Fakultat fiir I l'u I I I

Mathematik, Informatik
und Naturwissenschaften

Crosslinked (Poly)vinylamine Copolymers

Von der Fakultit fiir Mathematik, Informatik und Naturwissenschaften der RWTH
Aachen University zur Erlangung des akademischen Grades eines Doktors der
Naturwissenschaften genehmigte Dissertation

vorgelegt von

Thorsten Fischer, M.Sc.

aus
Willich, Deutschland
Berichter: Prof. Dr. Martin Moller
Prof. Dr. Andrij Pich
Tag der miindlichen Priifung: 06.03.2025

Diese Dissertation ist auf den Internetseiten der Universititsbibliothek verfiigbar.



Eidesstattliche Erkldarung

Ich, Thorsten Fischer, erklédre hiermit, dass diese Dissertation und die darin dargelegten Inhalte
die eigenen sind und selbststindig, als Ergebnis der eigenen origindren Forschung, generiert
wurden.

Hiermit erklire ich an Eides statt

1. Diese Arbeit wurde vollstdndig oder groBtenteils in der Phase als Doktorand dieser Fakultét
und Universitit angefertigt;

2. Sofern irgendein Bestandteil dieser Dissertation zuvor fiir einen akademischen Abschluss
oder eine andere Qualifikation an dieser oder einer anderen Institution verwendet wurde, wurde
dies klar angezeigt;

3. Wenn immer andere eigene- oder Verodffentlichungen Dritter herangezogen wurden, wurden
diese klar benannt;

4. Wenn aus anderen eigenen- oder Veroffentlichungen Dritter zitiert wurde, wurde stets die
Quelle hierfiir angegeben. Diese Dissertation ist vollstindig meine eigene Arbeit, mit der
Ausnahme solcher Zitate;

5. Alle wesentlichen Quellen von Unterstiitzung wurden benannt;

6. Wenn immer ein Teil dieser Dissertation auf der Zusammenarbeit mit anderen basiert, wurde
von mir klar gekennzeichnet, was von anderen und was von mir selbst erarbeitet wurde;

7. Ein Teil oder

Teile dieser Arbeit wurden zuvor verdffentlicht, und zwar in

1. Fischer, T., Kohler, J., Keul, H., Singh, S., Méller, M., Highly Swellable Hydrogels
from Waterborne Poly(Vinylamine-co-Acetamide), Macromol. Chem. Phys. 2018,
1800399.

2. Fischer, T. Kohler, J., Moller, M., Singh, S., Physical Gels of Poly(Vinylamine) by
Thermal Curing, RSC Adv., 2020,10, 21933-21939

3. Fischer, T. Demco, D.E., Fechete, R., Moller, M., Singh, S.; Poly(vinylamine-co-N-
1sopropylacrylamide) linear polymer and hydrogels with tuned thermoresponsivity, Soft
Matter, 2020,16, 6549-6562

4. Fischer, T., Tenbusch, J., Mdller, M., Singh, S., A Facile Method for Grafting
Functional Hydrogel Films on PTFE, PVDF, and TPX Polymers, Soft Matter, 2022, 18,
4315



Table of Contents

1. Declaration of Authorship i
2. Zusammenfassung v
3. Summary vii
4. Chapter 1. Introduction and Overview 1
a. Motivation 1
b. Overview 2
5. Chapter 2. Literature Survey about Polymerization, Introducing Thermoresponsiveness
and Gelation of Poly(vinylamine) 3
a. Introduction and Overview 4
b. Polymerization 7
c. Hydrogels and Microgels 17
d. References 28
6. Chapter 3. Chemical gels of P(VAm-co-VAA) 34
a. Introduction 35
b. Experimental Part 37
c. Results and Discussion 44
i. Polymer Synthesis 45
1. Chemical Gelation 51
ii1.  Swelling Behavior 54
iv. Rheological Behavior 58
d. Conclusion 60
e. References 60
7. Chapter 4. Physical gels of P(VAm-co-VAA) by thermal curing 63
a. Introduction 64
b. Experimental Part 65
c. Results and Discussion 69
d. Conclusion 81
e. References 82
8. Chapter 5. Thermoresponsive P(VAm-co-NIPAm) hydrogels 84
a. Introduction 85
b. Experimental Part 87
c. Results and Discussion 93
i. Synthesis of the Polymer 93
ii. Temperature-Induced Phase Transition of the Polymer 96
iii. Temperature-Induced Phase Transition of the Hydrogels 105
iv. Water States and Side-Chain Dynamics by 'H-HRNMR 111
v. Polymer Diffusometry by 'TH-HRNMR 114
vi. Hydrogel Morphology by Water Self-Diffusion 115
d. Conclusion 119

