its controllable
reactivity. By introducing electron-withdrawing substituents on the oxazinone group and
varying the reaction temperature, the course of the reaction can be significantly influenced,
offering great potential for the synthesis of well-defined ACNs.

Focusing on material properties and application but without addressing the network formation
process and its influence on network defects, syntheses of highly biocompatible and biode-
gradable ACNs based on hydrophobic PCL and hydrophilic PEG have been reported several
times in the literature.l*'~*) ACNs with these components are also the subject of the present
publication, but with special focus on the process of network formation. With the aim of ob-
taining networks with highly defined structures, the synthesis was carried out following the
tetra-arm approach of Sakai et al.[?l In contrast to Sakai, in our method presented here,
hydrophobic PCL and hydrophilic PEG tetra-arm stars were linked by the much slower
2-(4-nitrophenyl)-benzoxazinone/amine reaction in organic solvents similar to our earlier
synthesis of A2-B4 hybrid networks.[*°! In this approach, hydroxy-terminated star polymer tetra-
PCL (1) was first reacted with 2-(4-nitrophenyl)-4-oxo0-4H-benzo[d][1,3]oxazine-7-carboxylic
acid chloride (2), resulting in 2-(4-nitrophenyl)-benzoxazinone-terminated tetra-PCL (3),
which was crosslinked in different organic solvents with amino-terminated star polymer
tetra-PEG (5) in a second step to give ACN gels (see Scheme 3. 2). The moderate rate of the
crosslinking reaction allows the precursor star polymers to mix and diffuse and, moreover, the
monitoring of this process by NMR spectroscopy and oscillatory shear rheology. Hagmann et
al. previously analyzed the surface structure of thin films of these ACN gels using atomic force
microscopy and compared this with their bulk structure.[4]
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Our main concern is to show how the reaction conditions influence the course of the reaction
and thus the microstructure and homogeneity of ACNs. In particular, we study the influence of
the reaction conditions (solvent, concentration, and temperature) on the crosslinking process
and the occurrence of associated network defects. The solvent quality of toluene, tetrahydrofu-
ran, and chloroform as possible nonselective solvents is analyzed by using a combined approach
of viscosity measurements and theoretical computations. Furthermore, the resulting
environment-dependent viscoelasticity and swelling behavior of the gels prepared under differ-
ent reaction conditions are investigated. We have also used large-scale computer simulations to
model network formation under idealized conditions (perfect stars, all reactive groups reacted,
perfect mixing of both components). Comparison with these data allows one to explore
deviations from ideal reaction conditions and possible de-mixing effects.

3.6. Experimental Section

Materials

All chemicals and solvents (analytical grade) were obtained from Sigma-Aldrich and used as
received unless differently mentioned. Hydroxy-terminated tetra-arm polyethylene glycol
(tetra-PEG-OH) was obtained from JenKem Technology USA, purified by dialysis in water
(ZelluTrans, Roth, 1000 g mol~* molecular weight cutoff), and precipitated twice from THF in
cold diethyl ether. The number-average molar mass (M) was determined by SEC-MALLS in
water (Mn = 10 kg mol, B = 1.02). e-Caprolactone (e -CL) was dried under reduced pressure
over CaH. for at least 24 h, then purified by vacuum distillation and stored under nitrogen at-
mosphere. Tin(11)-2-ethylhexanoate (Sn(oct).) was purified by vacuum distillation and stored
under nitrogen atmosphere. 2-(4-Nitrophenyl)-4-oxo-4H-benzo[d][1,3]oxazine-7-carboxylic

acid chloride (2) was synthesized as described earlier.[*?]

Synthesis of Functionalized Tetra-arm Star Polymers
2-(4-Nitrophenyl)-benzoxazinone-terminated Tetra-PCL (3)

Star polymer 3 was synthesized according to Scheme 3. 3a in two steps as previously
reported.*® 41 First, 1 was synthesized by ROMP of e-CL using pentaerythritol as starter and
Sn(oct)2 as catalyst. The molar ratio of e-CL/pentaerythritol/Sn(oct), was adjusted to 87:1:0.1.
Subsequently, the hydroxy terminal groups of 1 were converted with compound 2 to yield 3.
Under neutral conditions, the hydrolysis sensitivity of the benzoxazinone group is low.

Nevertheless, compound 3 was stored and further processed under exclusion of moisture.
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Scheme 3. 3: Synthesis of tetra-arm star polymers 3 and 5.

IH NMR (THF-ds, 40 °C): & 8.53 (d, 8.9 Hz; 10), 8.39 (d, 8.9 Hz; 11), 8.32 (d, 1.5 Hz; 7), 8.29
(d, 8.1 Hz; 8), 8.18 (dd, 8.1 Hz, 1.5 Hz; 9), 4.39 (t, 6.6 Hz; 6 next to OC(O)Ph), 4.12 (s; 1), 4.02
(t, 6.7 Hz; 6), 2.32 (t, 7.4 Hz; 4 next to core), 2.26 (t, 7.4 Hz; 2), 1.65-1.55 (3, 5), 1.38 ppm (m;
4), see also Figures A.3. 1 and A.3. 3c. The complete *H and *C NMR characterization data
(solvent: CDCls) of 3 are reported in a separate publication.[**]

Mesylate-Terminated Tetra-PEG (4)

Star polymer 4 was synthesized by adapting a previously reported procedure (see first step
in Scheme 3. 3b).[*®! Briefly, purified tetra-PEG-OH (10 g, 1 mmol) with a number-average
molar mass of 10 kg mol~ was dissolved in 50 mL of anhydrous CH,Cl under a nitrogen at-
mosphere. Then 8.5 mmol of triethylamine and 8 mmol of mesyl chloride were added to the
solution and stirred overnight. After the reaction, the mixture was filtered to remove insoluble
triethylamine hydrochloride, concentrated in vacuo, and poured into a 10-fold excess of cold
diethyl ether. The precipitated star polymer 4 (9.1 g, 91%) was isolated by filtration and dried

in vacuo at 40 °C.

'H NMR (CDCl3): & 4.37 (t, 8H; SO,0CH,), 3.76 (m, 8H; SO,OCH,CH), 3.70-3.45
(CH2CHy2), 3.41 (s; CHa,core), 3.07 ppm (s, 12H; CH3SOy).

Amino-terminated Tetra-PEG (5)

Star polymer 5 was prepared as described earlier (see second step in Scheme 3. 3b).[*61 Briefly,
star polymer 4 (9 g, 0.9 mmol) was dissolved in 28% aqueous ammonia solution (100 mL). The
reaction mixture was left to stir for 4 days at room temperature. The ammonia was allowed to
evaporate overnight after NaOH (5 M) was added dropwise until the pH reached 13. The solu-

tion was dialyzed several times against deionized water for 24 h. The aqueous solution was
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concentrated in vacuo, and the water was completely removed by lyophilization to give 5 (7.2 g,
80%).

'H NMR (THF-ds, 40 °C): & 3.55 (s; ¢), 3.42 (br; b), 3.41 (s; d), 2.76 (br; a), 2.36 ppm (v br;

NH2 and water from solvent); see also Figure A.3. 2.

Synthesis of Amphiphilic Co-networks (CN)

A series of amphiphilic co-networks CN was synthesized by hetero-complementary reaction of

the end groups of 3 and 5.

For the synthesis, the polymer concentration, the temperature, and the solvents were varied. A

sample overview is given in Table 3. 1.

First, stock solutions of 3 and 5 with different polymer volume factions (¢ = 0.06, 0.18, and
0.30) were prepared. The ¢ values correspond roughly to 1, 3, and 5 times the overlap concen-
tration ¢* (70 mg mL™1), which appears as the last part of the sample name (e.g. CN1-1, CN1-
3, and CN1-5 are synthesized at 1c*, 3c*, and 5¢*, respectively). For the synthesis, aliquots of
the stock solutions were poured together at a certain temperature and allowed to react. After
reaching the gel point (visual detection), the temperature was raised to the final reaction tem-
perature until crosslinking was completed. To ensure equivalence of the reactive groups, H
NMR spectra of mixtures of the stock solutions were recorded. Based on the intensities of the
end group signals, concentration differences of the reactive groups could be compensated by
post-dosing of the deficiency component.

The synthesis of CN2-1 in THF (¢ = 0.06) is described in the following as an example: To start
the crosslinking, 0.972 g of the stock solution of 5 was placed in a 5 mL reaction flask equipped
with a flat stirrer using a 1 mL syringe. Then, 0.784 g of the stock solution of 3 was added, and
the reaction flask was tightly closed. The reaction mixture was stirred at 25 °C until gelation
was observed. After this, the reaction flask was placed in a preheated oil bath (40 °C) for 3

days.

H NMR (THF-ds, 40 °C): & 12.94 (br; PANHCO), 9.49 (d, 1.3 Hz; 7"), 8.38 (d, 8.5 Hz; 10),
8.33 (t; CH2NHCO), 8.25 (d, 8.5 Hz; 11'), 8.88 (d, 8.3 Hz; 8'), 7.77 (dd, 8.3 Hz, 1.3 Hz; 9"),
4.34 (t, 6.5 Hz; 6 next to OC(O)Ph), 4.12 (s; 1), 4.02 (t, 6.7 Hz; 6), 3.67 (t; a'), 3.55 (b, ¢), 3.42
(s; d), 2.32 (t, 7.4 Hz; 4 next to core), 2.26 (t, 7.4 Hz; 2), 1.65-1.55 (3, 5), 1.38 ppm (m; 4).
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Table 3. 1: Sample overview.

Ti¢ T,¢ o' Wiol®
sample? solvent  ¢o° e Saets"
°C) (°C) 1 2 3 4 (%

CN1-1 THF 0.06 25 25 098 209 132 104 10.2 8 -
CN2-1 THF 0.06 25 40 099 20.0 14.0 10.7 10.2 9 -
CN3-1 THF 0.06 25 60 099 196 152 11.6 10.2 9 -
CN1-3 THF 0.18 25 25 098 11.7 102 9.4 9.0 2 -
CN2-3 THF 0.18 25 40 099 114 107 9.5 8.8 4 -
CN3-3 THF 0.18 25 60 099 116 107 93 9.3 2 -
CN2-5 THF 030 25 40 0.84 9.2 8.7 8.2 7.8 1 -
CN3-5 THF 0.30 25 60 099 82 7.9 8.1 7.7 1 -
CN4-1 THF-ds 0.06 40 80 - 20.0 14.0 13.6 - - 9
CN5-1 THF-ds 0.06 60 60 - 20.5 14.1 135 - - 5
CN4-3 THF-ds 0.18 40 80 - 15.1 13.6 13.6 - - 2
CN5-3 THF-ds 0.18 60 60 - 14.8 134 13.6 - - 1
CNe6-1 toluene-ds  0.06 40 80 - 194 122 12.0 - - 3
CN7-1 toluene-ds 0.06 60 60 - 17.1 11.8 11.5 - - 3
CN6-3 toluene-ds 0.18 40 80 - 11.0 104 938 - - 1
CN7-3 toluene-ds 0.18 60 60 - 11.1 10.0 104 - - 1
CN8-1 CDClIs 0.06 40 80 - 285 22.1 206 - - 28
CN9-1 CDCls 0.06 60 60 - 309 233 227 - - -
CNS8-3 CDClIs 0.18 40 80 - 236 219 21.3 - - 0
CN9-3 CDCls 0.18 60 60 - 232 21.8 222 - - 0
PEG-1! DO 0.15 25 25 - 32.3 - - - - 10
PEG-2 toluene-ds 0.15 25 25 - 10.8 - - - - 1

& The general sample code CNx-y of the co-networks denotes differences in solvent and temperature regime (same x means
same solvent and temperature regime) and differences in concentrations (y = 1, 3, and 5 for 1c*, 3c*, and 5¢c*, respec
tively).

b Polymer volume fraction at preparation.
¢ Reaction temperature before reaching the gel point.
d Reaction temperature after reaching the gel point.

€ Degree of conversion determined by 'H HR MAS NMR spectroscopy after removal of the sol fraction, evaporation of the
reaction solvent, and reswelling in D20.

f Gravimetrically determined equilibrium volume swelling degree (columns 1-4 refer to four consecutive measurements with
intermediate drying steps).

9 Sol fractions gravimetrically determined for CN1 to CN3.

" Defect fractions determined by MQ NMR spectroscopy.

i Synthesized according to Sakai et al [?%]

Experimental Section | 49



CHAPTER I: AMPHIPHILIC POLYMER CO-NETWORKS BASED ON PEG AND PCL

The data are related to the kinetics experiments and were determined from a low-conversion
sample. The signals are significantly broadened at higher conversion and for the final networks
(see Figure A.3. 3a,b). The assignments are in accordance with data reported in our recent
study on soluble tetra-arm polymers containing the same structural motif.[**! A part of the
analysis (rheology, NMR) requires a modified preparation that is explained in the correspond-

ing sections below.

For comparison, PEG-PEG networks were synthesized by the Sakai active-ester linking
chemistry in water[®! (PEG-1) and by conversion of 5 with oxazinone-terminated tetra-PEG in
toluene (PEG-2). In each case, tetra-PEG-OH (M, = 10 kg mol™) was used as the starting
material for the syntheses.

Characterization

Size Exclusion Chromatography (SEC)

The number-average and weight-average molar masses (Mn and Mw) and the molar mass distri-
bution (D) of the tetra-PCL-based star polymers 3a—c, 5b, and 5c¢ presented in Table 3. 2 were
determined using an isocratic HPLC pump (Agilent 1200) with an autosampler (Agilent
Technologies, Santa Clara, CA) equipped with twofold detection (SEC-MALS/dRI). Details
are described in the Appendix A.3 Section 5.

Table 3. 2: Molecular Characteristics of different batches of Tetra-arm star polymers 3 and 5.

3a 3b 3c 5a 5b 5¢

Moawvr? (kg mol™)  11.1+£02  11.3+£02 105+0.2 11.4+02 10.8+0.2 11.1+£0.2

Masec® (kgmol™)  11.4+02 11.7+0.1 11.0+0.1 104+£0.3 11.0+£0.1
My,sec® (kgmol™)  12.4+£0.2 12.6+£0.1 11.8+0.0 10.6 £0.2 11.5+0.3
bP 1.09+0.01 1.07+0.1 1.07 1.02+0.01 1.05+0.01

2 Based on *H NMR end group analysis (see Figure A.3. 1 and A.3. 2 and comments).
b Based on SEC (MALS/dRI detection) in THF (3a—c) and water (5a—c).
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Viscometry

Overlap concentrations c* of star polymers 3 and 5in THF, toluene, and chloroform were
determined by capillary viscometry using eq 3.1, adopting the same convention as for linear

polymers:[47]
1

where ngp is the specific viscosity and [n] is the intrinsic viscosity of the solutions. Measure-
ments were performed at 25 and 35 °C. The evaluation was carried out according to Schulz and
Blaschke.[*] Details are described in SI (Appendix A.3) Section 6 (Table A.3. 1).

Dynamic Light Scattering (DLS)

The hydrodynamic radii Ry of compounds 3 and 5 in THF were determined by DLS measure-

ments using the Stokes—Einstein equation:

o _ T
" 6mnsD

(3.2)

where kg is the Boltzmann constant, T the absolute temperature, n, the viscosity of the solvent,
and D the diffusion coefficient. The measurements were performed on a light scattering setup
equipped with an ALV-SP125 goniometer, an ALV/LSE5004 multi tau correlator, a fiber
optical ALV/High QE APD avalanche photodiode with pseudo-cross correlation, and a uni-
phase He/Ne laser (632.8 nm, Thorlabs Inc.). Details of the DLS analysis are described in
Appendix A.3, Section 7. Results are presented in Tables A.3. 2 and A.3. 3 of the SI.

Equilibrium Swelling Experiments

Equilibrium volume swelling degrees Qv were determined at room temperature. As-prepared
co-networks (gel) were first placed in a large excess of the synthesis solvent for 48 h to remove

the sol fraction.

Subsequently, the gels were separated from the swelling medium and weighted. After drying in
a vacuum oven at 40 °C, the weight of the polymer (wp) was determined, while the solvent

weight in the swollen gel (ws) is the weight loss of the sample during drying.
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Q, was determined as follows:
— Pp\ [ Ws
Q,=1+ (—ps) (_W,,)' (3.3)

Here, ps is the density of the used swelling solvent and p;, is the density of the polymers
(1.13 g mL* as average for both PEG and PCL).[°l The procedure of swelling the samples to
equilibrium followed by complete drying was repeated up to three times for all networks. As a
result, equilibrium degrees of swelling (Qy4, Qy2, €tc.) were measured, where the index counts

the number of the swelling experiment.

Rheology

Rheological measurements were performed on an Anton Paar modular compact rheometer of
type MCR 302 (Anton Paar, Graz, Austria) equipped with a plate—plate geometry of type PP25
with a plate diameter of 25 mm. A Peltier plate was used to control the temperature, and a
solvent trap was used to prevent the evaporation of the solvent. Gels were prepared from ho-
mogenized equimolar mixtures of stock solutions of 3 and 5 in a mold fitting exactly the di-
mension of the probe geometry. The mixture was allowed to react overnight at room tempera-
ture. Frequency sweeps were carried out at a shear deformation of y = 1% and in the range of
o = 1-100 rad s™*. Storage moduli averaged over the full frequency range are shown in Si
(Appendix A.3) Section 8 (Table A.3. 4).

High-Resolution Solution NMR Spectroscopy

H NMR spectra (500.13 MHz) were recorded on an Avance 111 500 spectrometer (Bruker
Biospin). CDCls (8(*H) = 7.26 ppm) and THF-ds (§(*H) = 1.72 ppm) were used as the solvent,
lock, and internal standard. The sample temperature was kept constant (30 = 0.5) °C, unless
otherwise specified, using a BVT-3000 unit.

The reaction kinetics of the co-network formation was followed by in situ *H NMR spectros-
copy in THF-dgat ¢ = 0.06 and T = 25, 40, and 60 °C, respectively. For the measurements,
stock solutions of 3 and 5 were prepared and combined with an equimolar ratio of reactive
groups in a5 mm NMR tube using a glass syringe and a precision balance. The tube was then
sealed with a rubber septum, shaken sufficiently, and immediately placed in the preheated NMR
probe. After reaching the reaction temperature within approximately 5 min, the measurements
were started. Sixteen scans with an acquisition time of 1.93 s and a delay time of 10 s were
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collected, resulting in a total experiment time of 191 s for each measurement. The normalized
intensities of the signals at 9.5 ppm (H7> of CN) and 8.53 ppm (Hzo of 3) were used to calculate
the conversionp = I(H7)/[I(H7) + 0.5 I(Hw)] of the crosslinking reaction. Inversion-
recovery T1 measurements on 3 and on a CN in THF-dg at 40 °C give T values of 3.0 s for
Hio and 3.4 s for H.. Thus, with an interval between the 90° *H pulses of ~12 s, an equal and
almost complete T; relaxation (97 vs 98%) of both protons occurs. Errors result mainly from
the signal overlaps that occur at higher conversions since the network formation leads to sig-

nificant line broadening.

High-Resolution (HR) MAS NMR Spectroscopy

The measurements were performed on an Avance 111 500 NMR spectrometer with a Bruker HR
MAS probe using a ZrO> rotor (4 mm outer diameter) with a PTFE insert (50 pL insert volume).
For the measurements, the insert was filled with the dried co-networks (~2 mg). After addition
of CDCl3 (~50 pL) and a swelling time of 30 min, the spectra were recorded at 30 °C with a
rotation frequency (vr) of 4650 Hz. Under these conditions, a minimal overlap of signals and
spinning sidebands was observed. The conversion was determined from the integral intensities
of a signal of the reacted benzoxazinone group (H7» of CN; 9.5 ppm) and of the nonreacted

benzoxazinone group (H1o of 3; 8.53 ppm) as described for the kinetics experiments.

MQ NMR Spectroscopy

Static proton solid-state NMR experiments for the quantification of connectivities and isotropic
fraction are based upon the existence of motion-averaged residual dipolar couplings (RDCs)
among the protons, which are nonzero for network chains that are fixed at their ends. At low
overlap of the network strands (the entanglement-free limit), the magnitudes of the measured
RDCs reflect roughly the elastic contribution of the respective chains and their connectivities
(see Scheme 3. 2).150- 51 Experiments were carried out on a Bruker mg20 MiniSpec with the
specifications mentioned in the SI (Appendix A.3). The experiment provides two signal func-
tions as a function of a double-quantum pulse sequence duration (DQ evolution time 7pq): the
DQ intensity buildup (Ipg) reflecting the magnitude of the RDCs and a reference intensity (lref).
The sum of these two signals, referred to as summed multiple-quantum intensity
(Imq = lpo *+ Iref), corresponds to a full dipolar echo and is used to quantify and thus compensate
for transverse relaxation effects (long-time signal loss). These data were evaluated similar to

Lange et al.,*® except for some relevant procedural differences that will be explained below.
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Comparable data analysis was also applied on other tetra-arm star polymer systems.[52 53 Typ-
ically, three types of connectivities can be distinguished differing sufficiently in their RDC as
shown in Scheme 3. 2 (SL, DL, and HOCs). This three-component fit was assumed to be a
proper modeling choice for our system since the chemical and steric differences between PEG
and PCL chains are small (see Table A.3. 3) and because all elastic strands contain a PCL and
a PEG block that are under the same tension. Both types of macromonomers are dominated by
trains of CH. groups, justifying the assumption that the measured RDCs of the different
macromonomers are similar. Therefore, we will stick to the model of the three Abragam-like

(A.-1.) functions representing one connectivity fraction each, as proposed in ref [54].

Further, the equality of the RDCs of PEG and PCL subchains was qualitatively confirmed in
preliminary chemical shift resolved RDC measurements using the POST-C7 sequence.[®
Details will be reported elsewhere. As shown exemplarily in Figure 3. 1a, the proposed three-

component fit well reproduces all features in both signals.

In contrast to Lange et al.,[®*l we refrain from a global optimization algorithm and instead pro-
pose another simultaneous fitting procedure of Imq and Ipg data. We decided to minimize the
summed normalized root-mean-squared error (nRMSE) of both functions using a self-written
MatLab 2018b script where the total RMSE was minimized using the MatLab fmincon algo-
rithm for constrained, nonlinear optimization procedures. We follow a grid-search based pro-

cedure that replaces the global optimization procedure by Lange et al.l!

The most relevant parameter, being the fraction of single links fsi, is fixed, and the fit is carried
out with one fixed parameter, automatically stabilizing the whole procedure. Afterward,
the fsL parameter is incremented by a small step Afs. (here Afs. = 0.01 = 1%), and the fit is
evaluated again. This is done over the whole range of expected al-values (here: between 0.1
and 0.9). The total RMSE is plotted (see Figure 3. 1b,c), and the minimum is detected and is
taken as the best-fit result. The stability of the fit was tested by using randomly determined
starting parameters within a physically meaningful range. The presented error bars (confidence
boundaries) were chosen such that the corresponding curves present suitable envelopes for the
data up to a 30% increase of the nRMSE minimum value. Since the minimum is taken as the
reference value, error bars for the presented data are not symmetric and represent the range of
possible values. We stress that the error bars describe a possible systematic error (possible
fitting bias, e.g., arising from the fact that a single A.-I. function may not be a perfect approxi-
mation to a signal fraction), which means that trends in the best-fit results for different samples

are meaningful even if they are smaller than this systematic variation range.
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Figure 3. 1: (a) Exemplary fit of MQ NMR data of sample CN6-3, (b) RMSE minimum, and (c) dependence of
relative connectivity fractions corresponding to the respective fixed SL fraction value.

Other sources of errors, e.g., rf-pulse miscalibration or ambiguities in the distinction of different
connectivities, are not (or in the latter case only partially) included into the error bars. The
fitting ambiguity between DL and HOC is circumvented by evaluating mostly the better defined
single-link fraction and comparing it to the sum of other connectivities. Connectivity distribu-
tions of ACNs investigated are summarized in SI (Appendix A.3) Section 9 (Table A.3. 5).

Computer Simulations

Stoichiometric solutions of two different tetra-arm star polymers were equilibrated using a
GPU-Versiont®: 57 of the bond-fluctuation model.® The number of Kuhn segments per star
arm in the simulations® was chosen to be roughly comparable with the experiments based
upon literature data for the properties of Kuhn segments of PEG and PCL (see Table A.3. 3).16¢
811 After equilibration of the sample, reactivity of the end groups was turned on, and reactions
were possible only upon collision of two different reactive groups mimicking the hetero-com-
plementary coupling of the stars in the experiments; see ref [32] for more details. Reaction
kinetics was followed for 10 independent samples at five different concentrations between

approximately 1 and 4 times the overlap concentration of the star polymers (for more details,
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see SI (Appendix A.3) Section 12). Gelation was detected by analyzing molecular weight dis-
tributions as described recently.[®™ In a subsequent simulation, a series of gels prepared at a
broader range of concentrations were swollen to equilibrium, and the equilibrium degree of
swelling was determined from the average polymer volume fraction inside the swollen gel.
More details on the simulations with a particular focus on equilibrium swelling properties and

the residual bond orientations are available in ref [63].

3.7. Results and Discussion

Synthesis and Characterization of Tetra-arm Star Polymers 3 and 5 and Analysis
of Their Interactions with Solvents

The hydrophobic tetra-PCL-based 3 was prepared as shown in Scheme 3. 3a. Starting from
pentaerythritol, e-CL was polymerized by ROP with Sn(oct). as catalyst to give tetra-PCL-OH
(1). The molar mass of 1 (10 kg mol, ~2.5 kg mol* per arm) was adjusted by the molar ratio
of pentaerythritol/e-CL (1:87). As shown by NMR spectroscopy,% %1 the following esterifica-
tion of the hydroxy terminal groups of 1 with compound 2 proceeded quantitatively. The NMR
investigations also showed that 1 contained a small number of unreacted hydroxy groups on the
pentaerythritol core (<6% three-arm stars).[*®l During esterification with 2, these hydroxy
groups are also converted, resulting in an average end group functionality of f > 3.8 (conver-
sion p > 95%) in tetra-PCL 3.

The hydrophilic tetra-PEG-based 5 was synthesized using commercially available monodis-
perse tetra-PEG-OH with a molar mass of 10 kg mol-. After the removal of low molecular
weight fractions, the terminal hydroxy groups of tetra-PEG-OH were reacted first with mesyl
chloride to give 4 and then with ammonia to yield amino-terminated tetra-PEG 5 (see Scheme
3. 3b). Comparison of the *H NMR spectra of 1 and 3 as well as tetra-PEG-OH 4 and 5 showed
that the respective end group modification occurred quantitatively. The molar masses
of 3and 5 (see Table 3. 2) were determined by'H NMR end group analysis (see
Figures A.3.1 and A.3. 2) and SEC. There is a very good correlation between the number-

average molar masses determined by NMR spectroscopy and SEC.

Due to the large amount of material required for the network syntheses, three batches with
similar molar masses were synthesized for the hydrophobic (3a—c) as well as for the hydrophilic
component (5a—c). The deviations of the molar masses between the individual batches

are small, indicating a very good reproducibility of the synthesis. In addition, all samples are
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characterized by narrow molar mass distributions, which are an essential prerequisite for the
synthesis of model networks. Due to the very good agreement of the molecular parameters of
the individual batches, in the following, no explicit reference to the respective batches used for

further characterization and network synthesis will be made.

To ensure the formation of homogeneous networks, a sufficiently high star polymer concentra-
tion in the reaction mixture and good polymer—solvent interactions are essential. In other words,
poor solubility or even phase separation must be avoided. Key parameters in this context are
the Flory—Huggins interaction parameters y between the polymers and the solvents and the
overlap concentration c* of the star polymers in solution. The experimental data for y in the
literature (see Table 3. 3) are not really consistent and were measured mainly at temperatures
around 100 °C outside of our temperature window for synthesis and analysis. If this is not the
case like in ref [64], the data were computed from swelling measurements and thus may contain

a dependence on the model for elasticity and swelling.

Theoretical estimates for the interaction parameter can be made using the Hildebrand—-Scott
solubility parameter,[®® the Hansen method for the solubility parameters,667 or the
Tian—Munk model,'®® whereby the latter is the most general approach, allowing also for nega-
tive interaction parameters as measured for chloroform. In SI (Appendix A.3) Section 10, we
have compiled the original data regarding the corresponding solubility parameters, and we pro-
vide a brief description how the interaction parameters were computed. The results of these

computations are summarized in Table 3. 3.

When comparing with our viscosity data for dilute solutions of compounds 3 and 5 at different
temperatures and in different solvents (see Figure 3. 2a), only the Tian—Munk interaction pa-
rameter yrum (see Table 3. 3) allows us to put all measured overlap concentrations of a given
polymer in the correct order. Moreover, yrm Shows the best agreement with the published ex-
perimental data when assuming better solubility at elevated temperatures, as indicated by the
viscosity data. Therefore, we use yry as the starting point to develop below an improved

estimate y,, that reproduces accurately the ratio of the measured intrinsic viscosities of both

compounds, allowing for a quantitative comparison of data measured in different solvents.
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Table 3. 3: Flory—Huggins interaction parameter x of PEG and PCL in different solvents.

X Toluene THF Chloroform Reference

x PEG 0.26 (100 °C) 0.30 (100 °C) -0.55 (100 °C) 67

-1.00 to -0.86 (85 -
b _ _ o -

x PEG 0.54-0.47 (85-105 °C) 105 °C) 68

x PEG - 0.38 - 62
Xn PEG® 0.38 0.41 -1.61 this work
Xus PEG® 0.57 0.45 0.43 this work

(8D
Xaco PEG® 0.56 0.14 0.25 this work

(SD
Yom PEG? 0.30 0.38 -1.04 this work

(8D

o o -0.40 to -0.22 (100 -

x PCL 0.08 (100 °C) 0.13 (100 °C) 120 °C) 67

x PCL -0.01 - 0.07 (70 - 140 °C) - - 69
Xn PCL? -0.05 0.07 -0.54 this work
d this work

Xus PCL 0.53 0.42 0.41 (SI)
d this work

Xa=0.6 PCL 0.41 0.16 0.12 (SI)
d i this work

xtMm PCI 0.09 0.18 0.71 (SI)

2 Data refer to 25 °C if no explicit temperature is noted.
b Eor M= 10 kg molL.
¢ Based on viscosity data.

d Computed in this work using the Hildebrand—Scott approachf®>69 (yus), the Tian-Munk modelt® (ytwm), or the Hansen
approachl®857 for o = 0.6 (= 05) as described in the SI (Appendix A.3).

As all solvents are good solvents according to yry, We start with computing the square radius

of gyration, R2, of the star polymers in the particular good solvent:

2v

Rg = b*(1 = 2xm)™™ v + 1)1(2v +2) (3 - ]E‘) (?) 34

This equation combines relations for the size of linear chains in good solvents™ 72! with the
dependence of R on the number of star arms, f. Above, v = 0.5876 is the Flory expo-

nent,I”¥ while the Kuhn length b and the number of Kuhn segments per star polymer, N, are
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given in Table A.3. 3. In this table, we compiled literature data for geometric parameters of the

polymer, from which b and N were computed.

a) b)
I 7=25°C
80| B T=35°C 104 T(°C) Ry (nm) Ry (nm)
25 3.2+01 44+ 2
0.8 5
60 |- 35 31201 44 +2
= 3 25 28+0.1
2 ,':0'6 35 2.8%01
540 =
D04t L 3p5e)
. 3(35°C)
20 02L * 5(5°C)
. 5(35°C)
0 0.0
5 3 5 3 5 3 L L L L L L
tetrahydofuran toluene chloroform 10°? 10?2 10" 10° 10 10? 10°

t(ms)

Figure 3. 2: (a) Overlap concentrations c* of star polymers 3 and 5 determined by viscometry in tetrahydrofuran,
toluene, and chloroform at 25 and 35 °C. (b) Hydrodynamic radii R, and DLS autocorrelation functions (rectan-
gles) with respective fit (solid lines) and corresponding residual fluctuations around zero for THF solutions
(c=30g L™ of PEG star polymer 5 at 25 (brown) and 35 °C (red) and PCL star polymer 3 at 25 (blue) and 35 °C
(green) measured at a scattering angle of 30°. Corresponding fit parameters are summarized in Table A.3. 1.

Numerical resultsl’! for the ratio between the radius of gyration and the hydrodynamic
radius Rn of self-avoiding walks are close to 1.58. A numerical test in the dilute regime using
our simulation model for star polymers with a number of Kuhn segments comparable to the
experiments provides 1.57. Experimental data lead to a ratio Rg/Rn that is typically smaller by
10-20% as compared to these numerical data,[”1 mainly due to the assumptions made for com-
puting Rn. Therefore, we use Rg/Rh = 1.35 + 0.08 to estimate Rn. These results are combined

with the viscosity data to compute the ratio

M,,[n]

7= NARuRZ -2

Here, Na is Avogadro’s constant. For linear chains, z ~ 7 is a constant in good solvent.! The
corresponding z of star polymers is not known but can be expected to be larger since the in-
creased compactness of the molecules overcompensates the poorer draining of the solvent and
the shift of the universal constant for viscosity with increasing f. I’> 761 We have computed z for
all combinations between the polymers and the solvents of our study and obtained

z=9.1 + 0.6 when using ym. Repeating this analysis with other estimates for the interaction
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parameter produces a significantly larger scatter for z, supporting our observation that yry fits

best to the experimental data.

Assuming that z is a constant for a fixed f = 4 and not only for the linear case f = 2, we invert
the above computation starting from z = 9.1 and convert the viscosity data into experimentally
based estimates for the interaction parameter y,. These estimates are also listed in
Table 3. 3 and have a high correlation with the experimental data for . The above procedure
minimizes errors for individual interaction parameters but cannot remove all errors on an abso-

lute scale. The main benefit of the above approach is that ., is correct on a relative scale (within

the error of the viscosity measurements) such that we can compare experimental data for

different solvents with high accuracy.

A quantitative test of the above computations is possible with dynamic light scattering (DLS)
since the hydrodynamic radius can be measured by this method. The DLS correlation functions
of 3and 5 in THF at 25 and 35 °C are depicted in Figure 3. 2b. The data of 5 show two distinct
relaxation modes, indicating the formation of aggregates. This was accounted for by consider-
ing two independent decays for the data analysis; see SI (Appendix A.3) Section 7 for a de-
tailed description. The key result of this analysis is the hydrodynamic radius of both compounds
(the data of 5 also contain an estimate for the cluster size) that is provided in the inset of
Figure 3. 2b. Using y,, and the computation of Ry and Rn above provides Ry = 2.8 £ 0.2 nm for
compound 3 in perfect agreement with the DLS data. The same computation for com-
pound 5 leads to a significantly smaller Ry = 2.4 £ 0.2 nm, reproducing the trend of the viscosity
measurements, while the DLS data refer to an enlarged estimate for Rn. Apparently, the
dynamics of individual stars interferes here with the dynamics of the clusters. However, the
physical origin for the clustering is not clear and might be related to the differences in the ox-
ygens between both polymers, which seem to be essential for the significant difference in the

interaction parameter.

Altogether, the agreement for compound 3 strongly supports our analysis, suggesting that there
are no large collective shifts to be expected on an absolute scale for our set of interaction
parameters. Furthermore, a concentration of 70 g L1 is sufficient for all three solvents to ensure
overlap of the star polymers. Therefore, this concentration is generally used as a benchmark for

networks prepared at or above the overlap concentration c*.
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Synthesis, Kinetics, and Gelation of Amphiphilic Co-networks CNa2s, 40, 60

To investigate the gelation kinetics of the crosslinking reaction between 3 and 5 according
to Scheme 3. 4, time-dependent in situ!H NMR measurements of the reacting mixtures were
carried out at 25, 40, and 60 °C in THF-ds at a concentration of 70 g L. In the following, these
networks will be referred to as CN2s, CNao, and CNeo. For each measurement, corresponding
volume fractions of two stock solutions of the star polymers 3 and 5 were poured into an NMR
tube and brought to the desired reaction temperature within ~5 min. The reaction was equimolar
with respect to the reacting terminal groups. Selected spectra recorded during the reaction at
40 °C are shown in Figure 3. 3a. For clarity, only the region of aromatic protons is shown. The
intensities of the signals at 9.5 ppm (H7 of CN) and at 8.54 ppm (Hio of 3) were used to
calculate the conversion p of the crosslinking reaction (see also Figure A.3. 3). The signal
assignment is based on the spectra of the corresponding star block copolymers, as described
separately.[*®]

a)

100 1000 10000 100000

t[s]
Figure 3. 3: NMR spectroscopic monitoring of the crosslinking reaction between 3 and 5 in THF-ds at a concen-
tration of 70 g L* (~ ¢*): (a) time-dependent *H NMR spectra (region of aromatic protons) recorded during the

network formation of CN4o at 40 °C and (b) (1 — p)-time curves calculated from the signal intensities of H> and
Hio at three different temperatures (CNas, 40, 60).
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Scheme 3. 4: Synthesis of amphiphilic co-networks (CN).
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In Figure 3. 3a, the H7 signal of the formed benzamide group appears already after 3 min,
indicating that the reaction begins immediately after the solutions are poured together.
However, the reaction is of intermediate rate and could be well followed up to the conversion
of p ~0.9 for CNasoand p ~0.8 for CN2zs and CNeo. Continuing the reaction outside the
spectrometer reveals that complete conversion could not be achieved under the given reaction
conditions even after a total reaction time of 3 days. The respective conversion—time curves

for CN2s, 40, 60 are shown in Figure 3. 3b.

For a more detailed analysis of kinetics, we consider that the reactive groups are stoichiometri-

cally balanced, [3]o = [5]o. In this case, kinetics can be written as

d[3] _
e —k[3][5] = —k[3]? (3.6)
with the solution
3] ! =1-np. (3.7)

Blo 1+ k[3]ot

Here, t is the reaction time, k the reaction constant, and [3] and [5] are the concentrations of the
two reactive groups of the star polymers 3 and 5 at time t. p is the conversion of the reactive

groups, and [3]o is the initial concentration of the reactive groups.

A simple evaluation of an assumed second-order reaction with equimolar reactants 3 and 5 is
possible with the plot of 1/[3] vs t. The plots show a very good linear dependence up to conver-
sions of ~60% (see Figure A.3. 5), confirming that the reaction of the terminal groups
of 3 and 5 follows over a wide range the kinetics of a second-order reaction (see Table 3. 4).
In a second approach, the data on the reaction kinetics were analyzed in two steps. First, the
low time limit of the ratio of the concentrations [3]/[3]o of the reactive groups was fit to a mod-
ified form of Equation 3.7 in the form of

3] 1

T Y EINCETS

(8)

for the low t data with p < 0.4 to determine an effective time offset to. This offset accounts for
sample handling and temperature equilibration in the NMR spectrometer in the initial period.
For the three graphs in Figure 3. 3b, we have shifted each data set along the time axis by the
corresponding t, and plotted against Equation 3.7. Up to p ~ 0.6, the reactions closely follow

the predicted ideal reaction kinetics.
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Using the obtained k values at temperatures of 25, 40, and 60 °C from Table 3. 4, the Arrhenius
activation energy Ea of 21.8 + 0.9 kJ mol* was determined. The corresponding In k vs 1/T plot
and the associated calculation of Ea are shown in SI (Appendix A.3) in Section 11 (Figure
A.3. 6). A significant slowdown of kinetics is visible at higher conversions. This observation is
equivalent to the behavior of the simulation data shown in SI (Appendix A.3) Section 12. Such
a slowdown in a recombination reaction of two species at stoichiometric conditions is a signa-
ture of composition fluctuations.l’” "8 These become stationary after gelation as the star poly-
mers are rapidly incorporated into the gel (see Figure A.3. 7). Therefore, the slowdown also is
a measure of the quality of the mixture. The onset of this process occurs at almost the same
conversion as in the perfect mixtures of the simulations, indicating near-perfect mixing condi-
tions in the experiment. Regarding the NMR spectra in Figure 3. 3a, it is noticeable that the
signal widths increase significantly with increasing crosslinking. This is caused by the reduced

mobility of the segments in the network.

Table 3. 4: Reaction Kinetics and gel point determination by In Situ NMR spectroscopy.

T Bl Bl @ o d
, Pc Ap*
§©) (10%mol L) (L mol s (min)
25 1.22 0.013 (0.013) 73 0.42 0.09
40 1.22 0.024 (0.023) 46 0.44 0.11
60 1.22 0.034 (0.032) 31 0.43 0.10

& Concentration of the reactive groups; corresponds to an overall concentration of star polymers of 70 g L.
b Reaction constant; values in brackets are based on the plot shown in Figure A.3. 5.

¢ Gelation time.

d Conversion at gel point.

€ Delay of the gel point conversion according to eq 3.10.

For gel point determination, the time change of the line width at half height (w1.) of the signal
H, was determined and converted to the effective transverse relaxation time T, (see
Figure 3. 4). The time axis was also corrected here by t,. Gelation can be traced by a sudden

drop in T2 from a nearly constant level prior to gelation.["”]

Subsequently, the resulting gelation timest.in Table 3. 4 were determined from the
intersection of the horizontal lines with linear fits to the steepest descents of the data shown in

Figure 3. 4 (note the logarithmic time axis).
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Figure 3. 4: NMR gel point analysis of the sol-gel transition during the CN network formation. T>* relaxation
time was determined from the linewidth at half height, w1 (Hz), of signal H;> according T2* = 1/awap.

The gelation times refer to conversions at the gel point pc according to

k[3]otc
Pe = T3 k[3]4t, (3.9)
The delay of the gel point conversion is thus computed from
o _ kI3lot, 1
P = D¢ Pcia = 1+ k[?’]otc f -1 (310)

where pe, id IS the conversion at the ideal gel point for functionality f = 4. All results of this anal-
ysis are summarized in Table 3. 4. For comparison, the gel point of the simulations at c* is
located at a conversion of p = 0.44 + 0.01, which agrees within error with the experiments at
all temperatures. This agreement shows that experiments and simulations were conducted at
roughly the same overlap number of the star polymers since the delay of the gel point is a

universal function of the junction functionality and the overlap of the network strands.[®?
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Characterization of Amphiphilic Co-Networks

A series of ACNs were synthesized by equimolar conversion of star polymers 3 and 5 (see
sample overview in Table 3. 1). For the synthesis, corresponding aliquots of the stock solutions
of 3 and 5 were poured together. The solvent, temperature, and polymer concentration were
varied. After completion of the crosslinking reaction (~3 days), equilibrium volume swelling
degrees Qv of the co-networks were determined gravimetrically (see Figure 3. 5). Swelling ex-
periments were repeated three to four times for each sample (Qy 1, Qv-, €tc.), where all swelling
experiments were followed by a period of complete drying of the samples prior to the next

swelling experiment.
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Figure 3. 5: Equilibrium volume swelling degrees Q, of ACNs synthesized under different reaction conditions (T,
do, and solvent) and swollen with the same solvent. The columns for a given sample correspond to three to four

consecutive swelling-drying cycles (Q ,~@Q,,) from left to right, where the swelling starts from the preparation

state. Different colors represent varying synthesis temperatures (T, = pre-gel point, T, = post-gel point). (a) Co-
networks synthesized in THF and (b) co-networks synthesized in toluene-ds, THF-ds, and CDCls, respectively.

Figure 3. 5a shows equilibrium swelling degrees Q, of samples synthesized in THF, while
deuterated solvents (toluene-ds, THF-ds, CDCl3) were used for the syntheses of the samples
in Figure 3. 5b. The use of deuterated solvents enabled additional MQ-NMR studies on the
gels obtained. However, we have to keep in mind that, in some cases, deuterated solvents may
develop interactions significantly different from the protonated counterpart.l® For the swelling
experiments, the corresponding nondeuterated solvents were used. Both diagrams show that
swelling from the preparation state (Q,,) without intermediate drying delivers the highest
swelling ratios. The reason for this is related to the slowdown of the reaction kinetics discussed
in the preceding section: random diffusion of both compounds leads to a spontaneous formation

and decay of local composition fluctuations during the concourse of the reactions. When most
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of the star polymers are attached to the gel, these composition fluctuations become static and
turn into a distribution of local domains with varying stoichiometric imbalance. The kinetics in
these domains comes to a stop once reactive groups of the minority component are consumed,

driving a continuous slowdown of the reaction.

The subsequent equilibrium swelling of the samples after crosslinking reduces the overlap be-
tween the molecules preventing complete reactions; drying causes the opposite effect: the over-
lap number of the star polymers grows® «¢©'~2, bringing previously separated end groups
of star polymers in contact allowing for additional reactions. In other words, the evaporation of
the solvent increases the polymer concentration and thus the concentration of reacting groups,
resulting in higher conversions after drying. This effect is particularly pronounced for samples
synthesized at low polymer concentration (¢o = 0.06) since the low ¢o at preparation causes a
slower kinetics and a lower maximum p, which is most increased by post-reaction due to a
larger change in the overlap number upon drying compared to ¢o = 0.18 and ¢o = 0.30. The
decreasing swelling degrees Qv with repeated measurements also show that the linkages formed
during the reaction are stable under the given conditions. Otherwise, an increase in the Q,

values would be expected.

Apparently, the composition fluctuations of the co-networks of Figure 3. 5a exceed the sto-
chastic composition fluctuations of the perfectly mixed co-networks in the simulations even
though kinetics did not indicate a large discrepancy. This can be judged from the comparatively
large sol fractions (see Table 3. 1) in the experiments; see Figure A.3. 7 in the Sl for data
around c* and ref [27] for simulation data at different concentrations (note the different defini-
tion of c*). The reason for this difference is not clear at the moment and will be explored by

additional computer simulations.

The swelling experiments also show that the synthesis temperature and thus reaction kinetics
have no significant influence on the network properties. Regarding the influence of the solvents
(see Figure 3. 5b), it is noticeable that synthesis and swelling in chloroform result in distinctly
larger Q, values. A priori, it is not clear whether this results from a different solvent quality or
from differences in the network structure. However, this point can be clarified by plotting
all Q,, data and swelling data of the simulations in a universal plot where solvent quality and

differences in N cancel out; see Figure 3. 6.
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Figure 3. 6: Equilibrium degree of swelling (first swelling) in the experiment and the simulations. The line is a
power law fit to ¢o%4°*%0 to the simulation data for ¢o > 0.03. Multiple experimental data points at the same
do refer to different temperature programs. The statistical error of the simulation data is comparable to the symbol
size.

This universal plot is obtained as follows. For the experimental data, we convert x,, into an

estimate for the excluded volume
v=(1-2x,)vs (3.11)

where vs is the unit volume of the Flory—Huggins lattice that is set by the solvent molecules. In
our co-networks, roughly half of the polymer is PEG and the other half PCL. Thus, we expect
a sample average interaction parameter in a common nonselective solvent that is roughly the
average of the corresponding y; estimates. This leads to a v/vs of 0.67, 0.52, and 3.15 for
toluene, THF, and chloroform, respectively. A crossover between the semi-dilute good-solvent
regime and the concentrated regime is expected around ¢ = v/vs.’! Since all networks were
prepared and swell below ¢, all experiments refer to swelling in the good-solvent regime for
both polymer components.

In the simulations, the excluded volume per monomer can be counted directly.[® Exactly eight
lattice sites are blocked per monomer for the implicit solvent that fills the rest of the lattice
leading to an excluded volume parameter for chain swelling of 8/b® where b =~ 2.73, while at
low concentrations, N refers to the number of independent segments of the self-avoiding walk.
This provides vivs = 0.39 for the simulation data that all refer to swelling in the good-solvent
limit.
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For swelling in the good-solvent regime, scaling models®™ & predict the entanglement-free

limit:
Q ~ N3(3u—1)/4¢0—1/4(V/VS)9(2v—1)/4 (3.12)

leading directly to the universal plot in Figure 3. 6. Flory-type mean-field models(®® 841 arrive

at nearly the same scaling as a function of N but with a different scaling as a function of ¢o:

Q o N3/5¢ /3, (3.13)

The data in Figure 3. 6 roughly collapse on a single line, supporting our analysis of the inter-
action parameters. Note that we have enforced a conversion of exactly p = 0.95 in the simula-
tions that serves as a benchmark for the experimental systems. Accordingly, the experimental
data are not far from conversions around p ~ 0.95. We further conclude that the large swelling

in CHCIs results from the solvent quality and not from a lower conversion.

The exponent for ¢o in Figure 3. 6 is in remarkable agreement with the mean field model pre-
diction; however, this point has to be considered with care. It is expected that entanglements
cause a stronger concentration dependence of the equilibrium degree of swelling as can be
judged from swelling data on Olympic gels®! ocgo®7? and theoretical predictions up to
xdo 1.8 Network defects have a strong impact on the scaling of equilibrium swelling data.[®*
81 |n particular, preparation of model networks at low ¢o enhances the formation of network
defects leading to a stronger dependence on ¢o. Such nonidealities are minimized by our
network architecture. Nevertheless, we observe a somewhat stronger effective power law de-
pendence of modulus on ¢o as expected theoretically; see below. This leads in effect to a
stronger dependence of Q on ¢o as predicted by the scaling model assuming an ideal network
structure. Exponents of —0.71 and —0.75 were reported(®”] for model PDMS networks made of
strands below the entanglement molecular weight or an exponent of —0.4 for gelatin gels.® For
the data of Gnanou et al.[®% excluding the networks with a sol fraction beyond 10% (see Tables
30 and 31 in ref [4]), one obtains exponents of —0.52 and —0.92 for the short and the long
polymers, respectively. A simulation study reported exponents increasing from —0.25 to —0.55
with increasing length of still quite short chains.® In contrast to this, we found only a very
weak increase of the exponent for increasing N.[%%1 Altogether, the dependence on ¢o has not
been settled yet, but this open question could be advanced by using network architectures as

ours that are less susceptible to network defects.
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For the networks synthesized in THF (CN1-1 to CN3-5), the degree of conversion p was de-
termined by *H NMR end group analysis of spectra obtained by HR MAS NMR spectroscopy.
This technique provides well-resolved NMR spectra for swollen CN samples (see Figure
A.3. 4). For the measurements, the as-prepared gels were dried and re-swollen in CDCls directly
in the rotor insert. The state of the networks during these measurements is comparable to that
during the second swelling experiment (Q,,). It should be mentioned here that, for preparation-
related reasons, measurement of the co-networks directly after synthesis has not yet been
possible for the determination of conversion p. The calculation of p followed the procedure re-
ported for the Kinetics experiments and gave conversions p > 0.98 (see Table 3. 1) for the
investigated co-networks, with the exception of CN2-5 (probably due to insufficient mixing
before gelation). These measurements confirm that after the removal of the sol fraction
by Qy, and subsequent evaporation of the synthesis solvent, virtually all benzoxazinone groups

were converted to benzamide groups.

Oscillatory shear rheology was used to investigate the viscoelastic behavior of the co-networks
synthesized overnight at concentrations ranging from c* to 5¢* in a mold at room temperature.
The data of all measurements are summarized in Table A.3. 4. Figure 3. 7 shows the typical
rheological frequency sweep of a permanently crosslinked polymer gel with an elastic plateau
of the storage modulus G'(®) that dominates over the loss modulus G"(w) for all concentrations.
The loss modulus G” is more than 2 orders of magnitude smaller and develops a weak fre-
quency dependence at low frequencies and concentrations, indicating minor contact problems
like a marginal slip of the sample inside the rheometer. The onset of the relaxation of network

defects is visible at larger concentrations and frequencies.
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Figure 3. 7: Oscillatory shear-rheology of amphiphilic polymer gels based on star polymers 3 and 5 gelated in a
mold at ¢* (70 g L%, blue), 3c* (210 g L, green), and 5¢* (350 g L2, red) in toluene at preparation conditions.
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For a quantitative test of our data, we consider that PEG and PCL stars have molar masses of
10.7 and 11.8 kg mol™?, respectively, and the average density of the polymers*®l in the dry
networks is around 1.13 g mL1. Two stars of this type in a co-network produce four network
strands if all reactive groups are connected, leading to a molar mass around
Mei =~ 5.6 kg mol per network strand. The entanglement molar mass M in melts of PEG is
around(®® °1 2 kg mol~ and does not exceed 3 kg mol™ for PCL melts.%> %I The plateau
modulus of entangled meltsi® * is «c¢o”3, and there is ¢o < 1/3 for all of our samples. Thus,
the about two to three entanglements per network strand in melts reduce to an entanglement
contribution to modulus of the order of kT/4 per network strand for the largest ¢o, so that they

become negligible for ¢o = ¢*. Therefore, we use the phantom model prediction:F!

z)pRT (3.14)

Gpp = (1——
ph ¢0 f Mel

leading to Gpn/do = 252 kPa for a quick quantitative test of the rheology data. A power law fit
of the rheology data of Table A.3. 4 in the Sl is in accord with G, ~ ¢g*** %% - 64 kPa, with
an extrapolated amplitude at ¢o = 1 almost a factor of 4 below the expectations. The exponent
for ¢o is somewnhat larger than unity similar to a related work,® indicating corrections due to
entanglements for the largest ¢o and a growing impact of a decreasing conversion and formation
of finite loops®" ¥ toward small ¢o. Rheology during gelation indicates qualitatively that ki-
netics might be somewhat slower in toluene than in THF (a quantitative discussion of these
results is omitted here due to the solvent evaporation observed in these measurements). Never-
theless, we expect a conversion of at least 0.8 for our samples when reacted overnight, which
suffices to explain a drop in modulus only up to 40%. Moreover, for our particular network
architecture, the small corrections due to finite loops above the overlap threshold are too small
to close the gap to the measurements. In a closely related work,® amphiphilic co-networks were
synthesized using the same molecular architecture, similar molar masses of the star polymers,
and a similar range of ¢o with a quicker kinetics than in our study. The modulus in this study
remains about a factor of 3 below the phantom estimate, which is not much different from our

observations. The origin for this discrepancy is not understood at the moment.

One of the main concerns of this work was to find out how the reaction conditions affect the
microstructure and homogeneity of the ACNSs. Using the MQ experiment described in the Ex-
perimental Section, we analyzed samples synthesized under different conditions

(CN1-1to CN9-3) in terms of their connectivities (see Scheme 3. 2), isotropic (defect) frac-

70 | Results and Discussion



CHAPTER I: AMPHIPHILIC POLYMER CO-NETWORKS BASED ON PEG AND PCL

tions, and related average RDCs. We refrain from discussing the results of the sample se-
ries CN1 to CN3 in detail, which were dried after gelation and were subject to post-curing
(see Figure 3. 5). However, the connectivities of these samples are summarized in the Sl
(see Table A.3.5).

First, we investigated differences between networks synthesized by our method (PEG-
2 and CN5-3) with networks synthesized according to Sakai et al.I?®®! (PEG-1). In addition to
the different linkage mechanisms, it should be noted that the synthesis according to our method
was carried out in the less polar solvent (toluene-ds versus D20O). The polymer concentrations
during the syntheses were comparable (~3c*, with neglectable small variations; see
Table 3. 1), but our oxazinone terminated tetra-stars are not compatible with water-based gel
synthesis, precluding the corresponding control experiment.

In Figure 3. 8, it can be seen that the SL fraction of the gels synthesized by our method (PEG-
2 and also CN5-3) is significantly lower (13-19%) than for of the gel synthesized according to
Sakai (PEG-1). This in fact applies to all co-networks mentioned in this work (see Table
A.3.5). In comparison to earlier studies on Sakai’s tetra-PEG networks, this deviation is even
more pronounced.3 There, the SL fraction (> 60%) is close to the value expected for a ran-
domly linked network. The dominance of the double links over the single links in our networks
is surprising. Possible reasons for this are discussed below. Interestingly, we also find consid-
erably lower HOC fractions and larger RDC values in our gels, which cannot be explained yet.
It is assumed that the deviations may arise from the different linking chemistry or from the

overall PEG star conformation in the different less polar solvents used for the syntheses.

For further investigation on factors influencing the microstructure of our amphiphilic PEG—
PCL co-networks, sample series with different parameter variations (see Table 3. 1) were syn-
thesized for checking the influence of (i) the network composition (PEG—PCL co-network vs
PEG-PEG network with benzoxazinone/amino end groups), (ii) the solvent, and (iii) the tem-
perature programs during synthesis. Aspect (i) is also addressed in Figure 3. 8, whereas

Figure 3. 9 shows the rest of the results.
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Figure 3. 8: (a) Comparison of different connectivity fractions obtained for different networks. PEG-1 was syn-
thesized in water according to Sakai et al., ] whereas PEG-2 and CN5-3 were synthesized in toluene according
to our method. Note that the significant increase in the apparent defect fraction for the Sakai network arises mainly
from HDO, which arises from moisture-related water uptake. (b) Corresponding RDC values and the fraction-
weighted average RDC of the presented samples and connectivity fractions.

Q) The most fundamental difference between our networks and a PEG-PEG gel is the fact
that we have stars made of different polymers. The interaction parameters in
Table 3. 3 show that no miscibility problems should arise related to the polymers.
Moreover, for PEG-2, synthesized by the oxazinone coupling reaction referred to
above, the same qualitative trend of a decreased SL fraction (in comparison to the data
by Lange et al.[3¥l was found (see Figure 3. 8), ruling out the polymers as the source of
this discrepancy. Still, we find a slight quantitative increase in the estimated fraction of
single links from 35 to 41% on going from ACN to the homo-PEG gel, although the
actual polymer fraction upon synthesis was even slightly lower for the latter. We want
to remind here that although this trend is within the shown error bars, the error bars are
to be seen as systematic deviations arising from a slight unambiguity in the used fit
function, meaning that if the upper boundary is chosen for the PEG—PCL network, it
also has to be chosen for the PEG-PEG network (see Experimental Section and
Figure 3. 1).

(i)  To investigate the solvent influence on the connectivities, three solvents with different
polarity were used in the synthesis (THF-ds, toluene-ds, and CDClz). Unexpectedly, no
significant difference between all three solvents either in the overall connectivity distri-
bution or in the RDC values was found (see Figure 3. 9). Regardless of the choice of
solvent, the SL fraction is well below the expectations. This indicates that the biased

connectivity distribution cannot be attributed to different polarities of the solvents and
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therefore not to slightly different hydrodynamic radii Rn or overlap concentrations c¢* of

the tetra-stars.

(iii)  The last possibly relevant structure-determining parameter is the reaction temperature.
From the theoretical point of view, it was expected that at lower reaction temperatures
and so at lower reaction rates, the forming network would be able to relax better,
resulting in higher homogeneity. However, at low temperatures, differences in the
affinity of the two tetra-stars to the solvents used may become more pronounced, result-
ing in a larger difference in the respective c* values. This may have a negative impact
on the network structure. To gain a better insight on the temperature effect on the
connectivity distribution, the temperature before and after the gel point was varied. Two
different temperature protocols were applied (40 °C pre- and 80 °C post-gel temperature
vs 60 °C during the whole synthesis). Again, the results (see Figure 3. 9) show that the

temperature has a negligible effect on the connectivity distribution.
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Figure 3. 9: Connectivities and RCS values of ACNs synthesized in (a) THF-dg, (b) toluene-ds, and (c) CDCls.
The syntheses were carried out at two different concentrations (¢ = 0.06 and 0.18), and two different temperature
programs were applied (pre- and post-gel temperature = 60/60 °C and 40/80 °C, respectively). The reaction con-
ditions are indicated above the diagrams. Only the highest reaction temperature is given (60 and 80 °C).
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A noticeable influence on the connectivity distribution seems to be exerted by the concentration
of the stars. In the networks synthesized at higher concentrations (~3c*, ¢o = 0.18), the SL
fraction tends to be higher, while the HOC fraction and the fraction of defects (defs) appear to
be even lower. This trend is even more evident in sample CN3-5 (see SlI, Table A.3. 5), which
was synthesized at ~5c¢* but at a slightly different temperature program (25 °C pre- and 60 °C
post-gel temperature). For this network, the highest SL fraction (~52%) was found, which is
very close to the value of the PEG-1 network synthesized according to Sakai et al.[?! (54%,

see Figure 3. 8). For this sample, the lowest Qv value was found (see Figure 3. 7a).

Overall, the MQ studies show that for our networks the influence of the reaction conditions on
the microstructure is small. Apart from the obvious influence of concentration (the higher
above c*, the more single links), the reaction solvents and temperature do not affect the micro-
structure significantly. Rather, it can be concluded that the synthesis presented here is already
in an optimized state, covering a variety of different conditions with reliable and reproducible
outcome. Yet, the reason for the differences compared to the water-based hydrogels from
Sakai et al.[®®! is still unclear.

A nontrivial aspect to consider could be specific interactions of the end groups of the tetra-stars
used by us. In contrast to the Sakai gels, one tetra-star possesses aromatic oxazinone terminal
groups, which may be assumed to interact with each other or with the linking groups formed
during the synthesis by favorable van der Waals or n—r interactions. The polar nitro substituent
on the oxazinone group could further enhance specific interactions. The resulting increase in

the local concentration of oxazinone groups could promote a formation of double links.

Still, it should be stressed that all data sets can be well fitted with the assumed three-component
model for the polymer connectivities, which, despite the somewhat biased connectivity
fractions, indicate that the overall network has a model-like network structure with the expected
well-defined crosslink distribution. Alternative modeling procedures that include distributions
for RDC values and fractions of connectivities do not provide an equally good fit, as can be

seen already by the prominent peak in the 7-15 ms regime of the Ipg curves.
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3.8. Conclusions

The method presented here for the preparation of ACNs by hetero-complementary linkage of
oxazinone- and amino-terminated tetra-arm stars has proved to be extremely robust with respect
to the synthesis conditions applied. Regardless of widely varying reaction parameters (T, ¢, and

solvent), the networks obtained differed only slightly with respect to their properties.

Kinetic studies of the crosslinking reaction performed by in situ NMR measurements allowed
the reaction to be followed in time and confirm a second-order reaction up to conversions of
about 60%. Based on the changing signal widths of certain NMR signals, gel points could be

determined.

The overlap concentrations of both tetra-arm stars in THF, toluene, and CHCI3 were determined
by viscometry. We have computed estimates for the interaction parameters using the
Hildebrand—Scott approach,!®! the Hansen approach,®® %1 and the model of Tian and
Munk.'®8 The latter provides the best agreement with the viscometry data. We have combined
our viscosity measurements with the Tian—Munk estimate to obtain an improved estimate that
correctly considers relative differences between the solvents used. These improved estimates
seem to be reasonable approximations of the interaction parameters since we can collapse all
experimental and simulation data on equilibrium swelling in a universal plot. Furthermore,
quantitative agreement was obtained between the hydrodynamic radii determined by DLS in
different solvents when the interaction parameters determined according to our estimation were

applied.

Rheological characterization of the as-prepared gels leads to the same qualitative trends as
reported for other hetero-complementary coupled networks of star polymers.t®! Modulus data
on a quantitative basis are clearly below the expectations and in the range of recent experiments
on comparable co-network gels.©!

The equilibrium swelling degrees show a power law dependence on the polymer volume frac-
tion at preparation, ¢o%4°*%% This dependence is in between the scaling limits of entangle-
ment-free networks and entanglement dominated systems and is only coincidentally close to

the classical prediction.[l

An essential aspect of the work was to find out what influence the reaction conditions have on
the network microstructure. For this purpose, MQ NMR investigations were carried out that
provided information on occurring connectivities (see Scheme 3. 2) and possible network

defects. We observe significant differences to previously studied tetra-PEG networks regarding
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the frequency of double links. These differences cannot be explained by different interactions

between polymers and solvents but could be related to specific interaction of the linking groups

in the network. To verify this, additional investigations are intended that include alternative

linking reactions for which such interactions are varied systematically.
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4. CHAPTER II: MECHANICS IN THE SWOLLEN STATE

Impact of Swelling on Macroscopic and Nanoscopic Mechanical Properties
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4.1. Specific Summary

In the last chapter, amphiphilic polymer co-networks composed of t-PEG and t-PCL were com-
prehensively studied with respect to the interplay of synthesis conditions, resulting network
connectivities and swelling properties next to a characterization of the network building blocks
and the network formation kinetics. Additionally, first rheological studies in the preparation
state were shown. However, no mechanical data in the fully swollen state were presented,
neither in a non-selective solvent nor in a selective solvent. This is detrimental, as investigations
in the selective solvent water might be of particular interest for potential (biomedical) applica-

tions.

For this reason, co-networks of t-PEG and t-PCL at equilibrium swelling are investigated in
both the non-selective solvent toluene and the selective solvent water by the complementary
methods of shear rheology and atomic force microscopy (AFM). This approach provides a
characterization on different length-scales next to information on the mechanics in bulk and at
the surface. Furthermore, it enables identification of possible heterogeneities at the micro- and
nanoscopic level as well as potential microphase separation effects at the surface. The networks
are synthesized in the non-selective solvent toluene at different temperatures and concentrations
and subsequently swollen to equilibrium, dried, and either reswollen in toluene to identify the
impact of drying or swollen in the selective solvent water. It was found in earlier studies (see
Chapter 1) that drying of the networks at higher temperatures (> 40 °C) leads to a noticeable

amount of post-crosslinking, reducing the swelling degree after drying. Thus, a different drying
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process is carried out at room temperature over a longer period of time, which proves to have a

negligible effect on both swelling and mechanics.

The PEG-PCL networks show a concentration dependent swelling degree in toluene which
follows an apparent scaling law and is in accord with previous findings; in water, in contrast, a
constant swelling degree of three is observed. The latter finding can be attributed to counteract-
ing swelling and shrinking tendencies which balance each other due to a 50:50 mixture of hy-
drophilic and hydrophobic components. This microphase separation in water can be visualized
at the surface by atomic force microscopy revealing nearly spherical PCL domains in the size
range of 20 nm. Despite this microphase separation, similar moduli are obtained with rheology
and AFM in both solvents.

An apparent scaling law of modulus with polymer volume fraction is found, which is in accord
with previous findings of such networks in a non-selective solvent. In the selective solvent
water, however, a rather linear scaling is found due to the concentration independent swelling.
The amphiphilic networks are further compared with pure hydrophilic PEG-PEG networks of
the same crosslinking chemistry to identify the impact of the amphiphilicity on the swelling
ability and the mechanical performance. Moreover, the mesh size of the networks is estimated

using the plateau modulus to evaluate the possible permeability for guest substances.

This study marks a further step towards rationally understanding the interplay between synthe-
sis conditions, the resulting structure and corresponding properties and using this knowledge
for the targeted design of functional materials. To further explore the potential of these
amphiphilic networks for applications, the swelling and mechanics, as well as the permeability
can be tuned by changing the ratio as well as the molecular weight of the hydrophilic and
hydrophobic building blocks. More detailed information on the structure can be gained by light
scattering experiments and information on the permeability are accessible via FRAP investiga-
tions using different sizes of fluorescent tracer. Both methods can also provide complementary

data on the mesh size.
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4.4. Abstract

Amphiphilic polymer gels show environmentally sensitive mechanical properties depending on
the solvent polarity, which makes them useful for applications in soft contact lenses,
membranes, drug delivery systems, and tissue engineering. To rationally design the material
properties for such applications, a sound knowledge about the mechanical properties at different
solvency states is necessary. To acquire such knowledge, amphiphilic networks are prepared
by hetero-complementary coupling of amine-terminated tetra-poly(ethylene glycol) with 2-(4-
nitrophenyl)-benzoxazinone terminated tetra-poly(e-caprolactone). The mechanical properties
are investigated on different length-scales and under non-selective and selective solvent condi-
tions using shear rheology and atomic force microscopy. The swelling as well as the modulus
in good solvent are in accord with scaling laws found for other four-arm star-shaped polymer
networks and theoretical predictions. The swelling in selective solvent reveals a concentration-
independent volume swelling degree and a nearly linear scaling of the modulus with concen-
tration. The surface topography probed by atomic force microscopy reveals microphase-
separated structures in the range of 20 nm. Similar modulus values are obtained for bulk films
in water using the complementary methods of atomic force microscopy and rheology. The data
are compared with pure hydrophilic networks to identify the effect of amphiphilicity on the

material properties.
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4.5. Introduction

Amphiphilic polymer co-networks (APCNSs) are composed of both hydrophilic and hydropho-
bic parts that independently swell in water and organic solvents.!* The swollen networks show
environmentally sensitive viscoelasticity and selective permeability, allowing the transport of
hydrophilic and hydrophobic substances to be controlled. For this reason, APCNs are most
commonly used in soft contact lenses[® ®l and are excellent candidates for use as membranes,
drug delivery systems, 8 7and in tissue engineering.l”- 8 Among others, amphiphilic networks
consisting in part of poly(ethylene glycol) (PEG) or poly(e-caprolactone) (PCL), have been

described in many research articles focusing on biomedical applications.®

To enable targeted materials design for these and other applications, a profound knowledge of
the interplay between structural changes and resulting properties under different environmental
and network-preparation conditions is essential. To investigate such structure-property rela-
tions, model networks with a defined starting structure are advantageous. A powerful approach
to obtain such model networks was popularized by Sakai et al.ll% utilizing hetero-
complementary coupling of tetra-poly(ethylene glycol) (t-PEG) star polymers to obtain model
networks with minimal network defects.!** 12 The hetero-complementary coupling based on
click-chemistry prevents the formation of intramolecular loops and leads to a nearly homoge-
neous structure, as confirmed by Lange et al.[**l with NMR and Monte-Carlo simulations.[*t 4]
Despite the presence of pending arms and double links with adjacent star polymers, networks
synthesized by this procedure show outstanding homogeneity and enhanced mechanical

properties. [0 12 15]

This model-network-approach was also extended to amphiphilic networks. Hiroi et al.[']
combined t-PEG with linear poly(dimethyl siloxane) (PDMS) to form an amphiphilic network,
which showed microphase-separation in water. The microphase-separated structure varied with
the polymer volume fraction of PDMS from core-shell to lamellar morphologies. Nakagawa et
al.'"! studied the structure of thermos-responsive networks prepared from tetra-poly(ethyl
glycidyl ether-co-methyl glycidyl ether) (t-PEMGE) and t-PEG with neutron scattering and
showed that the swelling degree of the network can be tuned by the network composition. Ap-
ostolides et al.'® utilized hydrophilic t-PEG with hydrophobic tetra-poly(vinylidene fluoride)
(t-PVDF) to form near-model amphiphilic co-networks. The swelling degree was found to be
dependent on solvent quality, and characterization of the networks in the selective solvent water
revealed the formation of hydrophobic clusters. Selective solvent here means that the solvent is

a good one for the hydrophilic part and a bad one for the hydrophobic part of the network. An
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informative overview of the development in the field of amphiphilic polymer networks is given

in a book by Patrickios.?!

In 2022, Bunk et al.l*®l presented the synthesis of a t-PEG and tetra-poly(e-caprolactone)
(t-PCL) based APCN in the non-selective solvents tetrahydrofuran, toluene, and chloroform,
i.e., good solvents for both star polymer types. Despite the hetero-complementary coupling re-
action, a notable amount of double links was found in the networks, which was attributed to
possible specific interactions of the aromatic oxazinone terminal groups promoting the for-
mation of double links. The double link fraction decreased with increasing polymer volume
fraction. Nevertheless, an overall model-like network structure was stated due to the good
agreement with a three-component fit of the data, which was used in previous work on t-PEG
networks. First rheological investigations at preparation conditions were presented and
connected to NMR-studies as well as theoretical calculations by Lang et al.?! The overall
scaling of the modulus with polymer volume fraction was found to be in accord with previous
findings for t-PEG gels,?although the modulus was nearly a factor of 4 below the expectations
from the phantom network model.[** 2% Furthermore, gel films based on the system of Bunk et
al.l® were studied by atomic force microscopy (AFM).1?2 The preparation method of the films
was recognized to distinctly influence the elastic moduli found. Thin films prepared by spin
coating showed a ten-fold higher modulus in the selective solvent water and nearly a four-fold
higher modulus in the non-selective solvent toluene compared to films obtained through bulk
synthesis. This finding was explained by the drying process during spin coating, which induces
the proceeding reaction of the network components resulting in crosslinking of different
network levels. This leads to an overall tighter network that exhibits a lower degree of swelling

and higher elastic moduli.

However, up to now, no systematic characterization of the mechanical properties on different
length scales, i.e. from macroscopic over microscopic to nanoscopic scales at the swelling equi-
librium was presented, neither in a non-selective solvent nor in the selective solvent water. This

is detrimental, as data in water are of particular interest for potential applications.

In this work, we aim to close this gap by investigating the impact of different synthesis and
environmental conditions on the mechanical properties by shear rheology and atomic force mi-
croscopy. These complementary methods provide a characterization on different length-scales
to identify possible heterogeneities at the micro- and nanoscopic level and potential micro- and
nanophase-separation effects at the surface. The PEG-PCL networks studied correspond to

those described by Bunk et al.[** and are based on star polymers with 10 kg mol each. Our
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aim is to extend this previous work by investigating the swollen gel state and to gain interesting
insights by comparing them with PEG-PEG networks also based on star polymers with
10 kg mol* each. The networks are synthesized in the non-selective solvent toluene at different
temperatures and concentrations, subsequently swollen to equilibrium, dried, and transferred
either back to toluene to identify the impact of drying or to the selective solvent water. The
PEG-PEG networks are used to show the influence of the hydrophobic PCL part on the swelling
capacity and the mechanical properties. Furthermore, swelling degree and mechanical
properties are compared with predictions from theoretical models to demonstrate consistency

with previous work on these systems and in general networks based on the t-PEG approach.

4.6. Results and Discussion

Network formation

Prior to the study of swollen gels, the network formation of PEG-PCL gels is studied by shear
rheology in toluene and compared with NMR studies in ds-THF.[*] For this purpose, stock
solutions of the star polymers are prepared at the respective concentrations, mixed in stochio-
metric ratio and applied onto the rheometer, which is preheated to the synthesis temperature.
The gelation is investigated at 25 °C, 40 °C, and 60 °C. The network formation takes place
according to Figure 4. 1 by hetero-complementary coupling of benzoxazinone functionalized
t-PCL with amino functionalized t-PEG. The overlap concentration c* of the polymers was
determined in previous work [ and a concentration of 70 g L' was chosen to ensure overlap
of both type of star polymers. Since this work uses the same polymeric system, we adapt this
and analyze networks synthesized in the concentration range ¢ = 70; 140; 210; 280; 350 g L*
corresponding to roughly 1-5c¢*. The corresponding polymer volume fractions at preparation,

¢o, range from ¢, = 0.06-0.3. The network formation in this work is solely carried out in

t-PCL-Ox t-PEG-NH, @

APCN

toluene.

Figure 4. 1: Schematic reaction of t-PCL-Ox with t-PEG-NH, to form an APCN.
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The received gel points are summarized in Figure 4. 2a and are estimated as the crossover of
storage (G") and loss modulus (G') during the course of gelation (see Figure 4. 2b). Values with
the suffix NMR are based on NMR spectroscopic monitoring of the crosslinking reaction (with
permission from ref. [19]). The gel point shifts to shorter timescales with increasing concentra-
tion and temperature, which is in line with expectations. Compared to the data from NMR
studies in ds-THF, the rheological gel point is shifted on the time scale by a factor of 1.1-1.5 to
longer times. This discrepancy between the gel point from NMR and rheology decreases with
increasing synthesis temperature. This can be attributed to the choice of solvent: Bunk et al.[*%]
already stated that the kinetics are slower in toluene than in THF. Also, a different methodology
is used, and the intersection of storage and loss modulus represents only an upper estimate of
the network formation time.[?® Nonetheless, the gel points of both methods and solvents are in

semi-quantitative agreement and in the same order of magnitude.
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Figure 4. 2: a: Plot of the time at the gel point against the synthesis temperature of PEG-PCL networks at different
synthesis concentrations in toluene. The data marked with NMR were reproduced with permission from Bunk et

al.l* b: Exemplary plot of the recorded time sweeps for gelation at 210 g L and 25 °C (dark blue), 40 °C (gray)
and 60 °C (light blue) in toluene.
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Swelling Properties

Non-selective Solvent

In the following, we consider the influence of preparation conditions on the swelling degree of
PEG-PCL and PEG-PEG networks in the non-selective solvent toluene. Throughout this work,

we solely consider the volume swelling degree definedas Q = 1 + (%) (%) with the density
s p

of the polymer and the solvent (p, and p;), the weight of the polymer (w},), and the weight of
the solvent (wg). Generally, the networks are prepared in toluene and subsequently swollen to
equilibrium without any drying. Afterwards, the networks are dried and reswollen in the
respective solvent. For distinguishing the swelling degree before and after drying, the designa-
tions ,,Q1“ and ,,Q2" are used accordingly. All PEG-PEG networks discussed in this publication

are prepared at 25 °C.

The swelling degrees of PEG-PCL networks prepared at 25 °C and 60 °C range from around
8 to 18 depending on polymer volume fraction (see Figure 4. 3). The networks prepared at
elevated temperatures tend to have a slightly lower degree of swelling for low polymer volume
fractions. However, at high polymer volume fractions, the values equalize. One possible expla-
nation is that toluene evaporated during the network preparation, thereby increasing the
polymer concentration and the concentration of reacting groups. Previously separated end
groups are brought into contact, resulting in higher conversions and increased overlap between
the molecules. At the same time, reactivity increases at elevated temperature. Nevertheless, the
influence of the synthesis temperature on the degree of swelling is small. In accordance with
our data, Bunk et al.* reported a degree of swelling of about 17-19 at ¢, = 0.06 and 11 at
¢, = 0.18 in toluene-dg. This gives evidence that the used preparation and swelling procedure
is consistent with the original method.

The respective degree of swelling of PEG-PEG networks in toluene prepared at 25 °C range
from 7 to 13 depending on the polymer volume fraction at preparation (see Figure 4. 3). The
lower degree of swelling can be attributed to the poorer solvent quality of toluene for PEG
compared to PCL. This aspect was already discussed in the publication of Bunk et al.** based

on viscosity data and the Flory-Huggins interaction parameter.

Figure 4. 3 further shows that the plot of the average equilibrium degree of swelling, Q1, against
the polymer volume fraction at preparation, ¢,, follows an apparent scaling law of Q;~¢*
with @ = 0.45 + 0.01 for PEG-PCL prepared at 25 °C and « = 0.40 + 0.01 prepared at 60 °C as

well as a = 0.43 £ 0.01 for PEG-PEG networks. These exponents are in agreement with
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previous data™® and corresponding simulations of swelling in the good-solvent regime.? The
simulations were performed for a conversion of 95%, so the gels prepared in this experimental
study must be close to this conversion. Furthermore, they follow the expectations of a scaling
with a = 2/5 = 0.4 from mean field model predictions.?*! Discrete values of the degree of swell-

ing are noted in Table A.4. 1 of the Supporting Information (Appendix A.4).
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Figure 4. 3: Average equilibrium swelling degree, Q,, in toluene as a function of polymer volume fraction at
preparation. The data follow an apparent scaling law of Q,~¢y* for all three systems, the PEG-PCL networks
synthesized at 25 °C (dark blue) and 60 °C (cyan) as well as the PEG-PEG networks prepared at 25 °C (gold).

Effect of Drying

To transfer the networks from the non-selective solvent in which they are prepared to the selec-
tive solvent, drying and reswelling is a common procedure. In this section, the influence of the
drying procedure on the swelling ability of the networks is investigated as drying can increase
the conversion via post-crosslinking, thus reducing the swelling capacity.

The investigated PEG-PCL gels are synthesized in toluene and dried at room temperature for
five days to remove toluene. Subsequently, the networks are reswollen in toluene and the re-
covered swelling degree (Q2/Q1-100%) is calculated. Figure 4. 4 shows the recovered swelling
degree for gels synthesized at 25 °C and 60 °C as well as for different polymer volume fractions.
The results show that with the moderate way of removing the solvent, the swelling behavior of
the networks hardly changes. Although the reaction conditions have an effect on the swelling
behavior of the networks at low polymer volume fractions, the influence on the recovery
swelling degrees is only small (see Figure 4. 3). For all networks, the second swelling in toluene
almost restores the initial value, indicating that the drying procedure used does not change the

network structure much. In contrast, drying at higher temperatures leads to significant changes,
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as evidenced by the sample synthesized at a concentration of ¢, = 0.06 and dried at 60 °C.
Here, reswelling in toluene achieves only 55% of the initial swelling degree. This effect of
drying at elevated temperatures (40 °C) was also shown by Bunk et al.[** for up to three drying
and reswelling cycles in tetrahydrofuran, toluene, and chloroform. The effect was particularly
pronounced after the first drying and reswelling cycle and at low polymer volume fractions.
Only 63-68% of the initial swelling degree was recovered in toluene at ¢, = 0.06. At higher
volume fractions of ¢, = 0.18 about 90-95% recovery was observed. This shows that the rela-
tive number of free reaction groups is higher at low polymer content which leads to stronger
additional crosslinking after the first drying. Apparently, post-reactions take place during
drying at higher temperatures, resulting in increased network density. Nevertheless, the solvent
evaporation rate has an impact on the gel structure especially during synthesis, which becomes
for instance important during preparation of thin gel films (i.e. high surface/volume ratio).
Hagmann et al.[??l prepared either thin films by spin coating or dried their films at 60°C. In both
cases, rapid evaporation of the solvents led to noticeable post-crosslinking, resulting in high
elastic moduli. In contrast to this, we show that drying of the gels at room temperature over a
longer period of time has a negligible effect on the swelling capacity especially at higher
polymer volume fractions. Therefore, it is justified to compare the swelling degrees Q1 in
toluene with Q2 in water for the PEG-PEG networks. The suitability of the presented drying
procedure at room temperature is further proven by rheological measurements and comparison
of the storage modulus in toluene before and after drying. The exact values of Figure 4. 4 are
included in Table A.4.2.

dried at synthesis at
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Figure 4. 4: Recovered swelling degrees ((Q2/Q1)-100%) of PEG-PCL networks synthesized at 25 °C (dark blue)
and 60 °C (cyan) after respective drying procedure and reswelling in toluene. Unless stated otherwise, the gels
were dried at 25 °C for five days.
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Selective Solvent

After studying the swelling of the networks in a non-selective solvent and the impact of the
drying procedure, swelling in the selective solvent water is investigated, which is of particular
interest due to potential applications. The networks are prepared in toluene, dried at room
temperature for five days, and reswollen to equilibrium in water. The swelling degrees in water

determined after drying are referred to as Qo.

While the gels are highly swollen and transparent in toluene, they exhibit lower swelling and a
cloudy appearance in water (see Figure A.4. 1 and A.4. 2). This indicates clustering or colloidal
behavior of the PCL star polymers due to their hydrophobicity. AFM tapping mode images of
the swollen APCNSs are taken to get an idea of the surface structure in toluene and the extent of
microphase separation in water (see Figure 4. 5). In water, the microphase-separated structure
essentially resembles nearly spherical domains, which could be visualized at the surface by
phase imaging in AFM (see Figure 4. 5). The size of these domains at the surface is 20 £ 5 nm,
giving evidence of the clustering of several PCL-stars. A similar average distance of roughly
19 nm between the microphase-separated domains and a radius of the domains of roughly 5-6
nm was also found in SAXS experiments on bulk gels by Ldser et al., representing the aggre-
gation of 17-25 PCL star polymers.[?®1 The study furthermore confirms that the PCL clusters
are nearly PEG free and adapt an ellipsoidal shape. Such small length-scales are close to the
resolution limit of the AFM measurements carried out in this study, since the curvature radius
of the AFM tips is roughly 8 nm for imaging in tapping mode and 30 nm for determining me-
chanical properties through indentation measurements, respectively. Nevertheless, it is quite
remarkable to find the same type of phase separation on the same length-scale through various
methods such as SAXS and AFM. Deviations in size and shape may be attributed to differences

in the analysis of bulk and surface structure.

In toluene, in contrast, no underlying structure can be detected in the AFM phase image (see
Figure 4. 5). This is consistent with the expectation, as both star-types swell in the non-selective
solvent, resulting in homogeneously swollen networks on the investigated length-scale. These
findings are also confirmed by height images, which show a smooth surface in toluene and a
significantly rougher surface in water. The height images are provided in Figure A.4. 3 in the

Supporting Information (Appendix A.4).
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Figure 4. 5: Surface topography of PEG-PCL gels measured with AFM in tapping mode. The phase images of the
networks swollen in toluene (non-selective solvent, and non-dried) and water (selective solvent; after drying and
reswelling) are displayed. In toluene, no surface structure is noticeable; in water, in turn, microphase-separation is
visible in the form of nearly spherical structures covering the entire surface.

The respective swelling degrees of PEG-PCL and PEG-PEG networks in water are displayed
in Figure 4. 6. The PEG-PCL networks show a degree of swelling statistically scattering around
3, independent of the initial polymer volume fraction at preparation and the synthesis tempera-
ture (see Figure 4. 6a; discrete values are included in Table A.4.3). The significantly lower
values compared to swelling in toluene can be explained by the selective swelling behavior of
the respective polymers PEG and PCL in water. Whereas the hydrophilic PEG tends to swell in
water, the hydrophobic PCL shows the opposite tendency to contract and repel the water. Due
to the 50:50 mixture in all networks investigated, these opposite tendencies of swelling and
shrinking seem to balance out, resulting in a swelling degree of three. That might explain why

the swelling degree of PEG-PCL gels does not depend on the polymer content.

4.0
a)s b
)0 synthesis temperature ) 3 14F —0.30 +0.04
$ = 25°C g ~dg
_g';‘ 35F = 60°C 212t
> 2
T 3.0} I { i E 10 ~ 70432001
3 i ® °
€ 5 s}
'E 25} s
= = = Q,water
N &Gl outouene
’ 0.06 0.12 0.18 0.24 0.3 0.06 0.12 0.18 024 0.3
N bo

Figure 4. 6: Equilibrium swelling degree as a function of polymer volume fraction at preparation. a: PEG-PCL
gels in water synthesized at 25 °C (dark blue) and 60 °C (cyan). b: PEG-PEG networks in water (blue) and toluene
(gold) synthesized at 25 °C. Since the gels were synthesized in toluene they were dried before studying them in
water.
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Considering the swelling degree in water and the network composition (50:50 mixture of the
star polymers), the found nearly spherical shape in Figure 4. 5 can possibly be explained by
the phase separation behavior of block copolymers, although they have a higher degree of
freedom compared to the network. It is known from block copolymers in bulk that spherical
structures are obtained at low volume fractions of one of the blocks.[?! In our case, a degree of
swelling of 3 roughly translates to a total polymer volume fraction of 0.3.12”1 As only half of the
polymer fraction consists of PCL stars, the polymer volume fraction of PCL is about 0.15. Such

small fractions of one species are assigned to the aforementioned spherical structures.?® 28

In contrast to the PEG-PCL networks, which have a cloudy appearance in water, the PEG-PEG
gels remain transparent (see Figure A.4. 1). They exhibit a higher swelling degree ranging from
9 to 14.5 depending on the initial polymer volume fraction (see Figure 4. 6b). Hence, the
swelling ratio of PEG-PEG gels is much higher than that of PEG-PCL gels. This is plausible
because water is a better solvent for PEG than for PCL. The PEG-PEG networks also show a
degree of swelling that is 1.1-1.3 times higher in water than in toluene. Both water and toluene
are in general good solvents for PEG, but the higher swelling degree in water indicates a slightly

better solvent quality.

The solvent quality is often discussed in terms of the Flory—Huggins interaction parameter y,
which quantifies the interaction energies between the polymer and the solvent. Another im-
portant parameter in this context is the overlap concentration c¢*, which is inversely proportional
to the intrinsic viscosity [1].2* In turn, the intrinsic viscosity is a measure of the increase in
viscosity caused by the polymer and gives an indication on the expansion of the polymer in
solution. The Flory—Huggins parameter of linear PEG in water is about 0.431° and that of
t-PEG-NH; was determined to be 0.465-0.495[% depending on the molar mass. In toluene, a
value of y = 0.38 was computed for t-PEG-NH; with 10 kg mol~ from experimental viscosity
data at 25 °C using the Tian—Munk model.[* 2 Based on this estimate, toluene would be the
better solvent for PEG, but the swelling results indicate the opposite trend. Therefore, the over-
lap concentration or its reciprocal, the intrinsic viscosity, is used as a further measure of solvent
quality. The overlap concentration in toluene of amine terminated t-PEG at 25 °C is
c* =76.2+05 g L P corresponding to an intrinsic viscosity of [n] = 0.01312 L g*. The
value in water was determined in this work to be ¢* = 60 + 2 g L™ corresponding to
[n] = 0.01680 L g* and agrees very well with the overlap concentration of 60 g L™ determined

by Sakai et al.l*% for the formation of t-PEG networks in aqueous buffer solution. According to
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these data, PEG is more expanded, i.e., swollen, in water than in toluene. Therefore, a lower

polymer concentration is required to achieve space filling.

To validate the viscosity results, they are related to the value for linear PEG chains of the same
molar mass. The ratio of the intrinsic viscosity of the star polymers to that of corresponding
linear polymers is called the contraction factor, which indicates that star polymers are more
compact and have a lower radius of gyration than their linear analogues at the same molar
mass.*31 The contraction factor describes this decrease in intrinsic viscosity due to the more
compact architecture and is defined as g, = [n]y/[n]; with intrinsic viscosity of the branched
four-armed star polymer, [n],, and the intrinsic viscosity of the linear polymer [n];. For four-
armed star polymers in a good solvent contraction factors of g, = 0.68-0.74 [33. 341 are found.
In this work, we calculated a ratio of g,= 0.68 using [n]; = 0.02486 L gt for linear PEG
(10 kg mol ™) and the experimentally found value of [n], = 0.01680 L g* for t-PEG-NH

(10.8 kg mol™t). This agrees quite well with the literature data despite the difference in molar
mass and the change in end-group chemistry from hydroxy to amine end groups. In conclusion,
based on the experimental viscosity data, water is the better solvent for PEG at the experimental

conditions used.

Just like in toluene, the swelling degree of the PEG-PEG gels in water shows a dependency on
the initial polymer volume fraction according to the apparent scaling law Q,~¢@y* (see
Figure 4. 6b). The exponent of the apparent scaling law Q,~¢y“ is 0.30 £ 0.04 and conse-
quently lower than in toluene. As both toluene and water are rather good solvents for PEG, we
would expect a similar exponent. The swelling degree in water was determined after drying of
the gels in between for the solvent exchange from toluene to water. This might have induced
some post-crosslinking reaction, leading to higher conversion and thus lower achievable
swelling degree. This effect is more pronounced at lower polymer volume fractions, which
results in the observed lower exponent. An additional point to keep in mind is the connection
of the PEG-PEG networks by an aromatic linking group, which could affect the swelling

capacity of the gels in water by clustering.

The data of the PEG-PEG gels confirm the assumption made above that the low swelling degree
of PEG-PCL networks in water is mainly due to the hydrophobicity of the PCL moieties. The
possible additional shrinkage tendency due to the aromatic linking group should be negligible
in contrast to the shrinking induced by PCL, as the PEG-PEG gels swell more in water than in

the less polar solvent toluene.
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Mechanical Properties
All shear rheological and AFM measurements in this chapter were performed at equilibrium

swelling and at 25 °C, if not stated otherwise.

Effect of Drying on Mechanics

In a first step, the drying procedure is verified by comparing the storage moduli of the gels
swollen in toluene before and after drying. Storage moduli of toluene-swollen gels before (G;)
and after the drying procedure (G;) as determined by rheology are summarized in Figure 4. 7.
The gels are again prepared in toluene, dried at room temperature for five days, and subse-

quently reswollen in toluene.
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Figure 4. 7: Rheology measurements in toluene: Storage modulus of PEG-PCL (dark blue: synthesis at 25 °C; and
cyan: synthesis at 60 °C) and PEG-PEG networks (gold: synthesis at 25 °C) at swelling equilibrium in toluene
before drying, G; (plane bars), and after drying for five days at room temperature, G, (hatched bars).

For both PEG-PCL and PEG-PEG networks, the storage moduli after the drying are slightly
higher, but within the margin of the error. This is in accord with the previous findings for the
swelling degree, which were also not significantly influenced by the chosen drying procedure.
Again, the values are independent of the chosen preparation temperature. Therefore, we con-
clude that this moderate drying procedure does not lead to a distinct increase in conversion due

to the slow drying and is suitable for the transfer from non-selective to selective solvent.

Furthermore, it is obvious from Figure 4. 7 that the PEG-PEG gels show a higher storage mod-
ulus compared to the PEG-PCL ones prepared at the same concentration. This is reasonable, as

we observed lower swelling degrees of the PEG-PEG gels in toluene (compare Figure 4. 3).
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Non-selective solvent

In a second step, the storage moduli and scaling behavior of PEG-PCL and PEG-PEG gels are
discussed. The gels are prepared in toluene, subsequently swollen to equilibrium and investi-

gated via shear rheology and AFM.

From shear rheology, the shear storage modulus G’ as well as the shear loss modulus G" are
received directly on a macroscopic length-scale. Whereas in AFM, the elastic modulus E is
obtained by static indentation measurements. As our networks are essentially elastic, we assume
for the elastic storage modulus E’ = E. Colloidal probes (um-sized) are used to obtain elastic
information on a larger scale, while nanoindentation with a sharp AFM-tip is performed to
obtain information on very small length-scales. Respective histograms of the received elastic

moduli in both types of solvent are included in Figure A.4. 4.

Comparison of both methods is feasible by converting the elastic storage modulus E’ to shear
_E
2(1+u)

literature, a Poisson ratio of u = 0.5 applies to incompressible materials, whereas Poisson ratios

storage modulus G’ using the relation G’ = with the Poisson ratio u.[* 21 According to

down to u = 0.25 are found for materials under deformation and in contact with excess solvent,
which are also described in theoretical work.[*® 37381 In contrast, an increase in Poisson ratio
was found for networks in contact with air under deformation (1 > 0.5).1°! For swollen gels,
values between these extremes, namely 0.25 < u < 0.5, are found.*® I For t-PEG gels,
however, it was found for biaxial deformation that the Poisson ratio is well approximated with
= 0.5, which was also stated in other work comparing Young’s modulus with shear modu-
lus.”H Furthermore, using x = 0.5 or u = 0.25 to convert the elastic modulus to shear modulus
results in a factor of 1.2 lower or higher values, respectively. This factor is within the margin
of error of the transformed AFM results (see Table A.4. 4). Therefore, and for consistency with

the AFM evaluation (see Experimental Section), 1 = 0.5 is used.

Table 4. 1 summarizes the shear modulus of toluene-swollen and non-dried PEG-PCL gels
received by rheology and converted from AFM measurements with a Poisson’s ratio of 0.5 for

measurements with tip (tip radius =~ 8 nm) and colloidal probes with a radius of 3.3 um (CP33).
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Table 4. 1: Storage modulus of PEG-PCL networks swollen in toluene converted with a Poisson’s ratio of u= 0.5
from AFM measurements with tip (radius = 8 nm) and colloidal probe (CP33: radius 3.3 pm) as well as storage
modulus directly from rheological measurements. The error of the converted modulus corresponds to the percent-
age error of the original data.

c! G1 (kPa) from AFM G (kPa) from rheology
(gL Tip 2 CP332 25°C? 60 °C°
70 9+3 8+1 6.3+0.2 6.5+0.1
140 25+4 15+3 13.91 £0.09 153+0.2
210 31+16 20+ 6 22+2 23.3+0.2
280 43 +20 25+7 34+1 349+0.3
350 79 + 14 35+7 46.2+0.2 47+ 1

L Concentration at preparation; 2 Synthesis at 60 °C; 3 Synthesis temperature.

Both the microscopic and macroscopic derived shear moduli are approximately equal for the
PEG-PCL networks swollen in toluene (see also Figure 4. 8). The values obtained with the
sharp tip are shifted to slightly higher values compared to the colloidal probes and the rheology
measurements, especially at high initial polymer concentration. This shift could be due to the
fact that the tip geometry of the manufacturer is not exactly known and may also vary among
the individual tips. To clarify this, studying the exact tip shapes via electron microscopy would
be necessary. In addition, evaporation of the solvent may have occurred during the changing of
the tips and sample handling, which in turn leads to harder networks. Finally, the networks are
not completely ideal regarding their connectivity, as shown in earlier studies by MQ-NMRI%]
which may influence the modulus on these small length-scales. The overall agreement between
AFM for both indenter geometries and rheology is somewhat expected since the networks are
swollen in a co-solvent for both polymer types and the surface topography does not reveal any
underlying structure. Consequently, the results substantiate the picture of a homogeneous

swollen network.

In analogy to the swelling degree in the previous section, the storage modulus follows an
apparent scaling law G;~¢,“ as a function of initial polymer volume fraction. Figure 4. 8
shows the storage modulus, G1, of the PEG-PCL networks included in Table 4. 1 in toluene as

a function of concentration at network preparation.
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Figure 4. 8: Storage modulus from AFM (full symbols) and rheology (open symbols) of PEG-PCL networks
swollen in toluene. Rheology measurements were conducted on gels synthesized at 25 °C (dark blue) and 60 °C
(cyan). AFM measurements were performed on gels synthesized at 60 °C using a sharp tip (red triangles) or col-
loidal probe CP33 (grey circles).

The storage moduli obtained from rheology show exponents of 1.23 £ 0.05 and 1.21 + 0.03 for
the networks prepared at 25 °C and 60 °C, respectively. The modulus converted from AFM
measurements with tip follows an analogue scaling with an exponent of 1.2 + 0.1. The results
with colloidal probes scale with a nearly linear exponent of 0.86 + 0.06. Small deviations
between the methodologies are to be expected since delamination of network gel films on a
macroscopic scale occurred during AFM measurements. Evaporation of solvent during sample
handling contributes to sample inhomogeneities. To counteract delamination, gel films were
immobilized on silicon substrates as described previously,?? however, after some time, sample
deformation still occurred and complicated the measurements independent of indenter geome-
try. A similar log-log slope of roughly 1.3 was found in related work on t-PEG gels in the
preparation state based on precursors of 10 kg mol 2142l as well as in biaxial deformation of
t-PEG gels based on 20 kg mol™ precursors.[“)l Additionally, the scaling with an exponent of
1.22 + 0.05 was found for the PEG-PCL networks in toluene in the preparation state.[*] The
exponent higher than 1 can be attributed to the following reasons: The conversion at low con-
centrations is somewhat lower than at high concentrations. At higher concentrations, there are
fewer connectivity defects, especially double links, which reduce the modulus, and above the

overlap concentration, additional effects due to entanglements may play a role.
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The PEG-PEG networks, instead, show a shallower and nearly linear scaling with an exponent
of 0.94 + 0.08 (see Figure 4. 9a, absolute values of modulus in Table 4. 4). Nevertheless, the
scaling with an exponent near one in case of the PEG-PEG networks is also reasonable as the
modulus is proportional to the concentration of the elastically active network strands which in
turn is proportional to polymer concentration. The different scaling due to the change from
amphiphilic to hydrophilic networks might be attributed to a change in the factors named above.
Furthermore, a higher fraction of single links was found for pure PEG-PEG networks, than for
PEG-PCL networks at the overlap concentration, i.e., fewer defects result in a higher modu-
lus.* Likewise, the t-PEG-Ox macromonomers show a different conformation and expansion
in toluene during synthesis than their PCL analogues, which may influence the resulting gel
structure. Similarly, the onset of entanglements may shift and influence the modulus. Which
one of the mentioned effects is finally responsible for the shift in scaling cannot be explained

yet.

In summary, it was shown that absolute numbers of modulus in toluene are comparable for
rheology and AFM measurements on bulk films. The modulus in this work is three times higher
compared with the modulus in the preparation state of Bunk et al.,** despite measurement at
equilibrium swelling. This is attributed to the significantly longer reaction time in this work and
the resulting higher conversion, since the same scaling is seen in both cases.

To consider the efficiency of crosslinking, the number density of elastically active network

strands v is caluclated from the experimental results, v, and compared to the theoretical,

ideally achievable value, v,0,. The experimental number density of elastically active network

G' .
strands can be calculated from modulus data vey, = T and the theoretical value can be cal-

culated from the polymer concentration at network formation under consideration of the de-
crease in concentration due to swelling.[*® 2343 The resulting number densities for both network
types (synthesis at 25 °C) based on the rheological measurements are summarized in Table 4. 2.
The values received from the AFM measurements are included in Table A.4. 5 as they show
qualitatively the same trend and are in the same order of magnitude. Furthermore, in AFM, the
swelling of the gels is affected by the attachment of the networks to the silicon substrate, i.e.,
the concentration decrease cannot be determined accurately for calculation of the theoretical
expected value. Therefore, the same theoretical values included in Table 4. 2 were taken as a
reference for the AFM results in Table A.4. 5.
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Table 4. 2: Comparison of experimentally found and theoretically calculated elastically effect chains, v, and
Viheo. Pased on the phantom network model prediction for PEG-PCL and PEG-PEG networks in toluene at 25 °C.

PEG-PCL PEG-PEG
(g -CL’I) (mrlljg)liPLfl) (mr11/1t(})lle'i*1) Vexp/Vineo (mmvf)){?L’l) (mll/lt(})lfi’l) Vexp/Viheo
70 5.1 122 0.4 9.0 15.4 0.6
140 11.2 18.0 0.6
210 17.5 22.9 0.8 22.8 27.7 0.8
280 27.4 27.4 1.0
350 37.3 30.8 1.2 42.0 37.9 1.1

Table 4. 2 illustrates, that the crosslinking efficiency increases with concentration and reaches
the maximal efficiency at four times the overlap concentration (280 g L ™). This is in line with
MQ-NMR studies™ of the connectivities of such networks, revealing that the fraction of single
links increases with increasing concentration, while higher order connectivities and defects de-
crease. The PEG-PEG networks show a slightly higher crosslinking efficiency at low concen-
trations compared to the PEG-PCL networks, which is also expected based on the aforemen-
tioned investigations. The ratio higher than one at 350 g L could be the result of occurring
entanglements and an accompanying increase in modulus. A further check for plausibility of
the results is performed later on by comparison with the modulus from the phantom network

model.

Selective Solvent

Investigation of the mechanical properties in the selective solvent water are of special interest,
due to possible applications in this medium. All samples presented in this chapter are prepared
in toluene, dried according to the drying procedure described above and reswollen in water to
equilibrium. Table 4.3 summarizes the shear moduli of PEG-PCL networks in water from
rheology and those calculated from AFM measurements with a Poisson ratio of 0.5. The total
values are 7-10 times higher compared to toluene, which is a result of the lower swelling degree
due to the collapse of the hydrophobic PCL parts of the network. The total values are of the
same order of magnitude for both methods, AFM and rheology, and independent of the indenter
geometry used in AFM and the preparation temperatures of the networks. The error of the AFM
data is significantly larger due to the rough surface and the macroscopic distortion of the sample

that occurred specifically after drying and reswelling of the sample. Sample distortion is not so

104 | Results and Discussion



CHAPTER Il: MECHANICS IN THE SWOLLEN STATE

critical in rheology because small discs are measured and a plate-plate geometry is used, which
automatically flattened the gels to fit in the gap. In the AFM measurements, however, the
distortion is on the length-scale investigated. This effect becomes more severe the higher the
concentration. Therefore, measurements of 280 g L™* and 350 g L is not possible using the
AFM methodology. Additionally, the fit of the force-distance-curves is dependent on the fit-
depth, indicating non-Hertzian elastic behavior of the gel film in water. All force distance
curves are fitted to an indentation depth of 100 nm to obtain comparable results throughout all
experiments. We attribute this non-Hertzian elastic behavior to the microphase-separated sur-
face structure of dense PCL clusters composed of several tens of PCL star polymers surrounded

by expanded PEG polymers.[?]

Table 4. 3: Storage modulus of PEG-PCL networks swollen in water from AFM measurements with tip (ra-
dius = 8 nm) and colloidal probe (CP33: 3.3 um) converted with a Poisson’s ratio of u = 0.5 as well as storage
modulus directly from rheological measurements. The error of the converted modulus corresponds to the percent-
age error of the original data.

c! G, (kPa) from AFM G (kPa) from rheology
LT -1

(L) tip CP33 25°C? 60 °C 2
70 T7+17 63+14 67.5+£0.5 65+2
140 106 £ 27 119 +£22 143 +£3 137+£3
210 176 £ 70 164 £ 28 181£5 186 £ 8
280 - — 248 £ 8 230+ 10
350 - — 290 £ 10 299 £ 3

L Concentration at preparation; 2 Synthesis temperature.

Due to the found microphase-separated structure in water (see Figure 4. 4), differences in local
modulus from AFM and macroscopic modulus in rheology would have been expected, as
especially the AFM tip size is a similar size regime as the observed domains at the surface. This
expected differences in water cannot be found in the experiment. This might be due to the
circumstance that the AFM nanoindenter tip with a curvature radius of roughly 8 nm may not
be sharp enough to properly observe local differences in modulus. Also, we assume that the
indentation process (with an indentation depth of more than 100 nm) occurs by pushing hard
PCL spheres through a soft, swollen PEG network. This process is independent of the precise

starting point. In both cases, a rather averaged modulus is measured.
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In analogy to the storage modulus in toluene, an apparent scaling law of modulus with polymer

volume fraction G§~¢O_B can be observed. Figure 4. 9 shows this dependency at swelling equi-
librium in water as a function of concentration at network preparation for both PEG-PEG (a)
and PEG-PCL (b) networks.

60
a . b
) 50 G, toluene ) 300 rheometry:
40t o G, water b o synthesis at 25 °C
? 200F = synthesis at 60 °C
30
w ©
T 20} . - S
® o 100
AFM:
10} > o
50 | « CP33
70 140 210 280 350 70 140 210 280 350
c(gL™h) ¢ (gL~

Figure 4. 9: Storage modulus at equilibrium swelling obtained by rheology (open symbols) and converted from
AFM (full symbols) a: PEG-PEG gels in toluene (gold) and water (light blue) synthesized at 25 °C. b: PEG-PCL
gels in water obtained by AFM with tip (red triangles) and colloidal probe (grey circles) for a synthesis temperature
of 60 °C and by rheology (open rectangles) for synthesis temperatures of 25 °C (dark blue) and 60 °C (cyan).

The exponent is found to be 0.90 = 0.05 and 0.92 + 0.04 for PEG-PCL networks prepared at
25 °C and 60 °C studied by rheology. An analogue scaling with exponents of 0.7 + 0.2 and
0.88 £ 0.03 is found for the samples studied by AFM with tip and colloidal probe. The scaling
is nearly linear, which is reasonable as the modulus is proportional to the effective elastically
active network strands, which are in turn proportional to the polymer concentration. Due to the
concentration-independent swelling degree of 3 in water, the polymer concentration decreases
by about one third at each concentration due to swelling. However, since this is the same for all
concentrations, the increase in concentration is still linear. Therefore, the concentration of the

effective elastically active network strands also increases linearly and thus also the modulus.