References 120

o



9. Chapter 6. A Facile Method for Grafting Functional Hydrogel Films on PTFE, PVDF,

and TPX Polymers
a. Introduction
b. Experimental Section
c. Results and Discussion
d. Conclusion
e. References
10. Acknowledgements

124
125
127
131
146
147
152



Zusammenfassung

Die vorliegende Arbeit befasst sich hauptsidchlich mit der Polymerisation von N-Vinylamiden
und der anschlieBenden Gelierung. Dazu werden via Hydrolyse freie Amingruppen gebildet
und die Pripolymere iiber Carbonat-Vernetzer geliert. Ferner wird eine Methode vorgestellt
um inerte Oberfldchen via Nitreninsertion mit primidren Amingruppen zu versehen.

Wihrend Gele basierend auf Acrylamid, ein Konstitutionsisomer von N-Vinylformamid,
Gegenstand vielféltiger Literatur sind, gibt es deutlich weniger Beispiele fiir Gelsystem
basierend auf NVF. Gele basierend auf NVF haben allerdings den Vorteil {iber eine einfache
Hydrolyse eine (maBgeschneiderte) Anzahl freier primirer Amingruppen zu bilden. Primére
Amingruppen konnen iiber vielfdltige Reaktionen weiter funktionalisiert werden, um spezielle
Eigenschaften zu erhalten (z.B. Zellbindungspeptide). Allerdings ist eine direkte
Polymerisation zu Polyvinylamin (PVAm) nicht moglich, da das entsprechende Monomer,
Vinylamin, nicht stabil ist. PVAm wird bisher schon u.a. in der Papier- und Textilindustrie
eingesetzt. Ein auf PVAm basierendes Gel konnte aufgrund der freien primidren Amingruppen
vielfdltige weitere Anwendungsmoglichkeiten u.a. im medizinischen Bereich ermdglichen.
Die Attraktivitdt der Gel- und Polymersysteme basiert auf der maB3schneiderbaren Dichte von
Amin-Gruppen, womit direkte Auswirkungen auf die erhaltenen Eigenschaften wie
Ladungsdichte/pH-Responsivitit, Vernetzungsgrad, Hydrophilie, etc. gesteuert werden
konnen. Zudem erlaubt die Copolymerisation mit hydrophoben Monomeren die Darstellung
thermoresponsiver Polymere und Gele. Diese gelten als attraktive Kandidaten z.B. fiir
Wirkstofffreisetzungssysteme.

Kapitel 2 bietet einen umfassenden Uberblick iiber die Gelierung von PVAm. Dafiir wird
zundchst auf die neusten Entwicklungen eingegangen, um PVAm zu synthetisieren,
insbesondere im  Hinblick auf definierte = Molekulargewichte und  niedrige
Polydispersidtsindices (PDI). Weiterhin werden Methoden vorgestellt, um thermoresponsive
Copolymere von Polyvinylamid bzw. PVAm zu erhalten, bzw. welche untere kritische
Loslichkeitstemperatur (LCST) in Abhéngigkeit des molaren Anteils von N-Vinylamin bzw.
NVF mit verschiedenen Co-Monomeren erreicht werden kann. Der zweite Teil von Kapitel 2
befasst sich mit den unterschiedlichen Gelierungsmethoden von PVAm. Fiir die Darstellung
der Gele wird einerseits eine in-situ Gelierung bei der Polymerisation in Anwesenheit eines
Vernetzers mit abschlieBender Hydrolyse um freie Amingruppen zu erhalten diskutiert.
Andererseits besteht die Moglichkeit einer nachtriglichen Vernetzung eines Prapolymers iiber

freie Amingruppen. Weiterhin werden auch thermoresponsive Gele betrachtet.



In Kapitel 3 wird die Copolymerisation von NVF mit N-vinylacetamid (NVA) betrachtet. Die
Bestimmung der Polymerisationsparameter beider Monomere zeigt eine statistische
Verteilung. Ferner zeigt die Kinetik und Selektivitit der Hydrolyse in Bezug auf NVF bzw.
NVA, dass unter gewihlten Bedingungen NVF komplett selektiv hydrolysiert wird. Die
Amin-funktionellen Pripolymere werden mittels Phenylcarbonat-telechelic Polyethylenglykol
in Anwesenheit einer Base vernetzt. Die erhaltenen Hydrogele werden in Abhédngigkeit der
Restanteile primdrer Amine, der Basenkonzentration, und der Vernetzerkonzentration
hinsichtlich ihres Quellungsverhaltens und rheologischer Eigenschaften hin untersucht. Es
zeigt sich, dass mit diesem System sehr hohe Quellungsgrade realisiert werden konnen. In
Abwesenheit einer Base fiihrt die elektrostatische Anziehung zwischen den Urethangrupen zu
einer physikalischen Vernetzung. Dieses wird in Kapitel 4 besprochen. Hierfiir konnte eine
kritische Gelierungskonzentration iiber rheologische Experimente bestimmt werden, die sich
daraus ergibt, dass eine Vernetzung bei Konzentrationen unterhalb des maximalen
Quellungsgrades kein durchgehendes Gel ergibt. Die physikalischen Wechselwirkungen
wurden mittels NMR und UV-Vis Spektroskopie untersucht. AuBlerdem wurd gezeigt, dass
die schnelle Gelierung zu Inhomogenititen fiihrt, die iiber aufeinanderfolgende Heiz- und
Kiihlzyklen homogenisiert werden konnen, was sich durch ein deutlich erhohtes
Speichermodul zeigt. Eine chemische Vernetzung konnte iiber NMR ausgeschlossen werden.
In Kapitel 5 werden temperaturresponsive Copolymere und Hydrogele besprochen. Hierzu
wird NVF mit N-isopropylacrylamid copolymerisiert (NIPAm) und anschlieBend
hydrolysiert. Die Copolymerisationparameter zeigen dabei eine leicht schnellere
Polymerisation von NVF, d.h. innerhalb eines Polymers gibt es einen Gradienten von hoher
zu niedriger NVF-Konzentration. Durch NMR konnte gezeigt werden, dass unter den
gewdhlten Bedingungen selektiv NVF hydrolysiert wird. Die LCST der Copolymere ldsst sich
hierbei liber das NVF zu NIPAm Verhiltnis einstellen, was via UV-Vis Spektroskopie,
Rheologie und NMR gezeigt wird. Die anschlieBende Gelierung iiber 1,2-
Bis(Phenylcarbonat)-Ethylenglykol ergibt temperaturresponsive Hydrogele. Diese werden
iiber UV-Vis Spektroskopie, Rheologie und NMR charakterisiert. Dabei wird ein two-state
model angewendet, um den Phaseniibergang zu beschreiben.