The PEG-PEG networks also show a comparable scaling with an exponent of 0.9 £+ 0.2, which
is in accord with the exponent in toluene of 0.94 + 0.08 and again nearly linear (absolute values
of modulus are included in Table 4. 4). This is reasonable, as both solvents are non-selective

solvents for PEG and a similar scaling is to be expected.
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Comparison with phantom model and mesh size estimation

To compare our results with theory, we relate them to the expectation from the phantom net-

work model. The phantom modulus in the investigated systems can be described as follows!*®:
23,27, 44]

c o (1 Z)pRT

7 1)

This yields Gy, /¢o = 253.5 kPa for PEG-PCL and GGpp /¢, = 240.4 kPa for PEG-PEG with a
functionality f = 4, the density of the dry network being p =1.13 g mL™* [l on average, the
universal gas constant R, the temperature T = 298.15 K, and the molar mass per network strand
of My = 5.5 kg mol in case of the PEG-PCL networks and M, = 5.8 kg mol in case of PEG-
PEG networks, respectively. With the respective polymer volume fractions at preparation ¢,
the expected modulus can be estimated as Gp, = ¢(°253.5 kPa or respectively
Gph = ¢o-240.4 kPa. The resulting moduli are summarized in Table 4. 4. We again use the

rheology data for comparison as the corresponding errors are small compared to the AFM re-
sults. The comparison with the experimentally determined values in Table 4. 1 shows that the
phantom modulus is always higher than the experimental value. This can be explained by the
assumptions of the model system, in which ideal crosslinking of the polymers is presupposed.
However, this is not the case for the present systems due to a non-negligible amount of double
links and other connectivity defects, as shown in previous work.*® The discrepancy between
phantom modulus and experimental modulus decreases for the PEG-PCL systems with increas-
ing concentration, which can be attributed to the stronger dependence of modulus on polymer
volume fraction than the linear dependency predicted by the phantom network model. This is
due to the fact that at low concentrations there is lower conversion and a higher fraction of
connectivity defects, whereas at high concentrations there is more ideal crosslinking with less
connectivity defects. Additionally, at high concentrations, entanglements can further increase
the modulus. The ratio of phantom to experimental modulus for the PEG-PEG networks in both
solvents is lower compared with the PEG-PCL networks and does not decrease with concentra-
tion but is rather constant. Here, the scaling with modulus was nearly linear as applied in the
phantom model prediction. The lower ratio can be attributed to the slightly higher fraction of
single links in these type of networks compared to their amphiphilic analogues and the resulting

more ideal network structure.[*!
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Table 4. 4: Calculated phantom modulus, Gp,, of PEG-PCL and PEG-PEG networks as well as the experimentally
received modulus, Geyp, Of the PEG-PEG networks in water and toluene. The ratio of phantom modulus and ex-

perimentally obtained modulus was calculated for the networks prepared at 25 °C. The index “tol” represents
toluene and the index “water” represents water.

1 PEG-PCL PEG-PEG
c
Ly | T gee | Gy T e
(kPa) (kPa)  (kPa) (kPa)

70 15.2 2.4 14.4 11.2+0.5 1.3 9+2 1.6

140 304 2.2 28.9

210 45.6 2.1 433 28.3+0.1 1.5 20.03 +£0.09 2.2
280 60.8 1.8 57.7

350 76.1 1.7 72.1 52+2 14 43 £ 1 1.7

! Concentration at preparation.

Overall, the experimentally found values are a factor of maximum 2.4 below the expectation
from the phantom network model. This is within reasonable limits, since the networks do not
resemble the ideally connected network assumed in the model due to connectivity defects.
Furthermore, the experimental system might behave differently compared to the assumptions
in the phantom model. Likewise, this is an improvement compared with previous data of
PEG-PCL networks in the preparation state*® and related work based on t-PEG and t-PVDF®l
which reported values a factor of 4 and a factor of 3 below the phantom model expectation,

respectively.

Finally, to get an idea about the permeability of the networks for possible guest substances, the
mesh size & of the networks in the respective solvents can be estimated at T = 298.15 K from
the plateau modulus G, in rheology, which corresponds to the experimental found storage

modulus G’, and the Avogadro-constant N, as follows(?" ¢!

1/3

§= ((517\;,1) @)

Figure 4. 10 illustrates that the mesh size decreases with increasing concentration and when
switching from non-selective solvent toluene to the selective solvent water. Furthermore, the
mesh sizes of the amphiphilic PEG-PCL and the hydrophilic PEG-PEG networks show similar

values in the non-selective solvents. This is to be expected, due to the same architecture of the
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networks, which consist of four-armed star polymers, and the similar molar masses of the build-
ing blocks. The trend of the lower swelling of PEG-PEG networks in toluene is also represented
here by a slightly lower mesh size.

10
toluene:
o « PEG-PCL
sl 1 PEG-PEG
water:
Tt . « PEG-PCL
T sl % o PEG-PEG
£
o 5f . .
4t
3t . . .
»
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Figure 4. 10: Mesh size as a function of preparation concentration for PEG-PCL (full symbols) and PEG-PEG
(open symbols) networks prepared at 25 °C in toluene (dark blue, gold) and water (grey and light blue).

From a complementary study on the same polymeric system, the mesh size can be roughly
estimated from the correlation length in SAXS at the overlap concentration in dg-toluene,
resulting in 4.9 nm and 4.7 nm for PEG-PCL and PEG-PEG networks, respectively.[?> This is
consistent with the trend of smaller mesh size of the PEG-PEG networks compared with the
PEG-PCL networks obtained in this work. In addition, the values are in the same order of

magnitude, despite different methodologies being used.
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4.7. Conclusion

In this study, amphiphilic polymer co-networks are prepared by hetero-complementary
crosslinking of oxazinone-terminated t-PCL and amino-terminated t-PEG and investigated re-
garding their environmental sensitive mechanics by AFM and shear rheology. In addition, they

are compared to pure hydrophilic PEG-PEG networks with the same crosslinking chemistry.

As expected, the gelation reaction becomes faster with increasing concentration and tempera-
ture. However, the gel points are shifted to longer timescales compared to previous NMR results
in ds-tetrahydrofuran™® which is attributed to slower kinetics in toluene and the rheology result

as an upper estimate of the gel point.

The equilibrium swelling in the non-selective solvent reveals a concentration dependent
swelling degree which follows an apparent scaling law in accord with previous findings and
mean field model predictions. % 20 241 |n contrast, the swelling in the selective solvent is
constant at a swelling degree of 3, due to a balance in the opposing swelling and shrinking
tendencies of the 50:50 mixture of hydrophilic and hydrophobic building blocks. For solvent

exchange, a gentle drying procedure at room temperature turns out to be suitable.

The modulus of gels is demonstrated at different length scales by AFM and rheology,
interestingly, showing moduli in the same order of magnitude. This substantiates the picture of
homogeneously swollen gels in the non-selective solvent and is further supported by the
homogeneous surface structure observed with AFM measurements. For the selective solvent,
however, this finding is rather unexpected, since a spherical nano-phase separation can be ob-
served at the surface. Further investigations need to be performed to clarify the role of indenter
size and geometry on nanomechanical properties as well as the mechanism by which hard PCL

spheres are pushed through the swollen PEG network.

An apparent scaling law of modulus with polymer volume fraction is found. The scaling of the
PEG-PCL networks is in accord with previous findings of such networks in a good
solvent.['® 2140 42l However, in water, the scaling is rather linear due to the concentration inde-
pendent swelling. Such a nearly linear scaling is also found for the PEG-PEG networks in both

solvents together with similar mechanical properties.

With this, we demonstrate the precise control of synthesis conditions leading to homogeneous
gel networks with defined mechanical properties. This marks a further step towards rationally
understanding the interplay between synthesis conditions, the resulting structure and corre-

sponding properties and using this knowledge for the targeted design of functional materials.
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4.8. Experimental

Materials
Toluene (> 99.5%) was purchased from Fisher Chemical. Milli-Q water was produced in an in-

house Milli-Q-system from Merck.

Synthesis of amino-terminated tefra-poly(ethylene glycol) (-PEG-NH2) and 2-(4-
Nitrophenyl)-benzoxazinone-terminated tetra-poly(scaprolactone) (f-PCL-Ox)
The synthesis procedure of the tetra-arm star polymers was developed and described by Bunk
et al.l* In general, t-PEG-NH, is prepared from t-PEG-OH in a two step synthesis. First, the
mesylate-terminated t-PEG is formed using triethylamine and mesylchloride, which is then con-
verted into the amine-terminated PEG with ammonia. The product is characterized by a narrow
molar mass distribution (B = 1.02 —1.05) and a molar mass of about 10.8 + 0.2 kg mol .
t-PCL-Ox is again synthesized in two steps: First, t-PCL-OH is prepared in a ring opening
polymerization starting from pentaerythritol. Esterification of t-PCL-OH with 2-(4-Nitro-
phenyl)-4-oxo-4H-benzo[d][1,3]oxazine-7-carboxylic acid chloride, yields t-PCL-Ox with an
oxazinone terminal group as coupling agent. This product in turn is characterized by a narrow

molar mass distribution (B = 1.07—1.09) and a molar mass of about 11.3 + 0.2 kg mol .

Preparation, drying and swelling of amphiphilic co-networks for rheology

Stock solutions of t-PEG-NH. and t-PCL-Ox at the respective concentrations were prepared in
toluene and mixed in equimolar ratio related to the reactive terminal groups. We used concen-
trations ranging from 70-350 g L%, corresponding roughly to one to five times the overlap
concentration c*. The mixture was homogenized, poured into a teflon mold, sealed with a plug,
and allowed to react at a constant temperature of 25 °C or 60 °C for 3 days. The reaction of
t-PEG-NH. with t-PCL-Ox takes place according to Figure 4. 1. The resulting gels were
detached from the mold and put into an excess of toluene for two days to reach the swelling
equilibrium. The swollen networks were weighed directly after the swelling procedure to

determine the equilibrium volume swelling degree Q as follows

o=
pS Wp
Here, p, and p are the density of the polymer and the solvent used, wy, is the weight of the

polymer, i.e., the dry network, and wy is the weight of the solvent, i.e. the difference of swollen
to dried weight. The average density of PEG and PCL is 1.13 g mL2.[4%]
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Unless stated otherwise, solvent exchange to a new solvent was carried out via the dry state.
For this purpose, the gels were dried at 25 °C at normal pressure for five days to remove the
solvent. Subsequently, they were swollen in an excess of the respective new solvent for two

days to reach swelling equilibrium.

Preparation of PEG-PEG networks

Stock solutions of t-PEG-NH, and t-PEG-Ox at 70 g L%, 210 g L%, and 350 g L~ were prepared
in toluene and mixed in equimolar ratio related to the reactive terminal groups. The preparation,
swelling, and drying procedure is described in detail above. All PEG-PEG networks were pre-
pared at 25 °C. t-PEG-Ox with a molar mass of about 12.5 + 0.2 kg mol was prepared starting
from t-PEG-OH according to the procedure described above for synthesis of t-PCL-Ox.

Rheology

Rheological measurements were carried out with an Anton Paar modular compact rheometer of
type MCR302 (Anton Paar, Graz, Austria) equipped with a plate—plate geometry of type PP25
or PP08 with a plate diameter of 25 mm or 8 mm, respectively. A Peltier plate was used to
control the temperature and a solvent trap was utilized to prevent solvent evaporation. The time
sweeps for gel point determination were conducted at a constant frequency of w = 6 rad s and
a deformation amplitude of y = 1%. Frequency sweeps were carried out at a shear deformation
of y =0.2% and in the range of w = 0.1-100 rad s*.

Viscometry

The intrinsic viscosity [n] of t-PEG-NH: in Milli-Q water at 25 °C was determined using an
Micro-Ubbelohde Viscometer of Type 537 10/1 and the Schulz-Blaschke extrapolation
method.[?* The overlap concentration c¢* was calculated from the intrinsic viscosity as c*= 1/[n]

adapting the same convention as for linear polymers.’]

Preparation of APCN gel films for atomic force microscopy

Additionally, gel samples were prepared for AFM characterization by adding 100 pL of
equimolar PEG-PCL polymer mixtures onto amino-functionalized silicon wafers (1x1 cm)
(Siegert Wafer, Aachen, Germany), for each concentration respectively, resulting in the for-
mation of a gel film. As described previously,? APCN gel films were immobilized on the

silicon targets which mostly prevents detachment of the sample during the measurements after
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the addition of excess solvent. Samples were kept in an air-tight container with calculated tol-
uene headspace at 60 °C overnight to complete the reaction. After the completion of the
reaction, excess toluene was added to each sample to reach equilibrium swelling degree. For
measurements in water, samples were exposed to ambient conditions overnight allowing for the
evaporation of toluene. Samples were then reswollen in water for one day and kept in excess

solvent until measurement.

Atomic Force Microscopy

PEG-PCL gels were characterized with atomic force microscopy (AFM). AFM measurements
were carried out at room temperature on the MFP3D SA and Cypher (Asylum Research/Oxford
Instruments, Wiesbaden, Germany). All measurements were performed in a closed environment
with samples in excess solvent and sufficient solvent headspace to prevent solvent evaporation
during the measurements. Surface topographies of PEG-PCL gel films were obtained in tapping
mode using the cantilevers AC240TSA (70 kHz, 2 N m, 7 nm tip radius) or BL-AC40TSA
(110 kHz, 0.09 N m, 8 nm tip radius) (Oxford, Instruments, Wiesbaden, Germany). Addition-
ally, static indentation measurements were carried out to obtain information about the elastic
behavior of gel networks. To investigate different length-scales, cantilevers of different geom-
etries were used. For small scale measurements, the cantilevers CSC38/No Al (10 kHz,
0.03 N m™) with a tip radius of 8 nm were used. For larger scale measurements, the tipless
cantilevers CSC37/tipless/No Al (20 kHz, 0.3 N m™?) and CSC38 tipless/No Al (10 kHz,
0.03 N m) with glued and sintered colloidal probes (radius 3.3 pm) were used. All cantilevers
used for indentation experiments were fabricated by MikroMasch and purchased from
NanoAndMore (Wetzlar, Germany). Elastic moduli were obtained by recording force maps for
tip and colloidal probe measurements on random sample locations to obtain average values and
their standard deviations. Force curves were fitted up to an indentation depth of 100 nm using
the Hertz model, assuming a Poisson ratio of 0.5. All obtained values were extracted from the
AFM in-built software features of IGOR 6.38801 (16.05.191, Asylum research, Santa Barbara,
CA, USA).
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Amphiphilic tetra-PCL-b5-PEG star block copolymers using

benzoxazinone-based linking groups
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from Polym. Chem., 2023, 14, 1965-1977.
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5.1. Specific Summary

The first two studies presented in this work give a comprehensive overview of the interplay
between synthesis and environmental conditions and the resulting properties of amphiphilic
polymer co-networks based on separate hydrophilic and hydrophobic building blocks, namely
t-PEG and t-PCL. In general, the properties of such networks are crucially dependent on their

structure both in a non-selective and in a selective solvent.

Therefore, amphiphilic block copolymers can be used to pre-structure the networks in order to
specifically generate structure and corresponding function. This is of particular interest
regarding required transport properties for biomedical applications. Amphiphilic star block co-
polymers are also in general well-suited for biomedical applications due to their tendency to
form self-assembling micelles, vesicles, or gels. Moreover, micelles formed by star polymers

show an increased stability compared to their linear counterparts.

To get first insights in the solution behavior of such four-armed amphiphilic star block copoly-
mers, two well-defined copolymers with a poly(e-caprolactone) (e-CL) core and PEG arms with
different length are prepared by the hetero-complementary linking reaction used in the first two
studies. First, hydroxyl terminated PCL is synthesized by a ring opening polymerization, fol-
lowed by end group esterification with a benzoxazinone coupling agent and attachment of linear
amino-terminated PEG to obtain tetra-PCL-b-PEG. The study of the solution behavior by DLS
in ethyl acetate and dichloromethane, common good solvents for both blocks, identifies single
star polymers. In acetone, in contrast, single stars as well as clusters are obtained, the size of

which increases with increasing polymer concentration. This is found for both sample types
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independent of the PEG block length. In water, however, DLS and TEM measurements reveal
that micellar structures with a hydrodynamic radius of about 20 nm are formed in the sample
with longer PEG arms. Furthermore, a slow morphology change of spherical micelles to long
cylindrical micelles is observed by TEM after one week. In contrast, the star polymer with short
PEG arms forms a cloudy suspension in water without the formation of a precipitate, indicating

structures in the range of the wavelength of visible light or larger.

A next step in exploring the potential of these amphiphilic block copolymers is to synthesize
the copolymers with hetero-complementary end groups and prepare networks by crosslinking.
Further studies can then investigate the ability of the pre-structured networks to introduce
certain functionality, e.g. the directed transport of guest substances for biomedical applications.
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5.4. Abstract

In this study, two well-defined amphiphilic tetra-arm star block copolymers with a
poly(e-caprolactone) (e-CL) core and poly(ethylene glycol) (PEG) arms with different length
(800 g mol~* and 2100 g mol 1) were prepared by a hetero-complementary linking reaction and
studied in detail. A pentaerythritol core was used as an initiator for the ring-opening polymeri-
zation (ROP) of e-CL, generating a hydroxy-terminated tetra-arm star polymer (tetra-PCL—OH)
with controlled molar mass (Mn ~ 10 kg mol™) and low dispersity (P < 1.1). After end group
esterification with 2-(4-nitrophenyl)-4-oxo-4H-benzo[d][1,3]oxazine-7-carboxylic acid chlo-
ride, linear hydrophilic PEG was attached to the respective tetra-PCL to obtain
tetra-PCL-b-PEG star block copolymers. The behavior of the two amphiphilic block copoly-
mers was studied in water by a combination of variable-temperature *H NMR spectroscopy,
DLS, DSC and TEM measurements. In the case of longer PEG arms, spherical micelles form
at elevated temperatures and remain stable at room temperature over days. Transmission
electron microscopy indicates a possible slow morphology change of spherical micelles into
long cylindrical micelles after one week. Suspensions of the star block copolymers with the
short PEG arms in water remain cloudy, in contrast to the star block copolymers with long arms.

*”*@is@m B 2l El

cloud clear

. . -

e Smn
= 8

Scheme 5. 1: Schematic representation of the synthesis of tetra-PCL-b-PEG star block copolymers and their solu-
tion behavior in water.
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5.5. Introduction

Star block copolymers consist of chemically distinct polymer segments (AB-type arms or
A-type and B-type arms) connected by a central branching point called the core.l: 21 They
represent an attractive class of branched polymers which differ distinctly from their linear ana-
logs in terms of a reduced hydrodynamic volume, lower dispersity (P), and high functionality
with the same synthesis strategy, molar mass and composition.?- There are two main strate-
gies for producing this type of polymer: “arm-first” and “core-first” where either the block-
copolymer arms or the central homopolymer star are synthesized first. For the latter strategy,
one considers in general that the second block of the arms is polymerized in a subsequent step,
while the “grafting-onto” variant of the core-first strategy describes the subsequent attachment
of independently functionalized and synthesized polymers, e.g. by “click” chemistry or
Steglich esterification.? 1% This last approach allows designing star block copolymers with
the highest structural control. Star block copolymers with both hydrophilic and hydrophobic
components, such as poly(ethylene glycol) (PEG), the most widely used biocompatible polymer
for biological applications, and poly(g-caprolactone) (PCL), a biodegradable and non-toxic in-
dustrial polyester, have proven to be useful materials for biomedical applications.***4 This is
due to the amphiphilic nature of PCL-b-PEG copolymers, manifested in their tendency to form

self-assembling micelles, vesicles, or gels.!* 1521

Micelles prepared from PCL-b-PEG star block copolymers were frequently studied (see
Table A.5. 3), since the micelle stability of stars is increased over their linear counter-
parts.[> 161 As shown in Table A.5. 3, all strategies have been used to prepare a broad variety of
star polymers with different cores and functionalities providing molar masses from 10 kg
mol~! to beyond 200 kg mol . High molecular weight stars with PCL as the outer block (“tail”)
first form micelles and then may gel upon increasing polymer volume fraction in wa-
ter,[®] while stars with PEG tails do not gel upon micro-phase separation in water. A crucial
point of these materials is that both polymers crystallize at similar temperatures, such that struc-
ture formation may depend on solvent quality or additional details of the sample prepara-
tion.[?2 This difficulty is partially visible in the micellization data summarized in Sl
Tables A.5. 3 and A.5. 4 where significant changes in micelle size or critical micelle concen-
tration were observed for copolymers of similar architecture, molar mass and composition. Our
interest in tetra-PCL-b-PEG micelles stems from investigations on model amphiphilic co-
networks based on tetra-arm PEG and PCL star polymers.[?>-%1 Here, soluble amphiphilic star
block copolymers containing the same building blocks are needed to structure the material prior

to network formation.
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In the present work, such star block copolymers were synthesized in a similar manner as the
co-networks by grafting amino-terminated linear PEGs of different molar mass onto benzoxa-
zinone-terminated tetra-arm PCL (see Scheme 5. 2). By using the bi-functional benzoxazinone-
based coupling agent 2, which reacts hetero-complementarily with hydroxy and amino groups
under mild conditions without any by-products,?6-2% uniform star block copolymers can be
prepared. Particular attention was paid to the defined structure of the tetra-PCL—OH core 1, its
quantitative benzoxazinone functionalization (3), and their subsequent complete reaction with
amino-terminated PEG 5 to form uniform tetra-PCL-b-PEG star block copolymers 6. Further-
more, the influence of PEG chain length on the behavior of the star block copolymers in

aqueous medium and on the formation and stability of micellar structures was studied in detail.

o] 2 NO,
N
D oo }C }C
HO OH Sn oct), H ELN, CHZCIZ ", 48 h {W/W
B0.100%,

8h

Cl— S—

NH,H,0 "
A oy B A
b) Et3N CH,Cl,, 1,18 h 5 m

No2

"1,

O. NH, + 3 _—_—
c) - ‘P\O%’m\/ toluene, 40 °C, 24 h ﬁ"
\/\f /\{,O\
5a: m=16 3a:n=21 6a:m=16;n=21

5b: m=47 3b:n=22 6b: m=47;n=22

Scheme 5. 2: Synthesis of (a) 2-(4-nitrophenyl)-benzoxazinone-terminated tetra-PCL star polymer 3, (b)
MeO-PEG-NH, 5, and (c) amphiphilic tetra-PCL-b-PEG star block copolymer 6.
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5.6. Experimental Section

Materials

All chemicals and solvents (analytical grade) were obtained from Sigma-Aldrich and used as
received unless otherwise specified. Methoxy poly(ethylene glycol) (MeO—PEG-OH)
(Mn = 2100 g mol™?) was obtained from JenKem Technology (USA) and precipitated twice
from THF in cold diethyl ether. Mono-amino-terminated MeO-PEG (MeO-PEG-
NH, 5a, My = 822 g mol ) was obtained from Iris Biotech (Germany). e-Caprolactone (s-CL)
was dried under reduced pressure over CaHo for at least 12 hours, then purified by vacuum
distillation and stored under nitrogen atmosphere. Tin(ii)-2-ethylhexanoate (Sn(oct)z) was
purified by vacuum distillation and stored under nitrogen atmosphere. 2-(4-Nitrophenyl)-4-
0x0-4H-benzo[d][1,3]oxazine-7-carboxylic acid chloride 2 was synthesized as described

earlier.[27-2]

Synthetic procedures
Tetra-PCL-OH (1)

Following Jakisch et al., two batches (a, b) of 1 were prepared by bulk polymerization of e-CL
with pentaerythritol as initiator using Sn(oct) as catalyst.[?®! The target Mn of 10 kg mol™* was
adjusted by the &-CL : Sn(oct), : pentaerythritol molar ratio of 87:0.1: 1. The synthesis was
carried out as follows: first, 136 mg of pentaerythritol and 9.92 g of e-CL were added to a
Schlenk flask at room temperature under nitrogen. The dispersion was stirred at 120 °C for
30 min to obtain a homogeneous mixture. The reaction mixture was cooled to 80 °C and the
polymerization was started by injecting the catalyst (Sn(oct), 0.2 mL of 0.5 M dry toluene
solution) under nitrogen. After 2 h, the reaction temperature was increased to 100 °C for another
6 h. Then, the very viscous reaction mixture was cooled to room temperature to stop the bulk
polymerization. The polymer was purified by precipitation from a concentrated CH2Cl>
solution into a 10-fold amount of cold methanol. After filtration and drying in vacuum, a pow-

dery product of 1 was obtained.

IH NMR (CDCls): 0 4.11 (s; CHz.core), 4.06 (t, 6.7 Hz; CH,0C(0)), 3.65 (t, 6.5 Hz; CH,OH),
2.30 (t, 7.6 Hz; CH.C(0)0), 1.7-1.6 (CH2CH2CHs), 1.38 ppm (m; CH2CH2CHo).

13C NMR (CDCl3): 6173.3 (C=0), 172.7 (C=O next to core), 64.0 (CH.OC(0)), 62.4
(CH20H), 61.9 (CHzcore), 41.9 (Ccore), 34.0 (CH:C(0)O), 32.2 (CH.CH,OH), 28.2
(CH2CH20C(0)), 25.4 (CH2CH2C(0)0), 24.4 ppm (CH2CH2CH).
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2-(4-Nitrophenyl)-benzoxazinone-terminated tetra-PCL (3)

Compound 3 was prepared as described earlier?! by conversion of 1 with 2-(4-nitrophenyl)-4-
oxo0-4H-benzo[d][1,3]oxazine-7-carboxylic acid chloride 2 (Scheme 5. 2a). An amount of
0.5mmol of 1was dissolved in dry CH2Cl, (30 mL). Then, 45 mmol (0.62 mL) of
triethylamine and 4 mmol of previously dissolved 2 in dry CH,Cl, (15 mL) were slowly added
to the solution at room temperature under nitrogen using a syringe. The reaction mixture was
stirred for 48 h, the insoluble salt (triethylammonium chloride) was removed by filtration
and 3 was obtained by precipitation in cold methanol. 3 was prepared in two batches (a, b) used

for the synthesis of 6a and 6b.

IH NMR (CDCls): 5 8.52 (d, 8.8 Hz; 19), 8.39 (s; 11), 8.38 (d, 8.8 Hz; 20), 8.34 (d, 8.2 Hz; 14),
8.20 (d, 8.2 Hz; 15), 4.41 (t, 6.7 Hz; 8 next to Cq), 4.10 (s; 2), 4.06 (t, 6.7 Hz; 8), 2.35 (t, 7.4
Hz; 4 next to Co), 2.30 (t, 7.4 Hz; 4), 1.85 (m; 7 next to Co), 1.73 (m; 5 next to Co), 1.7-1.6 (5,
7), 1.52 (m; 6 next to Cy), 1.38 ppm (m; 6).

13C NMR (CDCls): 6 173.4 (3), 172.8 (3 next to core), 164.7 (9), 158.0 (16), 155.6 (17), 150.3
(21), 146.3 (12), 138.1 (10), 135.5 (18), 129.4 (15), 129.3 (19), 129.0 (14), 128.9 (11), 123.9
(20), 120.0 (13), 65.8 (8 next to Co), 64.1 (8), 61.9 (2), 42.0 (1), 34.1 (4), 28.3 (7), 25.5 (5),
24.5 ppm (6).

MeO-PEG-NH: (5b)

Compound 5b was synthesized in two steps by adapting a previously reported procedure
(Scheme 5. 2b).B% In the first step, MeO—PEG—OH (Mn = 2100 g mol ™, m = 47) was converted
with mesylchloride to MeO-PEG-OMs intermediate (4). The resulting mesy!l groups were sub-
sequently converted into amino groups by reaction with aqueous ammonia. Briefly, an amount
of 1 mmol of MeO-PEG-OH, 8.5 mmol of triethylamine and 8 mmol of mesylchloride were
dissolved in anhydrous CH2Cl> (50.0 mL) and stirred overnight. The solution was filtered and
the solvent was evaporated. The polymer was dissolved in THF and poured into a large excess
of cold diethyl ether. The precipitated white solid of 4 was isolated by filtration and dried under
vacuum at 40 °C. The purified 4 with terminal mesyl groups was dissolved in 28 wt% aqueous
ammonia solution (100 mL). The reaction mixture was left with stirring for 5 days at room
temperature. The ammonia was allowed to evaporate over night after NaOH (5 M) was added
dropwise until the pH reached 13. After the product was extracted 3 times with CH>Cl, and
washed with saturated sodium chloride solution, drying over anhydrous MgSO4 followed. The
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crude product was precipitated into a 10-fold amount of cold diethyl ether. The precipitate was

filtered and dried under vacuum at 40 °C.
'H NMR (CDCls): 6 3.62 (s; €), 3.48 (m; b), 3.35 (s; d), 2.84 (t, 5.3 Hz; @), 1.8 ppm (v br; NH>).

13C NMR (CDCls): 6 73.3 (b), 71.5, 70.5, 70.2 (all ¢), 58.9 (d), 41.7 ppm (a).

Tetra-PCL-b-PEG star block copolymer (6)
Star block copolymer 6a and 6b with two PEG blocks of different lengths were prepared by

the  hetero-complementary  amine-benzoxazinone reaction of 3with5in  toluene
(Scheme 5. 2¢). As an example, the synthesis of 6b was carried out as follows: an amount of
0.1 mmol of 3a was dissolved in anhydrous toluene (10 mL). Then, 0.45 mmol of 5b were
added to the solution and stirred 24 h under nitrogen at 40 °C. The solvent was removed by
evaporation and the obtained slightly yellowish powder was dispersed in water. The residue
of 5b was then extracted from the solid by centrifugation at 20 °C for 20 minutes at 20 400g.
The supernatant was then removed, fresh water added, and centrifuged again. This procedure

was carried out 4 times. The purified powder was then freeze-dried to give 6b.

H NMR (6b, CDCls). 6 12.62 (s; Ph—-NH-CO-Ph), 9.41 (s; 11), 8.36 (d, 8.8 Hz; 20), 8.21 (d,
8.8 Hz; 19), 7.82 (d, 8.2 Hz; 15), 7.75 (d, 8.2 Hz; 14), 7.36 (t, 5.4 Hz; CH>-NH-CO-Ph), 4.41
(t, 6.7 Hz; 8 next to Co), 4.10 (s; 2), 4.05 (t, 6.7 Hz; 8), 3.70-3.50 (a, b, c), 3.37 (s; d), 2.34 (t,
7.4 Hz; 4 next to Cy), 2.30 (t, 7.4 Hz; 4), 1.83 (m; 7 next to Cy), 1.72 (m; 5 next to Co), 1.7-1.6
(5, 7), 1.50 (m; 6 next to Cy), 1.38 ppm (m; 6).

13C NMR (6b, CDCl3): 6 173.2 (3), 172.5 (3 next to core), 168.3 (16), 165.3 (9), 163.0 (17),
149.6 (21), 140.0 (18), 139.5 (12), 133.9 (10), 128.4 (19), 127.3 (14), 124.0 (15), 123.7 (20),
123.2 (13), 121.8 (11), 71.7 (c next to Cq), 70.5-69.0 (b, ¢), 65.1 (8 next to C9), 63.8 (8), 61.7
(2), 58.7 (d), 41.8 (1), 39.9 (a), 33.9 (4), 28.1 (7), 25.3 (5), 24.3 ppm (6).

Model reaction with pentaerythritol

As model compounds for NMR signal assignments, mixtures of alkyl ester- and benzoxazi-
none-substituted pentaerythritol (7, 8) were obtained by subsequent reaction of pentaerythritol
with lauryl chloride and compound 2 (Scheme 5. 3). First, an excess of pentaerythritol was
reacted in a non-stoichiometric ratio with lauryl chloride in presence of triethylamine as acid
scavenger overnight at room temperature in THF. The precipitate was filtered off, the product

was washed several times with water and dried under vacuum to give 7 consisting of a mixture
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of partially (AsB, A2B2, ABz) and completely (B4) esterified pentaerythritol. Subsequently, the
mixture 7 was reacted with a twofold excess of compound 2 in presence of triethylamine in
THF. After stirring the reaction mixture over night, the insoluble salt was removed by filtration
and the crude product mixture 8 (C3B, C2B2, CB3z and Bs) was purified by precipitation into a

10-fold amount of cold methanol. The precipitate was filtered and dried under vacuum at 40 °C.
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Scheme 5. 3: Synthesis of alkyl ester- (7) and benzoxazinone/alkyl ester-substituted (8) pentaerythritol mixtures
as model compounds for NMR signal assignments.

Methods
NMR spectroscopy

'H (500.13 MHz) and 3C (125.76 MHz) NMR spectra were recorded using an Avance |11 500
spectrometer (Bruker Biospin). CDCls (6(*H) = 7.26 ppm; §(**C) = 77.0 ppm) and D0
(6(*H) = 4.79 ppm) were used as solvent, lock, and internal standard. Sample temperature was
kept constant at 30 °C £ 0.5 K unless otherwise specified. For temperature dependent measure-
ments, powdered 6 was finely dispersed in D20 and immediately transferred in tubes to the
spectrometer for the measurements. The sedimentation during the measurements was slow and
was assumed not to influence the results. The spectra were referenced on the Hs 7 signal of PCL
(6(*H) = 1.55 ppm).
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MD-SEC

Multidetection-hyphenated size exclusion chromatography (MD-SEC) of 1, 3, 6a and 6b was
performed in THF with a flow rate of 1 mL min~* using an Agilent degasser, an isocratic pump
and an autosampler (series 1100/1200). Star polymers 1 and 3 were separated with 2x Agilent
SEC columns PLgel MIXED-C. Star block copolymers 6a and 6b were separated with coupled
Shodex SEC columns KF-802 and KF-803. The detection system downstream was comprised
of a Wyatt multiangle light scattering detector (MALS) HELEOS® I, a viscometric
detector Viscostar® Il and a differential refractometer Optilab® T-rEX. The
refractive index increment of the samples 3 and 6a, 6b in THF was determined in batch to
dn/dc = 0.0957 + 0.0016 mL g *. For 1, a dn/dc = 0.072 + 0.003 mL g was used as reported
in the literature for PCL in THF.[¥32 MD-SEC of 5a and 5b was performed using an aqueous
solution containing 0.01 M NaH2PO4 (pH = 7) and 0.2 M NaPO3 as eluent with two aquagel-
OH MIXED-H columns (Agilent Technologies, USA) by using a dRI detector K-2301 (Knauer,
DE) and a MALS-detector MiniDAWN TREOS Il (Wyatt Technologies, USA).

MALDI-TOF mass spectrometry

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) of all samples was done with an Autoflex Speed MALDI-TOF spectrometer from Bruker
Daltonics GmbH, equipped with a pulsed Nd:YAG laser (355 nm, 1 kHz). A mixture of trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) and potassium
acetate were used as matrix and ion adductor, respectively. For the measurements, 1.6 pL
sample solution in THF (2 g L™1), 8 uL of DCTB matrix solution in THF (10 g L™!), and 0.8 pL
of potassium acetate solution in ethanol (1 g L) were mixed and drop-casted on the target

plate. TOF-calibration was performed using PEG reference standards.

ATR-FTIR spectroscopy

FTIR spectra of 3 and 6b were obtained using a Vertex 80v FTIR spectrometer (Bruker) with a
Golden Gate Diamond ATR unit (SPECAC) and an MCT detector. Each spectrum was recorded
with 100 scans and a resolution of 4 cm™. The spectra were baseline corrected and normalized

to the band intensity of the C—O asymmetric stretching vibration of PCL at 1240 cm™2.
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DLS

Dynamic light scattering (DLS) measurements of 6a and 6b were performed at 20 °C and at
concentrations of 0.025to 1 g L™t in water, 2.5 t0 20 g L* in acetone, 5 and 10 g L™* in ethyl
acetate and 10 g Lt in dichloromethane using cylindrical quartz-glass cuvettes and a light
scattering setup equipped with an ALV-SP125 goniometer, an ALV/LSE5004 multi tau
correlator at a fiber optical ALV/High QE APD avalanche photodiode with pseudo-cross
correlation and a He/Ne laser (632.8 nm, Thorlabs Inc.). The solutions were filtered prior to the
measurements. The solutions in the organic solvents were used after dissolution with stirring
overnight at room temperature. In contrast, the water solutions of 6b were brought to 70 °C to
completely dissolve them and then cooled back to 20 °C.

DSC

DSC experiments of 1, 6a and 6b were performed with a DSC Q2000 and DSC 2500 (TA In-
struments, USA). Melting and crystallization experiments were performed in water under ni-
trogen at a sample concentration of 20 g L™* with heating and cooling rates of 10 and 5 K min ™,
respectively. Sample suspensions (~5 mg) were weighed in Tzero-Al-hermetic pans (hermeti-
cally sealed; pressure stable up to 3 bar) and equilibrated at 10 °C for a period of 5 min. For
analysis of the first and second heating, samples were heated from 10 °C to 80 °C, cooled to
10 °C, held for 30 minutes, and then reheated to 80 °C.

TEM

TEM images of 6b were recorded with a Libral20 (Carl Zeiss Microsopy GmbH, Oberkochen,
Germany) operated at 120 kV. Images were recorded in bright field at small defocus to improve
the contrast. For the measurement, 2 pLL of sample solution were dripped on copper grids coated
with a formvar/carbon foil. After a waiting time t (between 2 seconds and 10 minutes), the
sample was blotted with filter paper to remove excess specimen not adsorbed on the grid. Af-
terwards, 2 pL stain solution (either 2 wt% uranyl acetate in water (UCA), or 2 wt% phospho-
tungstic acid in water (PTA)) were dripped on the grid and excess stain solution was blotted
with a filter paper after one minute. All TEM images were taken within 48 hours after prepara-

tion of the sample solutions.
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Cryo-TEM

Cryo-TEM 1images of 6b were acquired using the same equipment as for the TEM
measurements. 2 uL of sample solution were dropped on the holey grids (Qunatifoil type R2/2),
blotted with filter paper after 5 seconds, and rapidly frozen in liquid ethane at —178 °C using a
Leica GP (Grid Plunging) device (Leica Microsystems GmbH, Wetzlar, Germany). All images
were recorded in bright field at —172 °C. The measurements were conducted one week after

preparation of the sample solutions.

5.7. Results and Discussion

Synthesis and structural analysis

The synthesis of amphiphilic tetra-PCL-b-PEG star block copolymers 6a and 6b is shown
in Scheme 5. 2. First, tetra-PCL—OH 1 was synthesized by ROP of e-CL using pentaerythritol
as initiator and Sn(oct)2 as catalyst, followed by terminal group functionalization with 2-(4-
nitrophenyl)-benzoxazinone-based compound 2 by esterification to give 3. Subsequently, the
2-(4-nitrophenyl)-benzoxazinone end groups of 3 were reacted with MeO—PEG-NH: (5) of
different lengths (m = 16 and 47). The synthesis results are summarized in Table 5. 1, and
the 'H NMR spectra of 3,5b, and 6b are shown in Figure 5. 1. The desired Mnof 1
(~10 kg mol™), which forms the hydrophobic core of 6a and 6b, was controlled by the molar
ratio of e-CL to pentaerythritol. Mnnmr Values of 9.3 kg mol™ and 9.7 kg mol™ determined
by *H NMR end group analysis (see SI Figure A.5. 3) agree very well with the targeted value
(Table 5. 1). Functionalization of the terminal hydroxy groups of 1 was carried out with an
excess of 2 in solution. The conversion of the terminal CH2OH group, characterized by the
methylene signal at 3.64 ppm in the *H NMR spectrum of 3 (see Figure 5. 1c), was >95%.

The M, values of 3 shown in Table 5. 1 increased slightly compared to 1. The somewhat re-
duced dispersity is probably caused by the purification steps performed after functionalization.
The results clearly show that no degradation of the tetra-PCL star occurred during the modifi-
cation. Figure 5. 1b depicts the *H NMR spectrum of MeO—PEG—-NH; (5b). Absence of the
methyl signal of the mesyl group at 3.08 ppm indicates a high amino functionalization of 5b,
which is calculated to be about 90% based on the intensities of the methyl ether (3.35 ppm) and
the CH2NH> (2.84 ppm) signals.
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Figure 5. 1: 'H NMR spectra (regions) of (a) tetra-PCL-b-PEG star block copolymer 6b, (b) MeO-PEG-NH,5b,
and (c) benzoxazinone-terminated tetra-PCL star polymer 3 (solvent: CDCls).

Table 5. 1: Molecular characterization of 1a, 1b, 3a, 3b, 5a, 5b, 6a, and 6b by NMR spectroscopy, MALDI-TOF
MS and MD-SEC measurements.

b
Ponvr? My MALDI- My MmaLDL
Poly- ’ Miunvr ® M sEc ’ My sEc ' Dskc MALDI-
Yy TOF TOF
mer (Qpn,arms TOF
— Y4 Po)

(kgmol')  (kgmol!) (kgmol') (kgmol') (kg mol')

1a 80+2 9.3+0.2 8.7+0.6 8.6+0.2 95+0.6 893+0.16 1.09+0.3 1.04
1b 84+2 9.7+0.2 10.8£0.6 8.9+0.2 11.8£0.6 9.62+0.11 1.09+0.2 1.09
3a 84 +2 10.9+0.3 9.6 +0.7 9.7+0.1 100£05 103+0.2 1.04+£0.3 1.06
3b 88+2 11.3+£03 10.7+0.5 9.5+0.3 11.4+04 9.9+0.3 1.07+£0.2 1.04

S5a 16 0.765 - 0.785 - 0.825 - 1.05
5b 47+1 2.1+0.1 21+£01 201+0.02 23+£0.1 2.04+0.02 1.06 1.02
6a - 135+£03 139+06 11.6+0.7 155+05 122+0.7 1.11+£0.04 1.05
6b - 193+04 176+06 162+06 179+06 17.1+£0.7 1.03+£0.04 1.06

3) Based on *H NMR end group analysis (see SI Figure A.5. 3, A.5. 5, A.5.7 and comments), Pn is the degree of polymerization

(number of polymer units per star).
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A further issue is the perfectness of the tetra-PCL star structure. Mixtures of differently substi-
tuted pentaerythritol (7, 8) were obtained by sequential conversion of pentaerythritol with lauryl
chloride and compound 2 (Scheme 5. 3). The components of these mixtures serve as model
compounds for NMR spectroscopic analysis. Detailed signal assignments are given in the Sl
(Appendix A.5) Chapter 6 and 7.1t was found that the 'H NMR spectrum of tetra-
PCL—-OH 1 is less suitable for quantifying structural defects caused by incomplete conversion
of the pentaerythritol core. However, the different substitution patterns of the core can be well
distinguished in the *H NMR spectrum of compound 3. This becomes clear by comparison with
the spectrum of mixture 8 (see Fig. 5.2). The signals of the species with only three PCL arms
(CBs3) could be identified (~6 mol%), while lower degrees of substitution (C2B2, C3B) could
hardly be detected and are estimated to be <1 mol%. In the *H NMR spectrum of 6b (see Figure
5. 1a), the signals of the benzoxazinone terminal groups disappeared completely whereas new
signals could be assigned to the newly formed linking benzamide group between the PCL core
and the PEG arms. Since all benzoxazinone signals disappear in the spectrum of 6b, it can be
assumed that the benzoxazinone groups on the core also participate in the reaction with amino-

terminated 5b.

a)

T I T T T |
4.8 4.6 4.4 4.2 4.0
8("H) ppm

Figure 5. 2: Region of the *H NMR spectrum of (a) benzoxazinone-terminated star 3a and (b) the corresponding
benzoxazinone/alkyl ester-substituted compound mixture 8 (solvent: CDCls). The abbreviations are explained
in Scheme 5. 3 and symbol # marks *3C satellite signals.
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The FTIR spectra of 3 and 6b shown in Figure 5. 3 also confirm the complete conversion of
the terminal benzoxazinone groups. In the spectrum of 3, the carbonyl stretching band and the
C=N stretching band of the benzoxazinone group are clearly visible at 1772 and 1616 cm™,
respectively. After reaction with the amino-terminated PEG 5b, these bands disappear com-
pletely in the spectrum of 6b. Instead, amide | (carbonyl stretching band at 1648 cm™) and
amide Il (N-H deformation band at 1582 cm™1) bands are visible, which can be attributed to the
newly formed benzamide linking group.

1 (C=E),,
I". 159_3 & 15_]"1

= ) i

B vic=d) SBINH):

V1648 e 1582 A
\' f 1818 P | j

A\ | AV
&y VAN
/ ~ i/ P l\"/\‘l'\_/‘ I'\___J

1800 1]"‘5[1 1700 1650 1600 1550 1500
1

wavenumber cm”

Figure 5. 3: FTIR spectra of 3 (blue) and 6b (red) in the region of unreacted and reacted benzoxazinone group.

MALDI-TOF mass spectra of 1, 3, 6a and 6b are shown in Figure 5. 4. To exclude mass dis-
crimination effects, the results from the MALDI-TOF analysis were validated by measurements
in linear and reflector TOF mode as well as by MD-SEC. Due to an identified slight mass
discrimination for 6a, the average molar masses of 6a, 6b were determined from mass spectra
measured in linear TOF mode (see Appendix A.5 Chapter 9).

The spectra of tetra-PCL-star polymers 1 and 3 are well resolved and allow conclusions about
the molecular architecture. This high resolution is not found in the spectra of the star block
copolymers 6a and 6b since linking of two polymers with different repeating units usually
smears out the discrete signals of the individual polymers. In the spectra of 1 and 3, the distance
between two main peaks corresponds very well to the molar mass of one repeating unit of PCL
(Mn= 114.1 g mol™?). The observed peak shift Am/z=1177.3 between 1 and 3 (see
Figure 5. 4a) indicates an attachment of four 2-(4-nitrophenyl)-benzoxazinone terminal units
per molecule. A small, but significantly resolved trace impurity (see Fig. 5.4b) of Am/z =294.7

may refer to a superimposition of fractions with lower number of modified terminal units
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(Am/z = 294.7 [M + K]*, one unit and Am/z = 867.2 [M + Na]*, three units). For a detailed
assignment of trace impurities found by MALDI-TOF MS, see Appendix A.5 Chapter 9.

The insignificantly low intensity of the mass peaks coming from trace impurities compared to
the strongly dominating ones of the main fractions agrees with the findings by 'H NMR
spectroscopy and confirms an almost complete termination of the tetra-PCL star polymer 3 with

oxazinone groups.
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Figure 5. 4: Molar mass distribution determined by MALDI-TOF mass spectrometry of the star poly-
mers 1, 3, 6a and 6b in THF with a shift in the discrete molecule masses between 1 and 3 of their main fractions
by Am/z = 1177.3 (inset a) and the mass differences in between the discrete molecule masses Am/z = 114 (inset
b). The most significant trace impurity found of Am/z = 294.7 between 1 and 3 is assigned by an asterisk.
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The molar mass measurements confirm the narrow dispersity of the samples even after the third
modification step (Table 5. 1). There is a clear shift to higher molar masses from 1 to 3 and
especially to 6a and 6b. The MALDI-TOF MS based molar masses tend to be slightly smaller
than those determined by NMR spectroscopy and MD-SEC, but in principle show the same

trend.

These results, together with the FTIR spectroscopy, MD-SEC and NMR spectroscopy
measurements, show that the hetero-complementary conversion between 3 and 5 proceeded
quantitatively and that the resulting star block copolymers 6a and 6b are characterized by high

molecular uniformity.

Amphiphilic behavior in selective solvent

PCL-b-PEG copolymers are inherently amphiphilic because water is a selective solvent for the
hydrophilic PEG block. In water, these polymers tend to form micelles,™ 5221 whereby the
micelle geometry is controlled in first instance by the volume fraction of the soluble block
[331 with only small changes for a low functionality as 4 (number of arms). Since both PEG and
PCL have a density close to 1.13 g cm 3, the PEG volume fraction of 6a and 6b are approxi-
mately 23% and 44%, respectively. For linear PEG-b-PCL block copolymers, precipitate was
found in one work below 12% PEG fraction.®¥ Vesicles with sizes ranging from 60 nm to
10 pm were found®® for compositions between 9% and 36% PEG.*%1 Cylindrical micelles
with a length up to 20 microns may form between 13% and 55% PEG.[1% 34 35 3739 A5, a
lamellar phase was observed for 11% to 16% PEG!!! that could be an intermediate state of
vesicle formation. The different particulate structures mentioned above overlap significantly,
which complicates the analysis and a discussion of these solutions in addition to possible tran-
sitions between different morphologies that can be driven by crystallization* and possible
concentration dependencies of the observed morphologies.[*Y Similar to the linear block
copolymers, we expect that sample 6a may form a broad variety of different morphologies. This
complicates a quantitative analysis of particle size by DLS. For block copolymers with a com-
position comparable to 6b, most of the above-mentioned works report only spherical micelles;
only sometimes 3% cylindrical micelles are detected, see also Table A.5. 4 in the Appendix.

The solubility of the tetra-PCL-b-PEG star block copolymers 6a and 6b in water was investi-
gated at room temperature and at 80 °C. For this purpose, both polymers were suspended in
water at a concentration of 10 mg mL ! at room temperature (see Figure 5. 5, left). After

heating to 80 °C, a clear solution of 6b was obtained within 5 minutes (see Figure 5. 5, right),
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which remained stable when cooled back to room temperature. In contrast, 6a remained cloudy
over the entire temperature range without the formation of a precipitate (see Figure 5. 5, right).
Both observations agree with the formation of spherical micelles in the low nm range for 6b and
the formation of micelles with a size comparable to the wavelength of light or larger for 6a.
The equilibrium melting temperature was estimated to be close to 64 °Cl2 43 for PCL and
around 70 °C 4241 for PEG. Crystallization temperatures up to 49 °CH6.471 and around 40 °C[%®
4 were reported for PCL and PEG, respectively. Thus, thermal treatment at 80 °C melts
crystalline portions of both polymers, which is a mandatory step for dissolving the star block
copolymers. Phase separated PCL domains may crystallize upon cooling back to room temper-
ature. To gain a better insight into the solution and self-assembly behavior of tetra-PCL-b-PEG
star block copolymers in water, DSC, (cryo-)TEM, DLS, and *H NMR measurements were

performed on aqueous dispersions of 6a and 6b.

Figure 5. 5: Suspensions of 6a and 6b in water at room temperature (left) and after 5 min of heating to 80 °C and
subsequent cooling to room temperature (right).

Thermal behavior in water

DSC measurements were performed on the star block copolymers 6a and 6b as well as on the
star polymer 1 suspended in water. The DSC heating and cooling runs are shown in Figure 5. 6,
and the results are summarized in Table 5. 2. We take the peak position of the heat flow as
rough estimates for the melting and crystallization temperature, if a peak can be observed. In
the first heating run of the dispersion of 1, a distinct melting transition is visible at about 52 °C.
During cooling, crystallization appears close to 30 °C. In the second heating run, the melting is
slightly shifted to lower temperatures (Tm = 46 °C), indicating a smaller stem length of the
crystals. At the end of the synthesis, specimen 1 was precipitated from a concentrated
CH:ClI> solution into a 10-fold amount of cold methanol followed by filtration and drying in
vacuum. This process determines the geometry of the PCL crystals prior to the first heating run,
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while the melting temperature of the second heating run is related to the stem length of the

crystalline PCL domains in water.
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Figure 5. 6: DSC thermograms of 1a (black), 6a (red) and 6b (blue) in water.

Table 5. 2: Thermal behavior of 1a, 6a and 6b in water.

1**heating run cooling run 2"d heating run
Polymer
T a)(oC) T. b) (oC) T a) (oC)
la 52.1 29.9 46
6a 45 - 45
6b 45 - -

a Melting temperature. b Crystallization temperature.

Compared to 1, the melting transitions of the star block copolymers 6a and 6b appear in the
first heating run at lower temperature (Tm = 45 °C). This difference results in part from the
different treatment of the specimens at the end of the synthesis: 6a and 6b are purified in water
followed by freeze-drying. Thus, the crystal geometry is here affected by the micelle geometry
that is established during this process. During cooling, no crystallization is visible for either
copolymer. The second heating scan, recorded after 30 minutes of isothermal annealing at
10 °C, shows a melting peak only for the sample with the shorter PEG block (6a). For explain-
ing this difference, we consider the visible appearance of the samples and the morphologies
reported in literature, see SI Table A.5. 4. Based on this information, we expect mainly small

spherical micelles for 6b and larger structures possibly cylindrical micelles or vesicles for 6a.
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Semi-crystalline vesicles and cylindrical micelles of PCL-b-PEG copolymers with a similar
composition as 6a and 6b were analyzed previously.?4 Crystallization of vesicles was possible
at room temperature, while significant crystallization of cylindrical micelles occurred only
significantly below 0 °C. Our observations, therefore, hint towards a significant volume fraction

of vesicles in aqueous suspensions of 6a.

Micelle morphology: TEM and cryo-TEM

Optical techniques like TEM and cryo-TEM provide direct access to the morphology of the
micelles. However, TEM requires staining and adsorption of the micelles on a substrate, which
may impact the morphology of the micelles®® or their tendency to crystallize. Cryo-TEM
shows typically only the phase separated portion of the micelles. A combination of both allows
to check morphological changes and to gain information about the dissolved part of the mi-
celles. Figure 5. 7 shows two typical TEM micrographs where 6b was stained with PTA (left)
or with UAC (right). Our general observation is that PTA leads to a larger tendency of spherical
micelles (a) to aggregate. Flat structures parallel to the surface develop (c) or might be initiated
by cylindrical micelles that tend to appear in bundles (b). For UAC stained samples, adsorbed
micelles tend to combine in larger structures, the onset of spherulitic structures is possible, and
some larger flat objects with a round geometry form (d). This figure contrasts with the cryo-
TEM results of Figure 5. 8 where we observe a large abundance of spherical micelles and only

some cylindrical ones.
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Figure 5. 7: TEM micrograph of 6b adsorbed within 10 seconds from 1 g L™* solution in water stained with PTA
(left) and adsorbed within 10 seconds from 10 g L™* solution in water stained with UAC (right). PTA enters pre-
dominantly the PEG corona. Thus, spherical micelles are grey objects with a darker boundary (a), cylindrical
micelles as double grey lines (b), while flat surface structures have average grey color with a darker line as bound-
ary (c). UAC stained objects show a similar appearance as PTA stained objects with characteristic super structures

(d).
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Figure 5. 8: Cryo-TEM image of a rapidly frozen 10 g L™ solution of 6b.

We argue that the structures that are visible on the TEM images but do not appear on the cryo-
TEM images are most likely surface initiated with additional dependence on the particular stain.
The common structure observed in all images are spherical and cylindrical micelles. The
diameters of the spherical micelles were determined by manual measurement of typically 30
micelles using the Fiji software. The results are summarized in Table 5. 3. Our data agree with
literature data on linear block copolymers that are equivalent to a single arm of our star block
copolymers. For instance, the PCL2s—PEGa4 blocks similar to star arms produce 21.7 + 5.9 nm
sized spherical micelles*® (stained with PTA and prepared using a different protocol) in
quantitative agreement with our work (see Table 5. 3).