In Kapitel 6 werden chemisch inerte Oberflichen, d.h. Polymethyl-1-penten (TPX),
Polyvinylidenfluorid (PVDF) und Polytetrafluoroethylen (PTFE) mit einer diinnen
Hydrogelschicht oberflaichenfunktionalisiert. Dazu wird ein PVAm basiertes Copolymer mit
N-Succinimidyl-4-azidotetrafluorobenzoat funktionalisiert. Das vorhandene Azid reagiert

unter UV-Licht zu einem hochreaktiven Nitrene. Diese konnen u.a. in die C-H Bindung
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insertieren, wodurch eine stabile kovalente Bindung an die die aliphatischen und
iiberraschenderweise auch an die PTFE Oberflichen erreicht wird. Ausgiebige
Untersuchungen des Benetzungsverhalten der behandelten Oberflichen mit Wasser zeigen,
dass die Oberfldchen hydrophylisiert worden sind. Dynamische Kontaktwinkelmessungen mit
der Wilhelmy-Waage legen hierbei nahe, dass die Polymerketten die Moglichkeit einer Re-
Orientierung haben, d.h. das hydrophobe Polymerriickgrat ist in Luft nach au3en gerichtet und
dreht sich nach Wasserkontakt nach innen. Dieser Vorgang ist komplett reversibel. Folglich
kann man die so funktionalisierten Oberflachen als amphiphil bezeichnen. Diese Arbeit bildet
damit die Grundlage um chemisch inerte Oberflachen zu funktionalisieren um zum Beispiel
die  mechanischen Eigenschaften von PTFE mit Zellbindungspeptiden oder

Wachstumshormonen/Medikamenten auszustatten.
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Summary

This thesis deals mainly with the polymerization of N-Vinylamides and their subsequent
gelation. Therefore, free amines are generated by hydrolysis of the pre-polymers, which are
subsequently crosslinked by carbonate-based crosslinkers. Moreover, a method is presented to

decorate inert surfaces with primary amin groups by nitren insertion.

While Gels based on acrylamide, a constitution isomer of N-vinylformamide (NVF), is
subject of manifold literature, examples of gel systems based on NVF are scarce.
Nevertheless, gel systems based on NVF have the advantage of a (tailored) number of free
primary amine groups via simple hydrolysis. Primary amine groups can be further
functionalized by numerous reactions to gain specific properties, e.g. cell binding sequences.
Thus, PVAm based gels can find entrance in medical applications. In general, the
attractiveness of PVAm based systems is caused by the tailorable number of primary amine
groups which in turn influence properties such as charge density/pH responsiveness,
crosslinking density, hydrophilicity, etc. However, a direct polymerization to poly(N-
vinylamine) (PVAm) is not possible, since the respective monomer, vinyl amine, is not stable.

Therefore at least two step synthesis is necessary including a hydrolysis step.

In Chapter 2, the latest methods are summarized to synthesize PVAm, especially with focus to
defined molecular weights and a low polydispersity index. Moreover, methods are introduced
to obtain thermoresponsive copolymers of polyvinlamide/PVAm. It is demonstrated how the
lower critical solution temperature (LCST) can be tailored by the molar fraction of VAm or
NVF with different co-monomers. The second part of Chapter 2 deals with the different
gelation methods of PVAm. The synthesis of the gels is on the one hand discussed via an in-
situ gelation in the presence of a crosslinker during the polymerization with subsequent
hydrolysis and on the other hand via the formation of prepolymers which are hydrolyzed and
subsequently crosslinked via the free amine groups. Furthermore, thermoresponsive gels are

presented.

In Chapter 3 the copolymerization of NVF with N-vinylacetamide (NVA) is shown. The
copolymerization parameters of both monomers reveals a statistical distribution. Further show
the kinetics and the selectitivity of the hydrolysis with respect to NVF and NVA that NVF is
hydrolyzed completely under defined conditions. The amin-functional prepolymers are
crosslinked by phenylcarbonate telechelic poly(ethylene glycol) (PEG-PC) in presence of a

base. The formed hydrogels are characterized by their swelling ratio and rheological
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properties in dependence on the concentration of primary amines, the concentration of the
base, and the concentration of the crosslinker. It is shown that with this gel system very high
swelling ratios can be realized. In absence of a base leads the electrostatic interaction between
the urethane groups to physical crosslinking. These are discussed in Chapter 4. The critical
gelation concentration is determined via rheology. The physical interactions were examined
by NMR and UV-Vis spectroscopy. Furthermore, it is shown, that the fast gelation leads to
inhomogenities, which could be cured by subsequent heating/cooling cycles as revealed by a
significant increase of the storage modulus. A possible chemical crosslinking-reaction is ruled

out by NMR.