Table 5. 3: Size of spherical micelles of 2b in water determined by TEM with PTA or UAC as stain or by cryo-
TEM.

particle size (nm)

method
©1gL")?” (1gLh? 10gLh)?
TEM (PTA) 28+ 8 30+£5 38+ 17
TEM (UAC) 25+5 2945 24+4
Cryo-TEM 15+3 16+3

& Concentration of the sample solution.

The diameter of the cylindrical micelles in cryo-TEM was 12 + 2 nm in 10 g L™* samples and
13.5+ 0.7 nmin 1 g L™ samples. With UCA, a cylindrical micelle thickness of 21 + 3 nm was

measured in samples adsorbed from 1 g L™ solution.
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We now attempt to correlate the above measurements. Let us assume that the PEG corona of
the micelles is not visible in the cryo-TEM images and that the stain does not penetrate the PCL
domain. Since PEG is about half of the molar mass of 6b, dry adsorbed undeformed spherical
micelles in TEM should have a size approximately 2\ times larger than the PCL core, i.e. about
20 nm, which is below the size given in Table 5. 3. In the dry adsorbed state, the PEG tails are
still swollen by the stain and may develop conformations that are either collapsed due to drying
or significantly stretched, when the PEG with the stain inside tends to spread over the substrate.
To understand which of these effects is more relevant, we consider Flory's characteristic ra-
tio C.. of PEG that ranges roughly from 4 to 75 in literature with rotational isomeric state
computations around C.. = 5.1521 For a root mean square bond length of 1.46 nm,®* this latter
estimate corresponds to a Kuhn segment size of about 8.8 A with a Kuhn molar mass of
107 g mol ™. The 2100 g mol™* PEG tails of the star arms consist, therefore, of approximately
20 Kuhn segments. Assuming random walk conformations of the PEG tails as lower bound for
the thickness of a PEG corona in non-stretched conformations, we estimate that this layer is at
least 4 nm thick and the micelles should appear of at least 23 nm size in TEM. Fully stretched
chain conformations on the substrate would lead to a layer of about 17 nm thickness leading to
a maximum size of 50 nm in the adsorbed state. Our data lie in between these limits and are in
accordance with a weakly stretched PEG corona in the dry adsorbed state or alternatively, a
weak penetration of the stain into the PCL domain.

PCL in the crystalline state adopts almost planar zig-zag conformations deviating slightly from
the fully extended form®™ with a fiber axis of 1.705 nm corresponding to two chemical mono-
mers. Thus, a cylindrical micelle diameter of 12 + 2 nm refers to about 13 monomers in nearly
fully extended conformations. The PCL cores of 6b contain approximately 21 monomers per
arm. Thus, the diameter of the cylindrical micelle is presumably a one-folded crystal with about
11 monomers in nearly fully extended conformation. A micelle core of about 15-16 nm is
almost midway between a one-folded crystal or a fully extended conformation of PCL arms,
and thus, not in accord with an expected crystalline morphology.*®! Since also DSC did not
show crystallization of 6b, we conclude that the spherical micelles at room temperature consist

of an amorphous PCL core.

A crystalline tetra-PCL star with Mn ~ 10 kg mol™ and a density around 1.2 g cm 3,4 occu-
pies a volume of about 14 nm3. A sphere with a diameter of 15-16 nm and a volume of order
2000 nm? provides space for roughly 140 such tetra-PCL star cores and about 1.4 nm? surface
area per PEG tail. In comparison, thinner cylindrical micelles with 12—13 nm diameter provide
only about 1.2 nm? per PEG tail. A similar ratio is obtained when considering amorphous PCL.
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This reduction refers to an energetic barrier for forming cylindrical micelles as long as the PEG
remains dissolved and amorphous, indicating that spherical micelles are at least meta-stable.
This barrier can be overcome, for instance, by significant changes of the solvent quality, by
adjusting temperature, or when surface adsorption or favorable interactions with some solutes
increase the PEG concentration locally, since the solvent quality of water decreases with the
PEG volume fraction.®> 561 This may explain the lower frequency of cylindrical micelles and
short precursors of these in the cryo-TEM images despite of the longer storage time of the
solution prior to the measurement (7 days) as compared to the micrographs with UCA and PTA
stain (up to 2 days). In consequence, we expect that solutions of 6b immediately after heating
beyond the melting temperature develop a dominant portion of spherical micelles but will not
exhibit a significant portion of cylindrical micelles.

Samples 6a in comparison to 6b contain shorter PEG tails which stabilize these samples less
against morphological changes that might be induced by contact with a surface, staining, or due
to temperature changes during sample preparation. Since morphological changes were already

a serious issue for 6b, we omitted a similar analysis of 6a.

Particle size analysis by DLS

DLS studies were first performed in different organic solvents with the aim of identifying good
solvents for both PEG and PCL. Prior to the measurements, we scanned literature to identify
possible solvents, see Appendix A.5 Section 10, Table A.5. 5. Tetrahydrofuran, toluene and
chloroform were analyzed in our preceding paper.[?®l In the present work, we employ acetone,
ethyl acetate, and dichloromethane at different concentrations between 2.5 and 20 g L2
The Ry values of 6b determined from the DLS measurements are summarized in the SI Table
A.5. 1. The distribution of Ry is monodisperse in dichloromethane and ethyl acetate. At
10 g L, we obtain 3.8 + 0.3 nm and 4.3 + 0.1 nm, respectively. For comparison, an estimate
of Ru by computing Ry with C.. = 5 and a Kuhn segment size of about 9 A for PCL®? and the
parameters for PEG mentioned above yields Ry = 3.4 when using Rg/Rn = 1.05 for experimental
data.>! Therefore, these solvents are presumably good solvents for the polymers. Surprisingly,
our data indicate that ethyl acetate is the better solvent for the copolymer, which contrasts the
trend expected from literature data, see Appendix A.5, Section 10, Table A.5. 1. In acetone,
the data fit is best when a bidisperse particle distribution is assumed, see Figure A.5. 1. The
fast mode yields a hydrodynamic radius of Ry = 3.0-3.6 nm for 6a and R1 = 3.6-4.2 nm
for 6b depending on the concentration. The latter is in good agreement with the hydrodynamic

radius in dichloromethane and ethyl acetate indicating dissolved single star block copolymers
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in the sample. The reduced size of 6a compared to 6b reflects the lower molar mass of this

compound.

The slow mode refers to a hydrodynamic radius that increases with concentration between
14-23 nm and 18-34 nm in the case of 6a and 6b, respectively, see Table A.5. 1. Such a be-
havior is typically attributed to the formation of aggregates or clusters. The nature of these
clusters, however, remains unclear: literature data for the solvent quality of acetone regarding
both PEG and PCL is scattered around the theta condition, see Table A.5. 5. Furthermore, the
relative amplitude of the fast component in Table A.5. 1. does not strongly decay with concen-
tration as one expects for micelle formation or other forms of associations where increasing

concentrations favors associations.

For analyzing 6b in water, samples were prepared at 20 g L, heated up to 70 °C and cooled
back to room temperature. Afterwards, the solution was diluted stepwise to a lowest concentra-
tion of 0.025 g L 1. All measurements were conducted within 6 h after preparation starting from
the largest concentration. In all samples, monodisperse clusters with a hydrodynamic radius of
20-22 nm are observed, see Table A.5. 1. The size of the dried adsorbed stained micelles in
TEM is about 10 to 15 nm less than the particle diameter measured by DLS, which is reasonable
when considering the swelling of the densely grafted PEG tails in water, a possible weak pen-
etration of the stain into the PCL, and additional corrections like a weak dispersity of the PEG
tails. Up to the end of our measurement time of 6 h, we detect no significant traces of larger

species like cylindrical micelles of sample 6b in water.

Temperature-dependent 'TH NMR measurements in water

Variable temperature (VT) 'H NMR measurements were performed on suspensions of star
block copolymers 6a and 6b in D>O to investigate the influence of the different PEG block
length at constant PCL core size on the molecular dynamics (see Figure 5.9 and Figure A.5. 19
and A.5. 20). The standard high-resolution NMR measurements performed here require suffi-
cient mobility of the structural units accompanied with long T- relaxation times to detect the
corresponding NMR signals. This qualitative study is based on the detection of mobility
changes during heating from 30 to 80 °C. For both samples, the PCL signals are collapsed at
30 °C, and only for 6b a broadened *H NMR signal at ~3.65 ppm indicates PEG mobility. With
increasing temperature, the changes for both samples are quite different. From ~45 °C, broad
signals appear for both the PCL and PEG moiety of 6a that steadily increase in intensity with
further increase in temperature but remain broad (see Figure 5. 9b and Figure A.5. 19). For 6b,
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a steep increase in intensity of all signals is observed in the narrow temperature range from
~35°C to ~45 °C with only minor changes at higher temperatures (see Figure 5. 9a and
Figure A.5. 20). Spectra recorded at 40 °C over a period of one hour are identical and indicate
a steady state at a given temperature (see Figure A.5. 21). Within this temperature range the
turbid sample becomes clear and remains so, while the sample of 6a remains turbid over the
whole range studied. The behavior of the two samples also differs when they are cooled back
to 30 °C (see Figure 5. 9c and d). For 6a, the signals start to broaden with cooling and after
keeping the sample at 30 °C for one hour, the residual signals disappear (see Figure 5. 9d and
Figure A.5. 19). Comparison with the spectrum of the initial sample at 30 °C (see Figure 5. 9b)
shows that the sample has returned to its original state. A comparable behavior is observed for
a dispersion of the unmodified and water-insoluble PCL core 1b (see Figure A.5. 22). The
spectrum of 6b after cooling to 30 °C (see Figure 5. 9¢) resembles almost the high-temperature
spectrum and remains unchanged within 24 hours. The PCL/PEG ratio determined for 6b from
the *H NMR spectra at 80 °C and at 30 °C (24 h) matches the ratio determined in CDCls as a
good solvent. Also, for 6a the PCL/PEG ratio at 80 °C is very similar to that of the CDCls

solution.

o #+24h
a) 43°C c) 30°c”’
-OCH,-CH_-0- —
(PEG)
30°c”
-C(0)O-CH,- ||
(PCL)

——— —
40 38 36 34 32 30 40 38 36 34 32 30
3('H) ppm 5("H) ppm

Figure 5. 9: VT 'H NMR measurements on 6b (a and c) and 6a (b and d) in D,O (suspension of 5 g L™). Only
selected temperatures are indicated. The complete series are depicted in the SI Fig. A.5. 19 and A.5. 20. Besides
the initial spectra at 30 °C (*), (c) and (d) show additional spectra recorded after cooling down the samples to
30 °C (#) and after keeping the sample for one hour (6a) or 24 hours (6b) at 30 °C (*+1 h, *+24 h). Symbol +
marks the signal of a trace of unreacted 5 that is the only compound dissolved at 30 °C.
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The findings of these VT *H NMR experiments correspond to the results of crystallization stud-
ies in water by DSC and to the DLS results. The PCL phase of the dispersed samples prior to
the first heating is a rigid phase and therefore the spectrum is silent for these signals. The PEG
chains are also immobile and only the outermost PEG sphere of 6b seems to show a mobility
sufficient to detect a signal. At the melting range of the PCL core (Tm ~ 45 °C, see Table 5. 3)
the corresponding signals appear for both star block copolymers, which is associated with
increased mobility. This is confirmed by a reference experiment on the water-insoluble PCL
core 1a that also shows resolved signals above Tm. The PEG chains become also more mobile
but only for 6b the PEG signal is narrow with a hump probably indicating a still ordered PEG
portion. For 6b, micellar structures form in this process, which have high stability. This agrees
with the DLS measurements that after heating the sample to 70 °C and subsequent cooling
prove stable micellar structures with hydrodynamic radii of about 20 nm at 25 °C for 6b. PCL
recrystallization is suppressed in the micellar structures and the *H NMR signals of PCL remain
unchanged after cooling. The two blocks are mobile enough in their entirety in these micellar
structures to be quantitatively detected by solution-state NMR techniques as confirmed by the
PCL/PEG ratio, which is consistent with that of the CDClI3 solution. The linking groups between
both blocks result in well-resolved signals in accordance to the mobility of both blocks. For 6a,
the mobility of the short PEG chains seems to be hindered by the larger PCL fraction as indi-
cated by the rather broad signal also at 85 °C. However, the mobility in both blocks is sufficient
to largely reflect the PCL/PEG ratio from the CDCls solution in the signal integrals and also
the signals of the linking groups can be detected. Different to 6b, the increased mobility within
the particles during heating does not result in the formation of small micellar structures with a
size below the wavelength of visible light in the agueous environment. Below T of PCL,
re-formation of a largely immobilized structure occurs, leading to signal collapse for both PCL
and PEG in these high-resolution NMR measurements.

In conclusion, these straightforward *H NMR experiments on suspensions in D20 allow a
qualitative evaluation of melting and recrystallization as well as micellar structure formation
for these tetra-PCL-b-PEG star block copolymers as demonstrated here for the influence of
different PEG chain lengths. The increase in mobility with temperature should be due to both
melting PCL structures and solvation of the hydrophilic PEG chains. The formation of small
cylindrical micelles or spheres requires a sufficiently high content of the hydrophilic PEG as
obviously realized for 6b but not for 6a.
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5.8. Conclusion

In this work, a combination of “core fist” and “grafting-onto” approach was presented to pre-
pare two uniform tetra-PCL-b-PEG star block copolymers with PCL cores of the same size but
with PEG arms of different lengths. The synthesis was carried out by reacting a benzoxazinone-
terminated tetra-PCL star with amino-terminated linear PEG. The polymers are characterized
by a high degree of uniformity, which can be attributed to the use of structurally uniform start-
ing components and to the quantitative conversion of the reacting end groups. Comprehensive
studies of the synthesized star polymers by NMR and ATR-FTIR spectroscopy confirmed the
quantitative conversion of the benzoxazinone-terminated tetra-PCL star polymer with the
amino-terminated linear PEG chains. The expected molar masses as well as their uniformity
were confirmed by MD-SEC measurements and MALDI-TOF MS. In addition, DSC, DLS
and 'H NMR measurements in the selective solvent water provided insights into the am-
phiphilic character. After heating suspensions of the star block copolymers in water above the
melting point of PCL (Tm = 45 °C), only the star block copolymer with m = 47 repeating units
of PEG and n = 22 repeating units of PCL per arm formed a clear solution with spherical
micellar structures in a wide concentration range. The suspension of the star block copolymer
with m =16 and n = 21 in water remained cloudy after heating above Tm. Here large structures
form, presumably vesicles that allow recrystallization of the PCL cores upon cooling. DLS
measurements of aqueous solutions of the larger star polymer within 6 hours after preparation
indicate no formation of cylindrical vesicles. Cryo-TEM images show the formation of some
cylindrical micelles after 6 days. This indicates that the spherical micelles are likely a metasta-
ble state where the samples lock in during cooling. The studies show that the length of the PEG
chains can be used to tune size, stability, and crystallinity of micelles made of star block copol-

ymers in water.

With regard to the self-assembly behavior of the star block copolymers, the question arises as
to the influence of the relatively large benzoxazinone linker group. In particular, the strong
electron-withdrawing effect of the nitro group suggests the formation of strong dipole—dipole
interactions at this structural unit. This type of interaction is also thought to occur in the
synthesis of related amphiphilic networks and to be responsible for specific deviations in the
network connectivities.”® This is the subject of further investigation using various
spectroscopic methods directed at the specific interactions of these groups with each other and
with the solvents used. In the case of the star polymers studied here, it is expected that in polar
solvents such as water the dipole—dipole interactions are suppressed, so that the remaining

hydrophobic interactions of the linker groups predominate. The extent to which this influences
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the association behavior of the star block copolymers in water or other solvents cannot be
conclusively clarified from the present studies. Comparative studies with alternative linker
groups are planned for this purpose.
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6. CHAPTER IV: NETWORKS FROM AMPHIPHILIC STAR BLOCK
COPOLYMERS

Amphiphilic Polymer Co-Networks Based on Cross-linked

tetra-PEG-b-PCL Star Block Copolymers
I N Fribiczer, [

Polymer, 2024, required reviews completed (status: 07.03.2024; initial submission: 11.01.2024)

The corresponding Supporting Information is included in Appendix A.6.

The results in this chapter were adapted with permission from the authors.

6.1. Specific Summary

In the last chapters, networks composed of separate four-armed t-PEG and t-PCL building
blocks were characterized in detail and first insights into the solution behavior of amphiphilic
star block copolymers, namely t-PCL-b-PEG, were given. This chapter now focuses on
networks based on crosslinked amphiphilic block copolymers. However, instead of using the
already known t-PCL-b-PEG polymers for network formation, the reverse t-PEG-b-PCL block
copolymers are synthesized. Those are chosen due to the synthetically less complex end group

modification compared to the previously investigated ones.

In general, it is well-known that a rational design of regular patterns or certain morphologies is
possible for block copolymers by a suitable choice of the polymer blocks, polymer architecture,
and the solvent. An orientation of these patterns can be achieved by deformation or shearing of
the material, or by incorporating lamellar morphologies. These concepts could be applied to
amphiphilic block copolymers to possibly enable the controlled and directed transport of guest
substances. Again, model networks are a powerful tool to get a rational understanding of the
underlying processes due to the separate control over key material parameters. In this chapter,
a further building block is added to the exploration of structure-property relationships of am-
phiphilic polymer co-networks and their use for the targeted design of applications by investi-

gation of networks comprised of star-shaped t-PEG-b-PCL block copolymers.

The star-shaped block copolymers are synthesized starting from hydroxyl-terminated t-PEG
(t-PEG-OH). The PCL block is added in a ring-opening polymerization of g-caprolactone, in
which the t-PEG-OH serves as an initiator. The end groups are subsequently converted to amine
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or benzoxazinone functionalities, which corresponds to the hetero-complementary crosslinking
chemistry from the previous Chapters | and Il. In contrast to these earlier studies, gelation is
carried out in DMSO, as gelation in the previously used solvents takes an unexpectedly long
time and is therefore not feasible. One problem that arises from the use of DMSO is its highly
hygroscopic nature, which affects all measurements in which the material is in contact with air
and therefore air moisture. This must therefore be considered when discussing the measurement

results.

The gelation reaction in DMSO is monitored by rheology and reveals a two-step mechanism at
temperatures < 60 °C. At temperatures > 60 °C, a one-step gelation is observed. The second
process is attributed to the actual crosslinking, whereas the first process reflects the association
of prolonged PCL segments after initial reaction of the star polymers. This association is further
promoted by the benzoxazinone linking groups, which, according to viscosity measurements,
reduce the solubility of the star polymers. In addition, the mechanics of the final networks are
characterized in DMSO in the as-prepared state and at equilibrium swelling in water. The
modulus in water is several times higher than in DMSO accompanied by a highly opaque
appearance. The swelling of the networks in different solvents is investigated and decreasing
degrees of swelling are found in the order chloroform, toluene and DMSO, water, and methyl
tert-butyl ether (MTBE). Finally, the connectivity of the networks is investigated by multiple
quantum NMR. The fraction of single and double links is similar to the fractions of networks
consisting of separate t-PEG and t-PCL building blocks (see Chapter 1) for concentrations at
and above the overlap concentration. Furthermore, the defect fractions are very low at 1-7%

and increase with decreasing concentration.

Further studies on the network structure and morphology in water or other appropriately
selective solvents (only good solvent for the hydrophobic or hydrophilic part and poor solvent
for the other part) are required to take the step towards a possible material design. The
hygroscopic nature of DMSO is discussed here as a problem during measurements but could
also be used in the future to drive structural changes over time through water uptake. In addition,
studies on the permeability of the material for guest substances of different philie can contribute

to the understanding of possible transport functions.
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6.4. Abstract

A new class of ABas-type amphiphilic polymer co-networks (ACN) was prepared by hetero-
complementary 2-(4-nitrophenyl)-benzoxazinone/amine end group crosslinking chemistry in
dimethyl sulfoxide (DMSO). For this purpose, a well-defined star block copolymer
(tetra-PEG-b-PCL) consisting of a hydrophilic tetra-arm PEG core (Mn ~ 5 kg-mol™) and hy-
drophobic PCL wings with a total molar mass of My ~ 10 kg-mol™ was synthesized by ring-
opening polymerization (ROP). This tetra-PEG-b-PCL star block copolymer was functional-
ized either with 2-(4-nitrophenyl)-benzoxazinone or with amino terminal groups. The ACN
synthesis was carried out by conversion of these two star block copolymers. The overlap
concentration of ¢” ~ 76 g-L* determined by viscosity measurements of both stars showed no
significant temperature dependence. The network syntheses carried out at different concentra-
tions (0.5 ¢” to 2.5 ¢”) resulted in conversion degrees in the range of p ~ 95 % or higher as
detected by HR MAS NMR spectroscopy. As in previous work on the synthesis of AsB4 net-
works using the same crosslinking chemistry, deviations from the expected network structure
(increased proportion of double links between two stars) were detected also here by multi
quantum NMR spectroscopy. The expected environmentally sensitive behavior of the ACNs
was confirmed in terms of their equilibrium swelling in solvents of different quality to PEG and
PCL. The scaling of the swelling and viscoelasticity data as a function of preparation concen-
tration showed deviations from the expectations of a perfectly crosslinked star polymer net-
work. Finally, a two-step gelation process was observed by rheology at 30 °C in DMSO, which
is related to associations between the 2-(4-nitrophenyl)-benzoxazinone groups surrounded by
PCL blocks that become apparent on the time scale of rheology when the molar mass is

increased as a result of crosslinking.
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Scheme 6. 1: Schematic representation of network formation from amphiphilic star block copolymers and
corresponding properties of the resulting gel.
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CHAPTER IV: NETWORKS FROM AMPHIPHILIC STAR BLOCK COPOLYMERS

6.5. Infroduction

Amphiphilic polymer co-networks (ACNs) and gels provide elastic matrices that allow for a
co-continuous transport of hydrophilic and hydrophobic solutes depending on the thermody-
namic state of the sample.[: 2 When exposed to a selective solvent of a particular philicity, the
poorly soluble polymer separates on the nanoscale forming irregular domains that depend on
the local composition of both polymer components and the structure of the network. For block
copolymer melts and solutions, it is well established that regular patterns can be designed by a
suitable choice of the polymer blocks, the polymer architecture, and the solvent.*s! These pat-
terns can be guided into a particular direction, for instance, by shearing the polymer
domains.t® 71 Similarly, in networks made of different components, a long-range orientational
order can be imposed by sample deformation.’® When applied to amphiphilic gels or networks
made from different polymer blocks, these concepts can be used to design new materials with
oriented domains that can be prepared or switched on demand™ leading eventually to a con-
trollable transport of different classes of solutes in different directions. However, for a basic
understanding of these processes, model samples are needed that allow a separate control of the
key material parameters.

In recent years, we have developed a platform of such model networks based upon the hetero-
complementary coupling reaction!’®12l of amine- and 2-(4-nitrophenyl)-benzoxazinone-
terminated network components. The hetero-complementary strategy has the advantage of
avoiding network defects like pending loops that become abundant in the vicinity of the overlap
concentration.!*® 21 In consequence, model networks can be prepared with a low variation in
the connectivity of the branching units over a broad range of concentrations,*> 61 which is
highly favorable for a concise test of basic physical concepts. In the synthesis of ACNs based
on hydrophilic tetra-PEG and hydrophobic tetra-PCL stars, this 2-(4-nitrophenyl)-benzoxazi-
none/amine reaction has been well established.[*% 5 17-191 Nevertheless, it should be noted that
the linkage of purely hydrophilic and hydrophobic components as described in Ref. [10] may
be accompanied by separation processes that can strongly affect the final structure of the
network (see also Chapter | of this thesis). This is especially important if the solvent used in
the synthesis provides a different solvent quality for the two components. In order to better
understand the structure-forming processes, star block copolymers are used in this work in
which both components are already included. Specifically, these are two batches of tetra-arm
star block copolymers consisting each of a PEG core and PCL wings differing only in their end

groups (2-(4-nitrophenyl)- benzoxazinone and amine, respectively). Apart from the end groups,
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CHAPTER IV: NETWORKS FROM AMPHIPHILIC STAR BLOCK COPOLYMERS

the structural parameters of both stars are equal. Therefore, their solubilities should hardly dif-
fer. The synthesis of the star block copolymers, the corresponding ACN formation in dimethyl
sulfoxide (DMSO), and their possible connectivity motifs between the same pair of stars are

illustrated in Scheme 6. 2.

Since linear block copolymers with a similar molar mass as our block-stars are soluble in
DMSO,?° another goal of this work is to test whether or not DMSO allows to suppress
associations between the linking groups during crosslinking that perturbed an experimental
analysis of the different network connectivities in preceding work.[*% We expect that our results
impact further development of switchable amphiphilic model systems with a controlled
transport of solutes of different philicity.

H Sn(oct
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Classes of connectivity motifs
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SL - single link DL - double link HOC - higher order connectivities
(e.g. triple link)

S DN

Scheme 6. 2: A) Synthesis of hydroxy-terminated tetra-PEG-b-PCL star block copolymer 2, 2-(4-nitrophenyl)-
benzoxazinone-terminated tetra-PEG-b-PCL star block copolymer 3, amino-terminated tetra-PEG-b-PCL star
block copolymer 4, and their hetero-complementary reaction B) to obtain amphiphilic polymer co-networks 5a -
5d with different classes of possible connectivity motifs C).
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6.6. Experimental

Materials

Hydroxy-terminated poly(ethylene glycol) star polymer (tetra-PEG-OH) was purchased from
JenKem Technology, USA. Prior to use, tetra-PEG-OH was first dialyzed against water
(ZelluTrans, Roth, dialysis membrane MWCO 1000) and subsequently precipitated twice from
THF in cold diethyl ether. The number-average molar mass (Mn) and the dispersity (D) were
determined via MALDI-TOF MS (M, = 5.2 kg mol ™, B = 1.01). The number-average degree
of polymerization (Pn) of 116 was determined by *H NMR spectroscopy, corresponding to an
M, of 5.2 kg mol™. e-Caprolactone (e-CL, 97 %, Sigma-Aldrich) was dried with calcium
hydride (CaHz) for 24 h, then distilled under vacuum and stored under nitrogen atmosphere.
Stannous octoate (Sn(oct)2, 98.0 %, Sigma-Aldrich) was purified by vacuum distillation and

kept under nitrogen atmosphere. N-alpha-(9-fluorenylmethyloxycarbonyl)-glycine (Fmoc-

Gly-OH, > 99.0 %) was obtained from Merck KGaA (Novabiochem®), Germany, and used as
supplied. Deuterated dimethyl sulfoxide (DMSO-de, 99.80 % D, Eurisotop, Germany), dime-
thyl sulfoxide (DMSO, 99.9 %, Acros Organics), tert-butyl methyl ether (MTBE, 99 %, Alfa
Aesar), tetrahydrofuran (THF, 99.6 %, Acros Organics), N, N’-dimethylformamide (DMF, (>
99.8 %, VWR chemicals) chloroform (> 99.8 %, Fisher Chemicals), diethyl ether (> 99.5 %,
stabilized, Th. Geyer (CHEMSOLUTE®)), piperidine (> 99.0 %, Iris Biotech GmbH), N, N'-
dicyclohexylcarbodiimide (DCC, > 97.0 %, TCI chemicals), triethylamine (> 99.5 %, Sigma-
Aldrich), and 4-dimethylaminopyridine (DMAP, > 99.8 %, Sigma-Aldrich) were used without
further purification. The synthesis of 2-(4-nitrophenyl)-4-oxo0-4H-benzo[d][1,3]oxazine-7-car-

boxylic acid chloride (1) has been described earlier.!*!

Synthesis and Functionalization of tetra-PEG-b-PCL Star Block Copolymers
Hydroxy-terminated tetra-PEG-b-PCL star block copolymer (2).

To obtain star block copolymer 2, ring-opening polymerization (ROP) of &-CL initiated by
tetra-PEG-OH with Sn(oct): as catalyst was performed according to our previous publications
(see Scheme 6. 2A).10 11 A typical ROP, tetra-PEG-OH (1 eq., 30 g, 5.77 mmol) with a
number-average molar mass of 5.2 kg mol was dissolved in 31.2 mL &-CL (46 eq., 30.3 g,
0.265 mol) for 20 min at 80 °C. Subsequently, the polymerization was started by adding
Sn(oct)2 (0.05 eq., 0.57 mL of 0.5 M solution in toluene) under a continuous flow of nitrogen.
After stirring for 2 h at 80 °C, the temperature was increased to 100 °C for another 3.5 h. The
polymerization was stopped by cooling to room temperature and the product was then isolated
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by precipitation in cold diethyl ether. After washing the product vigorously with fresh diethyl
ether, filtering through a filter funnel, and drying in vacuo at 40 °C overnight, tetra-
PEGu116-b-PCL44 star block copolymer 2 was obtained as a white powder. Yield: 58 g (96 %).

'H NMR (DMSO-ds): & 4.30 (t, 5.1 Hz; 11), 4.11 (t, 4.7 Hz; 4*), 3.98 (t, 6.4 Hz; 10), 3.51 (s;
3,4),3.40 — 3.34 (m; 10%*), 3.29 (s; 2), 2.27 (t, 7.1 Hz; 6), 1.60 - 1.45 (m; 7, 9), 1.30 ppm (m;
8). The determination of the block ratio by *H NMR spectroscopy, the corresponding chemical

structures, and the proton signal assignments are reported in the SI (Figure A.6. 1 and A.6. 2b).

2-(4-Nitrophenyl)-benzoxazinone-terminated tetra-PEG-b-PCL star block copolymer (3).

Star block copolymer 3 was synthesized by attaching 2-(4-nitrophenyl)-4-oxo-4H-
benzo[d][1,3]oxazine-7-carboxylic acid chloride (1) (8 eq., 5.13 g, 15.54 mmol) to the hydroxyl
terminal groups of star block copolymer 2 (1 eq., 20 g, 1.94 mmol) in the presence of triethyl-
amine (8 eq., 1.57 g, 15.54 mmol) (Scheme 6. 2A). Yield: 19 g (85 %). Details of the reaction

are reported elsewhere.[10-12]

'H NMR (DMSO-de): 5 8.50 —8.39 (m; 21, 22), 8.32 (d, 8.1 Hz; 13), 8.20 (s; 16), 8.15 (d, 8.1
Hz; 12), 4.35 (t, 6.1 Hz; 10%*), 4.11 (m; 4*), 3.98 (m; 10), 3.51 (s; 3, 4), 3.29 (s; 2), 2.26 (m; 6),
1.53 (m; 7, 9), 1.29 ppm (m; 8). The corresponding chemical structures and the proton signal

assignments are given in the Sl (Figure A.6. 2c).

Amino-terminated tetra-PEG-b-PCL star block copolymer (4).

Star block copolymer 4 was synthesized according to Scheme 6. 2A in two steps. First, the
hydroxyl terminal groups of star block copolymer 2 were esterified with N-alpha-(9-fluorenyl-
methyloxycarbonyl)-glycine (Fmoc-Gly-OH) by the Steglich method,[?" 22 after which the
a-amino group was deprotected by piperidine. A representative experiment is described as
follows: Star block copolymer 2 (1 eq., 30.0 g, 2.91 mmol) was dissolved in 150 mL of a mix-
ture of DCM and DMF (2:1). After cooling the solution to 0 °C, Fmoc-Gly-OH (8 eq., 6.9 g,
23.30 mmol) and DMAP (0.4 eq., 142.2 mg, 1.16 mmol) were added and the mixture was stirred
at 0 °C under nitrogen for 30 min. To activate the carboxyl group of Fmoc-Gly-OH, 40 mL of
a previously prepared solution of DCC (7 eq., 4.2 g, 20.37 mmol) in DCM and DMF (as above
2:1) was added dropwise under nitrogen. The mixture was stirred at 0 °C for 1 h and at room
temperature for another 23 h. Then, precipitated dicyclohexylurea was removed by filtration

first at room temperature and then at —20 °C. Subsequently, the filtrate was concentrated in
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vacuo and precipitated in cold diethyl ether. After washing the product with fresh diethyl ether,
filtering, and drying in vacuo at 35 °C overnight, the precipitation was performed one more
time. The corresponding chemical structure and the proton signal assignments of the interme-
diate Fmoc-glycine-terminated tetra-PEG-b-PCL star block copolymer are given in the SI
(Figure A.6. 3b). To deprotect the a-amino group, the intermediate was dissolved in 100 mL
of a piperidine/DMF mixture (20% v/v). The mixture was stirred at room temperature for 1 h,
filtered off, and the filtrate was precipitated in cold n-hexane. N-hexane was decanted, and the
waxy residue was dissolved in 40 mL DCM and precipitated in cold diethyl ether. In a final
step, the precipitate was separated by filtration, washed several times with fresh diethyl ether
and dried overnight at 30 °C in vacuo. The resulting star block copolymer 4 was obtained as a
white powder. Yield: 14 g (47 %).

!H NMR (DMSO-dg): & 4.11 (t, 4.8 Hz; 4*), 4.02 (m; 10%), 3.98 (t, 6.6 Hz; 10), 3.51 (s; 3, 4),
3.32(s; 2),3.25(s; @), 2.27 (t, 7.1 Hz; 6), 1.60 - 1.49 (m; 7, 9), 1.3 ppm (m; 8). The correspond-
ing chemical structures and the proton signal assignments in the respective 1D and 2D *H NMR
spectra are provided in the Sl (Figure A.6. 3a and A.6. 4).

Synthesis of Amphiphilic Polymer Co-networks (5a - 5d)

5a — 5d were synthesized by mixing DMSO stock solutions of the two star block copolymers 3
and 4 with an equimolar ratio of reactive end groups at different preparation concentrations
(Cprep = 38, 76, 114 and 190 g-L 1) (see Scheme 6. 3). The c values represent 0.5, 1, 1.5 and 2.5
times the overlap concentration c* (76 g-L™1) assigned to sample designations 5a, 5b, 5¢, and
5d, respectively. The synthesis of a representative network (5a) was performed as follows:
0.478 g of the DMSO solution of 3 (38 g-L 1) was transferred to a 2-mL glass vial (Agilent)
equipped with magnetic stirrer using a 1-mL syringe. Subsequently, 0.440 g of the DMSO so-
lution of 4 with the same concentration was added. The vial was closed and the reaction mixture
was stirred at 30 °C until gelation. To keep humidity out during the reaction time, the gel was
placed in a preheated desiccator with silica gel and all together in a drying oven for four days
at 30 °C.

'H NMR (DMSO-ds): & 12.40 (s; ArtNHCO), 9.5 (br; CH2NHCO), 9.19 (br; 16°), 8.42 (br; 22°),
8.15 (br; 21°), 8.00 (br; 13”), 7.82 (br; 12°), 4.32 (br; 10*”), 4.11 (s; 4*), 4.08 (br; a’), 3.97 (br;
10), 3.50 (s; 3, 4), 2.26 (br; 6), 1.54 (br; 7, 9), 1.30 ppm (br; 8). The proton signal assignments
of ACN 5a are shown in Figure 6. 2A.
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Scheme 6. 3: Synthesis of amphiphilic polymer co-networks (5a — 5d).

Characterization

MALDI-TOF mass spectroscopy

Matrix-assisted laser desorption/ionization time-of-flight mass spectra (MALDI-TOF MS) of
star polymers tetra-PEG-OH, 2, 3 and 4 were recorded in linear positive TOF mode with a
Bruker Autoflex Speed MALDI-TOF/TOF spectrometer, equipped with a Smartbeam-1I
Nd:YAG laser (355 nm, 1 kHz). A combination of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]-malononitrile (DCTB) and potassium acetate was selected as matrix and ion
adductor, respectively. For a MALDI-TOF MS experiment, 8 uL of DCTB matrix solution in
THF (10 g-L%), 1.6 uL polymer solution in THF (2 g-L 1), and 0.8 pL of potassium acetate
solution in ethanol (1 g-L!) were mixed and dropped onto the target plate. TOF-calibration was
performed using PEG reference standards between 1 and 10 kDa by PSS Polymer Standards
Service GmbH, Germany.

Viscometry

A capillary viscometer of micro-Ubbelohde type | was used to determine the overlap concen-
trations c* of star block copolymers 3 and 4 in DMSO at 30 °C and 45 °C. Temperature was
held constant by a water bath. Stock solutions of the respective polymers were prepared and
diluted to ¢ = 15, 12, 9, 6, and 3 g-L* and kept at constant temperature for 10 minutes prior to
the measurement. The specific viscosity n,, was calculated from the time ¢ that a defined vol-
ume of the polymer solution needs to flow through the capillary and the corresponding time ¢

for the pure solvent (1).
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j— ~ 1
Msp = =5 L (1)
The reduced viscosity 7.4 is then calculated as
n
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The intrinsic viscosity [n] is defined asf?’l
. 77sp 1
= —_—— 3
Inl =l =" == ®
and was extrapolated according to the method of Schulz—Blaschke.?*!
nsp
T = [r]] + ksp [n]rlsp 4)

Volume Swelling Degree (Qv)

Qv values of ACNs were determined in DMSO, H.O, MTBE, CHClIs, and toluene at room
temperature directly after preparation (Qv1) and after subsequent freeze-drying (Qv2). For this
purpose, all ACNs were first left to equilibrate in DMSO for two days. The ACNs were then
stored in the respective solvent for another four days without prior drying. After equilibration
was completed, the ACNs were weighed (Qv1), freeze-dried in vacuo, weighed (dry weight),
and placed again in the previously used fresh swelling medium for four days (Qvz). The resulting
gravimetrically determined equilibrium volume swelling degrees Qv were calculated according

to our previously published procedure.[*% 1

High-Resolution Solution NMR spectroscopy

'H NMR spectra (500.13 MHz) were recorded on an Avance Il 500 spectrometer (Bruker
Bio-spin). DMSO-ds (6(*H) = 2.50 ppm) and CDCls (5(*H) = 7.26 ppm) were used as solvent,
lock, and internal standard. Sample temperature was controlled to be constant (30 + 0.5 °C)

using a BVT-3000 instrument unless otherwise noted.
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High-Resolution (HR) MAS NMR Spectroscopy

'H HR-MAS NMR spectra of 5a — 5d were measured in a Bruker HR MAS probe with a ZrO
rotor (4 mm outer diameter) and a PTFE insert (50 uL insert volume) using an Avance I1I 500
NMR spectrometer. For the experiments, the insert was filled with the ACNs swollen in DMSO-
ds. The spectra were recorded at 30 °C with a rotation frequency (vr) of 4650 Hz. The reaction
efficiency p was determined from the normalized integral intensities of a signal of the reacted
2-(4-nitrophenyl)-benzoxazinone group (H13’ of 5a — 5d; 8.00 ppm) and of the non-reacted
2-(4-nitrophenyl)-benzoxazinone group (H13 of 3; 8.32 ppm) marked in Figure 6. 2, following
our previously published report.[*%

MQ NMR Spectroscopy

Static proton solid-state MQ-NMR experiments were used to quantify connectivity motifs and
fraction of defects in a set of as-prepared ACNs (5a — 5d). In crosslinked polymeric materials,
a non-zero dipolar coupling between neighboring protons (the so-called residual dipolar
coupling RDC) survives at long times, since network elasticity prevents an isotropic averaging
of the segment orientations. The specific value of these RDCs depends on intrinsic properties
such as chain length and type of repeating unit, but also on the forces from the connected chains
that hold the chain in place. All studied samples were synthesized in 2-mL Agilent vials
according to the synthesis protocol described above. Vials were kept immersed in a drying agent
to minimize hydration effects of the DMSO-ds due to air humidity. All experiments were
performed on a Bruker MiniSpec mq20 with a magnetic field of Bo = 0.47 T (= proton Larmor
frequency of 20 MHz). Temperature was regulated using a BVT-3000 unit and kept stable at
T=25°C+1°C. Pulse lengths were calibrated between 1.5 and 2.0 ps for 90° pulses and
between 3.5 and 4.0 s for 180° pulses. Measurements were performed using the Baum-Pines
sequencel®! with incremented delays in-between the pulses up to a total DQ excitation time of
several hundreds of ms. The recycle delay between two subsequent scans was set to 2.0 s, which
ensures a full build-up of the polymer backbone magnetization, while partially filtering-out
undesired magnetization arising from non-perfectly deuterated DMSO. Due to the low number
of isotropic defects (< 7 % for all samples), a separation of sol content and proton-containing
solvent using additional relaxation experiments (analogous to e.g.[?®)) is not feasible, as the error
of this procedure is on the order of the value itself. Therefore, measured defect components are

always to be interpreted as a sum of sol, pending chains, and proton-containing solvent. The

158 | Experimental



CHAPTER IV: NETWORKS FROM AMPHIPHILIC STAR BLOCK COPOLYMERS

obtained data are analyzed using Python 3.10 and Lmfit 1.0.3( with the procedures analogous
to Ref. [10].

As in previous work on networks with the same architecture,1% 16:26. 2813 st of three classes of
connectivity motifs (SL — single link, DL — double link, HOC — higher order connectivities, see
Scheme 6. 2C) with distinct orientational degrees of freedom is assumed.! Each of these motifs
are associated with a set of parameters (ai, D'res, T'2), Where a; is its relative proton-weighted
fraction, D' is its dipolar coupling value and T', the corresponding transversal relaxation rate
of the moiety. The experiment itself delivers a set of two related curves, being a relaxation-only
signal (Iref) and a so-called MQ build-up curve (Ipg). Both curves were fitted simultaneously
using the equations derived in Ref. [16] with the result of having a proton-weighted quantifica-
tion of the occurrences of each moiety with a distinct mobility (ai), as well as a rough measure
of their orientational degree of freedom (D'res). Specific details on the latter are discussed in
more depth in Ref. [15]. This result allows basic, but unique judgement on the structural com-
position and connectivity motifs of each of the gels in dependence on the synthesis parameters.

Rheology

Rheological measurements were conducted by oscillatory shear measurements on an Anton
Paar modular compact rheometer of type MCR 302 (Anton Paar, Graz, Austria) equipped with
a plate-plate geometry of type PP25 (diameter: 25 mm) or PP8 (diameter: 8 mm) and a solvent
trap. The solvent trap was equipped with a drying agent to reduce a possible water uptake of
DMSO from air. A Peltier plate was used for temperature control. ACNs were prepared in a
sealed Teflon form surrounded by a drying agent according to the synthesis protocol described
above at ¢ = 38, 76, 114 and 190 g-L . The viscoelastic behavior was studied both on the fully
reacted ACNs 5a — 5d (five days at 30 °C) and during their gelation process as a function of
time in the temperature range 30-80 °C. The measurements of full-reacted ACNs were
performed immediately after preparation in DMSO and then at equilibrium volume swelling
degree (Q,) in water (five days of swelling). After swelling, samples were cut to fit into the
PP8. Frequency sweeps were conducted with a shear amplitude of y = 0.5 % and in the range

of w = 1-100 rad-s L.

L A special aspect of our network architecture is the suppression of pending loops and all other cyclic structures
that are made of an odd number of network strands.[**> 14 This leads to a clearer separation of the RDC of double
links from the remaining signal of the elastic part of the network, see e.g. the green data set in Figure 3 of Ref.
[41]. After elimination of the RDC of all odd i,,;,, in this Figure, the difference between the RDC at i,,,;, = 2 (the
double links) and the remaining i,,;, = 4 becomes more than a factor of two and thus, these signals can be

discerned. For more conceptual insights, the reader is referred to Ref. [47].
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6.7. Results and Discussion

In this study, amphiphilic star block copolymers were prepared which already contain both
components (PCL, PEG) in one star, see Scheme 6. 4B. This complements our previous work
on A4Bs-type ACNs, where hydrophobic PCL and hydrophilic PEG tetra-arm star polymers
served as building blocks,[*% 15 71 see Scheme 6. 4A. The current synthesis strategy allows to
encode the amphiphilic character in the precursor polymers. This guarantees the miscibility of
the components on the length scale of individual stars, while the physics of block copolymers
can be utilized to structure the material on demand prior to gelation.

’oﬁ
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Scheme 6. 4: Comparison of two synthesis strategies for the formation of ACNs with model structure from A)
homo-PEG and -PCL star polymers as described in our previous work® and B) PEG-b-PCL star polymers of the
present work.

In the following, we first explain the synthesis strategy and structural analysis of
2-(4-nitrophenyl)-benzoxazinone- and amino-terminated tetra-PEG-b-PCL star block copoly-
mers, 3 and 4, respectively. This also includes the determination of the overlap concentration
c* of 3 and 4, and the understanding between the polymer blocks (PEG, PCL) in the synthesis
solvent DMSO (interaction parameters). The results are summarized in Table 6. 1 and 6. 2.
Then, the formation of ACNSs by hetero-complementary reaction of 3 and 4 and analysis of the
co-networks 5 by HR MAS (high- resolution magic-angle-spinning) and MQ (multiple
quantum) NMR spectroscopy in DMSO as well as swelling experiments in different solvents

are described. Finally, both the solvent-dependent viscoelastic behavior of ACNs and their
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temperature- and concentration-dependent gelation process determined by rheological studies

are discussed. The results are summarized in Table 6. 3 and 6. 4.

Synthesis and Structural Analysis of tetra-PEG-b-PCL Star Block Copolymers 3
and 4

The synthesis steps of star block copolymer 3 and 4 shown in Scheme 6. 2A were monitored
by NMR spectroscopy and MALDI-TOF MS. Initially, hydroxy-terminated star block copoly-
mer 2 was prepared by ROP of e-caprolactone (e-CL) according to the “core-first” approach
with tetra-PEG-OH as the initiating core. With this synthesis strategy, monodisperse
tetra-PEG116-b-PCLu44 star block copolymer 2 with the targeted number of e-CL repeating units
per arm (n = 11, see Table 6. 1) was achieved as determined by *H NMR end group analysis
(see Sl Figure A.6. 1). Sl Figure A.6. 2b depicts the *H NMR spectrum of star polymer 2.
Absence of the hydroxy signal H5 at 4.52 ppm indicates a quantitative esterification of the PEG
hydroxy groups. To introduce the above-mentioned terminal groups, the hydroxy groups of 2
were then modified with Fmoc-Gly-OH and 2-(4-nitrophenyl)-benzoxazinone-based com-
pound 1, respectively. By comparing the stacked *H NMR spectra of 2 and 3 in SI Figure A.6.
2 and of 2 and 4 in SI Figure A.6. 3, the complete disappearance of the proton signal H11 at
4.30 ppm of 2 demonstrated a quantitative conversion of the hydroxy groups to the respective
end groups. Furthermore, the Fmoc group was successfully cleaved, as indicated by the absence

of proton signals in the aromatic region of 4 at 7.32 — 7.89 ppm (see Sl Figure A.6. 3a).

MALDI-TOF mass spectra of tetra-PEG-OH, 2, 3 and 4 were measured to determine the molar
masses of the stars (by the mass to charge ratio) and their relative differences (see Sl
Figure A.6. 5). Between the mass peak apexes of 1 and 2, a relative difference of m/z = 4700
was observed, corresponding to a relative difference in number average molar mass of
4.9 £ 0.2 kDa which agrees to the total number of PCL repeating units per tetra-PEG-core found
by solution NMR spectroscopy. Star block copolymer 3 showed a relative difference between
the peak apexes of m/z ~ 1100 to its predecessor 2, which corresponds to the molar mass of the
four oxazinone terminal groups. The relative increase in m/z of star block copolymer 4 to its
precursor 2 (between peak apexes) of about m/z 1050 is significantly higher than expected. For
the conversion of hydroxy groups to amino groups (see Scheme 6. 2), an increase in molar mass
of 228 g-mol™ is expected. The distinctly higher increase in molar mass can be explained by
chemical adduction of molecules of the MALDI-matrix DCTB to free terminal amino groups,
as reported earlier.°l This effect indicates indirectly the existence of free terminal amino
groups, but it was not further investigated since it is beyond the scope of this work.
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Table 6. 1: Molecular characteristics of star polymers 1, 2, 3, and 4.

pSOtla;_ m, * on,t Weea  Weer " My L M,¢ ., pd Go°c ® Cisec
mer (%) (%) kg mol kg mol (gL (gL
PEG 29 - 97.4 - 52+0.1 52+0.1 1.01 - -

2 29 11 49.8 48.9 103+£02 10.1+0.6 1.04 - -

3 29 11 44.6 43.9 114+02 105+0.7 1.04 742+04 762+09

4 29 11 48.7 47.9 10.5£02 114+0.7 1.03 772+03 779+04

2 Number of monomer units of the PEG block and the PCL block per arm, respectively, based on 'H NMR spectroscopic
analysis (see Sl Fig. S1 and comments).

b Proportions of the core and the end groups were also taken into account in the calculation.
¢ Determined by 'H NMR spectroscopy.
4 Determined by MALDI-TOF MS, D = Dispersity (Mw / Mn).

¢ Overlap concentration determined by viscometry with Schulz-Blaschke regression model in DMSO (see Figure 6. 1).

For understanding the behavior of the star block-copolymers in solution, the interaction be-
tween the polymer blocks and DMSO needs to be understood. Table 6. 2 contains an estimate
for the interaction parameters of PEG and PCL with DMSO based upon literature data on the

solubility parametersl®® 3 and the Hansen approachf®.

Table 6. 2: Hansen estimates of the interaction parameter  based upon different datal*® 3!for the solubility pa-
rameters. The calculation and all parameters are described in Section A.6.7 of the SI.

X estimates of DMSO for 25°C 80 °C Ref.
PEG 0.11 0.09 [30]
PEG 0.33 0.28 [31]
PCL 0.43 0.42 [30]
PCL 0.60 0.58 [31]

The computations and the key parameters used are summarized in Section A.6. 7 of the
supporting information (Appendix A.6). Table 6. 2 indicates a significant dependence of y on
the available data for the solubility parameters. Therefore, we compare with other literature data
for testing the quality of the interaction parameter estimates. According to Qin and Wul®?,
80 kDa PCL does not dissolve in DMSO at room temperature, but it dissolves at 80 °C. Since
the molar mass of the PCL is rather large and the temperature dependence of the interactions
between DMSO is expected to be weak, see Table 6. 2, this indicates that the parameters of
Ref. [31] for PCL agree better with the experiment. Thus, DMSO is presumably a weakly poor

solvent for PCL. DMSO is a strongly hygroscopic solvent and it absorbs significant amounts
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of water from air during typical times where experiments are conducted.l*¥ Since water is a
non-solvent for PCL, this effect develops a significant impact on the solubility of the PCL over
time. This point is even utilized for the spinning process of PCL fibers from a solvent mixture
containing DMSO: humidity of the surrounding air is the control parameter for the microstruc-
ture and the porosity of the resulting PCL fibers.[** 351\We were not aware of this complication
when designing our experiments. Instead, we expected from Ref. [36] that our star block-
copolymers should simply be soluble in DMSO, which is apparently not the general case, in
particular, when a contact between solvent and air cannot be avoided entirely and when long
measurement times are involved (e.g. rheology during crosslinking, frequency sweeps for
rheology, etc. ... ). The corresponding data are discussed in the following sections with
particular care. The experiments in the preceding sections, on the other hand, were conducted

under conditions where an impact of humidity can be safely ignored.

The investigations with NMR spectroscopy and MALDI-TOF MS show that star block
copolymers 3 and 4 are characterized by a high molecular uniformity and functionality, which
is a prerequisite for the synthesis of model networks. Another important aspect is the knowledge
of the overlap concentrations c* of the stars, since only above this concentration, homogeneous
space-filling networks can be expected. The overlap concentration can be estimated from the
intrinsic viscosity [1],1% 171 see equation (3). The intrinsic viscosity and the overlap concentra-
tion of a polymer depend on temperature and the solvent quality.®”] For tetra-PEG- and
tetra-PCL-stars, overlap concentrations c* in different solvents were analyzed in our previous
publication.l% In the present study, dilution series of the star block copolymers 3 and 4 in
DMSO were used to determine [n] at 30 and 45 °C following the protocol of preceding work.[%]
According to the Schulz-Blaschke equation (4), [n] values for 3 and 4 were obtained by linear
extrapolation of the reduced viscosities 7.4 to the zero specific viscosity 7, (see Figure 6. 1).
The resulting estimates for the overlap concentration c¢* are shown in Table 6. 1. These results
indicate that the quality of DMSO for star polymers 3 and 4 decreases with increasing
temperature in contrast to the expectation, see Table 6. 2. Apparently, the higher humidity
provided by the water bath at 45 °C causes already a somewhat lower solubility of the star
blocks in DMSO inside the viscosimeter. Thus, the data at 30 °C provide effectively an upper
bound for the overlap concentration at zero humidity. This point is also evident from the
Schulz-Blaschke constants as determined from the slope of the data. These refer to a solvent
quality in the range of theta to slightly poor solvent conditions, while a net solvent quality
between good and theta can be expected from Table 6. 2. Since polymers 3 and 4 differ only in

their end-groups, the larger slope of the data for 3 indicates a comparatively lower solubility of
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the oxazinone end-groups in DMSO. But as the intrinsic viscosity is not largely modified, the

solubility appears to be still good enough to prevent an aggregation of 3.
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Figure 6. 1: Schulz-Blaschke plots of star polymer 3 (A) and 4 (B) in DMSO measured at T = 30 and 45 °C.[?4

Synthesis and Structural Analysis of ACNs 5a — 5d

The syntheses were carried out in solution (gels) by hetero-complementary coupling of star
block copolymers 3 and 4 at equimolar ratio of the terminal groups and varying preparation
concentration c,,..,, (see Table 6. 3) within four days at 30 °C. DMSO was chosen as a solvent
because both star block copolymers are soluble in it.?®1 In addition, DMSO has a high boiling
point of 189 °C, which prevents evaporation of the solvent during rheological measurement.
Toluene as a potential solvent also meets the above conditions, but surprisingly, no gelation
was observed in this solvent within 24 h. In DMSO, gelation was observed within one hour
after mixing the stoichiometric stock solutions and continued for a total of 4 days to generate
the highest possible conversion. The characteristic parameters of the networks synthesized at
different c,,..,, are summarized in Table 6. 3. The sample designations 5a — 5d reflect the
different preparation conditions of the ACNSs. For different analytical methods, several samples
with the same designation were prepared, for instance, when observing gelation in situ in the
rheometer. Since the applied network synthesis was shown to be highly reproducible,*% we

expect comparable results for samples with the same preparation conditions.

First, the degree of conversion p was determined by 'H HR MAS NMR spectroscopy of the
sol-extracted ACNs 5a — 5d swollen in DMSO-ds as described previously.[% 12 It is noteworthy
that the synthesis was performed in DMSO-ds and that the samples were not dried before meas-

urements to avoid possible post reactions.
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Figure 6. 2: 'TH NMR spectra (regions) in DMSO-ds at 30 °C of A) 5a measured with a HR MAS NMR probe at
equilibrium swelling, B) during reaction after 45 min at a 2-(4-nitrophenyl)-benzoxazinone conversion of ~50%
and C) of star block copolymer 3. The red arrow indicates unreacted 2-(4-nitrophenyl)-benzoxazinone groups
(H13), which have almost completely disappeared in A). Symbol # denotes spinning side bands of the intense
aliphatic signals.

Figure 6. 2 shows the 'H NMR spectra of 3 (A), a mixture of 3 and 4 after 45 min of
crosslinking (B), and ACN 5a after 4 days of crosslinking (C) at 30 °C DMSO-ds. Decisive for
the determination of the degree of conversion are the terminal group signals, the intensity of
which disappear during the reaction. Accordingly, the proton signals H13 of star polymer 3 and
H13’ of the resulting ACN 5a were used to calculate p of 5a — 5d. It is clearly visible that the
H13 signal of the 2-(4-nitrophenyl)-benzoxazinone terminal groups in Figure 6. 2c

disappeared almost completely in Figure 6. 2a (red arrow). Instead, new signals appear that
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can be assigned to the newly formed benzamide linkage between the PCL blocks in the network
(e.g. H13”). The resulting values of p in Table 6.3 are distinctly higher than in classical tetra-
PEG gelst and comparable to our preceding work.*® Due to the broadened shape of signal
H13 caused by an extreme shortening of T, at the sol-gel transition, % the p values even tended

to be underestimated.

Another major concern was to investigate the topological microstructure of the ACNs. In our
previous publication,l!% the static low-field *H MQ NMR spectroscopy has proved to be a
powerful tool to quantify structural heterogeneities (e. g. sol fraction) as well as the chain
connectivities of ACNs based on tetra-PEG and tetra-PCL synthesized in a similar manner as
described here. Comparable studies were performed on ACNs 5a - 5d swollen in DMSO-de.
The results are summarized in Table 6. 3 (defect fractions feer), Figure 6. 3 (connectivity
fractions), see also SI Section A.6. 5 Table A.6. 1.
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Figure 6. 3: Connectivity fractions (A) and RCS value (B) of ACN 5a — 5d synthesized at different concentrations
(76 g-L*~c") in DMSO-ds. (SL —single link, DL — double link, HOC — higher order connectivities, defs — isotropic
defects).

166 | Results and Discussion



CHAPTER IV: NETWORKS FROM AMPHIPHILIC STAR BLOCK COPOLYMERS

The defect fraction includes unbound chains and dangling chain ends in the network. The results
are in accord with the data on conversion and show a concentration dependence that results
from the smaller number of suitable reaction partners for the hetero-complementary coupling
with decreasing concentration. The connectivity fraction indicates how many arms of a star are
connected to a neighboring star, illustrated in Scheme 6. 2C. One distinguishes between single
links (SL), double links (DL) and higher order connectivities (HOC). In a perfect network, only
single links would occur. However, due to the statistical course of the crosslinking reaction, the
formation of DL and HOC cannot be prevented. Examples for the connectivity distribution of
single and double links in homogeneous model networks made of star polymers are given in
the literature.[13 16]

Table 6. 3: Characteristic structural parameters of the synthesized ACNs 5a — 5d based on the crosslinking of star
block copolymers 3 and 4 in DMSO at 30 °C.

ACN Corep (2L CoreplC* o P fet
5a 38 0.5 0.034 >0.90 0.07
5b 76 1 0.068 >0.95 0.03
5c 114 1.5 0.102 >0.95 0.03
5d 190 2.5 0.170 >0.95 0.01

2 Degree of conversion p determined by 'H HR MAS NMR spectroscopy after removal of the sol fraction and swollen in
DMSO-ds.

b Isotropic defect fraction determined by *H MQ NMR spectroscopy.

For ACNs 5a — 5d, we find the expected trend of a decreasing isotropic defect fraction (from
7% at cppep = 0.5¢* 10 1% at ¢y, = 2.5¢*) that is accompanied by a consistently increasing
fraction of single links (SL) (4% at cpyep = 0.5¢™ t0 40 % at cyyepp, = 2.5¢7), as well as a strongly-
increasing average residual dipolar coupling (RDC) (9 Hz at cp.ep = 0.5¢* to 109 Hz at
Cprep = 2.5¢”) see Table A.6. 1 in the SI. The decrease in isotropic defect fraction with increas-
INg cprep Is roughly in agreement with the data on conversion (see Table 6. 3). While the gen-
eral behavior aligns well with our previous work, we find the specific values at c,,..,, = 0.5¢*
rather unexpected, as these suggest that this sample contains nearly no single links and only a
rather small number of double links. We note, that at c,,..,, = 0.5¢* the distinction between
components of unique RDCs is barely possible due to a high fraction of low orientations that

are typically assigned to more complex structures, defects, or double links.
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There are two possibilities how an enhanced portion of low orientation can arise inside our
networks. First, the viscosity measurements showed a significantly larger Schulz-Blaschke con-
stant for compound 3 as compared to 4 indicating a poor solubility of the 2-(4nitrophenyl)-
benzoxazinone terminal group in DMSO. Possible associations of terminal groups attached to
the same star lead to an apparent double link between star center and the location of the
association. In effect, the analysis of the NMR data will overestimate the amount of double
links and more complex associations mostly at the expense of single links. Second, a clear
distinction between single and double links requires that the networks are far from the gelation
threshold. Otherwise, there will be a significant portion of star polymers that connect in effect
only two other stars introducing longer strands with correspondingly lower orientation. Such

structures will be misinterpreted then as double links, more complex structures or even defects.

In order to understand, which of these processes is more relevant for interpreting the experi-
mental data, we compare with the simulation data of Ref. [15] providing estimates for the
amount of double links in comparable systems without associations. For comparison, data were
chosen near 0.5¢* at a slightly higher conversion of p = 0.95 as compared to the experiment.
The reason for this choice is that samples at low concentrations are closer to the critical con-
centration for gelation where the length of virtual chains modeling the elasticity of the sur-
rounding network diverges, and consequently, different motifs become indistinguishable. For
more certainty, we analyzed the network structure to determine single links (SL), double links
(DL), higher order connectivities (HOC), and elastically inactive defects. For these different

kinds of connections, the distributions of the vector order parameters are shown in Figure 6. 4.
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Figure 6. 4: Distribution of the vector order parameters of different connectivity types at 0.5¢c* as determined from
computer simulations. The weight fractions of single links (SL), double links (DL), higher order connectivities
(HOC), and elastically inactive defects are 68.2%, 23.2%, 2.4%, and 6.2%, respectively. Data were computed from
the network with N = 43 described in preceding work. %]
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The simulation data in Figure 6. 4 show that higher order connectivities play no role at 0.5¢c*
and thus, for all samples of our study. This leaves only possible associations on the time scale
of the NMR experiments as explanation for the experimental data. The vector order parameter

is proportional to the RDC that is measured in the experiments, see Ref. [40] for more details.

At the lowest concentration, the simulation data show that the peak positions of the different
contributions differ by a factor of two in the RDCs, which is on the edge of being separable in
the experiment, see Ref. [16]. The RDC is proportional to the elastic contribution per strand in
the entanglement free limit. For a double link inside an otherwise perfect network, a ratio of 8:3
between SL and DL is, expected theoretically, which is found in good approximation in the
experiment and in simulations at larger concentrations.[*® 41 At Cprep > 0.5¢*, the SL fractions
are consistently below the data of the simulation (> 60 % SL fraction), while being on-par with
the values for the amphiphilic copolymer networks characterized in our previous work. In com-
bination with the large Schulz-Blaschke constant of compound 3 (which differs from compound
4 only in the terminal group), we have now high confidence that a possible association of the
2-(4-nitrophenyl)-benzoxazinone terminal group in 3 is perturbing the assignment of single and
double links.

Swelling Properties of ACNs 5a - 5d

Equilibrium volume swelling degrees Q, of ACNs 5a — 5d were investigated in solvents of
different quality with respect to PEG and PCL (see Figure 6. 5). In Figure 6. 5A, Q, was
determined both directly after synthesis without drying the samples (Q,,) and after freeze-
drying with subsequent swelling (Qy,). In the first case, the data at and above the overlap thresh-
old are described by a power-law Q ~ ¢} with an exponent y = —0.76 + 0.05 which disagrees
with our previous work[*®! and the predictions by Flory-style mean-field scaling modelst*? 431
for swelling in a good-solvent. In particular, for the samples synthesized near ¢* (¢, = 0.068)
and especially below c*, an increase of the equilibrium swelling degree is observed as compared
to our preceding work*%, which indicates a somewhat lower extent of reactions or an additional
enhancement of double links that contribute less to the shear modulus.™! The larger concentra-
tion of not yet reacted end groups upon drying enhances the formation of additional bonds in a
different state of strain.[*% l In consequence, a large drop in the equilibrium degree of swelling
is observed after the first drying step. This has already been observed in our previous studies
on ACNs based on tetra-PEG and tetra-PCL.[1%
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To demonstrate the amphiphilic nature of the networks, swelling tests in solvents of different
polarity were performed on five batches of ACN 5c synthesized at 1.5¢*. The results are shown
in Figure 6. 5B. Here, the measurements refer to an analysis both directly after synthesis in
DMSO with swelling in the respective solvent (Q,,) and after freeze-drying with subsequent
swelling (Q,,) as described in the Experimental Section. The largest Q,, was observed in CHCl3,
which can be attributed to good solvent quality for both PEG and PCL. The equilibrium degree
of the first swelling in chloroform is comparable with our expectations based upon Ref. [10]
indicating a similar reaction efficiency in DMSO as in chloroform. The lowest Q,, was observed
in H20 (close to a theta solvent for most concentrations of PEG and a non-solvent for PCL)“4!
and MTBE (poor solvent for both). From the bar chart in Figure 6. 5B, it can also be seen that
5¢ shows similar swelling degrees in DMSO and toluene. In this case, toluene is the better
solvent for PCL,@ while these roles are reversed for DMSO. In addition, due to the structural
similarity, toluene is suspected to contribute to the solvation of the benzamide groups by n-n
interactions, which is similar to our discussion of linker associations in DMSO. Thus, the agree-
ment in the average degree of swelling in DMSO and toluene is not in conflict with our RDC
data.
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Figure 6. 5: Equilibrium volume degree of swelling @ (@, directly measured after preparation with and @ ,

measured after freeze-drying and re-swelling) A) as a function of polymer volume fractions at preparation state
¢, in DMSO with a power-law fit Q ~ ¢," at ¢, > 0.068 and B) of 5c in dimethyl sulfoxide (DMSO), toluene
(Tol), methyl-tert-butyl ether (MTBE), chloroform (CHCIs), and H,O.
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Viscoelastic Behavior of ACNs 5a — 5d

In the following, the results of oscillatory shear rheological measurements of 5a — 5d in the as-
prepared state in DMSO, at swelling equilibrium in H20, and during the gelation process of star
polymer 3 and 4 at different gel preparation conditions are discussed. The measurements on as-
prepared samples were performed after a reaction time of five days in DMSO. Details about the
sample preparation are described in the Experimental Section. Additionally, measurements
were made on samples swollen in water. The elastic contributions of the storage moduli G' and

their corresponding swelling degrees in equilibrium Q. are listed in Table 6. 4.

Table 6. 4: Storage moduli and equilibrium swelling degrees in DMSO and H20 of ACNs 5a — 5d synthesized in
DMSO at 30 °C.

/D

ACH o DMSO 5 (kPa)HQO DMSO S 0,0
5a 0.034 0.69 + 0.02 29.00 + 1.07 33.6 10.2
5b 0.068 5.18+0.24 72.65+0.93 18.2 6.2
5c 0.102 9.74 + 0.41 105.3 +4.35 13.0 4.9
5d 0.170 2987+139 1523 +1.67 9.2 3.8

2 Storage moduli in DMSO (as-prepared state) and in H20 at equilibrium swelling at T = 25 °C.

An example of an as-prepared gel sample as well as the rheological frequency sweeps of 5a —
5d in DMSO are shown in Figure 6. 6. In all cases, a dominance of the elastic behavior
(G'> G") 1s observed, which is typical for the plateau regime of a polymer network that is stable
on the time scale of the experiment. When repeating the frequency sweeps, sometimes, a small
drift of the data was observed as a function of time (not shown). Moreover, a sample left
overnight in the rheometer turned opaque indicating a slow water uptake from air during the
measurements despite of using a solvent trap equipped with a drying agent. A reduced solvent
quality for PCL due to the presence of water induces smaller equilibrium strand sizes and
ultimately a micro-phase separation, both enhancing the modulus of the samples. Therefore,
our modulus data provide only an upper bound for the data in a water free sample. As compared
to our preceding paper,!'” the modulus at c* is about twice as large while this difference grows
to a factor of about 3 at 3c*. The remarkable point is that the equilibrium degree of swelling
does not follow this trend see Figure 6. SB of the present work (toluene and DMSO produce
equivalent results, i.e. equivalent net interaction parameters) and Figure 5 of Ref. [10] (the
interpolated (to 1.5¢*) equilibrium degree of the second swelling in toluene is around 11 and

equivalent to the data in Figure 6. 5B).
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Figure 6. 6: A) Appearance of an as-prepared gel sample, B) rheological frequency sweeps of 5a — 5d in DMSO
at preparation conditions, C) Appearance of a gel sample after exchange of DMSO with water, D) rheological
frequency sweeps of 5a — 5d in H,O at swelling equilibrium.

A Dbetter insight into this puzzling situation is obtained when analyzing the time-dependent
rheological measurements performed during crosslinking under the same reaction conditions as
described in Table 6. 3. The respective time evolution curves of G’ are shown in Figure 6. 7,
see also SI Section A.6. 6 Table A.6. 2. We observe a two-step increase of the storage modulus
at low temperatures, while at larger temperatures, there is only a one step increase. In the latter
case, the single process must describe the gelation of the samples. According to the temperature
dependence of the processes, the second process at lower temperatures in Figure 6. 7B refers
to crosslinking, while an explanation of the nature of the additional first process requires
further tests. First, rheological measurements of pure solutions of 3 and 4 do not reproduce the
effect. Thus, the effect arises only as the consequence of the crosslinking reactions.
Crosslinking glues two PCL sections together. We argue that the longer PCL sections after
crosslinking associate in the DMSO solution. This association is probably enhanced by the cou-
pling terminal 2-(4-nitrophenyl)-benzoxazinone group itself that lowers the solubility of the
star polymers, see section viscosity measurements. This hypothesis is the same as used to

explain the MQ-NMR data and it allows to remove all other conflicting observations:
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First, it is well established!> %1 that the concentration of the associated groups grows with con-
centration. Thus, we can expect an enhancement of modulus at preparation conditions that
grows with concentration through additional contributions from sticky chain sections. Second,
reversible networks do not resist swelling in the limit of very long times. Thus, we expect no
impact on the equilibrium degree of swelling beyond a concentration dependent renormaliza-
tion of the net interactions between the polymers and the solvent. The renormalized interactions
lead to a stronger concentration dependence of the equilibrium degree of swelling as observed
in Figure 6. 5a. Taking both points together, permanent networks with sticky chain sections
can develop a higher modulus at preparation conditions even though the equilibrium degree of

swelling is nearly identical to a permanent network without such sticky chain sections.

The time dependent rheology data on G’ provides additional interesting insights. The
disappearance of the first gelation process does not indicate a complete disappearance of all the
associations. It only shows that there are too little associations to drive the system through ge-
lation prior to the gelation of the permanent network structure itself. Moreover, the stability of
the associations must exceed 1 second at the measurement temperature, if the second process
is visible. The frequency sweeps show that the associations are stable over 1 s at 30 °C while
NMR indicates stable associations up to 1 ms at 80 °C. Both are not in conflict with each other

and allow for a rearrangement of the associations on the time scale of the swelling experiments
(days).
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Figure 6. 7: In situ measurements of the storage modulus as a function of time during gelation for A) samples 5a
to 5d at different polymer volume fractions, see Table 6.3, and B) sample 5b at different temperatures from 30 to
80 °C.
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After preparation, gels 5a - 5d were swollen to equilibrium in excess H>O without an interme-
diate drying step. The gels appear white due to a micro-phase separation of the hydrophobic
polymer domains inside the network (see Figure 6. 6C). The equilibrium degree of swelling of
these samples was determined gravimetrically and is summarized in Table 6. 4. The
equilibrium degree of swelling of samples 5b - 5d prepared at and above the overlap threshold
scales as Q ~ ¢} with y = —0.53 + 0.03. The elastic modulus of these samples is several times
higher in comparison to the modulus in DMSO. For a first glimpse on the physics of this pro-
cess, let us consider the ratio of the modulus of a homogeneous network before and after a
change in sample volume. For this modulus ratio, the following dependence on the polymer

volume fraction is expected®! in good (v =0.588) and theta (v =1/2) solvent

G(p)/G(py) = ((p/<p0)1/3+(2"_1)/(3"_1), when swelling from a preparation state to a swelling
equilibrium with ¢ < ¢,. For our samples, however, a change in interactions and chain con-
formations drives the system to a swelling equilibrium characterized by ¢ > ¢,. Our rheology—
data for samples 5b - 5d prepared at and above c* are in accord with an exponent of 2.2 £ 0.5
for the modulus ratio. Here, the network elasticity has to work against the osmotic pressure of
the sample and additional constraints arising from the interphase between swollen and phase
separated polymers. The new equilibrium degree of swelling reflects the sum of all these con-
straints on the free energy. The osmotic pressure in homogeneous samples in good and theta
solvents scalest®® as IT =~ ¢3v/Gv=1 which is not largely different from the observed increase
in modulus. This observation could be useful for developing a model for the elasticity of am-
phiphilic gels in a selective solvent.

6.8. Conclusion

Following our earlier work on the synthesis of ACNs based on tetra-PEG and tetra-PCL stars, %!
we synthesized networks in which the hydrophobic and hydrophilic components were already
contained in all individual stars. The latter is the major difference to the preceding work allow-
ing for a possible structuring of the networks in a block copolymer morphology prior to the
synthesis. As in the preceding paper, the hetero-complementary 2-(4-nitrophenyl)-
benzoxazinone/amine reaction has proved to be very effective to link the star polymers. Apart
from the resulting differences in the arrangement of the polymer blocks, the new ACNSs do not
differ from the ACNs in Ref. [10] in terms of linking group, degree of polymerization of the
network strands, and the volume fraction of the amphiphilic and hydrophilic components. Since
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the two block stars 4 and 5 are structurally identical except for their end groups, the small dif-
ference in their solubility can be attributed to the end groups. A synthesis in toluene did not
produce networks within 24 hours, therefore, DMSO was used as a solvent. The strong hygro-
scopic nature of DMSO is problematic when contact to humidity cannot be avoided completely,
e.g. when analyzing network formation by rheology in situ, since the slightly poor solvent

quality of DMSO is continuously reduced with increasing water uptake of DMSO.

The results show that the conversion of the end groups is comparable or somewhat below (for
low concentrations) to the data of our previous work.[*®! The different philicity of the stars
compared to Ref. [10] appears to additionally impact the synthesis in addition to the impact of
the aromatic terminal and linker groups. The rheological investigations show a two-stage
increase in viscosity during the synthesis, while solutions of the stars with only the
2-(4-nitrophenyl)-benzoxazinone group do not develop associations that are stable on the time
scale of the experiment. Thus, the extension of the PCL block via the crosslinking reaction
contributes significantly to the assumed associations of the 2-(4-nitrophenyl)-benzoxazinone
groups. This contribution was lacking for the networks of Ref. [10] due to a different solvent
and different architecture of the stars. However, for both sets of networks, an unexpectedly high
apparent content of double links is determined by MQ NMR. In this regard, we cannot discrim-
inate whether this high fraction of double links refers to true double links or just apparent double
links via associations and to which extent the amount of true double links is enhanced by asso-
ciations during crosslinking process. Associations are being reduced with decreasing concen-
tration, i.e. during swelling. Therefore, associations play a lesser role at equilibrium swelling.
On the contrary, associations enhance the modulus in the preparation state. Therefore, it is not
necessarily a contradiction to observe a similar equilibrium degree of swelling for networks that
develop a larger modulus (on the time scale of the rheology) at preparation conditions, since
the extra contribution of the associations to modulus is largely reduced at the low concentrations

at swelling equilibrium.
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7.1. Specific Summary

Next to the covalent amphiphilic star polymer networks in the previous chapters, ionic reversi-
ble networks are of interest due to their enhanced dynamics and potential elimination of struc-
tural defects induced during preparation by reorganization. The use of electrostatic interactions
as crosslinking points allows for control of the bond strength through length and type of the
ionic segments. Suitable candidates for such ionic segments are either weak polyelectrolytes
such as polymethacrylic acid or polyampholytes such as polydehyroalanine. The bond strength
is then tunable by the pH value controlling the overall net charge of the segments and thus, the

attractive and repulsive interactions.

The first step to create such ionic reversible networks is the synthesis of suitable polyelectrolyte
building blocks and the characterization of their pH-dependent solution behavior. The goal is
to create well-defined network building blocks based on four-arm star polymers with attached

ionic segments by block extension of the arms.

For this purpose, hydrophilic star-shaped block copolymers based on a PEG core block ex-
tended with different block length of ampholytic polydehydroalanine (PDha) are prepared. Next
to variation of the ampholytic block from 6—7 over 20 to 41 units, also the molar mass of the
PEG core is modified using 5, 10, and 20 kg mol tetra-arm star PEG. Due to the ampholytic
nature of the PDha, the solution properties are markedly influenced by the pH value. Above a
pH of 7, the overall net charge of PDha is negative, whereas the isoelectric point is reached

around a pH of 3 and below a pH of 2, the overall net charge is positive. Therefore, significant
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aggregation around the isoelectric point is expected. The solution and aggregation behavior at
different pH-values is investigated by DLS, AFM, potentiometric titration, and zeta potential
measurements. The DLS results indicate an increasing aggregation tendency with decreasing
pH and increasing PDha segment length, whereas the PEG core size has only minor influence.
The AFM results substantiate these findings by identifying aggregates in the same size range
as the DLS experiments. Due to the drying procedure before AFM investigations, all aggregate
sizes are shifted to slightly smaller length-scales. These investigations show that even short
stickers of 67 units of PDha have a considerable influence and increase the aggregation ten-

dency at low pH values with aggregate sizes beyond 1 um.

Overall, this study illustrates how the structure of polyelectrolytes depends on the pH value and
how the block length of the ionic segments influences the aggregation behavior. In a next step,
this knowledge about the net-charge at different pH can be used to form ionic networks with a

suitable counterpart.
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/.4. Abstract

Star-shaped block copolymers are of interest as versatile and highly functional polymeric
building blocks and show interesting solution properties or self-assembly. Herein, we report the
synthesis of novel, double hydrophilic four-arm star-shaped block copolymers, based on
different poly(ethylene glycol) cores (PEG) and short blocks (“stickers”) of polydehydroalanine
(PDha). As PDha is a polyampholyte we were mainly interested in the pH-dependent solution
behavior, which we characterize by dynamic light scattering (DLS), atomic force microscopy
(AFM), potentiometric titration, and zeta potential measurements. Our main interest was to
elucidate how the presence of a short (6—7 units) or intermediate (up to 41 units) PDha segment
influences the solution properties of such double hydrophilic block copolymers depending on
the solution pH. As we can show, even short “stickers” show a profound influence and lead to
increasing aggregation tendency at low pH values, as demonstrated by DLS and AFM experi-

ments with aggregate sizes beyond 1 pm.
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Figure 7. 1: Schematic representation of the pH-dependent solution behavior of t-PEG-b-PDha.
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7.5. Infroduction

Double hydrophilic copolymers (DHCs) are defined by consisting of two distinct hydrophilic
blocks of different chemical nature.’*! Nowadays the material class of DHCs has a broad appli-
cation range starting from drug carriers to gene delivery, as sensors, nanoreactors, or for the
synthesis of multifunctional hybrid materials. This wide range of applications can be explained
by the possibility of precisely modifying the composition and topology of the underlying
polymers.l?l After Stille et al. published their work on the first linear double hydrophilic
copolymer (DHC) in 1972, this polymer class was significantly extended, not only by using
a broad variety of monomers but also in terms of various topologies, ranging from linear block
copolymers, brushes, or macrocycles to well-defined star-shaped examples.[? 4 51 Based on
these architectural differences, the polymer properties differ significantly, and thus new possi-
ble applications can be explored. For example, compared to linear double hydrophilic block
copolymers (DHBC), star-shaped block copolymers show a higher density of functional groups,
increased loading capacities, and lower aggregation numbers.[® Furthermore, the behavior of
polymers in solution especially with regard to viscosity and solubility is also influenced by the
topology.[® 7 Star-shaped double hydrophilic copolymers are in comparison to their linear
counterparts a rather unknown field of polymer chemistry as this architecture brings unique
difficulties in its synthesis. In general, they are synthesized via controlled radical polymeriza-
tion techniques (CRP), but side reactions such as star-star coupling, or the temporally unequal
or only proportional initiation of adjacent arms need to be avoided. The CRP methods mainly
include nitroxide mediated polymerization (NMP), atom transfer radical polymerization
(ATRP), or reversible addition fragmentation polymerization (RAFT).[® ¥ In 2019 Hawker et
al. reported on minimizing star-star coupling in Cu(0)-mediated controlled radical polymeriza-
tions. They synthesized different star-shaped homo and block copolymers using a variety of
acrylates resulting in conversions up to 95%, dispersities () below 1.2, and investigated criti-
cal factors like the influence of arm length, the number of arms, or the monomer side chain
used. 2% Later in 2020 Lin et al. reported star-shaped double hydrophilic copolymers containing
pH-responsive blocks describing the synthesis and the dual pH-responsive behavior of star-
shaped poly(4-vinyl pyridine)-block-poly(acrylic acid) (P4VP-b-PAA) diblock copolymers.
According to their results, full protonation of both groups occurs under acidic conditions lead-
ing to a cationic polymer species and good water solubility. Consequently, at high pH values
deprotonation of the acidic group leads to an anionic species. In between those extremes, at pH
5-8, aggregation of the polymers occurs due to the presence of both, positive and negative

charges and, thus, the formation of complexes.[*¥ In principle, many recent examples focus on
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the increase of conversion or the suppression of side reactions. However, no, or only little
attention was paid to the number of repeating units actually required to influence solution

properties of star-shaped (block) copolymers.

In this work, we present the synthesis of well-defined double hydrophilic poly(ethylene glycol)-
block-polydehydroalanine [PEGx-b-PDhay]s star-shaped block copolymers with either short
(6-7 repeat units) or longer arms (~ 40 repeat units) for the ampholytic segment. While PEG
offers high-water solubility, PDha as weak polyampholyte is either positively charged, nega-
tively charged, or zwitterionic depending on the solution pH value and, with that, our aim was
to study the influence of short charged segments on the solution behavior of such materials.!*
As both oppositely charged moieties are carried in the same monomer unit, PDha can further
be defined as polyzwitterion.[**l In 2013 Giinther et al. compared free radical polymerization
with NMP for the polymerization of tert-butoxycarbonylaminomethyl acrylate (tBAMA) and
investigated afterwards the deprotection reaction of PtBAMA to obtain PDha.[*yl Furthermore,
in 2016 Billing et al. reported on the synthesis of homo and diblock copolymers containing
PtBAMA segments via ATRP using a bromide ester-based PEG macroinitiator.['® Later in
2017, the deprotection of these materials could be shown but, due to the harsh deprotection
conditions, it was not possible to obtain PEG-b-PDha due to cleavage of the ester linkage be-
tween both blocks.[*1 We could later overcome this obstacle by the use of a more hydrolysis
stable amide-based macroinitiator for the block extension of linear PEG with tBAMA and the
successful deprotection to PEG-b-PDha, thereby avoiding cleavage of the second block.["1 We
now extend this to star-shaped block copolymers and as the resulting [PEGx-b-PDhay]s block
copolymers provide both, amino and carboxylic acid groups in the PDha segment, these mate-
rials are of interest for either reversible physical crosslinking due to electrostatic interactions
with an oppositely charged counterpart under basic or acidic conditions or the amino group can
be used for permanent crosslinking due to covalent linkage using either epoxides or aza-michael
acceptors. This has been shown for a range of PDha-based graft copolymers which used either
benzyl glycidyl ether (BGE), 1,2-epoxy octane (EOct), nonafluoropentyloxirane (NFPO),
poly(ethylene glycol)glycidyl lauryl glycidyl ether (PEO-LGE), acrylonitrile (ACN)M8l
NiPAAmM™, phosphonic acid,’?® or epoxy-functionalized PEGI?!! for grafting reactions. The
herein shown synthetic strategy allows the addition of 6-7 repeating units of PDha at each arm,
yielding star-shaped block copolymers with defined and short charged end groups. Further to
the synthesis of [PEGx-b-PDhas.7]4 star-shaped block copolymers with B of < 1.10, we also
show that block extensions with higher conversions of up to 41% adding more than 40 repeating
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units of PtBAMA at each arm are possible, yielding well-defined star-shaped block copolymers

with longer polyampholytic segments.

7.6. Experimental Part

Materials

Methanesulfonyl chloride (> 99.7%) alpha-Bromoisobutyryl bromide (98%), Cu(l) bromide
(99.999%), Cu(l) chloride (99.99%), Cu(ll) bromide (99%), Cu(Il) chloride (99%) and Cu(0)
powder (99,999%) were purchased from Sigma-Aldrich. TFA (> 99.9%) was purchased from
Roth, tricthylamine (>99.0%) from CHEMSOLUTE® and N-(tert-butoxycarbonyl)-L-
serinmethylester (98%) from Carbolution Chemicals, LiOH monohydrate (56% LiOH) from
acros organics, all [PEGx-NHz]4 species from JenKem Technology. Cu(l)X was purified by
stirring in glacial acetic acid overnight and rinsing with methanol before drying in vacuo. All

other reagents were used as received.

Analytic Methods

Nuclear magnetic resonance (NMR) spectroscopy

'H-NMR and *C measurements were performed on a Bruker AC 300 MHz using CDCls or
D>0O/NaOD as solvent.

Size exclusion chromatography (SEC)

SEC traces were measured in DMSO on a Jasco instrument using DMSO + 0.5% LiBr as
solvent at a flow rate of 0.5 mL/min at 65 °C and a Pullulan calibration. The setup contains PSS
NOVEMA 3000 Angstrom / 300 Angstrom columns, an RI-930 detector, as well as a PU-980

pump.

Measurements using DMAc + 0.21 wt.% LiCl as eluent were carried out using an Agilent 1200
Infinity system equipped with a G1310A Pump, a G1362A AS autosampler, and three consec-
utive PSS SDV, 5 um, 8 x 300 mm columns. DMAc was used at a flow rate of 1 mL/min. The
column oven was set to 30 °C, and signals were detected using a G1315D DAD and a G1362A
RID detector. The system was calibrated using PEG/PEO (238 to 969000 g/mol) or PMMA
(400 to 2200000 g/mol).
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Dynamic Light Scattering (DLS)

DLS measurements were performed on solutions at ¢ = 0.2 mg mL™ at scattering angles of
30°-150° using a light scattering setup equipped with an ALV-SP125 goniometer, an
ALV/LSE5004 multi tau correlator, a fiber optical ALV/High QE APD avalanche photodiode
with pseudo-cross correlation (ALV-Laservertriebsgesellschaft mbH, Langen, Germany) and a
uniphase He/Ne laser (632.8 nm, Thorlabs Inc). The temperature was controlled by a Huber
Pilot One thermostat (Peter Huber Kéltemaschinenbau AG, Offenburg, Germany) and kept at
25 °C. The solutions were filtered with a Millex LCR filter (0.45 pum; 13 mm) at pH = 13, a
Millex glass fiber filter (1 pm; 25 mm) at pH = 5, and a Millex LS filter (5 pm; 25 mm) at
pH = 3 to account for the respective aggregation tendency. The samples were filtered in a
dust-free laminar flow box prior to the measurement to obtain dust free polymer solutions. The
samples for DLS were prepared by dissolution of the respective polymer in 0.1 M NaOH over-
night at room temperature on a shaking plate and titration to the desired pH using 0.5 M, 0.2 M
and 0.1 M HCI. Details on the DLS analysis are given in the SI (Appendix A.7).

Titrations

pH titrations were carried out using an OMNIS Advanced Titrator (Deutsche METROHM
Prozessanalytik GmbH & Co. KG, Filderstadt, Germany) equipped with a magnetic stirrer, a
Pt1000 temperature sensor, and a dosing module. For pH detection, either an ECOTRODE plus
pH-glass electrode, or a BIOTRODE was used. The polymers were dissolved in 0.1 M NaOH
resulting in a 0.2 mg mL! solution with a pH between 12 and 13 and subsequently titrated with
0.1 M HClI at a dosing rate of 0.01 mL min™t. For sample taking the titration was paused at the

desired pH value and afterward continued.

Zeta potential measurements

Zeta potentials were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS technique
with a laser beam at 633 nm. The detection angle was 13°. The electrophoretic mobilities (u)
were converted into {-potentials via the Smoluchowski equation,?? where 1 denotes the

viscosity and € the permittivity of the solution.
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Atomic force microscopy (AFM)

AFM measurements were conducted on a NT-MDT Integra system in tapping mode.
Commercially available cantilevers (NSC35, Anfatec instruments AG) were used to investigate
the morphology of aggregates. Polymer films were spin-coated at 2000 rpm on piranha cleaned
silicon substrates at room temperature. Images were acquired at a scan speed of 1.5 Hz and

were analyzed with the Gwyddion software package.

Fourier-transform infrared spectroscopy (FTIR)

IR measurements were carried out on a Perkin Elmer Frontier FTIR spectrometer equipped with
a Specac Golden Gate ATR accessory (with high temperature diamond top plate and tempera-

ture controller).

Synthesis of tBAMA

N-(Tert-butoxy carbonyl)-D-serine methyl ester (10 g, 45.6 mmol) was dissolved in dichloro-
methane (200 mL). Methane sulfonyl chloride (Ms-Cl, 6 mL, 77.5 mmol) was then added to
this solution under vigorous stirring. The reaction mixture was cooled to 0 °C before triethyla-
mine (TEA, 23 mL, 165.9 mmol) was added dropwise. The solution was stirred at 0 °C for 1 h,
and then for a further 2 h at room temperature. The reaction mixture was then washed with a
potassium bisulfate solution (1%) to neutrality. The organic phase was dried over Na>SOa, fil-
tered, and the solvent removed under reduced pressure. The product was further purified via
column chromatography with silica gel (n-hexane:ethyl acetate = 8/2 (v/v)). The product was

then dried under reduced pressure to obtain a colorless oil with a yield of 87% (8 g, 39 mmol).

!H-NMR (300 MHz, CDCls, §): 7.00 (s, 1 H, -NH), 6.13 (s, 1 H, -C-CH3-), 5.70 (s, 1 H -C-
CH2-), 3.8 (s, 3 H, -O-CHs), 1.46 (s, 9 H, -COO-C-(CHs)3) ppm. The 3C-NMR spectrum can
be found in the supporting information (Figure A.7. 1).

Synthesis of [PEG-amide-Br]4

a-Bromoisobutyryl bromide (1.28 mL, 11.85 mmol) was added dropwise to a solution of
[PEOss-NH2]4 (3 g, 3 mmol) and trimethylamine (TEA, 1.68 mL, 2.5 mmol) in DCM (120 mL)
at 0 °C. Afterwards, the solution was stirred for 72 h at room temperature. The resulting solvent
mixture was extracted once each with saturated sodium bicarbonate, deionized water, and

saturated brine. The organic phase was dried over MgSOas. After evaporation of the DCM, the
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concentrated solution was precipitated twice into cold diethyl ether. The white precipitate was

dried under vacuum (2 g, 1.9 mmol, 62% yield).
'H-NMR (300 MHz, CDCls, 8): 3.9-3.5 (m, backbone), 1.94 (s, 24 H, -C- (CHs)2Br) ppm.

13C-NMR (300 MHz, CDCI3, 8): 32.47 (-C-(CHj3)2), 40.10 (-C-(CHs)2), 45.51 (carbon core),
62.51 (core-CHa-), 62.58 (-O-CH2-CH>-), 70.56 (-O-CH2-CH>-), 171.97 (-C=0). The *C-NMR
spectrum can be found in Figure A.7. 2.

Synthesis of [PEGss-b-PtBAMAGs]svia ATRP

For a typical synthesis of [PEGss-b-PtBAMAs]4, tBAMA (5.64 g, 200 eq, 28.2 mmol; or 50 eq
each arm), dNbpy (458.84 mg, 8 eqg, 1.12 mmol) and [PEGss-amide-Br]s (800 mg, 1 eq,
0.14 mmol) were dissolved in 1.5 mL dioxane/DMF (v/v) = 10/20 and deoxygenated using four
consecutive freeze-pump-thaw cycles. Afterward, CuCl (34.7 mg, 4 eq, 0.35 mmol) was added
under inert conditions to the still frozen reaction mixture followed by four cycles changing
between vacuum and argon before the polymerization mixture was allowed to warm up and set
to 60 °C. The polymerization was carried out at 60 °C for 24 h. The reaction was then terminated
by cooling in liquid nitrogen followed by the addition of methanol. After removal of the residual
copper using a neutral AlIOx column, the solvent was removed by freeze-drying at the Schlenk
line for a few hours. The residue was dissolved in DCM and precipitated three times into cooled
n-hexane. The desired block copolymer was isolated by the removal of the leftover solvent

under reduced pressure as a white powder.

IH-NMR (300 MHz, CDCls, 8): 6.36-4.75 (m, -NH (residue)), 3.96-3.33 (PEG-backbone +
methyl ester), 3.38-1.78 (PtBAMA backbone), 1.63-1.05 (C-(CHs)s).

13C-NMR (300 MHz, CDCI3, §): See SET-LRP

Synthesis of [PEG27-b-PtBAMAu1]4via SET-LRP

For a typical synthesis of [PEG27-b-PtBAMAu41]4, tBAMA (2822 mg, 14 mmol, 400 equiva-
lents), TPMA (81.5 mg, 280 pumol, 8 equivalents), Copper(Il) Chloride (1.88 mg, 14 umol, 0.4
equivalents), [PEG27-amide-Br]4 (200 mg, 35 pumol, 1 equivalent) were dissolved in 22.5 mL
iso-propanol and deoxygenated using four consecutive freeze-pump-thaw cycles. Afterward,
Cu(0) (8.91 mg, 140 umol, 4 equivalents) was added under inert conditions to the still frozen
reaction mixture followed by four cycles changing between vacuum and argon before the

polymerization mixture was allowed to warm up. The polymerization was carried out at room

186 | Experimental Part



CHAPTER V: TAILOR-MADE IONIC FOUR-ARM STAR BLOCK COPOLYMERS

temperature (23 °C) for 48 h. The reaction was then terminated by cooling in liquid nitrogen
followed by precipitation into cold n-hexane. The residue was dissolved in dioxane and passed
over a neutral AIOx column to remove the leftover copper species. The desired block copolymer

was isolated by the removal of the leftover solvent under reduced pressure as a white powder.

'H-NMR (300 MHz, CDCls, §): 6.36-4.75 (m, -NH (residue)), 3.96-3.33 (PEG-backbone +
methyl ester), 3.38-1.78 (PtBAMA backbone), 1.63-1.05 (C-(CHs)3).

13C-NMR (300 MHz, CDCI3, §): 28.54 ((Me)3-O-C=0), 32.47 (-C-(CHs)2), 40.10 (-C-(CHzs)2),
41.45 (Me-0-C=0), 45.51 (carbon core), 51.90 (PtBAMA backbone), 60.03 (PtBAMA back-
bone),67.05 (core-CHz-), 70.05 (-O-CH2-CHz>-), 70.57 ((Me)3-O-C=0), (105.15 (Leftover
monomer)), (131.26 (Leftover monomer)), 153.89 ((Me):-0-C=0),164.44 (Me-O-C=0),
171.97 (-NH-C=0). The *3C-NMR spectrum can be found in Figure A.7. 3.

Deprotection of [PEG27-b-PtBAMA]4 to [PEG-b-PDha]4

[PEG27-b-PtBAMAG]4 (600 mg) was dissolved in TFA (25 eq.) and stirred for 10 h at 50 °C.
Afterward, the reaction mixture was neutralized and dialyzed against water for 3 days with 3
solvent exchanges per day. Afterward, the resulting dispersion was freeze-dried and washed

with n-hexane. The polymer was obtained as slightly pinkish powder (yield: 50%).

'H-NMR (300 MHz, CDCls, §): 3.81-3.30 (s, (PEG-backbone), 2.70-1.82 (m, PDha-backbone).
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7.7. Results and Discussion

Synthesis of [PEGx-b-PtBAMA,]4 star-shaped block copolymers

Herein we report the synthesis of four-arm star-shaped double hydrophilic block copolymers
based on different PEG core sizes (5,000 g/mol — [PEG27-amide-Br]4, 10,000 g/mol — [PEGse-
amide-Br]s, and 20,000 g/mol — [PEG112-amide-Br]4). These were modified as ATRP macroin-
itiators and, subsequently, block extension with different lengths of tBAMA was carried out.
Afterwards, deprotection resulted in the formation of [PEGx-b-PDhay]4 block copolymers fea-

turing PDha segments of different length (Scheme 7. 1).
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PtBAMA PDha

poly(tert-butoxycarbonylamino-  Poly(dehydroalanine)
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Scheme 7. 1: Synthetic route for the synthesis of double hydrophilic [PEG-b-PDha]a star block copolymers.

Starting from different core sizes of [PEG-NH2]4, a-Bromoisobutyryl bromide was used for end
group modification of all four arms, achieving amide-based macroinitiators for atom transfer
radical polymerization (ATRP) and single electron transfer living radical polymerization (SET-
LRP). As the deprotection of tBAMA is performed under acidic conditions, an amide macroin-
itiator was chosen. This functionality leads to higher stability towards hydrolysis in comparison
to typically reported ester counterparts. This concept was already successfully used for linear
block copolymers.[*”l 'TH-NMR spectroscopy shows a quantitative modification of the amines
when the corresponding methyl groups are compared to the PEG backbone (Figure A.7. 4).
Furthermore, the conversion of [PEG27-NHz]4 to the [PEG27-amide-Br]4 macroinitiator was
monitored via FTIR spectroscopy showing that the C=0 vibration at 1670 cm™ and the
-NH vibration at 1523 cm appear with the introduction of the bromine-terminated end-group
(Figure A.7.5).
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We will first describe the choice of starting conditions for the block extension via ATRP.
Afterwards, optimal conditions for the addition of 6-7 repeating units of tBAMA via ATRP are
shown, followed by an increase of conversion to 40% resulting in well-defined
[PEG27-b-PtBAMAu1]4 via SET-LRP. Finally, conditions for the deprotection of PtBAMA in a
one-pot reaction are shown. For the ATRP, optimization of different parameters like the amount
of deactivator species, type of copper species, solvent, concentration, temperature, and choices
of ligand on B and conversion are detailed in the supporting information (Figures A.7. 6—
A.7.9 and Tables A.7. 1 — A.7. 5). The choice of ligands used was based on their activity
(katre) according to literature values.[?®l Here, mainly two ligands with different activity were
compared: [(2-pyridyl)methyl]amine (TPMA) showing higher katre and 4,4'-di-5-nonyl-2,2'-
bipyridine (dNbpy) showing lower katre considering the activation determined by Robert et al.
in 2000.24 Furthermore, dNbpy was already tested for linear block copolymers, resulting in
slow conversion and P < 1.4, which rendered dNbpy a promising candidate for our work.*"]
Hence, dNbpy will in the following be used for the addition of short segments via ATRP while
TPMA is used for higher conversions and longer PDha chains via SET-LRP. Regarding

temperature, we choose 60 °C according to previous experience.*]

Towards short PIBAMA segments

Table 7. 1 sums up the successful block extension of [PEG-amide-Br]4 adding 6 repeating units
tBAMA at each arm without significant changes in B if compared to the macroinitiator. This
was achieved using ratios of tBAMA:dNbpy:CuCl:macroinitiator = 200:8:4:1 with a concen-
tration of 0.63 mmol mL for 4 h at 60 °C using a dioxane:DMF ratio of 1:2. Additionally, no
deactivator species was added for this reaction, since already enough control over the reaction
can be expected due to the use of dNbpy as ligand. As the first reaction starting from
[PEG27-amide-Br]4 was sufficient, this ratio was transferred to comparative experiments start-
ing from the macroinitiators with higher molecular weight. In both cases, the reaction could be
successfully transferred to different core sizes (Table 7. 1). Figure 7. 2 shows the correspond-
ing SEC traces (Figure 7. 2A) and each in comparison to the respective macroinitiator
(Figure 7. 2B - C).
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Table 7. 1: Reaction conditions used to synthesize [PEGx-b-PtBAMAs.7]s via ATRP starting from different PEG
core sizes. Corresponding polymer properties are characterized by SEC and *H-NMR spectroscopy.

DPn T DPn, M,
Eotry (1] PEG/ arm [CuCl] [BAMA] - [dNbpy] [°C] PBAMA/arm® [g/mol]? Y
1 1 27 4 200 8 60 6 15,000 1.09
2 1 56 4 200 8 60 6 22,200 1.06
3 1 112 4 200 8 60 7 36,800 1.09

aDetermined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by ® 'H-NMR spectroscopy. All
reactions use a monomer concentration= 0.63 mmol/mL (ratio: dioxane/DMF=1:2).

A B
—— [PEG,-b-PIBAMA],
—— [PEGg5-b-PIBAMA], —— [PEG-amide-Br],
— [PEG,,,-b-PtBAMA,], —— [PEG,,-b-PtBAMA ],
T T T T T T 1 T T T T T
15 16 17 18 19 20 21 16 17 18 19 20
Elution Volume [mL] Elution Volume [mL]
C D

——[PEG,,,-amide-Br],

—— [PEGgs-amide-Br], [PEG,,-b-PIBAMA,

——[PEG,-b-P{BAMA ],

T T T T T T T T T 1
16 17 18 19 20 15 16 17 18 19
Elution Volume [mL] Elution Volume [mL]

Figure 7. 2: A: Comparison of different [PEGx-b-PtBAMAg.7]4 species (eluent: DMAC/LICI [99.79/0.21]); B SEC
elution traces (eluent: DMAC/LICI [99.79/0.21]) showing [PEG27-b-PtBAMAs]4 and the corresponding [PEG27-
amide-Br]s macroinitiator used. C: SEC-traces (eluent: DMACc/LICI [99.79/0.21]) showing [PEGss-b-PtBAMAG]4
and the corresponding [PEGss-amide-Br]s macroinitiator used. D: SEC-traces (eluent: DMAC/LICI [99.79/0.21])
showing [PEG112-b-PtBAMA]4 and the corresponding [PEG112-amide-Br]s macroinitiator used.

In summary, all three star-shaped block copolymer species show B of 1.06-1.09 being

comparable to the respective macroinitiators and show parallel shifts in SEC towards higher
molecular weight, hinting towards no or little leftover macroinitiator. Additionally, all the block
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copolymers were synthesized on a gram scale starting from 800 mg of macroinitiator. We ex-
plain the observed shoulder visible at both, macroinitiator and the corresponding star-shaped
block copolymer due to impurities of the pentaerythritol-core with dipentaerythritol, resulting
in additional [PEG-NH:]e next to [PEG-NH:]s. Attempts to purify the starting material used or

the resulting block copolymers resulting were so far unsuccessful.

Towards increasing conversion

The use of different solvents (Table 7. 2) reveals that the conversion can be drastically
increased if alcohols are used as solvent (ethanol < iso-propanol < 1-octanol). Alcohols as
solvents are well known to promote the disproportionation of Cu(l)X into Cu(0) and Cu(l11)X
which is a crucial step in SET-LRP.[?1 Additionally, more recent work of avoiding star-star
coupling reactions shows that Cu(0) mediated controlled radical polymerization combines
high-end group fidelity with fewer star-star coupling reactions observed.!2%26-281 After several
optimizations steps comparing different alcohol species as solvent using SET-LRP (see
Appendix A.7) and ATRP, monomodal size distributions for conversions of more than 40%
could be achieved, leading up to 41 repeating units of PtBAMA at each arm and a corresponding
b of < 1.4 (Figure A.7.8 and A.7.9).

Table 7. 2: Reaction conditions used to synthesize [PEG27-b-PtBAMAy]4 via SET-LRP, showing the influence of
solvent used. The corresponding block copolymer characteristics were determined by SEC and *H-NMR spectros-

copy.

T  DPANMR M, Reac-
Entry [I] [Cu(0)] [Cu(ICI] [tBAMA] [L] [B]  tion
[°C] farm [9/mol]

time
1 1 4 0.8 400 8 RT 41 27,800 1.37 48 h
2 1 4 0.4 400 8 RT 70 69,400 2.49 24 h

3 Determined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by ® *H-NMR spectroscopy. All
reactions use a monomer concentration = 0.63 mmol/mL and either iso-propanol (entry 1) or 1-octanol (entry 2)
as solvent.

Based on the synthetic conditions established above, a small set of 5 different star-shaped block
copolymers were chosen for subsequent deprotection. The samples differ either in the length of
the PEG chains ([PEG27-b-PDhag]s, [PEGss-b-PDhas]s and [PEG112-b-PDhav]4) or the length of
the PtBAMA block was varied ([PEG27-b-PDhas]s, [PEG27-b-PDhazxo]s or [PEG27-b-PDhas1]s).
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One-pot deprotection of PBAMA to PDha

As already shown in Scheme 7. 1, for the one-pot deprotection of PtBAMA neat TFA is used
at 50 °C to obtain [PEGx-b-PDhay]4. Figure 7. 3 shows the quantitative deprotection of the ester
group and additionally the deprotection of > 95% of the boc group after 10 h reaction time. The
signal of the ester group is overlapping with the PEG backbone when CDCls is used as NMR-
solvent. However, after deprotection of the boc group the leftover ester signal shifts towards
lower ppm when a mixture of DO/NaOD is used, which allows determining the quantitative
cleavage of the ester group.
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Figure 7. 3: 'H-NMR spectroscopy measurements of [PEGx-b-PtBAMA,]4 (red trace, measured in CDCls) and
[PEGx-b-PDhay]s. (blue trace, measured in D,O/NaOD).

As the star-shaped block copolymers after deprotection show limited solubility in all solvents
except DMSO and water, both were used as potential solvents for SEC measurements. Unfor-
tunately, in both cases either column interactions or uneven baselines prevented a meaningful
evaluation of the obtained data. To assess the stability of the amide linkage between both
blocks during the deprotection reaction we used H-NMR spectroscopy. For that, the
[PEGss-amide-Br]4 macroinitiator of higher molecular weight was stirred in a large excess of
neat TFA at 50 °C for 10 h and, after workup, the ratio between PEG backbone and amide was
compared, resulting in a cleavage of < 10% (Figure A.7. 10). Additionally, all star-shaped

block copolymers after deprotection showed signal for both segments in NMR spectroscopy.
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Solution behavior of [PEG-b-PDhay] 4

Since [PEGx-b-PDhay]4 is a double hydrophilic star-shaped block copolymer carrying polyzwit-
terions as the second block, the polymers were dissolved in 0.1 M NaOH and their solution
behavior at different pH values was characterized via potentiometric titrations, {-potential
measurements, DLS and additionally AFM measurements after immobilization on silicon sub-
strates. Figure 7. 4A shows the potentiometric titration of [PEG27-b-PDhas]4 dissolved in 0.1 M
NaOH (c = 0.2 mg mL 1) which was afterwards titrated with 0.1 M HCI. For the corresponding
{-potential measurements the titration was stopped at the desired pH values and samples were
taken before the titration was continued. Figure 7. 4C shows the mean values of a triple deter-

mination for each of these corresponding samples.
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Figure 7. 4: A Potentiometric titration of [PEG27-b-PDhag]s dissolved in 0.1 M NaOH at a concentration of
0.2 mg/mL and titrated with 0.1 M HCI; B Zoom of Figure 7. 4A in the range of 8-16 mL; C (-Potential of
[PEG.7-b-PDhag]4 at different pH values determined by titration (Figure A.7. 11: Titration and (-Potential of
[PEG27-b-PDha41]4).
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Starting around pH 12.5 the first titration steps until pH 11 correspond mainly to the neutrali-
zation of excess NaOH. Afterward, from pH 11 to pH 7 the stepwise protonation of the -NH>
groups of the PDha segment can be observed, being in accordance with earlier work on PDha
homopolymers where a pKg of 9.2 for the -NH, groups was determined.** Within this pH
range the star-shaped block copolymer shows a negative net charge, which we further support
with the negative {-potential measurements (Figure 7. 4C). However, in literature typical pKa
values of comparable —-COOH groups of alanine are reported around a pKa of 2.35,2%-3 fitting
to our measurements. Due to that at pH values of 6 and below the protonation of the —-COO~
groups of the PDha block should increase, leading to charge neutrality at the isoelectric point
and afterwards a positive net charge due to protonation of the —.COOH groups and the presence
of positively charged ~NH3* moieties. The potentiometric titration shows clearly a second
equivalence point around pH = 3-4 corresponding to the pKa of the carboxylic acid groups,
while the (-potential measurements detect the isoelectric point between pH = 2 and pH =4 and
an overall positive charge below pH = 2. With that both, the potentiometric titration and the
corresponding C-potential measurements describe the same trend for the charge inversion of the
PDha segments. The differences can be tentatively explained due to the influence of the PEG

core which might influence the overall charge of the star-shaped block copolymers.[]

At higher concentrations of 20 mg mL™, lower pH values then pH = 7 lead to aggregation
observable by turbidity and finally precipitation of the star-shaped block copolymer at pH val-

ues lower than 4. In case of lower concentrations (0.2 mg mL™), no precipitation was observed.

Additionally, both experiments were carried out using [PEG27-b-PDhaa1]4, showing comparable
results and with that no or nearly no changes in characterization when the ratio of PEG to PDha
per arm is significantly altered (Figure A.7. 11). However, for further investigation next to
potentiometric titrations and {-Potential measurements dynamic light scattering measurements
and atomic force microscopy at the same concentrations will be discussed, showing the
expected aggregation behavior which at higher concentrations leads to the observed precipita-

tion.

Dynamic light scattering was used to gain insight into pH-dependent solution behavior of the
star-shaped block copolymers. Sample preparation was carried out by dissolution at pH = 13 at
0.2 mg mL~! or 0.4 mg mL? respectively in case of pH = 3 and pH = 5, followed by titration
(see below). Please note that comparably large aggregates were formed at pH = 3 after titration,
thus measurements had to be conducted directly after titration and a 5 um filter had to be used

to account for large aggregates. Figure 7. 5A shows the normalized correlation functions of
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[PEG27-b-PDhagls and [PEG27-b-PDhasi]s at ¢ = 0.2 mg mLt. From this graph, it is already
evident, that the decay times are shifted to higher values at pH = 3 if compared to pH = 13,
indicating slower diffusion and correspondingly higher hydrodynamic radii. Additionally, the
raw data fluctuates strongly around the baseline, indicating higher order aggregates. It is also
apparent that the decay curve for [PEG27-b-PDhaa1]4 content drops off later at pH = 3, resulting
in larger aggregates. However, at pH = 13, both samples show comparable decay times and

with this comparable solution behavior.
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Figure 7. 5: A Normalized autocorrelation functions (rectangles) at a scattering angle of 90° of [PEG2;-b-PDha]4
(blue) and [PEG27-b-PDhaui]4 (green) at a concentration of ¢ = 0.2 mg mL™* and at pH values of pH = 3 (open
symbols) and pH = 13 (full symbols) together with their respective fit functions (solid lines) and the corresponding
residuum fluctuating around zero. B Received hydrodynamic radii from the DLS measurements at 90°. The error
bars were chosen to be large enough to capture the full distribution of radii.

These qualitative results are confirmed in Figure 7. 5B, which summarizes the hydrodynamic
radii of [PEG27-b-PDhas]4 and [PEG27-b-PDhas1]4 from the DLS measurements at pH values of
3, 5, and 13. For all measurements, a biexponential fit of the data was used to account for the
size distribution of the aggregates, resulting in two hydrodynamic radii. The smaller hydrody-
namic radius is assigned to Ry, and the larger to Ry ,. Details of the hydrodynamic radius
calculation and the fitting procedure are given in the SI (Appendix A.7). In general, the hydro-
dynamic radii increase with decreasing pH value, as the repulsive interactions from
—COO™ groups start to vanish at pH = 5 due to their protonation and the isoelectric point is
reached at around pH = 3. Besides decreasing electrostatic repulsion, we also assume that in-
creasing inter- and intra-molecular hydrogen bond formation occurs at lower pH values, further
increasing the tendency to form aggregates. In case of [PEG27-b-PDhaa1]a4 this increase is more

pronounced ranging from tens of nanometer, (70 £ 10) nm, at pH = 13 to (160 + 30) nm at
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pH =5 to a few micrometer, (4 = 1) um, at pH = 3 for Ry ,. In case of [PEG27-b-PDhag]a the
increase of Ry, ranges only from (90 + 10) nm at pH = 13 to a few hundred nanometers,
(700 £ 300) nm, at pH = 3. This stronger aggregation tendency for [PEG27-b-PDhaas1]4 in com-
parison to [PEG27-b-PDhas]4 can be attributed to the increased DP of the PDha segments, lead-
ing to stronger attraction, either due to hydrogen bonding or to chain collapse of the outer
blocks. Comparing the complete set of materials varying in PDha-content ([PEG27-b-PDhag]s;
[PEG27-b-PDhazo]s; [PEG27-b-PDhas1]s) as well as in core size ([PEGss-b-PDhas)s;
[PEG112-b-PDhar]s) at ¢ = 0.2 mg/mL and a scattering angle of 90°, the found hydrodynamic
radii at pH = 13 and pH =5 are of the same order of magnitude at the respective pH value. We
receive radii of approximately Ry, = 20-30 nm and Ry, = 60-90 nm at pH = 13, and
Ry 1 =20-90 nm and Ry , = 100-250 nm at pH = 5 indicating comparable solubility and solu-
tion behavior independent of core size or length of the polyampholytic block. The higher radii
at lower pH can be attributed to the partial protonation of the —-COOH groups which results in
lower repulsion between the stars and allows for higher aggregation numbers. At the lowest pH,
however, the hydrodynamic radii vary widely, but the overall aggregation tendency increases
with decreasing core size as well as with increasing PDha content. The results at a scattering

angle of 90° and at the different pH values are summarized in Table A.7. 6.

Moreover, we also examined the aggregates formed by [PEG27-b-PtBAMAGs]s by AFM. The
films of the copolymer solutions at pH = 3 and pH = 13 at a concentration of 0.2 mg mL~* were
deposited on silicon wafers by spin coating. Figure 7. 6 shows representative AFM images of
aggregates formed at pH = 3 (Figure 7. 6A) and pH = 13 (Figure 7. 6D). At pH = 3, the lateral
sizes of the aggregates is distinctly larger (= 800 nm-1.7 pum) compared to pH = 13
(=40 nm-200 nm), which is in agreement with the results obtained from DLS experiments. The
overall sizes are slightly lower, presumably due to drying during sample preparation. With
further increase of the solution concentration to 1 mg mL™, larger aggregates were observed
(Figure A.7. 12). Additionally, the size of the aggregates increases if the PDha block lengths
is increased in case of [PEG27-b-PDhas1]4 (Figure A.7. 13). We explain the formation of larger
aggregates at lower pH values due to the increasing formation of H-bonds within the PDha
segments as well as an overall decreased solubility in aqueous media, as also discussed above
and illustrated in Figure 7. 7. Overall, a similar trend for the solution behavior of
[PEG-b-PDha]s star-shaped block copolymers is observed: decreasing solubility at lower pH
due to the pH-responsive PDha segments. It seems that even short PDha block lengths of 6-7
repeat units per arm are sufficient to significantly influence the solution behavior of the

materials, depending on pH.
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Figure 7. 6: A and D AFM height images showing the aggregates of [PEG27-b-PDhag]4 at pH = 3 and pH = 13 at
a concentration of 0.2 mg mL* respectively. B Zoomed in AFM height image for the region marked by the blue
box in A. C Cross-sectional height profile along the blue dashed line shown in B. E Zoomed in AFM height image

for the region marked by the green box in D. F Cross-sectional height profile along the green dashed line shown
inE.
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Figure 7. 7: Schematic depiction of the expected aggregation behavior of [PEG27-b-PDhay]a.
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We further explain the smaller aggregates present at pH = 5 with a partial collapse of the PDha
segments, being closer to the isoelectric point and the absence of electrostatic stabilization leads
to agglomeration of the star block copolymers as illustrated in Figure 7. 7 (middle part). At pH
13 the aggregates observed are smaller if compared to pH =5 and pH = 3. There are several
examples in the literature demonstrating the aggregation of double hydrophilic block copoly-
mers in water, such as Ke et al.®¥l, describing the formation of loose aggregates of poly(ethylene
glycol)-block-poly(N,N-dimethylacrylamide) (PEG-b-PDMA). Another case uses stimuli-re-
sponsive poly(ethylene oxide)-block-poly(N-isopropylacrylamide) (PEO-b-PNIPAM) block or

graft copolymers in water and also included theoretical descriptions.> 26l

7.8. Conclusion

We have demonstrated the synthesis of well-defined star-shaped [PEGx-b-PtBAMAy]4+ based
on different core sizes of [PEG-amide-Br]4 macroinitiators of either 5,000 g/mol, 10,000 g/mol,
or 20,000 g/mol. Afterward, we additionally showed that with a change from ATRP to
SET-LRP it is possible to change from the addition of only 6-7 PtBAMA units per arm (ATRP)
to longer chains of up to 41 repeat units (SET-LRP) in a well-controlled manner. For all block
copolymers, deprotection towards PDha was possible in a one-pot reaction using TFA and the
resulting double hydrophilic block copolymers revealed interesting solution properties, which
resulted in an increased aggregation tendency at low pH values, as indicated by a combination

of DLS, AFM, potentiometric titrations, and {-Potential measurements.

Based on the results presented herein, we will utilize the pH-dependent solution characteristics
of such materials for their use in hydrogels as charged stickers to induce reversible crosslinking,
as already investigated from a theoretical point of view.[*”1 On the other hand, longer PDha
blocks will allow for subsequent modification towards multi-functional materials and their use
in sensing based on post-polymerization modification of the highly functionalized PDha
part. [°]
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8. CHAPTER VI: FROM IONIC BLOCK COPOLYMERS TO
REVERSIBLE HYDROGELS

Electrostatically triggered hydrogel formation based on star-shaped

polyampholytic block copolymers: a combined experimental

and theoretical approach
I . Fribiczer, [N

Macromolecules, 2024, under review (status: 07.03.2024; initial submission: 18.01.2024)

The corresponding Supporting Information is included in Appendix A.8.

The results in this chapter were adapted with permission from the authors.

8.1. Specific Summary

In general, two oppositely charged polyelectrolytes are required to form a network based on
electrostatic interactions. By use of charged four-armed block copolymers, the strength of the
bond can be adjusted by the length of the ionic block and the type of ionic species. To incorpo-
rate pH-dependent reversibility, one polyelectrolyte can be replaced by a polyampholyte, which
allows the overall charge to be reversed by changing the pH value. This in turn enables a pos-

sible switch between a gel state and a sol state under suitable conditions.

Such a (one time) reversible network formation is presented in the following publication. In
order to provide a better insight into the personal contribution to the following study as well as
the path to this type of network chemistry and the obstacles on the way there, a brief recapitu-
lation of the preliminary investigations is given below. The structures of the monomers used

are shown in Scheme 8. 1 for a better understanding and overview.

In the last chapter (Chapter V), the synthesis of star-shaped block copolymers was described,
which consist of a four-armed PEG core block extended with multiple ampholytic
polydehydroalanin segments at each arm. As a counterpart to form a potential reversible net-
work, t-PEG block extended by poly (styrene sulfonic acid) natrium salt (PSSNa, 1) was chosen
as a permanently negative charged strong polyelectrolyte. Unfortunately, no gel formation on
practical relevant timescales could be observed neither optical nor by rheology.
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Scheme 8. 1: Representation of the monomers used for the block extension of the four-armed PEG core. The
carboxy betaine methacrylamide was used with different linker length (n) between the quaternized nitrogen and
the carboxylic acid group.

Therefore, poly (N-(3-(dimethyl amino) propyl) acrylamide) (DMAPAA, 2) was investigated
as ionic block together with PSSNa regarding a potential gel formation. By quaternization of
the terminal amino group, a permanent positive charge was incorporated. It was found that the
type of quaternization agent (methyl iodide or ethyl bromide) as well as the presence of the
counterions has a significant effect on the mechanical stability (see Figure 8. 1a). Despite pos-
itive optical flip vial tests, only a highly viscous liquid-like material could be detected by rhe-
ology measurements over a wide range of frequencies. First promising results were obtained by
a change from the acrylamide to the methacrylamide (DMAPMAA, 3) species in combination
with 1 (see Figure 8. 1b). With this system, a dominating storage modulus was found in rheol-
ogy at suitable environmental conditions and thus a gel formation. Nevertheless, only a gel state

was obtainable.

After all these initial and preliminary tests, changing the ion block to a carboxy betaine species
(4) led to the desired presence of a sol and a gel state depending on the pH conditions. In three
preliminary experiments, the most promising betaine species was determined with respect to
the betaine block length (sticker length), the length of the aliphatic chain between the amine
and the terminal carboxyl group (linker length) as well the concentration regime for the sol-gel
transition (see Figure 8. 1c and d). It was found that a concentration of 5-10 wt% together with
a block length of about 100 units of each betaine and PSSNa is suitable and that a longer linker
length of about 6 CH. units results in the most stable gels. Experiments with shorter ionic blocks

did not lead to improved gel formation, nor did the use of shorter linker lengths.
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Figure 8. 1: Selection of some important preliminary rheological experiments at pH = 4 of charge-balanced mix-
tures of t-PEG (M = 5 kg mol!) block extended each with (a) 1 and 2 (quaternized with methyl iodide as quater-
nization agent) with around 70 ionic units per arm at a concentration of 25 wt% in a non-dialyzed (black) and a
dialyzed (light blue) state. The influence of the quaternization agent is not shown here. (b) 1 and 2 (light blue,
corresponds to a) as well as 1 and 3 (cyan) with around 80 ionic units per arm at a polymer concentration of
25 wt%. Both 2 and 3 are quaternized with methyl iodide as quaternization agent. (¢) 1 and 4 with around 100
ionic units per arm at different polymer concentrations of 30 wt% (light cyan), 20 wt% (grey), 10 wt% (light blue),
and 5 wt% (dark blue). (d) 1 and 4 at a concentration of 5 wt% with around 100 units per arm and a linker length
of 6 CH»-groups (dark blue; corresponds to c) as well as with short linkers of only 3 CH.-groups (gold), and with
around 60 units per arm (short sticker) and a linker length of 6 CH-groups (cyan).

Based on these optimizations, a final system with a block length of 100 ionic units each, a linker
length of 5 CH2-groups and a concentration range of 0.5-10 wt% was designed. This final

system is presented and characterized in the following publication.

The synthesis of the star-shaped block copolymers is described, starting from amino-terminated
PEG and addition of either PSSNa or PDMAPMAA by reversible-deactivation radical polymer-
ization (RDRP). The carboxy betaine methacrylamide is then obtained by post-polymerization

functionalization with a suitable quaternization agent. The carboxylic group of the betaines can
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be either negatively (deprotonated) or neutrally (protonated) charged depending on the pH
value. In addition, the quaternary nitrogen exhibits an ever-present positive charge. The PSSNa
is a strong electrolyte and thus negatively charged in the entire investigated pH range. If both
polymers are mixed under charge-balanced conditions, hydrogel formation is to be expected at

a low pH value and a liquid-like material at a neutral to high pH value.

This hydrogel formation at low pH (pH = 3) is actually observed in the experiment. Sulfuric
acid, phosphoric acid and hydrochloric acid are tested and hydrogels with the highest modulus
are obtained with sulfuric acid, which is therefor used for all other investigations. The
mechanical characteristics are probed by rheology at pH = 3 and pH = 13 for different polymer
concentrations between 0.5-10 wt%. At low pH a hydrogel formation is obtained at all concen-
trations, which is in line with the expectations. However, at high pH a liquid-like material is
only found for concentrations < 2 wt%, higher concentrations remain solid-like. The high
concentration regime exceeds the overlap concentration of around 2 wt% and thus a transient

network is formed due to overlapping chain segments.

To enable reversibility of the gel formation, the liquid-like state must be attainable. Therefore,
only concentrations below 2 wt% are considered. The reversibility of the gel formation is in-
vestigated by switching from pH = 3 to pH = 13. After reaching basic conditions, a liquid-like
material is observed as expected. The change back to acidic conditions does not lead to a solid-
like material. The material remains liquid-like due to the high salt concentration in the system.
However, at least a one-time change between the gel and sol state is possible. The underlying
mechanisms and interactions are further explored with simulation techniques, which reveal that
both partial functionalization and charge regulation upon interaction of betaine and sulfonate
species increase the net charge in the betaine chains. This increases the pH window of electro-
static attraction between the two polymer species and thus extends the solid-like regime towards

basic conditions.

This provides the basis for further investigations of these materials with regard to their
reversibility and the influence of polymer and salt concentration. In addition, optimization of
the functionalization can help to shorten the pH range of the stable gels and thus enable multiple
switching due to lower salt concentrations. In addition, the influence of the base used can be
investigated in a similar way to the acid test. Moreover, other combinations of polyionic
materials can be tested at concentrations below the overlap concentrations regarding reversible

hydrogel formation.
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8.4. Abstract

Herein, we describe the synthesis and properties of reversibly electrostatically crosslinked
hydrogels based on star-shaped block copolymers. We synthesized two different star-shaped
block copolymers based on 4-arm poly(ethylene glycol) (PEG) with oppositely charged second
blocks: PEG-block-poly(styrene sulfonic acid) [PEG27-b-PSSNaioo]sa and PEG-block-
poly(carboxy betaine methacrylamide) [PEG27-b-PCBAMAAmM10s]4 using reversible-deactiva-
tion radical polymerization techniques starting from [PEG27-amide-Br]s macroinitiators. At to-
tal polymer concentrations below 4 weight percent of both, the betaine and sulfonate species
with about 100 charged units per arm, we observe the formation of either a liquid-like or a gel-
like state depending on the pH value. Oscillatory shear-rheology experiments are performed to
investigate the influence of polymer concentration, the type of counterion, or salt concentration
on the hydrogel formation and the type of betaine to successfully form hydrogels. In addition,
the pH-dependent switching from the gel to the sol state is investigated. Using molecular sim-

ulation techniques, we rationalize our experimental findings.
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Scheme 8. 2: Schematic representation of the pH-dependent behavior of ionic block copolymers between a gel
state and a sol state.
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8.5. Introduction

In the early 1950s, Wichterle and Lim proposed their idea of designing a new biologically and
chemically stable material that exhibits shape stability whilst being soft like the surrounding
tissue, additionally having a high permeability to water-soluble nutrients and metabolites.™
Later on, in 1953 Lim published the synthesis of copolymers based on 2-hydroxyethyl
methacrylate (HEMA) and ethylene dimethacrylate (EDMA), the first synthetic material
corresponding to that idea, which we nowadays consider a hydrogel.[d With the invention of
this first hydrogel both, Wichterle and Lim reported their first exact material definition in 1960
and defined a hydrogel as a water-swollen polymeric material that maintains a distinct three-
dimensional structure.!?! Due to their high-water content and depending on their potential bio-
compatibility, research in this area highly increased. Today there are numerous application
fields of many different hydrogel materials, reaching from soft contact lenses over wound care
materials to diapers or the field of implants. All hydrogel materials can be classified into dif-
ferent subgroups depending on whether they are natural or synthetic gels, the presence of pores,
or the nature of the network itself, but mostly they are distinguished by the nature of their cross-
linking, i.e. whether they are chemical or physical gels. [* By changing parameters such as the
type of monomers used and the topology and combination of the resulting polymers, different
scientific and industrial problems can be addressed and solved. In 2008, Sakai et al. described
well-defined and homogeneous networks by combining two symmetrical tetrahedron-like
macromonomers of the same molecular weight and size where each macromonomer has four
reactive end groups.t®! This work was followed by different examples of chemically crosslinked
networks based on star-shaped polymers, reaching from non-reversible examples using
Michael-type thiol-ene,[*® amidation reactions,l"° radical-mediated thiol-ene, [> 11 Cu-
catalyzed alkyne—azide cycloaddition (CuAAC)I>4 over strain-promoted alkyne-azide
cycloadditions (SPAAC)™ and thiol-halide chemistry™® 61 to reversible networks. For exam-
ple, the latter allowed repairing defects formed during the initial reaction and were based on
diels-alder chemistry (DA),*" boronic acid-diol condensation reactions,*®! hydrazide-carbonyl
condensation, [ 2 or reversible cycloaddition reactions ([2 + 2] / [4 + 4]).2*24 Chemical
crosslinks are used in most of the reported systems due to their higher robustness compared to
physical crosslinks. Nevertheless, there are a few reports on physically crosslinked hydrogels

in that field via either H-bonding!®! or host-guest complexation chemistry.[6]

The library of physically crosslinked hydrogels can be extended if the topology is changed from
star-shaped polymers to linear examples. In general, these use ionic interactions and the for-

mation of coacervates,?-?°! thermo-responsive behavior,* crystallization,®" 32 or hydrogen
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bonding.[**-2¢1 Additionally, due to the nature of physical crosslinks, it is expected that these
systems can exhibit self-healing as already shown by Libin Liu et al. for a series of zwitterionic
polymer hydrogels.”]

To the best of our knowledge, there is so far no system described that shows the formation of
hydrogels merely due to electrostatic interactions based on star-shaped block copolymers. In
our work, we first discuss the synthesis of different four-arm star-shaped block copolymers
based on [PEG27-amide-Br]4 via reversible-deactivation radical polymerization techniques with
either sulfonated styrene or dimethylamino propyl methacrylamide in a well-defined manner.
Afterwards, we describe the quaternization and successful betaine formation of the dimethyl
amino propyl (meth)acrylamide units.

However, the combination of both the betaine species and the sulfonate species with about 100
charged units per arm ([PEG27-b-PSSNaioo]s and [PEG27-b-PCBAMAAM1gs]4) at charge-
balanced mixing conditions of low amounts of polymer (below 4 wt%) depending on the pH
value results in a liquid-like material (pH = 13) or a hydrogel (pH = 3). Due to the pH-
responsive behavior of the acidic group of the betaine, which is protonated at low pH and depro-
tonated at high pH values, network formation occurs close to pH = 3, resulting in stronger
networks whilst with a pH below 3 no network formation occurs due to precipitation of the
star-shaped block copolymer. However, at pH > 13, the carboxy group of the betaine species
is fully deprotonated resulting in disturbed network formation, an altered charge balance, and
with that a liquid appearance (and no network formation), when mixed with the sulfonate
species. Furthermore, we characterize the pH-dependent behavior of mixtures with different
concentrations via rheology and the influence of different counterions on the network strength
by varying the acids used for hydrogel formation at low pH values. We further explore the
influence of the pKa value of the carboxylic acid group of the betaine by varying the linker
length between both charges present in the [PEG27-b-PCBAMAAmM10g]4 building blocks.
Finally, we show that the hydrogel formation can be reversed by changing to high pH for an
already-formed hydrogel, resulting in dissolution of the network structure. Formation and sta-
bility of the networks are described using hybrid MD/MC simulations using the simulation
software package LAMMPS.8 Please note that some literature examples suggest that the
presence of negatively charged sulfonates could make the ionizable groups on betaines adopt
their charge in order to enable electrostatic attraction between the two polymers.[3%-421 However,
the simulation of more than one chain, in our case the simulation of 4 arm star-shaped block
copolymers remains challenging. We herein discuss the first simulations on this topic providing
suitable explanations for the network formation and dissolution based on different pH values.

208 | Infroduction



CHAPTER VI: FROM IONIC BLOCK COPOLYMERS TO REVERSIBLE HYDROGELS

8.6. Results and Discussion

Our general idea was to find a material combination for the reversible formation of hydrogels
based on star-shaped block copolymers of opposite charge. Therefore, two different kinds of
star-shaped block copolymers were synthesized by block extension of PEG-based macroinitia-
tors. We targeted [PEG27-b-PSSNazino]4 as polyanionic species and PEG-block-poly(dimethyl
aminopropyl meth acrylamide) ([PEG27-b-PDMAPMAAmM1gg]4) as charge-tunable building
block, where in the latter case post-polymerization functionalization was carried out using ethyl
6-chlorohexanoate or shorter alkyl chains. The term “linker” is defined in the following as the
spacer between the two charges in the polybetaine structure. The ester was afterwards depro-
tected under basic conditions to achieve the desired betaines, revealing strong shifts in the pKa
values of the carboxyl groups depending on the linker length, where longer alkyl chains resulted
in higher pKa values.™ Scheme 8. 3 illustrates the synthesis of the desired star-shaped block

copolymers and Scheme 8. 4 the expected reversible hydrogel formation.

[PEG,,-amide-Br], [PEG,,-b-PDMAPMAAmM, |, [PEG,,-b-PCBAMAAmM, |,

[PEG,,-b-SSNa,|,

‘ Block extension via K Post-polvmerization 2
QQ‘ ATRP-based techniques functionalisation ‘,’%

o, /by :;fo
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[ ) -,-.NJL{,Br 0
H OH

Scheme 8. 3: Synthesis of [PEG27-b-PDMAPMAAM;0s]s and [PEG27-b-PSSNaio]4 Via reversible-deactivation
radical polymerization (RDRP) techniques, followed by subsequent post-polymerization modification of
[PEG27-b-PDMAPMAAM;1gg]4 towards [PEG27-b-PCBAMAAmM1g]4 star-shaped block copolymers.

Upon changes in pH value, the carboxylic group of the betaines should be either negatively
charged or protonated. If both polymers, [PEG27-b-PSSNaioo]s and [PEGz7-b-PCBA-
MAAM1g]4, are mixed under charge balanced conditions in aqueous media, hydrogel formation
is expected at lower pH (pH = 3) and absence of network formation at basic conditions
(pH = 13), as illustrated in Scheme 8. 4.
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Scheme 8. 4: Illustration of the expected reversible hydrogel formation mechanism between [PEG27-b-PCBA-
MAAmM;g]s and [PEG27-b-PSSNaigo]4.

Synthesis and characterization of star-shaped block copolymers

All star-shaped block copolymers were synthesized using reversible-deactivation radical
polymerization (RDRP) techniques. Therefore, the [PEG-amide-Br]s macroinitiator (also
termed “CORE” — see below) was synthesized via end group modification reaction of
[PEG27-NH2]4 (5,000 g/mol) with a-bromoisobutyryl bromide. In case of block extension with
SSNa a [PEG27-amide-Br]4 concentration of 2.3 umol/mL (water: iso-propanol = 1:1) and a
molar ratio of SSNa:bpy:CuCl:[PEG27-amide-Br]s = 800:8:4:1 was used for the polymerization
reaction. After 15 h of reaction time at 23 °C, SEC showed a broad shift towards lower elution
volumes (Figure 8. 2C) with a corresponding P of 1.30 and M, of 122 kg/mol (4-arm PEG
calibration), whilst the corresponding *H-NMR spectrum reveals a successful addition of 400
repeating units SSNa per star and 100 units per arm respectively (Figure 8. 2A). Zeta potential
measurements demonstrate that [PEG27-b-PSSNauioo]4 is negatively charged between pH = 1.4
and 10 (Figure 8. 2E). However, the negative charge reduces drastically at around pH = 1.4 as
we assume to be closer to the pKa value of PSSNa based on reported values for linear samples
between 1.22 and 1.50,441 depending on block length and polymer concentration. Thus, a pH
value of 3 was chosen for hydrogel formation, to ensure that negligible protonation of the sul-
fonate occurs. Additionally, a >*C NMR can be found in the SI (Appendix A.8; Figure A.8. 2).
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Figure 8. 2: A: *H-NMR spectroscopy measurements (D20) of [PEG27-b-PSSNaiqo]s, B: tH-NMR spectroscopy
measurements (D20) of [PEG27-b-PDMAPMAAM;s]aand [PEG27-b-(PDMAPMAAs-g-PCBAMAAMs;)108]4, C:
SEC traces of block extension of [PEG27-amide-Br]s with SSNa (eluent: DMSO\LICI [99.79/0.21], 4-arm PEG
calibration), D: SEC traces of block extension of [PEG2;-amide-Br]s with DMAPMAAmM (eluent: DMSO\LICI
[99.79/0.21], 4-arm PEG calibration), E: Zeta potential measurements of [PEG27-b-PSSNaigo]s at different pH

values, F: Zeta potential measurements of [PEG27-b-(PDMAPMAAMs-g-PCBAMAAMsy)108]4 at different pH
values.

In case of block extension with DMAPMAAmM an initiator concentration of 2.3 pmol/mL
(water: iso-propanol = 1:5) and a molar ratio of DMAPMAAM:HMTETA:Cu(0):CuClz:Initia-
tor = 800:8:2:0.8:1 resulted after 10 h reaction time at room temperature in a conversion of
54%, adding 108 repeating units of DMAPMAAmM per arm. Figures 8. 2B and D show the
corresponding analytics proving the successful block extension via *H spectroscopy and SEC
measurements. The SEC traces reveal a typical shift to lower elution volumes when compared

to the [PEGz7-amide-Br]s macroinitiator, additionally revealing a dispersity of 1.18 and a
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M of 11,400 g/mol when compared to the 4-arm PEG standard. We assume the tailing towards

higher elution volumes to originate from interactions with the column material.

However, additionally, Figure 8. 2B is showing the analytics corresponding to the post-
polymerization functionalization reaction of [PEG27-b-PDMAPMAAmM1eg]s resulting in
[PEG27-b-(PDMAPMAA26-g-PCBAMAAMSg2)108]4. FOr the post-polymerization functionaliza-
tion [PEG27-b-PDMAPMAAmM108]4 Was modified using a ratio of DMAPMAAmM:6-chlorohex-
anoate of 1:1.5, resulting in [PEG27-b-(PDMAPMAAmM2-g-PCBAMAAM-esterss)10s]4 (75%
conversion). The limitation in the conversion can be explained due to steric hindrance. The ester
is afterwards deprotected under basic conditions resulting in [PEG27-b-(PDMAPMAA2-g-
PCBAMAAMsy)108]s. Figure 8. 2B shows both, the tH-NMR of the successful block extension
and the *H-NMR of successful post-polymerization functionalization reaction. Additionally,
the betaine is characterized via potentiometric titration and zeta potential measurements. The
zeta potential measurements in Figure 8. 2F reveal net zero charge around pH 4-6 where we
expect the pKa of the carboxylic acid group. Nevertheless, at higher pH, the overall charge is
shifted to slightly negative values which is a known phenomenon for PEG-based materials.! !
Additionally, the *C NMR can be found in the SI (Appendix A.8; Figure A.8. 3).

Hydrogel formation
The following hydrogel formation experiments are based on three pre-experiments.

1.) The final block length was adjusted to the above-described block lengths of about ~100
charges per arm of each star-shaped block copolymer. Lower number of charges per arm did
not result in a hydrogel as defined by rheology. We propose that the term 'gel’ should be limited
to systems, which fulfil the following phenomenological characteristics: (a) they consist of two
or more components one of which is a liquid, present in substantial quantity and (b) they are
soft, solid, or solid-like materials. We further propose a definition of the solid-like characteris-
tics of gels in terms of the dynamic mechanical properties, a storage modulus, G', which exhibits
a pronounced plateau extending to times at least of the order of seconds and a loss modulus,

G", which is considerably lower than the storage modulus in the plateau region.[*é]

2.) H2SO4aq and NaOHaq are used to adjust the pH value. The influence of counterions for the
low pH regime in terms of hydrogel strength is determined by the choice of acid can be
described as H2SO4 > H3PO4 > HCI (Figure A.8. 4).
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3.) The linker length of the betaine is adjusted to 5 CH> groups between the quarternized
nitrogen and the carboxylic acid group. The work by Zhang et. al shows that the linker group
at the betaine directly influences the pKa value of the corresponding acid group, with longer
linkers resulting in higher pKa values.*¥ Considering the pKa values for different betaine
homopolymers and monomers the estimated pKa for 5 CH2 groups used as linker should be
around 5.12 in water at room temperature.[*®! Figure A.8. 1 in the SI (Appendix A.8) shows
oscillatory shear-rheology measurements of the system at pH = 3 using different linker
lengths. The linker length of 5 is chosen for the final experiments as it shows the highest

mechanical resilience.

All following hydrogel formation experiments have in common, that the two star-shaped
polymer species [PEG27-b-PCBAMAAM1g]s and [PEG27-b-PSSNaioo]4 are mixed near the
charge balance. The charge balance is calculated corresponding to the expected charges at
pH = 3 using H2SOaqq to adjust the pH at lower values. The charge balance conditions are
chosen because at this point the Coulomb attraction outweighs the repulsion for neutral poly-
ampholytes.[*" 48]

Figure 8. 3 shows oscillatory shear-rheology data describing the influence of the polymer
concentrations used for hydrogel formation varied from 0.5 wt% up to 10 wt% and probed at
pH = 3 and pH = 13 . At pH = 3 the carboxylic acid group of the betaine is protonated, re-
sulting in network formation. At pH = 13, however, deprotonation of the carboxylic acid group
leads to a change in the overall charge balance and destabilization of the network (Scheme 8. 4),
resulting in a viscous liquid (Figure 8. 3). The highest storage moduli can be achieved with
either 1 wt% or 10 wt% of star-shaped block copolymer at pH = 3. At pH = 13 viscous liquids
are expected, which is observed for polymer concentrations of 0.5 wt%, 1 wt%, or 2 wt%.
However, if higher polymer concentrations are used (4 wt% and 10 wt%), network formation
is indicated by rheology (G' > G"). We assume that for polymer concentrations above 2 wt%,
the overlap concentration (c*) is exceeded, resulting in the formation of a physical gel
due to chain overlapping. Therefore, the overlap concentrations of both polymer
species [PEG27-b-PDMAPMAAMgsls (¢* = 39.7 = 0.2 g-L ) and [PEG27-b-PSSNaioo]s
(c* =215+ 0.5 g-L?) were calculated based on the specific viscosity nsp determined using a
capillary viscometer of micro-Ubbelohde type | (for the exact calculation: see the supporting
information Table A.8. 1 and above). However, as both values fit to our explanation, we con-
sider the use of concentrations higher than 2 wt% not suitable for the pH reversible formation

of hydrogels at this point.
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Figure 8. 3: Oscillatory shear-rheology of gels at varying concentrations ranging from 0.5 wt% to 10 wt% at pH
3 and pH 13.
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Reversible hydrogel formation

Next to the influence of concentration and pH, the ability of the system to reversibly switch
between hydrogel and viscous liquid is of interest. Using a gel synthesized at a concentration
of 2 wt% at pH = 3 we switched to a 1 wt% viscous liquid at pH = 13 via the addition of
concentrated NaOHaq. Both samples, before and after the pH switch are investigated via
oscillatory shear-rheology. Figure 8. 4 shows the corresponding rheology measurements. The
measurement at pH = 3 (left) shows the expected result o G’ > G"', as does the measurement
at pH = 13 (right), which gives the expected change to G’ < G". A change back to pH = 3
did not result in the reformation of the network, presumably due to the increased salt concen-
tration weakening the attractive electrostatic forces between both polymer species. The inverse
attempts to start at pH = 13 and switch to pH = 3 were also not successful. However, it is
noteworthy that the addition of 0.05 M NaCl to a network formed at pH = 7 has a comparable
effect.
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Figure 8. 4: Oscillatory shear-rheology of a gel synthesized at a concentration of 2 wt% at pH = 3 and then
switched to pH = 13 leading to a viscous liquid with a concentration of 1 wt%. * Please note that this Figure
consists of two individual plots (left = before switching; and right = after switching).

Nevertheless, we expected that the obstacle of high salt concentrations for the switching can be
overcome if smaller pH changes can be utilized for the successful shift between liquid and solid,
which is why pH changes between pH = 3 to pH = 13 for (in steps of ApH =1) a 1 wt% gel
were also investigated (Figure A.8. 5). The corresponding shear rheology reveals that at all pH
values from pH = 3 to pH = 12, G’ is dominating G’ and at least pH = 13 is necessary to

result in network dissolution. This is rather unexpected as we would expect the formed networks
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to disassemble at a pH value close to the estimated pKa = 5.0 of the carboxylic acid groups. !
The solid line in Figure 8. 5 shows that, in the ideal case, the functionalized betaines should
feature a positive net charge at pH = 3, when only the amine groups are protonated. As the pH
value increases, the carboxylate groups are dissociated to about 50 % at pH = 5, and the net
charge approaches zero at pH = 6. At the same time, the solid line in Figure 8. 5 shows that if
only 75% of the amine groups are functionalized, the remaining primary amine groups
(ammonium at pH < pKa) get deprotonated at pH = 9, leading to a scenario where a net zero
charge is reached around pH = 10. In that way, the partial functionalization (~ 75%, see above)
leads to the assumption that the hydrogels should start to disassemble at pH values above 10,

which is different if compared to our experimental observations.

To get more insight into the underlying mechanism and interactions, we also performed
molecular simulations using a coarse-grained model of a polyanion with a fixed charge, inter-
acting with a polyampholyte with variable, pH-dependent charge, as illustrated in Figure 8. 5
in the simulation model and method part. Because simulating a system of star-shaped block
copolymers with comparable size as in the experiments is difficult to realize, we focused on the
interaction between just two arms of length N = 20 instead of N = 100 (with N = number of
charges) used in the experiments. The simulation results (data points) in Figure 8. 5 show that
the fully functionalized betaine in the bulk, i.e. at r = 17.5 nm from the sulfonate, has a
significantly lower net charge than predicted by the ideal model. In the bulk, the net charge
starts at about 0.3 e per monomer at pH = 4 and drops to zero at pH = 6. On the contrary, the
net charge of the same polymer in the complex with sulfonate, i.e. at r =1 nm from the
sulfonate, is much higher than predicted by the ideal model. It starts at about 0.8 at pH =4,
decreases slower than in the ideal case, and reaches zero around pH = 8. The distances repre-
senting the “bulk” and the “complex” have been chosen arbitrarily. However, Figure A.8. 6
reveals that the charge in the bulk is constant across a broad range of distances whereas the
charge at small distances slightly varies. Therefore, the trend as a function of pH remains robust,
although the actual value of the charge may slightly differ, depending on the chosen distance.
By comparing the charge on the polymer in the bulk and in the complex with the sulfonate, we
observe that it is always higher in the complex, making the electrostatic interaction with the
polyanion more favorable. Nonetheless, this charge regulation upon complexation with
sulfonate results in a favorable electrostatic interaction only up to pH = 8. At pH > 8, the net
charge on the fully functionalized betaine is effectively zero both in the bulk and in the complex,

so it cannot explain the experimentally observed stable gels up to pH = 12.
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The preceding discussion revealed that both partial functionalization of betaines and charge
regulation upon their interaction with sulfonates should increase the net charge in the betaine
chains and thereby increase the pH window of their electrostatic attraction to sulfonates. In
Figure 8. 5 we show that also in the case of 75% functionalized betaine the net charge in the
complex is higher than in the bulk. However, owing to the 25% of non-functionalized primary
amines, the positive net charge about 0.25 e per monomer persists in the complex up to pH = 10,
although in the bulk it becomes almost zero already at pH = 9. Thus, the partial functionaliza-
tion, in combination with charge regulation, might explain why the electrostatic interaction
between the betaines and sulfonates is favorable at much higher pH values than originally

anticipated.

To quantify the effect of charge regulation on the complexation, we used the simulations to
compute the potential of mean force (PMF) as a function of the distance between the two chains.
The PMF represents the free energy of interaction between these chains, averaged over various
chain conformations, ionization states and positions of small ions. In the supporting infor-
mation, Figure A.8. 6, we show that the PMF as a function of separation between the chains
exhibits a global minimum at small separations at all pH values, except pH = 12. The free
energy of interaction between the chains can be assessed based on the depth of this minimum,
AF = min( PMF(r) ) where we set PMF =0 at large separations. In Figure 8. 5 we plot this
free energy of interaction as a function of the pH. For both, fully functionalized and partly
functionalized betaine chains, we observe that at pH = 4 the attraction is rather strong,
AF ~-80 kgT per chain. For the fully functionalized betaine chains, the F steadily increases as
the pH is increasing, until it becomes almost zero at pH > 9. On the contrary, the F for the
partly functionalized betaine exhibits a very slow increase at AF ~ —40 kgT per chain between
pH = 6 and pH = 9. This plateau in the free energy correlates with the plateau in the net charge
of the partly functionalized betaine in complex with the sulfonate, observed in Figure A.8. 6.
At pH > 9, the free energy increases more steeply again, until it reaches zero at pH = 11. Thus,
the remaining 25% of net charge of the partly functionalized betaines allows them to retain
about 50% of the maximum free energy of interaction with the anionic sulfonates. This attrac-
tion persists over a broad pH window, up to pH = 10, which is not only much higher than the
pKa of the carboxylate groups, but also higher than the pKa of the primary amine. Furthermore,
the chains in our simulations were about 5 times shorter than in the experiments, and complexes
observed in the experiments might involve more than one pair of chains. Therefore, we can
reasonably expect that the free energy of interaction in the experimental system is at least

—200 kgT per chain at intermediate pH values, instead of —40 kgT per chain in the simulations.
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To get a better feeling of this interaction strength, this value could be compared to the energy
of a single hydrogen bond, which is about —~10 kgT.% Thus, —200 kg T would correspond to
about 20 hydrogen bonds, which should be sufficient to form a stable gel. Due to the long-range
nature of electrostatic interactions, the free energy of interaction should increase faster than
proportional to the chain length, so the attraction should be even stronger than this conservative
estimate. For the same reasons, the pH window of favorable interactions should be larger in the
experimental system than in our simulations. Therefore, we can conclude that our simulation
model explains why the partly functionalized betaines form gels with the sulfonates up to

unexpectedly high pH values.

A . fully functionalized betaines B . 75% functionalized betaines
c 1.0+ — ideal c 1.0 —— ideal
bl ® Dbulk b | bulk
£ 08 O complex £ 08 O complex
g =
o 0.6 © 0.6 A
E E
T 0.4 - U 0.4
o a | |
o ] o
o 0.2 @ 0.2
[@)] (@)}

[ - —_
200 2004
[S] T 9] T
4 4
C free energy of interaction
01 -
® o o e
®
—20 A |
f— o
~ _40
£
w e B
<1 —60
-804 @ ® fully functionalized
75% functionalized
4 6 8 10 12
pH

Figure 8. 5: Panels A, B: Net charge per monomer, calculated using the Henderson-Hasselbalch equation (solid
line), assuming ideal behavior of the functional groups with pKa = 5.0 (carboxylate) and pKa = 9.0 (amine).
Data points represent the charge computed from the simulations for the betaine chains in the bulk, and in the
complex with the sulfonate chains. Panel A shows the data for fully functionalized betaines, panel B shows the
same data for 75% functionalization, obtained from simulations of chains with N = 20 monomers. Panel C: Free
energy of interaction per chain, corresponding to the interaction of a sulfonated polyanion and functionalized be-
taines.
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8.7. Conclusion

We herein presented the synthesis of 4-arm star-shaped [PEG27-b-PSSNaio]s and
[PEG27-b-PDMAPMAAmM10g]4 block copolymers via reversible-deactivation radical polymeri-
zation techniques starting from [PEG27-amide-Br]s macroinitiators. Subsequent post-
polymerization functionalization reactions of [PEG27-b-PDMAPMAAmM10g]4 resulted in a pH-
responsive betaine species, [PEG27-b-PCBAMAAmM;0s8]a. The corresponding pKa value of the
acid group of the betaine could be adjusted by the linker length. Both species, [PEG27-b-
PSSNaioo]4 and [PEG27-b-PCBAMAAM10s]4 were afterwards mixed at different pH values and
concentrations at charged-balanced conditions to form reversibly electrostatically crosslinked
hydrogels. The resulting material was characterized via oscillatory shear-rheology, indicating a
pH-dependent formation of either networks at pH = 3 or viscous liquids at pH = 13 if
amounts of < 2 wt% are used. Additionally, we could demonstrate that switching from at
pH = 3 to pH = 13 results in a dissolution of the hydrogel. Due to rather high salt concentra-
tions multiple switching cycles at this point are not possible. However, if pH values between
pH = 3 and pH = 12 are used, network formation was observed by shear rheology with G’
dominating G" but at least pH = 13 was necessary to result in full disassembly of the network.
This was rather unexpected,*¥ but could be tentatively explained by hybrid MD/MC simula-
tions, which revealed that the partly functionalized betaines form gels with the sulfonates up to
unexpectedly high pH values. To avoid network formation at higher pH values future experi-
ments should focus on the quantitative functionalization of the PDMAPMAAmM, as well as on
approaches where a pH switch could possibly be performed without increasing the ionic
strength. We assume that several switching cycles are possible in this way, which makes such
materials very interesting for the directed transport of charged guest molecules. In addition, the
question of how the history of such a material influences the degree of order can be addressed

with such materials.
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8.8. Experimental

Materials

a-Bromoisobutyryl bromide (98%), Cu(l) chloride (99.99%), Cu(ll) chloride (99%), Cu(0)
powder (99,999%), Ethyl 4-bromobutyrate (95%), Ethyl 6-bromobutyrate (95%), lodmethane
(99%), 1,1,4,7,10,10-Hexamethyltriethylentetramin (97%), 2,2 -Bipyridyl (99%), Bromoeth-
ane (98%) and N-[3-(Dimethylamino)-propyl]-methacrylamide (99%) were purchased from
Sigma-Aldrich (Darmstadt, Germany ). [PEG27-NH2]4 was purchased from JenKem Technol-
ogy (Plano, USA). N-[3-(Dimethylamino)-propyl]-acrylamid (97%) was purchased from TCI
chemicals (Eschborn, Germany). Styrene-4-sulfonic acid sodium salt was purchased from Alfa
Aesar (Karlsruhe, Germany) and Chloroacetic acid was purchased from Merck (Darmstadt,
Germany). Cu(l)X was purified by stirring in glacial acetic acid overnight and rinsing with
methanol before drying in vacuo. All other reagents were used as received.

Analytic Methods

Nuclear magnetic resonance (NMR) spectroscopy

'H-NMR and 3C measurements were performed on a Bruker AC 300 MHz using CDCls,
DMSO or D20 as solvent. The spectra were referenced by using the residual signal of the

deuterated solvent.

Size exclusion chromatography (SEC)

Water SEC: For aqueous SEC measurements, a Jasco system was applied equipped with a
DG-2080-53 degasser, a PU-980 pump, a R1-2031 Plus refractive index detector and a column
set of PSS NOVEMA-MAX 30/1000/1000 A. Measurements were performed at 30 °C with a
flow rate of 1 ml min-1. Aqueous 0.3% TFA/ 0.1 M NaCl solution (pH < 2) was used as eluent.
The system was calibrated using poly(2 vinylpyridine) (600-1,000,000 g mol™?) standards.

DMSO SEC: An Agilent 1260 Infinity Il system equipped with a 1260 IsoPump (G7110B), a
1260 ALS (G1329B) autosampler and three consecutive PSS GRAM analytical, 10 um, 8x300
mm columns (guard/100/3000/3000 A) was used for SEC measurements. DMSO + 0.21 wt.%
LiCl was used as an eluent at a flow rate of 1 mL min—. The column oven (TCC6500) was set
to 70 °C and signals were detected using a 1260 VWD (G7114A) and a 1260 RID (G7162A)
detector. The system was calibrated using PSS PEG/PEO (238 to 969 000 g-mol™) standards.
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Rheology

Rheological measurements were performed on an Anton Paar MCR 302 modular compact
rheometer equipped with a cone-plate geometry of type CP25 with a diameter of 25 mm and a
cone angle of 1°. A Peltier plate was used to keep the temperature constant at 20 °C, and a
solvent trap was used to prevent the evaporation of water. Frequency sweeps were performed
in the range of 100 to 0.1 rad/s with a shear strain of y = 0.4%. All samples were prepared by
adding an aqueous solution of the desired pH to the already premixed sulfonate and betaine

components. After mixing the gels were allowed to equilibrate for 72 h.

Titrations

pH titrations were carried out on an OMNIS Advanced Titrator (Deutsche METROHM
Prozessanalytik GmbH & Co. KG, Filderstadt, Germany) equipped with a magnetic stirrer, a
Pt1000 temperature sensor, and a dosing module. For pH detection, either an ECOTRODE plus
pH-glass electrode, or a BIOTRODE was used. The polymers were dissolved in 0.1 M NaOH
resulting in a 0.2 mg mL* solution with a pH between 12 and 13 and subsequently titrated with
0.1 M HCI at a dosing rate of 0.01 mL min~*. For sample taking the titration was paused at the

desired pH value and afterward continued.

Zeta potential measurements

Zeta potential measurements the zeta potentials were measured on a ZetaSizer Nano ZS from
Malvern via M3-PALS technique with a laser beam at 633 nm. The detection angle was 13°.
The electrophoretic mobilities (u) were converted into (-potentials via the Smoluchowski

equation®! where n denotes the viscosity and & the permittivity of the solution.

Differential scanning calorimetry

The differential scanning calorimetry (DSC) measurements were performed on a DSC 204 F1
Phoenix from Netzsch under a nitrogen atmosphere with a heating rate of 10 K/min. The

thermal gravimetric analysis (TGA) was carried under nitrogen using a Netzsch TG 209F1.
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Synthesis of [PEG-Amide-Br]4

[PEG-Amide-Br]s was synthesized as described elsewhere.[®?l g-Bromoisobutyryl bromide
(1.48 mL, 12. 85 mmol) was added dropwise to a solution of [PEOss-NH:]4 (3 g, 3 mmol) and
trimethylamine (TEA, 1.68 mL, 12 mmol) in DCM (120 mL) at 0 °C. Afterward, the solution
was stirred for 72 h at room temperature. The resulting solvent mixture was extracted once each
with saturated sodium bicarbonate, deionized water, and saturated saline solution. The organic
phase was dried over MgSOa, After evaporation of the DCM, the concentrated solution was
precipitated twice into cold diethyl ether. The white precipitate was dried under vacuum (2 g,
1.9 mmol, 62 % yield).

!H-NMR (300 MHz, CDCls, 8): 3.9-3.5 (m, backbone), 1.94 (s, 24 H, -C- (CH3)2Br) ppm.

Synthesis of [PEG27-b-PSSNay]s via ATRP

For a typical synthesis of [PEG27-b-PSSNaioo]s, SSNa (5.78 g, 800 eq, 28 mmol), bpy
(43.84 mg, 8 eq, 0.28 mmol), and [PEG27amide-Br]4 (200 mg, 1 eq, 35 umol) were dissolved
in 15 mL H2O/iso-propanole (v/v) = 1/1 and deoxygenated using four consecutive freeze-pump-
thaw cycles. Afterward, CuCl (14.13 mg, 4 eq, 0.14 mmol) was added under inert conditions to
the still frozen reaction mixture followed by four cycles changing between vacuum and argon
before the polymerization mixture was allowed to defreeze and set to 23 °C. The polymerization
was carried out at 23 °C for 15 h. The reaction was then terminated by cooling in liquid nitrogen
followed by opening the reaction vessel to achieve ambient conditions. After removal of the
residual copper using a silica column, the leftover monomer was removed via dialyses against
water (3 days with 3 exchanges per day). Finally, the solvent was removed by freeze-drying to

achieve a white/slightly pink solid.

'H-NMR (300 MHz, D20, §): 7.6-7.1 (m, aromate), 6.7-6.0 (m, aromate), 3.5-3.3 (m, PEG-
backbone), 2.0-0.9 (m, sulfonate-backbone) ppm.

13C-NMR (300 MHz, D;0, &): PSSNA: 150.8-148.2 (m, aromate: PSSNA backbone-C-(CH)>),
141.2-138.1 (m, aromate: sulfonate-C-(CH)2), 130.0-126.7 (m, aromate: PSSNA backbone-C-
(CH)z2), 126.4-123.7 (m, aromate: sulfonate-C-(CH)2), 45.1-38.7 (m, PSSNa backbone), PEG:
70.3-68.4 (m, PEG backbone) ppm.
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Synthesis of [PEGss-b-PDMAPMAAMis]4 via Cu(0) mediated reversible-deactivation
radical polymerization techniques

For a typical synthesis of [PEG27-b-PDMAPMAAM108]s, DMAPMAAmM (972 mg, 800 eq,
5.6 mmol), HMTETA (13.2 pL, 8 eq, 56 pumol), CuCl, (0.8 mg, 0.8 eq, 5.6 umol) and
[PEG27-amide-Br]s (40 mg, 1eq, 7 pmol) were dissolved in 3 mL H>O/iso-propanole
(v/v) = 1/5 and deoxygenated using four consecutive freeze-pump-thaw cycles. Afterward,
Cu(0) (1.8 mg, 2 eq, 14 umol) was added under inert conditions to the still frozen reaction
mixture followed by four cycles changing between vacuum and argon before the polymeriza-
tion mixture was allowed to defreeze and set to 23 °C. The polymerization was carried out at
23 °C for 10 h. The reaction was then terminated by cooling in liquid nitrogen followed by
opening the reaction vessel to achieve ambient conditions. After removal of the residual copper
using a neutral Alox column, the leftover monomer was removed via dialyses against water
(3 days with 3 exchanges per day). Finally, the solvent was removed by freeze-drying to achieve
a white solid.

IH-NMR (300 MHz, D20, §): 3.8-3.5 (m, PEG), 3.3-2.8 (m, amide-CH2-CH,-), 2.5-2.0 (m, -
CH2-N-(CHs3)z2, 1.9-1.4 (m, backbone + amide-CH2-CH3-), 1.2-0.6 (m, -C-CHs), ppm.

Synthesis of [PEG27-b-PCBAMAAM10s]4

The modification of [PEGss-b-PDMAPMAAmM1gg]s involves a quaternization-hydrolysis
method as already reported by McCornick and others for carboxybetaine monomers.3 %41 |n
our case, 400 mg of [PEG27-b-PDMAPMAAmM10s]4 were dissolved in 20 mL of ACN and
6.5 mL ethyl 6-bromobutyrate was added dropwise to the reaction mixture. The reaction was
proceeding over 96 h at 50 °C. The resulting polymer was obtained after dialyses against water
(3 days with 3 exchanges per day), followed by freeze-drying. Afterward, the resulting
CBMA-ester was deprotected by mixing 400 mg ester (30 mmol) with 35 mmol NaOH and 4
mL water into a 10 mL flask. The reaction mixture was set to 50 °C to react for 24 h. Afterward,
the pH of the resulting reaction mixture was set to pH = 7 and purified via dialyses against
water (3 days with 3 exchanges per day). The final product was obtained as white solid after

removal of the solvent by freeze-drying.

!H-NMR (300 MHz, D20, §): 3.6-3.5 (m, PEG backbone), 3.2-3.0 (m, -N-(CHj3),-CH2- and -
amide-CHz-), 3.0-2.8 (m, -N-(CHs)2-CH>- and amide-CHz- CH2-CH32-), 2.1-2.0 (m, -CHa-
COOH), 1.9-1.7 (m, amide-CH2-CH2-), 1.7-1.5 (m, -N-(CHj3),-CH2-CHz2-), 1.5-1.4 (m, -CH2-
CH»-COOH), 1.3-1.1 (m, -CH2-CH>-CH>-COOH), 1.0-0.6 (m, betaine backbone + methyl).
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13C-NMR (300 MHz, D0, 5): 181.0 (-COOH), 178.8 (CONH-CHy-), 69.5 (PEG backbone),
64.1 (-N-(CHs)2-CH2-), 61.6 (-CH2-N-(CH3)2-), 50.6 (-N-(CHas)2-), 45.1 (CHs-C), 42.6
(CONH-CHz2-), 37.3 (Betaine backbone + -CH>-COOH), 25.4 (-CH2-CH2-CH>-COOH), 25.2
(CHs-C), 22.2-19.5 (-N-(CH3)2- CH2- CH,- CH»- CH>-), 18.8-15.7 (CONH-CH32- CH>-) ppm.

Simulation Model and Method

Coarse-Grained Model

We performed computer simulations using a generic bead-spring polymer model, derived from
the Kremer-Grest model.®! While simulating a solution of star polymers is feasible for small
stars and has been done in the past, 12 51 the charged blocks of the star polymers considered in
this study are too large for this approach. Thus, to gain at least some understanding of the sys-
tem, we focused on the interaction between just the charged blocks of two arms of the different
stars of opposite charge, leveraging free energy methods to obtain information about their
association behavior. Similar approaches have been previously used to study polyelectrolyte

complexation. 571

In our coarse-grained model, the excluded volume interactions between the particles (mono-

mers and small ions alike) were described by the WCA potential !

= (9" () )oo2t)

where 6 is the Heaviside step function. The bead diameter was set to a value of ¢ = 0.355 nm
and the energy scale had a value of € = kgT. Due to the purely repulsive nature of the WCA
potential, monomer-specific interactions such as hydrophobicity were not considered in our

model. To represent the covalent bonds between monomers, we used the FENE potential 5]

kAT a2 r o\?
VEENE > n Aty

with a maximum bond extension of Ar,., = 1.5 0 and a spring constant of k =

30 kgT
o2

In

combination with the WCA interaction, these parameters correspond to an average equilibrium
bond length of 0.96 o. Electrostatic interactions between charges were modeled using the full

Coulomb potential,
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Zi Zj kBT}\B

Vcoulomb = r

with a Bjerrum length of Az = 2 6 = 0.71 nm, corresponding to water at room temperature,
accounting implicitly for the dielectric properties of the solvent. In the simulations, we em-
ployed the P3M method® with a relative error of 10 to compute the long-range electrostatic

energies and forces. [ 61

Using the described approach, we built up the molecular geometry of the considered polymers
in the following way. The employed mapping between coarse-grained beads and the different
functional groups is shown in Figure 8. 6. In all cases, we used a degree of polymerization
of N = 20. For the sulfonate chain, each monomer was represented by a neutral backbone mon-
omer and a negatively charged residue that represented the sulfonate group (Figure 8. 6 (a)).
Because in the considered range of pH-values the charge regulation of the sulfonate group can
be neglected, the respective charge was fixed in the simulation model. For the carboxybetaine
chain, we had to distinguish between the fully functionalized case and the case of 75 % func-
tionalization. The functionalized monomers consisted of a neutral backbone particle, a posi-
tively charged amine, a neutral spacer and a pH-responsive residue that represented the carbox-
ylic group (Figure 8. 6 (b)). Using experimental data for monomeric carboxybetaine molecules,
we estimated a value of pKa = 5.0 for the carboxylic group.5? In case of non-functionalized
monomers, only the neutral backbone monomer as well as a pH-responsive tertiary amine were
present (Figure 8. 6 (c)). The pKa = 9.0 for this group was estimated from experimental data as
well.[**- €3 Figure 8. 6 () shows the chain architecture of the carboxybetaine chains for the fully
functionalized case and the case of 75 % functionalization. In the case of a non-fully function-
alized carboxybetaine chain, we uniformly distributed 5 non-functionalized monomers along

the chain.
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Figure 8. 6: Schematic representation of the coarse-grained mapping employed in this study. (a): The sulfonate
chain is represented by a neutral backbone with negatively charged side groups. (b): The carboxybetaine chain is
represented by a neutral backbone with side groups that consist of a positively charged bead, a neutral spacer and
a pH-responsive acid group (carboxyl). (c): In the non-functionalized case, the neutral spacer and the carboxylic
group are not present. (d): Chemical reactions that take place in the various functional groups. (e): Schematic
representation of the chain architecture in the fully functionalized case (top) and the case of 75% functionalization
(bottom).

Simulation Methodology

We performed hybrid MD/MC simulations using the simulation software package
LAMMPS .18 To sample different polymer conformations, we used Langevin dynamics. In our

simulations, we used a friction coefficient of y = 1.0t~ and an integration time step of

At = 0.017, where T = \/ma?/kgT is the Lennard-Jones time scale. In order to take into
account the varying ionization states of the weak polyelectrolyte chains, we used the grand-
reaction method by Landsgesell et al. [l in the formulation of Curk et al.[%® In this method, the
chemical equilibria of the various pH-responsive groups are taken into account via the reaction-
ensemble Monte-Carlo method.[: 61 Furthermore, the system is grand-canonically coupled to

a reservoir at a fixed pH and salt concentration. In our simulations, we set the reservoir salt
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concentration to a value of cnac = 10 M and varied the pH-value. Using the Debye-Hueckel
mean-field theory, we verified that the chosen box sizes were large enough in order to avoid

spurious self-interactions between the chains and their periodic images.

Since we were interested in the potential of mean force (PMF) between the centers of mass of
the chains, the grand-reaction method had to be combined with an enhanced sampling approach.
In order to obtain the PMF, we used the adaptive biasing force method (ABF),[®371 imple-
mented in the Colvars library.[’? To obtain the PMF in an efficient manner, we subdivided the
considered range of distances [0 o, 50 o] into 5 smaller windows of size 10 o each (“stratifica-
tion strategy”,l’)), allowing for a trivial parallelization by running a separate simulation for
each window. In order to apply the ABF, the windows were divided into bins of length 0.5 o.
To ensure that the stratification did not hinder the ergodic sampling of the phase space,[’™ we
verified a-posteriori that the obtained mean force was continuous across the window boundaries

(see Figure A.8. 7).

The simulations were performed using the following protocol. After an equilibration procedure
consisting of 107 integration and 107 reaction steps, we performed a production run consisting
of 2 x10® integration and 2x108 reaction steps. In order to circumvent non-equilibrium effects,
which can appear due to large initial fluctuations of the mean force when the number of samples
is small, we did not apply the full biasing force from the start of the production run. Rather, the
biasing force was only applied after a certain number of samples had been collected. More
specifically, the applied biasing force in a given bin was set to zero if less than Nsampies = 250
samples had been accumulated for that bin, while the full force was applied for Nsampies > 500.
In between these two limits, the applied biasing force was scaled by a factor of

2Nsamples/500 -1, i.e. following a linear ramp.
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9. CONCLUSIONS AND OUTLOOK

In this thesis, the interplay of synthesis and environmental conditions on the resulting structure
and corresponding properties of (amphiphilic) model networks comprised of covalently or
ionically crosslinked tetra-functional polymers was investigated in a collaborative fashion
within the framework of the research unit FOR2811.

This model-like character is achieved for the covalent-permanent networks by hetero-
complementary crosslinking of four-armed star polymers, which significantly reduces the
formation of microscopic defects and thus leads to homogeneous networks with a defined

structure.

The first four studies (Chapter I1-1V) deal with covalent-permanent amphiphilic networks,
which are prepared by the aforementioned hetero-complementary crosslinking. For this pur-
pose, the polymer end groups are modified with a benzoxazinone linking group or an amine
functionalization. In the first instance, networks of separate hydrophilic (t-PEG) and hydropho-
bic (t-PCL) four-armed star polymers are thoroughly investigated, starting with the synthesis
and characterization of the building blocks, continuing with the network formation kinetics on
to the network connectivity, the swelling properties and the rheological behavior at preparation
conditions. As an extension of this first comprehensive study, the swelling and mechanics under
different solvent conditions and on different length scales are investigated using rheology and
atomic force microscopy. The use of the latter technique also provides insights into the surface
structure at different solvent qualities and reveals a microphase-separation in the selective

solvent.

In these studies, amphiphilicity is introduced by separate hydrophilic and hydrophobic building
blocks. Another way to generate amphiphilicity is the direct use of amphiphilic building blocks,
in this case amphiphilic four-armed star block copolymers composed of both PEG and PCL.
Hence, the synthesis and solution behavior of t-PCL-b-PEG block copolymers with different
PEG-block length in various solvents is described in a third study in order to create a knowledge
base for further investigations. The solvent quality of different solvents is estimated with
literature data and probed with dynamic light scattering. The formation of micellar structures
in water is detected with both dynamic light scattering and TEM.

In a final study on this topic, four-armed star block copolymers with hetero-complementary end

groups are synthesized and linked to form a network. Due to the better feasibility of end group
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modification in the synthesis, t-PEG-b-PCL block copolymers are used for this purpose. First,
the solution behavior of the building blocks is discussed together with the solvent quality of
several solvents. In a next step, the network formation at different concentrations and tempera-
tures is examined. Interestingly and unexpectedly, no network formation is observed in toluene,
which was used in previous studies as a common solvent for the networks consisting of t-PEG
and t-PCL. As an alternative solvent, DMSO is chosen, in which a two-step crosslinking
mechanism is found. The final networks are further characterized in terms of their connectivity,
their swelling ability, and their mechanics in the as-prepared state and at equilibrium swelling.
The results are further compared to previous studies on networks consisting of separate t-PEG
and t-PCL building blocks. A further complication arises due to the highly hygroscopic nature
of DMSO and the ever-present air humidity. As water is a poor solvent for PCL, the overall
quality of the solvent reduces upon water uptake. This requires a differentiated discussion of

the conducted experiments.

In summary, a profound knowledge of the interplay of synthesis and environmental conditions,
the resulting structure and the associated properties of covalent-permanent amphiphilic co-
networks has been gained. The influence of the building block architecture and composition is
investigated by using separate hydrophilic and hydrophobic components and combining them
to form an amphiphilic star block copolymer. In addition, the influence of the synthesis condi-
tions on the resulting network structure and properties, such as swelling and mechanics, is ex-
amined in detail. Furthermore, the influence of environmental conditions such as solvent quality
is tested in the as-prepared and swollen state. In order to further enrich this database and take
the step towards rational material design, experiments on the selective permeability of the net-
works would be advantageous, particularly with regard to the release of drugs or the transport
of guest substances in general. Such investigations can be carried out on a macroscopic level or
with the aid of suitable microscopy or NMR techniques. Further investigations of the network
structure by combined static and dynamic light scattering could also provide valuable infor-

mation on the (in)homogeneity of the networks.

The two final studies (Chapters V & VI) are dedicated to the reversible ionic linkage of purely
hydrophilic networks based on tetra-functional block copolymers. First, a possible ampholytic
building block based on a t-PEG core and attached poly dehydroalanine (PDha) segments,
t-PEG-b-PDha, is designed and characterized with regard to the pH-dependent solution
behavior and the influence of the building block architecture on the aggregation tendency.
While the molecular weight of the PEG core has a negligible effect, the length of the charged
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block contributes significantly to the aggregation behavior. Even short PDha block lengths can

lead to considerable aggregation in the corresponding pH range.

In a final study, gels are prepared by electrostatic crosslinking of four-arm star block copoly-
mers with a PEG core and attached polycarboxybetaine methacrylamide (PCBAMAA) or
polystyrene sulfonate (PSSNa) segments. This system is chosen due to unsuccessful gel
formation experiments with t-PEG-b-PDha from the previous study. The selected system does
not only form a gel at suitable conditions (concentration, pH), but can also be reversibly
switched from gel to sol state. However, this switching has so far only been realized in one
direction and only once per gel. A critical factor when switching the pH value is the additional
amount of salt introduced into the system, which leads to precipitation of the polymers. In order
to increase the number of possible sol-gel transitions, systems with a smaller pH gap between
the sol and gel state can be considered. Due to the smaller pH gap, less salt is introduced into

the system upon a pH change, which may result in increased reversibility.

So far, only purely hydrophilic networks with electrostatic crosslinking have been considered.
Therefore, the introduction of amphiphilicity could be a next step, together with further research
into the properties of the produced gels and the optimization of the reversible sol-gel transition.
In analogy to the covalent-permanent networks, findings on the permeability of the gels for
charged molecules and the identification of possible ion channels are of interest. In addition,
further knowledge about the structure of the physical gel can contribute to a better understand-

ing of the underlying processes.

In conclusion, a knowledge base on covalent-permanent or ionic-reversible star polymer net-
works based on four-armed star polymers and block copolymers has been created. By further
variation of parameters like the molecular weight of the building blocks, the mixing ratio of
hydrophilic and hydrophobic segments, and the stoichiometry and answering open questions,
an even more comprehensive understanding of the underlying mechanisms can be obtained. In
addition, a combination of covalent-permanent and ionic-reversible approach or the incorpora-
tion of e.g. thermoresponsive segments may be used to introduce certain functions and
properties into the networks. On the other hand, the targeted incorporation of defects by using
a non-stochiometric mixing ratio can open up new areas of application. However, the studies

carried out so far provide a solid basis to do so.

CONCLUSIONS AND OUTLOOK | 237



FURTHER PROJECTS

10. FURTHER PROJECTS

This chapter contains some further collaborative projects in which the methods of light
scattering and rheology are used to complement the respective study. The first subchapter in-
cludes two projects dealing with theoretical or structural aspects, respectively, of amphiphilic
polymer co-networks based on t-PEG and t-PCL, as described in Chapter | and Il. The second
subchapter examines amphiphilic random or block copolymers based on poly(ethylene glycol)
and oleyl glycidyl ether. Whereas the third subchapter contains three projects located in the area
of biomaterials, investigating different approaches to photocrosslink and bioprint decellularized
extracellular matrices to form natural tissue mimics. The latter projects bridge the gap between
polymer science and biomaterials, demonstrating how universal the method of rheology is and

how diversely it can be applied.

10.1 Further Studies on APCNs based on PEG and PCL

Amphiphilic polymer co-networks consisting of t-PEG and t-PCL are characterized in
Chapter I and Il in terms of their building blocks, network structure, mechanics and swelling.
To extend these studies, a first collaborative project compares these experimental data with
theoretical calculations and predictions, focusing on the swelling of the networks at different
solvent conditions. In a second project, the network formation and the structure of the networks
in a common good solvent for both building blocks is explored with light scattering, which
provides insights into possible inhomogeneities and complements the structure picture drawn
from Chapter | and II. Comparison with purely hydrophilic networks prepared by the same
crosslinking chemistry give insights into the role of amphiphilicity on the network formation

and the final network structure.
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Swelling and Residual Bond Orientations of Polymer Model Gels:

The Entanglement-Free Limit
I . ribiczer, I

Macromolecules, 2022, 55, 14, 5997-6014, doi: 10.1021/acs.macromol.2c00589

Copyright © 2022 The Authors. Published by American Chemical Society.

Personal Contributions: Rheology measurements.
Abstract:

We investigate the swelling of polymer model networks prepared at different polymer volume
fractions and in solvents of different quality. We extend the existing theory to describe residual
bond orientations (the vector and the tensor order parameters) for theta, good, and athermal
solvents and put these relations in context with modulus at preparation conditions and the equi-
librium degree of swelling. We find good agreement with the assumption of affine swelling for
the weakly entangled networks of our study. The same scaling relations (up to numerical coef-
ficients) are obtained for the vector order parameter, m, and the tensor order parameter, S, as a
function of the preparation conditions, network structure, the equilibrium degree of swelling, Q,
and the modulus at swelling equilibrium, G. We obtain m o« Q2 and G & m%? for swelling in
theta solvents and m o< Q2% with G & m?*4 in the good-solvent regime, in both cases inde-
pendent of preparation conditions. Modulus and residual bond orientation are related by
G « dpom and G o< ¢o?®m as a function of the preparation polymer volume fraction ¢o for theta
solvents and good solvents, respectively. Computer simulations and experimental data for the

good-solvent regime show good agreement with the predictions.
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Light Scattering on Amphiphilic Polymer Co-Networks

based on t-PEG and t-PCL
N. Fribiczer*, |

*These authors contributed equally.

Manuscript in preparation

Personal Contributions: Concept development; Static and dynamic light scattering on am-

phiphilic polymer co-networks; Manuscript preparation.
Abstract:

Amphiphilic polymer co-networks consist of both hydrophilic and hydrophobic building blocks
and swell independently in water and in organic solvents. Their properties show a delicate de-
pendency on the solvent polarity, such as environmentally sensitive viscoelasticity and selective
permeability. This makes them promising candidates for the use in drug delivery systems as
well as for membranes and other biomedical applications. To truly exploit their potential for
this and other applications, the interplay between microscopic network structure and resulting
macroscopic properties has to be understood. The network structure may feature local connec-
tivity defects next to network inhomogeneities and possible microphase separation on even
larger scales. To explore these structures imparted during network synthesis, simultaneous
dynamic and static light scattering is conducted during network formation and on as-prepared
gels in acommon good solvent for both building block types. Comparison with pure hydrophilic
networks based on the same crosslinking approach and chemistry can give insights into the role

of amphiphilicity on the resulting network structure.
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10.2 Dynamic Light Scattering on other Amphiphilic Block Copolymers

In Chapter 111 the technique of dynamic light scattering is used to characterize t-PCL-b-PEG
block copolymers with different PEG block length in solution. In analogy, dynamic light
scattering is applied in the following project to study the solution behavior of amphiphilic
copolymers based on monomethoxy poly(ethylene glycol) and oleyl glycidyl building blocks

combined either in a statistical copolymer or in block copolymers.

Polymers of Biobased Oleyl Glycidyl Ether: Insights into Copolymerization

with Ethylene Oxide, Postmodification, Thermal Properties,

and Micellization Behavior
I\ Fribiczer, I

Manuscript in preparation

Personal Contributions: Dynamic light scattering measurements and evaluation.
Abstract:

Biobased monomers offer a potentially sustainable alternative to those derived from depleting
fossil resources. Fatty alcohols represent a linear aliphatic motive and are abundant in several
oleiferous plants in nature. Oleyl glycidyl ether (OIGE) is a highly hydrophobic monomer
synthe-sized from a fatty alcohol and epichlorohydrin. When combined with hydrophilic
monomethoxy poly(ethylene glycol) (mPEG) macroinitiators (M, = 2 000 and 5 000 g/mol),
well-defined, highly amphiphilic AB block copolymers are obtained via anionic ring-opening
polymerization (D < 1.08). An investigation of the statistical copolymerization kinetics of the
apolar OIGE and ethylene oxide (EO) was conducted by in situ *H NMR spectroscopy, reveal-
ing an almost ideally random copolymerization with slightly favored incorporation of EO
(reo = 1.27, roice = 0.78). Both statistical and block co-polymers were investigated regarding
their behavior in agueous solution. Critical micelle concentration (CMC) measurements demon-
strated low CMCs ranging from 73.4 to 23.8 mg/L when employing fluorometric analysis.
Dynamic light scattering and transmission electron microscopy (TEM) indicate the formation
of larger aggregates such as spherical to elongated micellar aggregates for most copolymers.
Thermal properties were investigated using differential scanning calorimetry. The block copol-
ymers featured two distinct melting temperatures (Tms). Besides a melting transition of mPEG

around 65 °C, the second T, is attributed to the crystallization of the cis-alkenyl side chain of
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OIGE. Varying degrees of side chain hydrogenation of the POIGE homopolymer allowed tai-
loring of the T, within the range of —23.2 to 51.9 °C. The thiol-ene click reaction allows func-
tionalization of the unsaturated side chains, e.g. to balance hydrophobicity. This work not
merely highlights the prospect of novel surfactants, but it also emphasizes the potential for de-

veloping drug delivery systems featuring temperature-controlled release.

10.3 Decellularized extracellular matrix systems for vat 3D bioprinting

Three-dimensional bioprinting is a widely used technique for producing tissues that mimic their
natural counterparts and, ideally, provide a tissue-like environment for cell encapsulation. The
vat photopolymerization 3D printing technique requires photosensitive bioresins, which neces-
sitates additional modification of the resin with photocrosslinkable components. The following
three publications examine decellularized extracellular matrices (dECM) modified with either
methacrylate (-MA), glycidyl methacrylate (-GMA), or norbornene (-NB) groups as a basis for
3D bioprinting along with a full characterization of the dECM in terms of biochemical,
mechanical, and biophysical properties. In the course of these studies, the crosslinking reaction
was initiated with UV light and monitored by rheology, since knowledge of the reaction Kinetics

is essential for the use of the respective dECM in the printing process.
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Bioactive photocrosslinkable resin solely based on refined decellularized

small intestine submucosa for vat photopolymerization

of in vitro tissue mimics

Additive Manufacturing, 2023, 64, 103439, doi: 10.1016/j.addma.2023.103439

© 2023 Elsevier B.V. All rights reserved.

Personal Contributions: Methodology; Investigation of crosslinking by rheology with UV

light curing system.
Abstract:

Three-dimensionally (3D) printed tissue mimics are unique in vitro platforms for studying hu-
man pathophysiology in a more physiologically relevant manner compared to oversimplified
2D cell cultures and complex animal models. However, their 3D printing requires an availabil-
ity of materials that at the same time show a high level of biomimicry and also have a suitable
viscosity profile and crosslinking kinetics for the desired printing technique. We developed a
new biomimetic material for vat photopolymerization by solubilizing and functionalizing por-
cine small intestine submucosa (dSIS) into photocrosslinkable dSIS methacryloyl (dSIS-MA)
and by subsequently formulating it into a bioactive 3D printing resin. The concentration of
1.5 wt% of dSIS-MA yielded desired viscosity and photocrosslinking kinetics, and the 3D print-
ing of the resin resulted in fully transparent and highly swelling dSIS-MA hydrogels with a
stiffness resembling native intestinal tissue. The new dSIS-MA resin was successfully 3D
printed into acellular intestine-mimicking scaffolds that desirably guided the seeded human in-
testinal cells to grow along the 3D villi mimics. Human small intestinal organoid-derived un-
differentiated primary cells grew to confluency on the dSIS-MA hydrogels and formed contin-
uous tight junctions, thereby demonstrating the suitability of the 3D printing material for grow-
ing intestinal epithelium mimics. Furthermore, a small fraction of the human primary intestinal
cells produced mucin 5AC, demonstrating early differentiation of these cells on the dSIS-MA
hydrogels. The excellent cell compatibility of the dSIS-MA material combined with its high
printability and biomimicry indicated that this new resin can be a great help in modelling and
reproducing native tissue architectures where enhanced physiological relevancy is desired.
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Chemistry matters: A side-by-side comparison of two chemically distinct

methacryloylated dECM bioresins for vat photopolymerization

Biomaterials Advances, 2024, required reviews completed
(status 07.03.2024; initial submission: 07.02.2024)

Personal Contributions: Investigation of crosslinking by rheology with UV light curing sys-

tem; manuscript correction.
Abstract:

Decellularized extracellular matrix (dECM) is an excellent natural source for 3D bioprinting
materials due to its inherent cell compatibility. In vat photopolymerization, the use of dECM-
based bioresins is just emerging, and extensive research is needed to fully exploit their potential.
In this study, two distinct methacryloyl-functionalized, photocrosslinkable dECM-based biore-
sin were prepared from digested porcine liver dECM through functionalization with glycidyl
methacrylate (GMA) or conventional methacrylic anhydride (MA) under mild conditions for
systematic comparison. Although, the chemical modifications did not significantly affect the
structural integrity of the dECM proteins, mammalian cells encapsulated in the respective hy-
drogels performed differently in long-term culture. In either case photocrosslinking during 3D
(bio)printing resulted in transparent, highly swollen, and soft hydrogels with good shape fidel-
ity, excellent biomimetic properties, and tunable mechanical properties (~ 0.2-2.5 kPa). Inter-
estingly, at a similar degree of functionalization (DOF ~ 81.5-83.5%), the dECM-GMA resin
showed faster photocrosslinking kinetics in photorheology resulting in lower final stiffness, and
faster enzymatic biodegradation compared to the dECM-MA gels, yet comparable network ho-
mogeneity as accessed via Brillouin imaging. While human hepatic HepaRG cells exhibited
comparable cell viability directly after 3D bioprinting within both materials, cell proliferation
and spreading were clearly enhanced in the softer dECM-GMA hydrogels at a comparable de-
gree of crosslinking. These differences in stiffness, biodegradation, and cell proliferation were
attributed to the additional hydrophilicity introduced to dECM via methacryloylation through
GMA compared to MA. Due to its excellent printability and cytocompatibility, the functional
porcine liver dECM-GMA biomaterial enables the advanced biofabrication of soft 3D tissue

analogs using vat photopolymerization-based bioprinting.
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Precision Photoclick Hydrogel Formation: From Norbornene-Functionalized

Liver dECM towards Physicochemical Mimicry of Native Liver Tissue

for Advanced Tissue Engineering
I - ribiczer, I

Manuscript in preparation

Personal Contributions: Investigation of crosslinking by rheology with UV light curing sys-

tem.
Abstract:

Photoreactive hydrogels derived from decellularized extracellular matrix (dECM) exhibit sub-
stantial promise in liver tissue engineering, owing to their distinctive bioactive components,
soft elastic properties and porous structural characteristics. In this study, we propose an inno-
vative photoclick hydrogel platform employing an orthogonal thiol-ene reaction. This reaction
is set up between solubilized and norbornene-functionalized liver dECM and thiol-terminated
polyethylene glycol (PEG). The establishment of light-induced network formation is demon-
strated through a layered approach facilitated by a vat 3D printer on the reacting thiol-ene mix-
ture, incorporating a photoinitiator. With the overarching goal of developing hydrogel scaffolds
that physicochemically mimic native liver tissue, our approach seeks to transcend the limita-
tions inherent in traditional methods. This precise and reproducible methodology for hydrogel
formation aims to establish scaffolds that not only emulate the physicochemical characteristics
of the native liver tissue but also offer enhanced controllability and reproducibility. Our study
provides a comprehensive characterization of the thiol-ene mixtures encompassing biochemi-
cal, biophysical, and biological evaluations that systematically elucidate the performance and

potential applications of the proposed photoclick hydrogel platform in liver tissue engineering.
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N. Fribicze, |

Oral presentation at the Polymer Networks Group - PNG 2022 in Rome, 12.06 —16.06.2022

248 | CONFERENCE CONTRIBUTIONS



3D
ABF
ACN/APCN
AFM
ATR
ATRP
bpy
CL
CP33
CRP
CuAAC
DA
DCC
DCM
DCTB
dECM
defs
DHBC
DHC
DL
DLS
DMAc
DMAP
DMF
DMSO
DQ
DSC
ECM
EDMA
Fmoc
FTIR
Gly
GMA

LIST OF ABBREVIATIONS

three-dimensional

adaptive biasing force method
amphiphilic polymer co-network
atomic force microscopy

attenuated total reflection

atom transfer radical polymerization
bipyridyl

caprolactone

colloidal probe with a radius of 3.3 um
controlled radical polymerization
Copper catalyzed alkine-azide cycloaddition
Diels-Alder
N,N'-dicyclohexylcarbodiimide

dichloromethane

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile

decellularized extracellular matrix
defects

double hydrophilic block copolymers
double hydrophilic copolymers
double link

dynamic light scattering
dimethylacetamide
dimethylaminopyridine
dimethylformamide

dimethyl sulfoxide

double-quantum

differential scanning calorimetry
extracellular matrix

ethylene dimethacrylate
fluorenylmethoxycarbonyl
Fourier-transform infrared spectroscopy
glycine

glycidyl methacrylate
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HEMA
HMTETA
HOC

HOC

HR MAS NMR
MA
MALDI-TOF
MALS

MC simulation
MD simulation
MD-SEC
MQ-NMR
MS

MTBE

NB

NMP

NMR
PCBAMAA
PCL

PDha
PDMAPAA
PDMAPMAA
PDMS

PEG

PEMGE
PMF

PMMA

PPO8

PP25

PSSNa

PTA

PVDF

RAFT

RDC

RDRP

2-hydroxyethyl methacrylate
hexamethyltriamin
higher order connectivities

higher order connectivities

high-resolution magic angle spinning nuclear magnetic resonance

methacrylate

matrix-assisted laser desorption/ionization time-of-flight
multi angle light scattering

Monte-Carlo simulation

molecular dynamics simulation
multidetection-hyphenated size exclusion chromatography
multiple-quantum nuclear magnetic resonance
mass spectroscopy

methyl-tert-butyl ether

norbornene

nitroxide mediated polymerization

nuclear magnetic resonance

poly(carboxy betaine methacrylamide)
poly(caprolactone)

poly(dehydroalanine)

poly dimethyl aminopropyl acrylamide

poly dimethyl aminopropyl methacrylamide
poly(dimethyl siloxane)

poly(ethylene glycol)

poly(ethyl glycidyl ether-co-methyl glycidyl ether)
potential of mean force

poly methyl methacrylate

plate-plate geometry with a diameter of 8 mm

plate-plate geometry with a diameter of 25 mm

poly(styrene sulfonic acid)sodium salt; poly(styrene sulfonate)

phosphotungstic acid
poly(vinyliden fluoride)
radical atom

residual dipolar coupling

reversible-deactivation radical polymerization
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RMSE root-mean-squared error

ROMP ring-opening metathese polymerization

ROP ring-opening polymerization

SAXS small-angle x-ray scattering

SEC size exclusion chromatography

SET-LRP single-electron transfer-living radical polymerization
SI supporting information

SIS small intestine submucosa

SL single link

SLS static light scattering

SPAAC strain-promoted alkyne-azide cycladdition
tBAMA tert-butoxycarbonylaminomethyl acrylate

TEM transmission electron microscopy

THF tetrahydrofuran

Tol toluene

UAC uranyl acetate

UV ultraviolet

VT-NMR variable temperature nuclear magnetic resonance
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momomY

M

Nred
nsp
[n]

[ aer

fsu

for
G

G*
Gl
GII

LIST OF SYMBOLS

mobility

second virial coefficient
polarizability

magnetic field
concentration

overlap concentration

Flory-Huggins interaction
parameter

characteristic ratio
diffusion coefficient
residual dipolar coupling

shift

solubility parameter
x:TM Tian-Munk

x:HS Hildebrandt-Scott
x:H Hansen

dispersity

elastic modulus
activation energy
electric field of incident light
permittivity
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APPENDIX

A.3. Supporting Information Chapter |
A.3.1. 'H NMR spectroscopic investigation of star polymer 3

B

i

Figure A.3. 1: 'H NMR spectrum of 3b (region of aliphatic protons; CDCI3) with integral regions used for the
calculation of the number-average molar mass M, nwmr for 3a — 3¢ according the following comments.

4

0
Ogﬂ

Calculation of the molar mass (exemplary for 3b):

- Integral A (la): terminal CH20OBenzOx protons of PCL arms. Intensity is equal to intensity
of CH2O-PCL protons of core.

- Integral B (Ig): unreacted CH.BenzOx protons of core (“defects”).

- Integral C (Ic): CH20C(O) protons of (n-1) PCL units and CH>O-PCL of core.

- Content of BenzOx-reacted OCH:2 groups of core (“defects”, mainly tri arm structures):
=g/ (la+18)=4%

- Number of CL units per core unit:

=05*1c/0.125* (Ia + Ig) =11 /0.125 = 88 (estimated error: £ 2%)

- Number-average molar mass by NMR end group method
MnNMR = N * MncL + Mncore + 4 * Mngenzox = 88 * 114 g mol™1+ 136 g mol™ + 4 *295
g mol~t = 11.300 g mol* (+ 200 g mol ™).

254 | Supporting Information Chapter |



APPENDIX

A.3.2. INMR spectroscopic investigation of star polymer 5

__ M I S T

4.|(] 3I5 3.IO

Figure A.3. 2: 'H NMR spectrum of 5b (region of aliphatic protons; CDCI3) with integral regions used for the
calculation of the number-average molar mass My nmr for 5a — 5¢ according the following comments.

Calculation of the molar mass (exemplary for 5b):

- Integral A (1a): CH20-PEG protons of core.

- Integral B (Ig): CH2NH protons of terminal unit of PEG arms

- Integral C (Ic): OCH2CH-0 protons of (n-1) PEG units and OCH2CH2NH: protons of ter-
minal unit of PEG arms.

- Number of CH2CHO units per core unit:
n=0.25*(lg +1c)/0.125 * In = 31/ 0.125 = 248 (estimated error: + 2%)

- Number-average molar mass by NMR end group method
MnhnvR = N * MncHacH20 + Mncore = 248 * 44 g mol + 136 g mol~ = 10.800 g mol
(+ 200 g mol™?)
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A.3.3. 'H NMR spectroscopic monitoring of network formation (signal assignments)
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Figure A.3. 3: *H NMR spectra (regions) of a) a CN at a benzoxazinone conversion of 90 %, b) during a CN
synthesis at a benzoxazinone conversion of 46 %, and c) of 3a (all in THF-d8 at 40 °C). The OCH signal of He
next to the benzoxazinone group is marked with * and after reaction with #. The assignment refers to the structures
in Scheme 3.2 in the main text.
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A.3.4. HR MAS NMR spectroscopy of CN3-3
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Figure A.3. 4: *"H NMR spectra of (a,c) CN3-3 swollen in CDCI3 and measured with a HR MAS NMR probe and
(b, d) a CN at a benzoxazinone conversion of 90 % measured in a 5 mm NMR tube during a kinetics experiment
(THF-dg). Symbol # marks spinning side bands of the intense aliphatic signals appearing in a distance of n, = 4650

Hz from the main signals. The arrow in (d) points to a signal of residual benzoxazinone groups (Hio) that disap-
peared for fully reacted CN3-3.
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A.3.5. Size Exclusion Chromatography (SEC)

For the measurements of 3a-c, two MIXED-C columns (300 x 7.5 mm, 5 um, Agilent Technol-
ogies, USA) were connected in series. Detection was set up as follows: a DAWN® HELEOS
Il multi angle light scattering (MALS) detector (Wyatt Technology, USA, 18 photodiodes at
multiple measurement angles, A = 663 nm) and a differential refractive index (dRI) detector
Optilab® T-rEX (Wyatt Technology, USA, equipped with a 512 photodiode array and A = 663
nm). The eluent was THF (stabilized with 0.025 % butylated hydroxytoluene) with a flow rate
of 1 mL/min. SEC characterization of 5b and 5c¢c was performed using an aqueous solution
containing 0.01 M NaH2PO4 (pH = 7) and 0.2 M NaPO3 as eluent at a flow rate of 1 ml min
with two aquagel-OH MIXED-H columns (250 x 4.6 mm, 8 um, Agilent Technologies, USA).
Molar mass determinations were performed by using a dR1 detector K2301 (Knauer, DE) and
a MALS-detector MiniDAWN TREOS Il (Wyatt Technologies, USA).

A.3.6. Viscosimetry

A capillary viscometer of micro-Ubbelohde type I was used to determine nsp. The capillary was
sequentially precleaned with peroxomonosulfuric acid, hydrochloric acid, sodium hydroxide,
water and acetone. Stock solutions of the respective polymers were prepared and diluted to 18,
15, 12, 9, 6, and 3 g L. Measurements were performed at 25 and 35 °C. The capillary was
rinsed with the respective solution and kept at constant temperature for 15 minutes prior to the
measurement. At least ten data points were collected for each concentration. The specific vis-
cosity nsp was calculated from the time ¢t that a defined volume of the polymer solution needs

to flow through the capillary and the corresponding time ts for the pure solvent.

nSp = _175 P~ 5 (1)
The intrinsic viscosity [n] is defined as
. nsp
= _— 2
[7] = lim— ()

And was extrapolated according to the method of Schulz—Blaschke.[!!

fsp _

. ] + ksg[nInsp 3)
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The Schulz—Blaschke constant ksg provides qualitative information on the solvent quality
(lower ksg refers typically to better solvent quality). All results of this analysis are summarized
in Table A.3.1. The data shows that chloroform is the best solvent for both compounds, while

compound 5 develops a significant temperature dependence in both THF and toluene.

Table A.3. 1: Overlap concentrations and Schulz—Blaschke constants from viscosity measurements for compounds

3 and 5. The error for ¢* is estimated from the error propagation as Ac* = [n% - Aln].
3 5
solvent T (°O)
ksp c* (gL ksp c* (gL
25 0.41 59.2+0.3 2.22 81.8+0.3
THF
35 0.89 55.1+0.1 0.42 64.6 £0.2
25 0.31 552+0.1 1.65 76.2+0.5
toluene
35 0.29 554+02 0.34 58.6+0.1
25 0.88 46.8 0.7 0.37 35.6+0.1
CDClIs
35 0.86 47.1+0.6 0.24 35.7+0.1

A.3.7. Dynamic Light Scattering (DLS)

For all measurements, cylindrical quartz-glass cuvettes sequentially pre-cleaned with perox-
omonosulfuric acid, aqua regia, sodium hydroxide, and water were used which were rinsed with
hot acetone to remove dust prior to use. The temperature during the measurements was con-
trolled by a Huber Pilot One thermostat (Peter Huber Kaltemaschinenbau AG, Offenburg, Ger-
many). Measurements were conducted at 25 and 35 °C and at a concentration of ¢ =30 g L.
The solutions of 5 were filtered with a Whatman Anotop (0.1 pm; 10 mm) and a Millex LG
(0.2 um; 13 mm) filter and the solutions of 3 with a Whatman Anotop (0.02 um; 10 mm) and a
Millex FG (0.2 um; 13 mm) filter in a dust-free laminar flow box prior to the measurement to
obtain dust free polymer solutions. The amplitude correlation functions g (g, t) received
from the DLS experiment were corrected for the baseline and normalized to unity. The data are

displayed in Figure 3 .2 of the manuscript and were fitted with an exponential function

T

9Y(q,v) =B - exp <— —) (4)

TRr1
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in case of the tetra-PCL solutions and a biexponential function

g®(q,7) =B -exp (— i) + (1-B)-exp <—é), (5)

in case of the tetra-PEG solutions, where B is the amplitude of the fast process and tr,i with

I =1, 2is the characteristic relaxation time of the corresponding process.

The appearance of a second slow relaxation process for compound 5 indicates an apparent clus-
tering in THF, which was already evident during the filtration process and required the use of
a 0.1 pm syringe filter in contrast to a 0.02 pm filter for compound 3. The diffusion coefficient

o)
TRi "4

is extracted from the relaxation time using data at different scattering vectors g by plotting the

inverse relaxation time against the square of the scattering vector q. The hydrodynamic radii

are calculated using the Stokes-Einstein equation

R — kgT
h— 6mnsD

(7)

with the Boltzmann constant kg, the absolute temperature T, and the viscosity of the solvent 7s.

The results of this analysis are summarized in Table A.3. 2.

Table A.3. 2: Fit parameters of the monoexponential and biexponential fits and extracted hydrodynamic radii of
components 3 and 5 in THF at a scattering angle of 30° corresponding to Figure 3. 2 of the manuscript.

Sample 7 (°C) B TR 1 (MS) TR 2 (mMs) Ry 1 (nm) Ry, 5 (nm)
25 1.0 0.11 - 2.8+0.1 -
3 35 1.0 0.10 - 2.8+0.1 -
25 0.70 0.12 2.7 3.2+0.1 44 +£2
> 35 0.68 0.10 1.8 3.1+0.1 44 +£2
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Table A.3. 3: Geometric parameters of tetra-arm star polymers 3 and 5 used to calculate the radius of gyration.

Poly= ¢ Lam)P  bm 109 Mg (gmolh® N
mer
PEG(5) 52 0.1460) 88 107 97
PCL(3) S 01491 9.0 118 98

3 characteristic ratio
b) root mean square of the bond length

% Kuhn length

9 Kuhn molar mass

€) number of Kuhn segments per star polymer

A.3.8. Rheology

With reference to the frequency sweep measurements on APCN-gels based on star polymers 5
and 3 shown in Figure 3. 7 in the main text, storage moduli averaged over the full frequency

range are shown Table A.3. 4.

Table A.3. 4: Average values of storage modulus over the full range of frequencies.

No. c(gl™h G' (kPa)
1 70 242 %001
2) 140 53+0.1
3) 210 9.26 + 0.09
4) 280 13502
5) 350 16.9+0.1
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A.3.9. MQ NMR Spectroscopy

Table A.3. 5: Overview of the connectivity distribution of all APCNs synthesized.

for @ Sou® Jfuoc © Saets

Sample
(%)
CN1-1 - - - -
CN2-1 - - - -
CN3-1 24 65 10 01
CN1-3 39 51 9 1
CN2-3 39 49 11 1
CN3-3 36 52 10 2
CN2-5 - - - -
CN3-5 52 39 8 1
CN4-1 22 32 38 9
CN5-1 26 34 35 5
CN4-3 32 47 19 2
CN5-3 35 51 13 1
CN6-1 23 33 41 3
CN7-1 26 32 39 3
CN6-3 35 51 13 1
CN7-3 34 50 15 1
CN8-1 24 31 17 28
CN9-1 - - - -
CN8-3 38 46 15 0
CN9-3 31 52 17 0
PEG-PEG-1 54 16 20 10
PEG-PEG-2 41 46 12 1

a) fraction of single links

b) fraction of double links

c) fraction of higher order connectivities
d) defect and sol fraction
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A.3.10. Calculation of interaction parameters from literature data

The Hildebrand-Scott solubility parameter for species X = A, B is defined asl® !

1/2 1/2

5, = (E_X) _ (M) ®)

Ux Uy

Here, R is the gas constant, T the absolute temperature, Ex is the energy of vapourization (co-
hesive energy), vx the molar volume, and AHx the enthalpy change of species X upon evapori-
zation. For non-polar systems, a comparison of the solubility parameters provides a first esti-
mate for the (enthalpic part) of the Flory interaction parameter

Vg

XH = ﬁ (65 — 53)2 9)

where va4 is the molar volume of the solvent that establishes the unit volume of the FloryHug-
gins lattice in the dilute limit (the index B is used below for the polymers). Often, a correction
is added on top of the enthalpic contributionl that is considered to be of entropic origin. Here,
a constant between 0.3 and 0.4 is chosen (often 0.34) leading to the following estimate of the

interaction parameter based upon the Hildebrand-Scott solubility parameters

v
¥us ~ 0.34 + R—; (8, — 85)2 (10)

Miscibility is expected if

Xus < Xerie = 1/2. (11)
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For computation, the solubility parameters § and the molar volumes va of Table A.3. 6 were

used

Table A.3. 6: Hansen solubility parameters in units of MPa'? and molar volumes of the solvents

op or on 0 04 [cm> mol™'] Refs.
PEG 17 10 5 20.4 - 7-8
PCL 19.6 5 8.4 20.2 - 8
Toluene 18.0 1.4 2.0 18.1 106.8 8
Chloroform 17.8 3.1 5.7 18.7 80.7 8
THF 16.8 5.7 8.0 18.6 81.7 8
Water 15.5 16.0 42.3 47.8 18.0 8

Note that Ref. [8] contains multiple tables where parameters for the same compound are provided. These contain sometimes
slightly different parameters (e.g. dn Of toluene is either 18.0 or 18.3). In case of different parameters, we have chosen the
parameter that appears most often.

The results of these computations are summarized in Table 3. 3 of the main text. Hansen[®!
introduced a generalization of the solubility parameter decomposing it into three different con-
tributions related to dispersion forces, polar cohesive energy, and hydrogen bonding respec-

tively,

52 = 8% + 6% + &2. (12)

Here, one computes first the solubility parameter distance

RZ =4(8ps — 6pp)* + (6pa — 6pp)* + (Bya — Sup)* (13)

for which the individual contributions are compared. As above, additional indices A and B refer
to the different species. The coefficient of 4 was introduced in later works for convenience:[!
with this empirical parameter, all miscible materials appear roughly within a sphere when in-
terpreting the above differences as differences along the three axes of a cartesian coordinate
system. A connection to the Flory-Huggins interaction parameter y is established by compu-
ting®®

v4RE

Aaa 14
ART’ 14

Xa ® Q
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which reduces to yus in the absence of polar interactions and hydrogen bonding, if « = 1 as
introduced originally by Hansen. Lindvigi'% analyzed a large number of solubilities and pro-
posed that a coefficient of « = 0.6 leads to a better agreement with the Flory-Huggins parameter.
Therefore, we have used a = 0.6 in combination with the solubility parameters of Table A.3. 6.
The results of these computations are summarized in Table 3. 3 of the main text. Tian and
Munk™ developed a refinement of the Hildebrand-Scott model that is somewhat similar to the

Hansen approach. Here, the Flory interaction parameter is computed as

Xru = [(Bpa = 605)? + (8ps — 5ps)? + (A4 = Ag)(Ds — Dp)] (15)

where g4 is a shape factor of the solvent, while hydrogen bonding is split into an acceptor Ax
and a donor Dx contribution. We have compiled the relevant model parameters for our study
from Ref. [11] in Table A.3. 7. The results of these computations are summarized in Table 3. 3

of the main text.

Table A.3. 7: Tian-Munk solubility parameters in units of MPaY?, shape factors and molar volumes of the solvent
molecules (all data taken from Ref. [11] except of the molar volumes that were taken from Ref. [8])

G4 op or A D v4 (cm® mol™)
PEG - 16.918 4.07 1.658 11.394 -
PCL - 16.981 3.684 1.352 7.489 -
Toluene 1.220 16.204 3.327 1.218 0.860 106.8
Chloroform 1.365 15.685 3.989 4.000 0.761 80.7
THF 1.213 16.6 4.583 0.528 3.261 81.7
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A.3.11. Reaction kinetics based on in situ H NMR measurements

270 T T T T T T T T T T T T T T T T
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Figure A.3. 5: 1/[3] vs. t plot of kinetics data of the equimolar reaction of 3 and 5 in THF-ds at different tempera-
tures. The first low conversion data point was not used because it is influenced by the necessary sample handling.
This is also the reason that the curves do not cross the origin.
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Figure A.3. 6: In k vs. 1/T plot of kinetics data of the equimolar reaction of 3 and 5 in THF-ds at different tem-
peratures. The rate constants k»° and k»? from Table 3. 4 were used to determine the activation energies E,.

Calculation of the activation energy Ea (exemplary for k,?):

(—2699.390)(8.314)
1000

E, = —(slope)8.314 ] -mol™! = =22.4kJ -mol™?!
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A.3.12. Reaction kinetics in the simulations

One advantage of the computer simulations is that the degree of mixing can be controlled. A
comparison with simulation data, therefore, can provide insight into quality of the mixture in
an experiment. As benchmark for the experiments, we created “perfect” mixtures with a purely
stochastic local composition of the two different star polymer types. Network formation of these
perfect mixtures was simulated in the diffusion-controlled limit, since a reaction-controlled ki-
netics with reaction constants comparable to the experiment is not possible within reasonable
simulation time. We have recorded the conversion, p, as a function of time t and the growth of

the weight fraction of the largest cluster, wgei, see Figure A.3. 7.

Diffusion controlled reactions of reactive groups attached to polymers refer to a compact ex-
ploration of space.*? In case of Rouse dynamics of the reactive groups in melts, this leads to
reaction kinetics that progresses with time t as t# with g = 3/4. In semi-dilute solutions, one
expects Zimm dynamics with mean square displacements « t2° up to the relaxation time of a

correlation volume that provide 8 = 1 within this time regime.

1 _pa Wge|

0.1

1000 10000 100000 1x10® 1x107 1x10®

t [MCS]

Figure A.3. 7: Reaction kinetics in the simulations with overlap concentrations in the range of c* to 4c*. Data are
averages over 10 independent runs with same parameters. The weight fraction of the gel, wge for the samples at
1c* is included to demonstrate that kinetics departs from a homogeneous mixture after most of the stars are at-
tached to the gel. The error of the kinetics data indicate the sample to sample variation in the time to reach a
conversion of p.
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Our Monte-Carlo simulations model no hydrodynamics, thus, dynamics is of Rouse type but
must reflect swollen chains conformations up to the relaxation time of a correlation volume.
For this particular case, we expect™ mean square displacements o« t>/(">) |eading to
B =3v/(1 +2v)~0.81. In any of these cases, kinetics is governed by a dependence

[A] 1
[Alo 1+ k[A]otF’

(16)

since the reaction scheme is ring-opening addition reaction of two different reactive groups in
a stoichiometric mixture, see also the discussion in the main text. Here [A] is the concentration
of the compound at time ¢, [A]o is the initial concentration of the compound, and k is the reaction
constant. We have fit this expression in Figure A.3. 7 to the simulation data at low conversions,
p < 0.6 and obtain a rather constant § = 0.85 + .01 for all samples not far from the expected
B = 0.81. For higher conversions, p > 0.6, kinetics is delayed with respect to an ideal diffusion-
controlled recombination process. This delay sets in at the time when most of the star polymers
are attached to gel, see Figure A.3. 7 where the weight fraction of gel is included for the sam-
ples with a concentration around c = (data for wge: at larger concentrations is shifted towards
smaller times by the same factor as the reaction kinetics). If most stars are attached to gel, it is
no more possible that diffusion can decay spontaneous composition fluctuations of the two
types of star polymers in the sample - irrespective of whether kinetics is diffusion or reaction
controlled. The data of the experiments depart from the ideal reaction Kinetics of a perfectly
mixed sample at nearly the same conversion. Therefore, we conclude that a nearly perfect mix-

ing of the two compounds was reached in the experiments.
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A.4. Supporting Information Chapter I

A.4.1. Swelling properties — Non-selective solvent

Table A.4. 1: Equilibrium swelling degrees of PEG-PCL and PEG-PEG networks in toluene prepared at different
concentrations and temperatures.

PEG-PCL PEG-PEG
c(gL™h T (°C)' Qs T (°C)' Qs
25 17.8+0.6
70 25 13.4+0.7
60 16.0+0.1
25 12.8+0.1
140
60 12.5+0.2
25 10.6 + 0.5
210 25 8.3+0.2
60 10.1+0.3
25 9.3£0.2
280
60 9.3£0.1
25 8.7+0.5
350 25 6.7+0.2
60 8.4+0.3

! Synthesis temperature

2 First swelling directly after synthesis without drying.

A.4.2. Swelling Properties — Effect of Drying

Table A.4. 2: Equilibrium swelling degrees of PEG-PCL networks in toluene before (Q,) and after drying (Q,).
The drying was performed at room temperature for five days, if not stated otherwise.

c(gL™) T (°C)! Q1 Q:
25 17.58 9.60 2
70 25 18.62 15.90
60 16.00 15.40
25 10.94 10.93
210
60 10.16 9.96
25 7.94 7.61
350
60 8.40 8.21

! Synthesis temperature.

2 Drying was performed at 60 °C.
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A.4.3. Swelling Properties — Selective Solvent

« -
- PEG-PCL

Figure A.4. 1: Pictures of PEG-PCL networks after preparation in toluene. This method of gelation in teflon
molds was used for the rheology setup to obtain gels with the correct geometry. The gels were then swollen to
equilibrium in excess toluene.

N e
PEG-PCL

PEG-PEG

Figure A.4. 2: Pictures of a PEG-PEG network and a PEG-PCL network swollen in water. The transparent ap-
pearance of the PEG-PEG networks is due to the good solvent quality of water for PEG. In contrast, water is not
a good solvent for PCL, resulting in contraction of PCL domains and a cloudy appearance.

200nm

Figure A.4. 3: Height images measured with AFM in tapping mode of PEG-PCL networks swollen in either
toluene or water. Whereas the gels show smooth surfaces in toluene without any noticeable structures, they show
a rather rough surfaces in water. Further structural information is hidden in the surface roughness, but can be

visualized via phase imaging.
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Table A.4. 3: Equilibrium swelling degrees of PEG-PCL and PEG-PEG networks in water prepared at different
concentrations and temperatures. The networks were prepared in toluene, dried at room temperature for five days
and reswollen in water.

PEG-PCL PEG-PEG
c(gL™) T (°C)' Q: T (°C)' Q:
25 3.0+0.2
70 25 145+0.3
60 3.2+0.1
25 2.99+0.08
140
60 2.9+0.2
25 2.9+0.1
210 25 11.0+0.2
60 3.1+0.1
25 2.98 £0.04
280
60 3.0+0.1
25 2.7+0.1
350 25 8.9+0.2
60 2.8+0.1

! Synthesis temperature
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A.4.4. Mechanical Properties — Non-selective solvent

Table A.4. 4: Storage modulus of PEG-PCL networks swollen in toluene (non-dried) converted with a Poisson’s
ratio of 4 = 0.25 and u = 0.5 from AFM measurements with tip (radius = 8 nm) and colloidal probe (CP33: 3.3 um)
as well as storage modulus directly from rheological measurements. The error of the converted modulus corre-
sponds to the percentage error of the original data.

G3(kPa)
(e ‘CL’I) u=0.25 u=0.5 rheology

tip CP33 tip CP33 25°C 60 °C
70 114 10+2 9+3 8+ 1 6.3+0.2 6.5+0.1
140 29+5 18+4 25+4 15+3 13.91 £0.09 153+0.2
210 37+20 25+7 31+£16 20+ 6 2242 23.3+0.2
280 52+24 30+9 43 +20 25+7 34+1 349+0.3
350 95+ 17 42+9 79 + 14 35+£7 46.2+0.2 47+ 1

Table A.4. 5: Comparison of experimentally found and theoretically calculated elastically effective network
strands, Vexp and vipeo, based on the AFM measurements for PEG-PCL networks in toluene using a tip and col-

loidal probes.

tip CP33
(g -CL’I) (rnz;[gtla-o LY Vexp Voo v Vexp
(mmol-L) exp/Vtheo (mmol-L) Vexp/Vtheo
70 12.2 7.4 0.6 6.6 0.5
140 18.0 19.8 1.1 12.3 0.7
210 22.9 24.9 1.1 16.5 0.7
280 27.4 34.8 1.3 19.9 0.7
350 30.8 64.1 2.1 28.6 0.9
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A.4.5. Mechanical Properties — AFM histograms
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Figure A.4. 4: Elastic moduli of PEG-PCL networks swollen in toluene and water obtained from AFM measure-
ments with colloidal probe (CP33: radius 3.3 um) or tip (radius = 8 nm). Elastic moduli are higher for gels that
have been synthesized at higher network concentrations. Both tip and colloidal probe measurements demonstrate
wider distributions of obtained moduli with increasing network concentrations. Gel networks swollen in water are
stiffer than in toluene.
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A.5. Supporting Information Chapter lli
A.5.1. Dynamic Light Scattering (DLYS)

The amplitude correlation functions g™ (q,t) received from the DLS experiment

for different scattering vectors q are fitted with monoexponential decay functions,

gP(qt)=4- exp( ) for all solvents except of acetone. In the latter case, only a biexpo-

nential decay g (q,t) = A4 - exp( e )) +B- exp( ) provided a satisfying agreement

2(q)
with the data, see Figure A.5. 1. Here, A and B are the amplitudes, t is the time, and the

characteristic relaxation times for a particular q are given by 7;(q) with i = 1,2. For all samples
analyzed, the quality of the data and the fit is comparable to the examples shown in

Figure A.5. 1. The diffusion coefficient D is received as the slope from plotting z;(q) against

q?. The hydrodynamic radii are calculated using the Stokes-Einstein relation Ry, = 6’;%, with

the Boltzmann constant kg, the absolute temperature T', and the viscosity of the solvent n. Ref-
erence values for the dynamic viscosity of the solvents at 20°C were taken from literature and
are 0.437, 0.325, 0.452, and 1.003 (all in units of mPa-s) for dichloromethanel, acetonel?, ethyl
acetatel?l, and waterl], respectively. Scattering vectors were computed for a given scattering
angle using the wave length of 632.8 nm of the laser beam and literature data for the refractive
index, which is 1.4244, 1.3588, 1.3724, and 1.3330 for the above solvents, respectively.[* 4 51

data O

both components
single exponential
fast component
slow component

0.8

< 0.6 [
g °
=
= 04t
Ten
0.2 r
0 L
0.0001  0.001 0.01 0.1 1 10 100
t [ms]

Figure A.5. 1: Amplitude correlation function of a 20 g L™* solution of 6b in acetone. Data were obtained at 90°
scattering angle at a temperature of 20 °C and fit by a single and double exponential decay, where for the latter,
the contributions of the slow and the fast component are shown.
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data O
single exponential

0.6

¢Moya

04 f

0.2

0

0.0001  0.001 0.01 0.1 1 10 100

Figure A.5. 2: single exponential decay for 10 g L™ solution of 6b in ethyl acetate measured at a scattering angle
of 90° and a temperature of 20 °C.

Table A.5. 1: Hydrodynamic radii of 6a and 6b in water and different organic solvents at 20 °C as a function of
polymer concentration c. F is the relative amplitude of the fast component, F = ﬁ, in case of a bi-exponential

fit. The error margins reflect the error of the numerical data regression. A more detailed discussion of systematic
errors and the noise of the data provides no substantially larger errors.

polymer solvent c(gL™ F Ry 1(nm) Ry >(nm)

0.025 22.0+0.5 -

0.05 21.1+03 -

0.1 21.3+03 -

water

0.25 20.0+0.1 -

0.5 20.1 £0.1 -

1 19.9+0.2 -
6b 2.5 0.76 18.0+1 35+0.1
5 0.69 21.8+£04 3.6+0.1

acetone

10 0.64 23.8+04 3.7+0.1
20 0.62 34.8+0.9 42 4+0.1

dichloromethane 10 3.8+0.3 -

5 424+0.1 -

ethyl acetate

10 434+0.1 -
2.5 0.59 14+1 30+£0.2
5 0.55 18.5+0.9 32+0.1

6a acetone

10 0.59 21.5+0.7 35+0.1
20 0.53 23.0+£04 3.6+0.1
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A.5.2. NMR Spectroscopic investigation of star polymer 1

%,
Ho._ 8 7 ~5.~30 o}
7 078 6 4 2 A3
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wt 2\ 8*
L L

e

Figure A.5. 3: *H NMR spectrum of 1a with integral regions used for calculation of the number-average molar
mass Mnnwr for 1a and 1b as shown in the following notes (solvent: CDCls).

1
ppm

Calculation of the molar mass (exemplary for 1a):

Average number of PCL units per PCL arm (n):

n+1=(0.5- (I2+ Ig)) / (0.5 - 1gx) = 1.00 / 0.05 = 20 (estimated error: + 2%)
Number-average molecular weight by NMR end group method:

Mnnmvr = 4(N+1) - MncL + Mncore= 80 - 114 g mol* + 136 g mol*

=9.300 g mol* (+ 200 g mol™)
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Figure A.5. 4: 3C NMR spectrum of 1a (solvent: CDCI3). 3* is the carbonyl group next to the core.

A.5.3. NMR spectroscopic investigation of star polymer 3
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Figure A.5. 5: 'H NMR spectrum of 3a (solvent: CDCIs). Symbol * indicates that the CL unit is bonded to the
terminal oxazinone unit.
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Calculation of the molar mass (exemplary for 3a):

Average number of PCL units per PCL arm (n):
n=(05- (I2+1g)) /(0.5 lgx) =22.5/1.08 = 21 (estimated error: + 2%)
Number-average molecular weight by NMR end group method:

Mn‘NMR =4n - Mn,CL + Mn,core'l' 4. Mn,Bensz: 84 - 114 g m0|_1+ 136 g m0|_1+ 4 . 295 g mOI_l
=10.900 g mol™* (+ 200 g mol™?)

75
8 4 .
3
1 L 1 | 11 h II ‘\
[ " I T T T T | I j [ " [ " I T 1
180 160 140 120 100 5(13C) 80 60 40 20 pPm
19 20
14 11
15\//
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I I B |l I

T T \ 1 \ T T \ 1 \ T T \
175 170 165 160 155 150 145 140 135 130 125 120 ppm

5(°C)
g

2

g L

T \ ] T T T T T T T \ \ — 1
75 70 65 a0 55 50 45 40 35 30 25  ppm
B(ﬂc)

Figure A.5. 6: °C NMR spectrum of 3a (solvent: CDCls). Symbol * indicates that the CL unit is bonded to the
terminal oxazinone unit.
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A.5.4. NMR spectroscopic investigation of polymer 5

Calculation of the molar mass (exemplary for 5b):

Number of CH,CH:0 units (m+1):
m+1=(0.25 - (la+ Ip + Ic)) /(% - 1) = 47 (estimated error: + 2%)

Number-average molecular weight by NMR end group method:

Manvr = M+ Mnchachzo + Mnchso + Macrhacranez = 47 - 44 g molt + 31 g mol!= 2.100 g mol*?
(£ 100 g mol ™)

c
b
/d
a
-NH
- i 2
I
T T T T T T T T T
10 ] 8 7 [} 1 5 4 3 2 1 <) shul
8("H)
= [0 O| [y
A | O [~
S|alm| |
=e]
—

Figure A.5. 7: *H NMR spectrum of 5b (solvent: CDCls).

280 | Supporting Information Chapter Il



APPENDIX

180 160 140 120 100 _

I T T I T T I T T T
50 1 45 40 35 30 25  ppm
8(°C)

Figure A.5. 8: 3C NMR spectrum of 5b (solvent: CDCl5).

A.5.5. NMR spectroscopic investigation of star block copolymer 6
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Figure A.5. 9: *H NMR spectrum of 6b (solvent: CDCls). * indicates that the CL unit is bonded to the connecting
unit.
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Figure A.5. 10: COSY spectrum (region) of 6b (solvent: CDCI3).
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Figure A.5. 11: 3C NMR spectrum of 6b (solvent: CDCIs). Symbol * indicates that the CL unit is bonded to the
connecting unit and ** that the EG unit is bonded to connecting unit.
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Figure A.5. 12: HSQC spectrum (region) of 6b (solvent: CDCls).
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A.5.6. NMR spectroscopic investigation of model compound 7

NMR spectra of partially (AsB, A2B2, AB3) and completely (Ba) esterified pentaerythrol with

dodecanoate as ester moiety.
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Figure A.5. 13: 'H NMR spectrum (top) and enlarged region (bottom) of the mixture of 7 (AsB — B4) (solvent:
CDCls).
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Figure A.5. 14: 13C NMR spectrum (top) and enlarged regions (bottom) of the mixture of 7 (AsB — B4) (solvent:
CDCls).
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Figure A.5. 15: HSQC spectrum (region of -CH,OH and —CH,OR groups) of the mixture of 7 (AsB — Ba) (solvent:
CDCly).
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A.5.7. NMR spectroscopic investigation of model compound 8

NMR spectra of partially (CsB, C2B2, CB3) and completely (B4) esterified pentaerythrol with
dodecanoate as ester moiety. Initially unreacted hydroxymethylene groups (A) are reacted to

benzoxazinone end groups (C).
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Xov X+ X+ X T e
B c 8B B B B B” B o NO,
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B: -CH,-O-C(O)- Alk

C: -CH,O-C(O)- Ar

c.B

SN e

Figure A.5. 16: *H NMR spectrum (top) and enlarged region (bottom) of the mixture of 8 (C3B — Bs) (solvent:
CDCls).
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Figure A.5. 17: 3C NMR spectrum (top) and enlarged regions (bottom) of the mixture of 8 (C3B — By) (solvent:
CDCls).
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Figure A.5. 18: HSQC spectrum (region of —-CH,OC(O)Alk and —CH,OC(O)Ar groups) of the mixture of 8 (CsB
— B4) (solvent: CDCls).

Supporting Information Chapter lil | 287



APPENDIX

A.5.8. Temperature-dependent *H NMR spectroscopic investigation of 6a and 6b in water
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Figure A.5. 19a: Variable temperature (VT) *H NMR spectra (region) of a suspension of 6a with short PEG chains
in DO (5 g LY). The sample is turbid also at 85°C. The signal at 3.66 ppm is a trace of PEG not bonded to the
core.
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Figure A.5. 19b. Selected VT 'H NMR spectra of a suspension of 6a with short PEG chains in D,O
(5 g L™). The region of signals of the benzoxazinone-based linking group between PCL star and PEG arms is
enlarged by a factor of 16.
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Figure A.5. 20a: VT *H NMR spectra (region) of a suspension of 6b with long PEG chains in D,O (5 g L ™). The
sample is clear at 90°C and very likely at lower temperatures. The magnification is lower compared to Figure

A.5. 19a.
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Figure A5. 20b. Selected VT 'H NMR spectra of a suspension of 6b with long PEG chains in D,O
(5 g L ™). The region of signals of the benzoxazinone-based linking group between PCL star and PEG arms is
enlarged by a factor of 64.
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Figure A.5. 21: *H NMR spectra (region) of a suspension of 6b (long PEG chains) in D,O (5 g L) recorded at
40 °C over a period of one hour. The spectra were recorded during the VT measurements depicted in Figure

A.5. 20 (heading period).
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Figure A.5. 22: VT 'H NMR spectra (region) of a suspension of 1a in D;O (5 g L ™). The sample was turbid over
the whole temperature range. Droplets were observed at T > 50°C.
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A.5.9. Molar mass characterization of 1, 3, 5, 6 by MALDI-TOF and MD-SEC
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Figure A.5. 23: MALDI-TOF MS of 1a, 1b, 3a, 3b, 53, 5b, 6a and 6b measured in linear and reflector TOF mode.
For 5a, 5b, masses below m/z 170 were suppressed by deflection. For all other samples, masses below m/z 700
were suppressed. Spectra of 6000 shots were accumulated each. Calibration and method verification were done
with a hydroxy-terminated PEG MALDI-TOF calibration standard (PSS-mixkit) by PSS-Polymer Standards Ser-
vice GmbH. Spectra recording and evaluation was done by using the software package Compass for flex series,
Version 1.4. The dashed lines indicate the baseline being subtracted to yield a baseline-subtracted linear mode
spectrum for molar mass average calculation. The molar mass averages reported in Table 5. 1 of the main article
were determined from the main fraction (single-charged adduct [M]*) indicated by the marked grey zone. Assign-
ments for 5a, 5b refer to the single-charged main potassium adduct [M+K]*, the sodium adduct [M+Na]* with
Am/z = -16, the lithium adduct [M+Li]* with Am/z = —-32 or the double-charged adduct [M+2K]?*, respectively.
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Figure A.5. 24: Trace impurity identification in MALDI-TOF mass spectra measured in reflector mode of 1 and
3. The assigned mass traces are identified as reported in Table A.5. 2.

Table A.5. 2: Identified molecule mass traces found (barely resolved) in the MALDI-TOF mass spectra of 1 and

3.
Symbol m/z M/ Zheo. Am/z  Am/Zeo. Matched composition adducts
O 8964.3 8964.22 - - [P-(PCL)77Hs + K]*
8999.8 8999.68 11773 1176.88 [P-(PCL)67(Bx-NO»)s + K]*
¢ 8984.3 8983.57 11614 1160.77 [P-(PCL)67(Bx-NO»)4 + Na]*
8934.1 8933.74  883.1 882.66 [P-(PCL)so(Bx-NO»);H + K]*
89184  8917.63  867.6 866.55 [P-(PCL)¢o(Bx-NO>);H + Na]*
* 8895.0  8895.65  844.0 844.57 [P-(PCL)so(Bx-NO»);H + H]"
8982.2 898195  589.0 588.44 [P-(PCL)72(Bx-NO»)H, + K]*
8948.4  8943.86  555.1 550.35 [P-(PCL)72(Bx-NO»),H, + H]*
8916.0  8916.01  294.6 294.22 [P-(PCL)74(Bx-NO2)H; + K]*
8900.3 8899.91  278.5 278.11 [P-(PCL)74(Bx-NO2)H3 + Na]*
8990.4  8992.07  254.5 256.13 [P-(PCL)75(Bx-NO2)H; + H]"
¢ 8948.7  8948.11 15.6 16.10 [P-(PCL)77Hs + Na]*

Molecule composition declaration:

P- assigns the pentaetrythrit core unit

(PCL)y assigns the no. of poly(e-caprolactone) repeating units in total

(Bx-NOy)y assigns the no. of 2-(4-nitrophenyl)-benzoxazinone terminal units

Am/z and Am/zneo refer to the actual and theoretical mass difference of the identified mass trace to the potassium

adduct of a P-(PCL)xxHa4 with equal total number of PCL repeating units.
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Figure A.5. 25: Differential molar mass distribution determined by MD-SEC of the star polymers 1, 3, 6a and 6b
in THF. The corresponding molar mass averages are reported in Table 5. 1 of the main article.
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A.5.10. Relevant parameters for PCL-b-PEG block and star block copolymers (literature

survey)

Table A.5. 3: Characteristics of f -arm PCL-b-PEG star block copolymers (references).

. Mn © Mpcf Mpeg )
Ref.| £9) | Core® | Ta|Stratesy ;43 [10° [10* | pDI® cme™ size” | Type
gmol?] | gmol?] | gmol?] [nm]
6]13,4 | B,P |PEG| a 29-40 | 47-51| 5-52 | Y77 g.2g1t |115-129
1.32
71| 4 C |PEG| a 28-55 | 1.9-8.6 5 11‘2334' 80-322 ugLl| 69-71
1.24-
, n.i. c - 2-4. - - -
8] |3, 4 i. | pcL 22-31 | 12-42| 5-6 2 20-85
o] | 4 ni. | PcL| ¢ 24-31 | 1.1-2.8 5 11‘2384' 32-320puglt| 20-42] s
3,4, . 1.04 -
[0l 7" [T, Pni| PCL| ¢ 31-43 | 26-7.3 | 13-31| ) .
n.i. c - 7-1 ) i -43gl -
(11]| 8 i. | pCL 26-29 | 0.7-1.1| 25 11'2223 3-43gl? | 20-40
(12| 4 P |PEG| ¢ 11-52 | 08-86| 2-7.7 | 8 |11-21mg1?
2.01
13| 3 T |PEG| g 25-81 |5.1-103| 2-4 1.16- 1imgl?| 13-32| s
1.23
(14]| 4 P |PEG| g 27 5.1 2 123 |10-23mgL?| 45 s
(15]/4,6 | P,DP |PEG| g 11-59 | 23-55 | 4.9 1.08- 1 043-2.1mg | o 56,
1.19 Lt
4-8 ) 1
[16l| 4 P |PEG| ¢ 22-7 1.7 11-2 | 15-? | 16-79pugLl? | 92-105| s
17| 7 | p-co |PEG| g 26-51| 1.2-5 | 1.1-2 117 - 14-42| s
15-45 25-
8] s R |PEG| g |[20-53m| "7~ 1-2 112451 06-28mglY 16-33| s
(o] 16| b |PEG| g 131 3.1 5 1.02 3mgl! | 17/75"
0]l 32| D |PEG| g 215 2.8 5 1.07 . 16/134"| s

) Number of star arms

b) Chemical structure of the core: B = 1,3,5-benzenetricarboxylic acid, P = pentaerythritol, DP = dipentaerythritol, C = chlo-
rin, D = polyamidoamine dendrimer, T = tris(hydroxymethyl)propane, 8-CD = per-2,3-acetyl-S-cyclodextrin, R = resorcina-
rene, n. i. = no information

©) Polymer of the outer block

d Synthesis strategy: a = arm first, ¢ = core first, g = grafting from

€) Number average molar mass of the star in Dalton

f Number average molar mass of PCL and PEG blocks (one star arm), respectively in Dalton
9 polydispersity index of the stars

") critical micellar concentration in water

) size of micelles in water

) type of micelles in water (s for spherical micelles)

k) two outer PCL-PEG blocks were attached to each of four inner PCL chains
I) unclear or missing information

™) hased on NMR data and PEG precursor weight

n) bidisperse distributions
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Table A.5. 4: Characteristics of PCL-b-PEG block copolymers (references).

Mhn ¢d) He)
ica) b) [ c)
Ref. Analysis Type % PEO [10%g mol] PDI (] (]
\ 0.17-0.28 114-6.8 | 1.19-1.28 100 - 1000+ 16-18
[21] cryo-TEM C 0.2-0.28 9.6-5.2 1.2-1.28 18-21 50 - 1000+
S 0.34-0.43 56-4.4 1.2-1.23 19-25 -
P >0.11" 13.4-20.6 | 1.48-1.57 - -
\ 0.13-0.36 4.1-34.6 1.42-16 |~500-~5000" -
[22] FM, SE
C 0.13-0.25 7.9-155 1.42-1.6 - 1000-20000
s 0.28 - 0.65 1.5-19.9 | 1.23-1.6 - -
C 0.42-0.55|<4.77 | £11.5(21.19 | 21.3 11| 29 10000+
[23] cryo-TEM
S >0.55 | <39]<95(>119]>13| ~11]|~29 -
[24] FM \ 0.15 14 1.2 100-10000 | 22.5+2.3
\ 0.09-0.25 8-21 1.32-1.52 60-2607 ~18 - 36
[25] FR, TAN
S 0.09-0.25 8-21 1.32-1.52 - -
S 0.15-67 4.8-32 1-08 - 1.19 10-40 -
[26] TEM with PTA C 0.22 8.7 1.05 20 -
L 0.11-0.16 12-18 1.09-1.10 20 -
TEM with UAC S,C, L® 0.55 9.1 1.15 22-45 -
(27]
cryo-TEM with UAC | C, unclear 0.55 9.1 1.15 24 -
3 Analysis:

cryo-TEM ... TEM of rapidly frozen samples, FM ... flourescence microscopy,
SE ... solvent evaporation method, FR ... film rehydration method,

UAC ... uranyl acetate, PTA ... phosphotungstic acid.

b) Types of particles:
S ... spherical, C ... cylindrical, V ... vesicles, L ... lamellar structures, P ... precipitate.

% %PEO is the weight fraction of PEO (virtually identical to volume fraction of PEO) in the polymer.

d) diameter of the micelles, cylinders, and vesicles.

€) length of the cylindrical worms or the thickness of the vesicle wall. If cryo-TEM is used, only the dimensions of the PCL
core can be analyzed.

f S6 of Ref. [22] shows spheres for the smallest polymers, which are not mentioned in Table S1 of Ref [22].

9 different morphologies were observed for different concentrations of the stock solution.

" calculated using Table S1 of the Sl of Ref. [22].

") estimated from Figures in Ref. [22] as no quantitative analysis is performed; FR produces vesicles up to 40 pm.
) Vesicle diameter increases as a function of the temperature for the TAN method; highest stirring speed and concentrations

of 1 mg mL* were used. Also, a significant dependence on the solvent used for the TAN method is recognized: precipitation
from THF produces results comparable to FR, while DMSO, acetone, or methanol produce different results.
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Table A.5. 5: Flory-Huggins interaction parameters y between PEG or PCL and possible good solvents for both
polymers (references).

Ref. | Method®| | | Mn/Mw Solvents™
(Kl | [kgmol™] | 7h¢ TO AC CHL DCM EA
[28] IGC 303 04/- 0.7 - 0.5 -0.4 -0.6 0.8
[29] IGC 298 -/ 300 - 0.41 0.77 - - 0.51
[30] GLC 343 | 10.7/115 - 0.29 - -0.76
[31]¢ GLC 343 4000/ - 0.19 0.39 0.25 -
PEG | [32] | theory® | 298 -/- 0.38 0.30 0.54 -1.04 - 0.46
[33] mixed 373 -/- 0.30 0.26 0.47 -0.55 -0.51 0.39
[34]9 IGC 358 35/- - 0.769 - -0.683
[35] | swelling | 298 4.6/5.2 0.38 - 0.451 -
[36] | viscosity” | 298 | 11.4/12.4 0.41 0.38 - -1.61
[32] | theory® | 298 -/- 0.18 0.09 0.64 -0.71 - 0.36
[33] mixed 373 -/- 0.13 0.08 0.46 0.4 -0.26 0.36
[36] | viscosity? | 298 | 10.4/10.6 | -0.05 0.07 - -0.54 - -
PCL | [37] IGC 343 33/- - -0.01 - - - 0.32
138] IGC 343 33/- 0.30 - - - - -
[39] IGC 343 -/- 0.13 0.06 0.55 -0.6 - 0.36
[40] visual @ 298 14,65/ - sp! s-nl p-n ¥ s - p-n¥

3 Inverse gas chromatography (1GC), gas-liquid chromatography (GLC), swelling refers to an analysis where the Flory-Rehner
and Bray-Merill model were enriched by a discussion of network defects [41].

b) Tetrahydrofuran (THF), toluene (TO), acetone (AC), chloroform (CHL), dichloromethane (DCM), ethyl acetate (EA).
©) Original data were re-analyzed by Monique Galin and taken from Table 2 of Ref. [31].

d Only data for 10K PEG at lowest temperature is included in the table.

€) theoretical estimate based upon the model of Tian and Munk [32]; parts of these data were published previously [36].

N viscosity data for ~11K star polymers was normalized by an average over the corresponding interaction estimates of Ref.
[33] for PEG and PCL and refers to the dilute limit.

9 PEG with 14K and 65K molar mass was dissolved in rather high concentrations (either 0.5 g or 2.5 g per 5 ml of solvent)

and the solution was checked visually regarding dissolution of the polymer. The results were classified as soluble (s), partially
soluble (p), and non-soluble (n).

n) extrapolated from temperature range 343-363 K.
) 65K PEG at large concentrations was only partially soluble.

D) 14K PEG was soluble, while 65K was partially soluble at low concentrations and non-soluble at high concentrations.

K 14K PEG was soluble, while 65K was not.
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The interactions between PEG or PCL and the potential good solvents tetrahydrofuran (THF),
toluene (TO) acetone (AC), chloroform (CHL), dichloromethane (DCM), and ethyl acetate
(EA), were analyzed in several works based upon different methods, see Table. The scatter of
the data stems in part from the method since the interaction parameters depend on polymer
volume fraction ! and measurement temperature T [“2 (chromatographic data refers to the
limit of high polymer volume fractions, swelling data is obtained in the semi-dilute regime,
while viscosity data is collected in the dilute limit). End group corrections 31 were minimized
by selecting the data for the largest polymers and temperature dependence was reduced by se-
lecting measurement conditions closest to room temperature, if possible. Altogether, chloro-
form and dichloromethane are very good solvents for both polymers independent of the con-
centration range for all temperatures under investigation. THF and toluene are good solvents
for PCL but may cross-over to theta or poor for PEG depending on experimental conditions.
Ethyl acetate has somewhat poorer solvent quality than these for both polymers, while acetone

is theta to poor for both polymers.
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A.6. Supporting Information Chapter IV
A.6.1. 'H NMR spectroscopy investigation of star block copolymer 2

%,

o ;

o ols 405 ~_7_~0 6* 8 _10*0H

o 1S {\/4\01/3*\/ 6 8 10 07577+ gr
m-1 @) n-1

Hydroxy-terminated PEG-b-PCL star block copolymer (2)

10 3,4
6
7,9
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CHCI,
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| [2 o
A
' J
2% 536 ey T
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o - w oo — 1
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o("H) (ppm)

Figure A.6. 1: *H NMR spectrum of 2 with integral regions used to calculate the monomer units of the PEG block
(m) and the PCL block (n) per arm as well as the number-average molar mass Mn nwr Of 2 according to the follow-
ing remarks (solvent: CDCls).

Calculation of the monomer units of the PEG block (m) and PCL block (n) per arm, and Mn.nmR:

m=(0.25- (Is+ la+ 14%)) / (0.5 - I2) = 1.43/0.05 = 29 (estimated error: + 2%)
n=(0.5"-(ls+1e+)) / (0.5 - I2) =0.57/0.05 = 11 (estimated error: + 2%)

Manmr=4 - m - Mopec +4 - n - MopcL + Mncore= 116 - 44 g molt+ 44 . 114 g mol? +
136 g mol* =10.3 kg mol~ (+ 200 g mol™?)
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A.6.2. 'H NMR spectroscopic investigation of star block copolymer 3
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Figure A.6. 2: Chemical structures of star polymers a) tetra-PEG-OH, b) hydroxy-terminated PEG-b-PCL star
block copolymer (2), and c) 2-(4-nitrophenyl)-benzoxazinone-terminated PEG-b-PCL star block copolymer (3)
(top) and the corresponding *H NMR spectra (bottom; solvent: DMSO-ds). Symbol # resp. A indicates H,O resp.
satellite signals.
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A.6.3. 'H NMR spectroscopic investigation of star block copolymer 4

3
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b) Fmoc-glycine-terminated PEG-b-PCL star block copolymer
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¢) see Figure A.6.2
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Figure A.6. 3: Chemical structures of star polymers a) of amino-terminated PEG-b-PCL star block copolymer (4),
b) hydroxy-terminated PEG-b-PCL star block copolymer (2), and c) 2-(4-nitrophenyl)-benzoxazinone-terminated
PEG-b-PCL star block copolymer (3) (top) and the corresponding *H NMR spectra (bottom; solvent: DMSO-dg).
Symbol # resp. A indicates H,O resp. satellite signals. Chemical structure of amino-terminated PEG-b-PCL star
block copolymer (4) and the corresponding 2D *H NMR spectrum (solvent: DMSO-ds). Symbol # indicates H,O.
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Figure A.6. 4: 2D *H NMR spectrum of 4 (solvent: DMSO-dg). Symbol # indicates HO.
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A.6.4. MALDI TOF MS
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Figure A.6. 5: MALDI-TOF mass spectra of 1, 2, 3, 4 and the blank background mass spectrum of the matrix
DCTB with potassium acetate measured in linear positive TOF mode. The molar mass of the star block (co)poly-
mers was calculated for the single charged mass peak [M]* using background-subtracted mass spectra and peak
deconvolution in order to correct for overlapping intensities of the double charged mass peak [M]?*. The mass
peaks are assigned only according to their charge state regardless of the adducts’ nature. The relative mass differ-
ence measured between the peak apexes between 1 and 2 and between 2 and 3 is of Am/z + 100 accuracy and
between 2 and 2 of Am/z + 50 accuracy.
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A.6.5. MQ NMR spectroscopy

Table A.6. 1: Overview of the connectivity distribution of all ACNs synthesized.

ACN for® L fuoc®  firs Y | RDCsL? RDCop? RDCuoc®  RDCaye®
(%) (Hz)
5a 4 14 75 7 90 29 1.3 9
5b 33 38 26 3 123 48 2.4 59
S5¢ 34 44 19 3 154 58 0.4 79
5d 40 47 11 1 183 72 32 109

3 fraction of single links

b fraction of double links

° fraction of higher order connectivity defects

9 defect and sol fraction

¢ Residual Dipolar Coupling (RDC) of the single links
% RDC of the double links

9 RDC of the higher-order connectivity defects

" fraction-weighted average RDC

A.6.6. Rheology

Table A.6. 2: Overview of the gelation process of star polymer 3 and 4 as a function of both synthesis concentra-
tion and temperature.

Cprep c(gL™h T (°C) ¥ scope (min) 2™ scope = gel point (min)
0.5¢* 38 30 21 75
c* 76 30 10 25
c* 76 45 10.8 19
c* 76 60 17.7 -
c* 76 80 12 -
1.5¢* 114 30 10 20
2.5¢c* 190 30 8.5 14
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A.6.7. Interaction parameter estimates for PEG and PCL in DMSO

Literature provides only indirect information about the interactions between DMSO and PEG
or PCL. Classical references like the Polymer Handbook!*! do not cover these polymer solvent
pairs and we attempt to estimate these interactions based upon the Hansen approach!?l.
Table A.6.3 compiles the most recent reference on the Hansen solubility parameterst® and the
estimate from Hansen’s book for DMSO.!?l Regarding PEG and PCL we list several sources
whereby we indicate in bold the preferred value (due to a direct measurement, consistency with

other data, etc.).

Table A.6. 3: Hansen solubility parameters ¢ given in units of MPa2. The table distinguishes between measured
(m) and calculated (c) values, if this information was provided.

o Sp O S, 61 [cnsxnoﬂ Refs. [10§“<]
PEG 17 10 5 19.4(c)/20.4 (m)/20.8 39 2,4 71@
PCL 19.6 5 8.4 19.2/20.2/19.9 102.3 (m) 101.3 (¢) 52 642
DMSO 174 142 73 23.6 71.3 3 93
DMSO 184 16.4 10.2 26.7 71.3 2 93 b

Vo is the volume of solvent molecule and k is the thermal expansion coefficient.
aFrom Table 7.4 of Ref. 1 at the lowest available temperature.

b Average thermal expansion coefficient in the temperature interval 20 — 60 °C computed from the density data of Ref. 6

For the parameters of this table, we follow Hansen[® " and decompose the total solubility pa-
rameter into three different contributions related to dispersion forces, polar cohesive energy,

and hydrogen bonding

6% = 85 + 85 + 64 (1)

From these contributions for a species A and B, one can compute the solubility parameter dis-

tancel?

RE = 4(8pa — 6pg)* + (6pa — Spp)° + (Ona — Sug)? (2)

The coefficient of 4 for the first term was introduced in later works for convenience: € with this
empirical parameter, all miscible materials appear roughly within a sphere when interpreting
the above differences as differences along the three axes of a cartesian coordinate system. Sol-
ubility parameters like the Hildebrand-Scott solubility parameter, J, or the Hansen solubility

parameter, Jt, can be used to compute estimates for the Flory-Huggins interaction parameters
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of different molecules. The Hildebrand-Scott solubility parameter for species X = A, B is de-

fined asl!

5, — (E_x)”z _ (AHX_—RT)” @)

Uy Uy

Here, R is the gas constant, T the absolute temperature, Ey is the energy of vaporization (cohe-
sive energy), vy the molar volume, and AHy the enthalpy change of species X. Let us use A for
the solvent and B for the polymer. For non-polar systems, a comparison of the solubility pa-

rameters provides a first estimate for the (enthalpic part) of the Flory interaction parameter

Ua
XH = ﬁ (64 — 53)2 (4)

where T is the absolute temperature and va the molar volume of the solvent that establishes the
unit volume of the Flory-Huggins lattice in the dilute case. Often, a correction is added on top
of the enthalpic contribution!* that is considered to be of entropic origin. Typically, a constant

between 0.3 and 0.4 is chosen (most often 0.34),

= 034 + A (5, — 65)2 5)
X =V RT \0A B
Mixing is expected if

X <Xerie = 1/2 (6)

(or equivalently, if x; < 0.16). A connection between the solubility parameter distance and the

Flory-Huggins interaction parameter y is established by computing!*®

UARé

= a0 (7)

Xa

which is proportional to yy in the absence of polar interactions and hydrogen bonding, however,
the agreement is not quantitative. Lindvig(*®! analyzed a large number of solubilities and pro-
posed that a coefficient of « = 0.6 leads to a better agreement with the Flory-Huggins param-

eter as compared to the original choice of @ = 1.0.

The solubility parameters given in Table A.6. 3 were measured at room temperature. According
to Ref. 2, one can extrapolate in approximation the temperature dependence of the different
contributions to the solubility parameter by using
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dsp 5

ar ~ 3" (8)
aé
o =3k (©)
ddy K
- _ - 10
o 81#(0.00122 + ) (10)

Here, k is the thermal coefficient of expansion. We have used these relations in combination

with the available data to compute predictions for the Hansen interaction parameters at 80 °C

for a

= 0.6.

All computed interaction parameters are summarized in Table 6. 2 of the main text. According

to the table, DMSO is a good solvent for PEG, while the estimates for PCL could be somewhat

above or below theta conditions.
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A.7. Supporting Information Chapter V
A.7.1. NMR and FTIR Spectroscopy
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Figure A.7. 1: Exemplary *C-NMR spectrum of tBAMA (CDCl3).
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Figure A.7. 2: Exemplary 3C-NMR spectrum of [PEG,7-amide-Br]s (CDCls).
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Figure A.7. 3: Exemplary 3C-NMR spectrum of [PEG,7-b-PtBAMA], (CDCls).
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Figure A.7. 4: Exemplary *H-NMR spectrum of [PEGss-amide-Br]s (CDCls).
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Figure A.7. 5: Exemplary overlay of FTIR measurements of [PEGss-amide-Br]s and [PEGss-NH2]a.
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A.7.2. Dispersity optimization by added deactivator species

To overcome the loss of reaction control which results in higher D, the addition of different

amounts of CuCl, as deactivator species was investigated. Figure A.7. 6 A shows the corre-

sponding SEC traces of the block copolymers obtained after 4 h of reaction time while

Table A.7. 1 (entry 1-5) summarizes the conditions used.

Table A.7. 1: Reaction conditions used to synthesize [PEG27-b-PtBAMAy]4 via ATRP, showing the influence of
amount deactivator and copper species used. Corresponding polymer properties are characterized by SEC and *H-

NMR spectroscopy.
DPn, M,
Entry [I] [Cu(DX] [Cu(IDX] [tBAMA] [L] T[°C] I/\;ﬁfi [/mol]? [P]?
X=Cl X=Cl [TPMA]
1 1 4 0 400 8 60 13 22,800 1.46
2 1 4 0.6 400 8 60 13 28,000 1.53
3 1 4 1.2 400 8 60 11 22,400 1.27
4 1 4 2 400 8 60 12 19,500 1.18
5 1 4 2.4 400 8 60 12 17,000 1.40
6 1 4 2 400 8 60 20 15,600 1.50
X=Cl X=Br
7 1 4 2 400 8 60 9 16,000 1,25
X=Br X=Cl
8 1 4 2 400 8 60 14 16,000 1.29
X=Br X=Br
9 1 4 2 400 8 60 12 14,100 1.34

2 Determined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by ® *H-NMR spectroscopy. All

reactions use a monomer concentration= 0.63 mmol/mL (ratio: dioxane/iso-propanol=1:8).
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—— [PEG,;-amide-Br],
— [PEG,;-amide-Br], ——4 eq. CuCl/ 2 eq.CuCl,
0 eq. CuCly ——4 eq. CuCl/ 2 eq.CuBr,
——0.6 eq. CuCl,

— 4 eq. CuBr/ 2 eq.CucCl,

——1.2eq. CuCl,
4 eq. CuBr/ 2 eq.CuBr,

2 eq. CuCl,

13 14 15 16 17 18 19 20 21 16 18 20 22
Elution Volume [mL] Elution Volume [mL]

Figure A.7. 6: Comparison of experiments using different amounts of CuCl;, as deactivator species (A); Compar-
ison of experiments showing the influence of different Cu(l) and Cu(ll)-species (B).

A.7.3. Influence of variation of Cu Species

In contrast to the CuCl/CuCl-system introduced before we were interested in the influence of
the copper species used on the reaction control and the resulting conversion. Several experi-
ments were compared using all possible combinations of CuCl, CuBr, CuClz, and CuBr». All
experiments were carried out for 21 h. The new reaction conditions are summed up in

Table A.7. 1 (entry 6-9) and the corresponding SEC traces are shown in Figure A.7. 6 B.
A.7.4. Influence of Temperature

Next to the alkyl halidel¥ | temperature,i>®! pressure,[*%! and the solvent, especially the polarity
of the medial® has the most pronounced influence on the conduction of ATRP reactions. Several
temperatures were used to investigate the influence on the CuCl/CuCl,-System (Table A.7. 2
entry 1). Starting from room temperature (23 °C), the temperature was varied to 40, 50, 60 (used
before), 70, or 80 °C (Table A.7. 2 and Figure A.7. 7).
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Table A.7. 2: Reaction conditions used to synthesize [PEG27-b-PtBAMAy]. via ATRP, showing the influence of
temperature on the system. Corresponding polymer properties are characterized by SEC and *H-NMR spectros-

copy.

DPENMR

Entry [I[] [Cu(DCI] [Cu(DCl] [BAMA] [L] T[°C] oy [gmolle [D]?
11 4 2 400 8 60 20 15,600 1.50
2 1 4 2 400 8 23 20 24800 1.65
30001 4 2 400 8 40 17 18,400 1.18
4 1 4 2 400 8 50 15 22,000 1.24
5001 4 2 400 8 70 12 15,400 1.16
6 1 4 2 400 8 80 20 12,200 1.7

2 Determined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by ?*H-NMR spectroscopy. All

reactions use a monomer concentration= 0.63 mmol/mL (ratio: dioxane/iso-propanol=1:8).

A B

— [PEG,-amide-Br], —— [PEG -amide-Br],

— [PEG,,-b-PBAMA,], using 23 ° —[PEG-b-PBAN AL,

— [PEG,;-b-P{BAMA ], using 40 ° [uPsEgme;% ﬁﬂf:]

— [PEG,;-b-PtBAMA ;5], using 50 ° uring 200 cq [BANA /\

— [PEG,;-b-PBAMA,,], using 60 ° —— [PEG-b-PIBAMA,],
[PEG,;-b-PtBAMA ], using 70 ° using 100 eq BAMA
[PEG,,-b-PIBAMA,], using 80 °

OO0 0000

[PEG-b-PIBAMA L],
using 400 eq tBAMA
and double amount solvent

o~

12 14 16 18 20 22 12 14 18 18 20 22
Elution Volume [mL] Elution Volume [mL]

Figure A.7. 7: SEC elution traces (eluent: DMAC/LICI [99.79/0.21]) corresponding to temperature variation ex-
periments of Table A.7. 2 (A); SEC elution traces (eluent: DMAC/LICI [99.79/0.21]) corresponding to monomer
concentration variation experiments (B, Table A.7 .3).

A.7.5. Influence of monomer concentration

To investigate the influence of initiator and monomer concentration on conversion and star-star
coupling side reactions the monomer concentration was varied and the resulting polymers are
compared via SEC and *H-NMR spectroscopy. Table A.7. 3 summarizes the corresponding
reactions performed. Starting with a monomer to initiator ratio of 1:400 the ratio was varied to

either 1:200 or 1:100 keeping the initiator concentration constant. In contrast to that entry 4 of
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Table A.7. 3 describes a constant initiator to monomer ratio of 400:1 while the initiator con-

centration itself is halved. Figure A.7. 8 shows the corresponding SEC traces.

Table A.7. 3: Reaction conditions used to synthesize [PEG27-b-PtBAMAy]. via ATRP, showing the influence of
monomer concentration on the system. Corresponding polymer properties are characterized by SEC and *H-NMR
spectroscopy.

DPn,NMR M,

Enwy (1] [CuhCll  [CullCl] [BAMA] [L]  T[C] W% b (D]
11 4 2 400 8 60 20 15,600 1.50
21 4 2 200 8 60 19 13,200 1,15
3001 4 2 100 8 60 8 13,000 1,09
4 1 4 2 400 8 60 28 20,800 1.8

3 Determined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by  *H-NMR spectroscopy. All
reactions use a solvent ratio of dioxane/iso-propanol=1:8 and an initiator concentration of 1.55 pmol/mL (expect
entry 4 which is using a initiator concentration of 0.77 pumol/mL).

A.7.6. The right solvent: Key between long and short chains

Besides the temperature, the type of solvent used plays an important role in terms of reaction
kinetics.[®! Therefore, different ratios of dioxane and iso-propanol as well as the use of pure
alcohols with different polarities as reaction solvent were compared. Hence, we decided to use
ethanol as a more polar solvent and 1-octanol as a rather unpolar solvent when compared to iso-
propanol. Figure A.7. 8 B shows the corresponding SEC-traces for the ratio variation at diox-
ane/iso-propanol systems while Figure A.7. 8. A shows the SEC-traces of reaction variation
using either pure ethanol, iso-propanol or 1-octanol as a reaction solvent. All reactions were
performed under the same ratios of tBAMA:TPMA:CuCl: initiator = 400:8:4:1 with a monomer
concentration of 0.63 mmol/mL for 4 h at 60 °C, except for the solvent variation discussed. In
addition, the reaction in pure iso-propanol, used room temperature instead of 60 °C, which is
why it can only serve as a limited comparison reaction considering that in our case lower tem-
peratures are associated with higher B but comparable conversions to the one at 60 °C (see

influence of temperature).
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Table A.7. 4: Reaction conditions used to synthesize [PEG27-b-PtBAMAy]. via ATRP, showing the influence of
solvent media used on the system. Corresponding polymer properties are characterized by SEC and *H-NMR

spectroscopy.
Initiator con-
Entry SE)IKI? t Co[iglgf nt centration T [°C] DP/Q;II\IIl%/IR e /An/fgl]a [P]?
[umol/mL]
1 Dlg";‘“e Iso'p“j‘pan"le 1.55 60 20 15600  1.50
Dioxane Iso-propanole
2 2 s S 1.55 60 32 16,300 2,72
3 Dlo’f‘ne Iso'pr(;’lgan"le 1.55 60 16 13,100 2,02
4 Iso'piospan"l ] 1.55 23 20 23900 1,76
5 OCZ‘“S“’Ie ] 1.55 60 41 37.000  1.87
6 Etﬁasn‘ﬂ - 1.55 60 3 11,700 1.17

a Determined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by ? *H-NMR spectroscopy. All
reactions use a monomer concentration= 0.63 mmol/mL (ratio: dioxane/iso-propanol=1:8).

A

——[PEG;-amide-Brl,
—— [PEG ;-b-PIBAMA ],
using dioxane/iso-propanole
—— [PEG-b-PIBAMA,],
using ethanole
—— [PEG -b-PBAMA ],
using iso-propanole
[PEG -b-PBAMA 1,
using octanole

- W,

B

—— [PEG 5-amide-Br],
—— [PEG;-b-PBAMAL].

ratio dioxane/iso-propanole= 1:8

——[PEG,-b-PBANA,],

ratio dioxane/iso-propanole= 1:1

—— [PEG-b-PIBAMA ],

ratio dioxane/iso-propanole= 8:1

T T
10 12 14 16 18 20
Elution Volume [mL]

T
16 18 20 22
Elution Volume [mL]

Figure A.7. 8: SEC elution traces (eluent: DMAC/LICI [99.79/0.21]) of reaction variation using either pure etha-
nol, iso-propanol, or octanol as a reaction solvent (A); SEC elution traces (eluent: DMAC/LiCI [99.79/0.21]) show-
ing the influence of ratio variation between the amounts of dioxan and iso-propanol used (B).

A.7.7. Towards increasing conversion

As shown before, the use of different solvents at 60 °C reaction temperature and a CuCl/CuCl;

system reveal that the conversion can be drastically increased if pure alcohol with longer alkyl

chains serves as solvent (ethanol < iso-propanol < 1-octanol). Additionally, with the higher

conversion, the reaction lacks control due to the appearance of more star-star coupling side

reactions which can be observed via SEC. As already mentioned before, alcohols as solvents
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are well known to promote the disproportionation of Cu(l)X into Cu(0) and Cu(I1)X which is a
crucial step in SET-LRP.I"! Additionally, more recent work of avoiding star-star coupling reac-
tions show that Cu(0) mediated controlled radical polymerization techniques combine high-end
group fidelity with fewer star-star coupling reactions observed.[®1 To overcome the problem
of star-star-coupling, the reaction type was changed from ATRP to SET-LRP, comparing iso-
propanol and 1-octanol as solvent. Table A.7. 5 sums up the reaction conditions used and
Figure A.7. 9 shows the corresponding SEC traces.

—— [PEG,;-amide-Br],
— [PEG,;-b-PtBAMA ;,],using iso-propanole
—— [PEG,;-b-PtBAMA],using octanole

r T T T T T T 1

10 12 14 16 18 20 22 24
Elution Volume [mL]

Figure A.7. 9: SEC-traces (eluent: DMAC/LICI [99.79/0.21]) comparing different solvents used for block exten-
sion of [PEG27-amide-Br]s with tBAMA via SET-LRP reactions.

Table A.7. 5: Reaction conditions used to synthesize [PEG27-b-PtBAMAy]4 via SET-LRP, showing the influence
of solvent used. The corresponding block copolymer characteristics were determined by SEC and *H-NMR spec-
troscopy.

T DPn,NMR M, Reaction
Entry [I] [Cu(0)] [Cu(IDCI] [BAMA] [L] °C] Jarm [/mol] [D] time
1 1 4 0.8 400 8 RT 41 27,800 1.37 48 h
2 1 4 04 400 8 RT 70 69,400 2.49 24 h

2 Determined by SEC (eluent: DMAC/LICI [99.79/0.21], PMMA calibration) and by °*H-NMR spectroscopy. All
reactions use a monomer concentration= 0.63 mmol/mL and either iso-propanol (entry 1) or 1-octanol (entry 2) as

solvent.
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Figure A.7. 10: Example 'H-NMR of [PEGss-amide-Br], before (A) treatment with TFA at 50 °C for 10 and after
(B) using CDCI3.
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Figure A.7. 11: Potentiometric titration of [PEG27-b-PDhayi]4 dissolved in 0.1 M NaOH at a concentration of
0.2 mg/mL and titrated with 0.1 M HCI; B: Zoom of Figure A.7. 11A in the range of 8-16 mL; C: {-Potential of
[PEG27-b-PDhas]4 at different pH values determined by titration.

A.7.8. Dynamic Light Scattering

The amplitude correlation functions g (q,7) received from the DLS were fitted with a biex-

ponential function

@ — . _t . _t
g'’(q,t) =A; - exp + A, - exp

TR1 TR,2

where A4; is the amplitude and g ; with i = 1, 2 is the characteristic relaxation time of the cor-
responding process . The diffusion coefficient is extracted from the relaxation time using the

scattering vectors g of the respective scattering angle.

>~ ()
TR,i'qz
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with the Boltzmann constant kg, the absolute temperature T, and the viscosity of the solvent 7.

The results of this analysis are summarized in Table A.7. 6.

R — kgT
H= 6nnsD

Table A.7. 6: Amplitudes (A1, A2) of the biexponential fits and extracted hydrodynamic radii at a scattering angle
of 90° and ¢ = 0.2 mg/mL corresponding to Figure 7. 4A. The correlation functions were normalized to unity.

Polymer Ay Rpy,1 (nm) A, Ru,2 (nm) pH
[PEG27-b-PDhag]4 0,21 29 0,79 92 13,0
[PEG27-b-PDhax]4 0,28 27 0,72 72 13,0
[PEG27-b-PDhayi 4 0,26 26 0,74 73 13,1
[PEGss-b-PDhag]4 0,21 22 0,78 76 13,1
[PEGi12-b-PDhas]4 0,27 21 0,73 69 13,1
[PEG27-b-PDhag)4 0,70 88 0,30 242 5,1
[PEG27-b-PDhay]4 0,39 21 0,61 163 5,0
[PEG27-b-PDhayi 4 0,43 23 0,56 102 4,9
[PEGss-b-PDhag)4 0,35 66 0,65 200 4,9
[PEGi12-b-PDhas]4 0,29 30 0,71 163 5,0
[PEG27-b-PDhag]4 0,60 115 0,40 721 3,0
[PEG27-b-PDhayo]4 0,76 44 0,24 533 3,0
[PEG27-b-PDhaysi]4 0,10 305 0,90 3550 3,0
[PEGss-b-PDhag]4 0,60 64 0,40 383 2,9
[PEGi1,-b-PDhay]4 0,41 50 0,59 235 2,9

A.7.9. Atomic Force Microscopy

Figure A.7. 12: AFM height image showing the size distributions of [PEG7-b-PDhag]4 aggregates at pH=13 at a
concentration of 1.0 mg/mL (A). Zoomed in AFM height image for the region marked by the green box in A (B);
AFM height image showing the size distributions of [PEG27-b-PDhas1]4 aggregates at pH=3 at a concentration of
1.0 mg/mL (C).
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Figure A.7. 13: A and C AFM height images showing the size distributions of [PEG27-b-PDhaa1]+ aggregates at
pH= 3 and pH=13 at a concentration of 0.2 mg/mL respectively. B: Zoomed in AFM height image for the region
marked by the green box in A. D: Zoomed in AFM height image for the region marked by the green box in C.
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A.8. Supporting Information Chapter VI
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Figure A.8. 1: Oscillatory shear-rheology of gels at a concentration of 1 wt% synthesized at pH 3 (sulfuric acid),
comparing different linker lengths of the betaine.
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Figure A.8. 2: 3C-NMR spectroscopy measurements (D20) of [PEG27-b-PSSNaigo]a.
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Figure A.8. 3: A: ®C-NMR spectroscopy measurements (D;0) of [PEG,7-b-(PDMAPMAAM-g-PCBA-
MAAmMg,)108]4, B: Potentiometric titration of [PEGz7-b-(PDMAPMAAM.s-g-PCBAMAAMs;)108]4 dissolved in
0.1 M NaOH at a concentration of 10 mg/mL and titrated with 0.1 M HCI.
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Figure A.8. 4: Oscillatory shear-rheology of gels at a concentration of 1 wt% synthesized at pH 3 with sulfuric
acid, nitric acid and hydrochloric acid.

Viscometry

The specific viscosity ng, was determined using a capillary viscometer of micro-Ubbelohde
type I. The capillary was precleaned with hydrochloric acid, sodium hydroxide and water. Stock
solutions of the respective polymers were prepared in aqueous sodium hydroxide solution
(pH 13) and diluted to 12, 9, 6, 3, and 1 g-L*. Measurements were performed in a water bath
at 20 °C.

The specific viscosity n,, was calculated from the time ¢ that a defined volume of the polymer

solution needs to flow through the capillary and the corresponding time t, for aqueous sodium
hydroxide solution at pH 13 (1).

Nsp = ~ (1)

The intrinsic viscosity [n] is defined as (2) and was extrapolated according to the method of
Schulz—Blaschke™ (3).

[n] = lcii%n% )
r% = [n] + ksg[nlnsp 3)
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The Schulz—Blaschke constant kgg provides qualitative information on the solvent quality;

lower kg typically refers to better solvent quality.
The overlap concentration c¢* is obtained from (4) and its error was estimated from the error
propagation as (5).
¢ == (4)
1
~

Ac” = 2 Aln] (5)

Results of viscosimetric analysis are summarized in Table A.8. 1.

Table A.8. 1: Overlap concentrations and Schulz—Blaschke constants from viscosimetric analysis for [PEG27-b-
PSSN&100]4 and [PEGQ7-b-PDMAPMAAm103]4.

[PEG27-b-PDMAPMA Ams)4 [PEG27-b-PSSNa1go]4
pH
kg c* (gL ksp c* (gL
13 0.14 39.7+0.2 0.43 21.5+0.5
References:

[1] G. V. Schulz, F. Blaschke, J. Prakt. Chem. 1941, 158, 130.
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Figure A.8. 5: Oscillatory shear-rheology of the system at a concentration of 1 wt% synthesized at different pH
using sulfuric acid and sodium hydroxide.
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Figure A.8. 6: A&B: Plots of the PMF as a function of the distance between the centers of mass of the two chains
for the case of full functionalization (A) and 75% functionalization (B). The minima at a small separation indicate
an attractive interaction between the chains. The PMF is set to zero at the maximum separation between the chains.
C&D: Plot of the mean charge per monomer as a function of the distance between the centers of mass of the two
chains for the case of full functionalization (C) and 75% functionalization (D). The distance-dependent charging
up of the monomers corresponds to the charge-regulation mechanism.
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Figure A.8. 7: Plot of the measured mean force as a function of the distance between the centers of mass of the
two chains for the fully functionalized case A: and the case of 75% functionalization B: The dashed vertical lines
indicate the window boundaries. The continuity of the mean force across the window boundaries is an indicator
that the stratification did not hinder the ergodic sampling of the phase space.
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Figure A.8. 8: Oscillatory shear-rheology of the system synthesized at a concentration of 2 wt% at pH 12 and then
switched to pH 13 leading to a gel with a concentration of 1.5 wt%.

Figure A.8. 9: Overview of the rheological data obtained from measurements of the system at varied pH and

concentrations.
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