In chapter 5 thermoresponsive copolymers and hydrogels are prepared. Therefore, NVF is
copolymerized with N-isopropylacrylamide (NIPAm) und subsequently hydrolyzed. The
copolymerization parameters reveal a slightly faster polymerization of NVF, which means
within a polymer chain there is a gradient from a NVF rich to a NVF poor regime. NMR
shows, that NVF can be selectively hydrolyzed under defined conditions. The LCST can be
tailored via the ratio of NVF to NIPAm, what is shown in rheology and UV-Vis spectroscopy.
The gelation via 1,2-bis(phenylcarbonate)-ethylene glycol yields in thermoresponsive
hydrogels. These are characterized by NMR, UV-Vis spectroscopy, and rheology. A two-state

model is applied to describe the phase transition.

In Chapter 6 the surface of chemically inert foils, that means polymethyl-1-penten (TPX),
poly(vinylidene fluorid) (PVDF), and poly(tetrafluoro ethylene) (PTFE) are functionalized
with a thin hydrogel layer. Therefore a copolymer based on PVAm is functionalized with N-
succinimidyl-4-azidotetrafluoro benzoate. The azide reacts to a highly reactive nitrene under
UV light. These nitrenes can insert in e.g. a C-H bond leading to a stable covalent binding to
the aliphatic and surprisingly also PTFE surfaces. Thorough investigations of the wetting
behavior of the treated surfaces show, that the surfaces are hydrophilized. Dynamic contact
angle measurements with the Wilhelmy balance suggest that the polymerchains can re-
orientate, which means that the hydrophobic polymer backbone is directed to the outside
while in contact with air turning to the inside while in contact with water. This process is
reversible. Consequently, the treated surfaces are amphiphile. This work might be the base to
functionalize chemically inert surfaces to combine e.g. the mechanical properties of PTFE

with cell recognition sequences, growth factors, drugs, and so on and so forth.
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Chapter 1.

Motivation and Introduction

The original aim of this thesis was to synthesize a double network hydrogel consisting of a
chemical gel based on poly(vinyl amine) (PVAm) and a physical gel in order to completely
cover a stent. This double network gel should solve the main problems caused by the stent, i.e.
the restenosis caused by the change of the phenotype of the blood vessel surrounding smooth
muscle cells to the proliferative type and the thrombosis caused by the lesion of the blood vessel.
The hydrogel layer should accordingly form a mechanical barrier to stop the smooth muscle
cells from proliferation and to “hide” the lesion avoiding thrombus formation. PVAm was used
because of the variety of reactions the primary amine group can undergo. However, the gelation
of PVAm itself posed an unexpected great challenge. A further obstacle was the occurrence of
barely described phenomena such as physical gel via the formation of non-covalent carbonate-
amin bonds, the apparent covalent crosslinking/insertion of nitrenes with poly(tetrafluoro
ethylene), etc. These effects made it necessary to generate new hypotheses, which had to be
falsified or verified. Therefore, this thesis can be considered as fundamental research for the
gelation of PVAm. In order to obtain a deeper understanding of PVAm and its behavior several
different gel systems (chemical and physical) are synthesized and thoroughly investigated by
various methods including Cryo-SEM, rheology, NMR, DSC, Contact Angle, UV-Vis
spectroscopy, etc. obtaining valuable information about the structure-property relationship.
Thus, the major contribution of this thesis is the understanding of PVAm based gel systems by
prepolymerization with subsequent hydrolysis and crosslinking providing a platform for double

network hydrogels.



Chapter Overview

This thesis is divided into 6 Chapters, which are briefly described in the following paragraphs:

Chapter 2. gives a comprehensive overview about the literature of P(VAm) and its
thermoresponsive copolymers. Furthermore, microgels and hydrogels based on P(VAm) are

presented. At last, thermoresponsive microgels and hydrogels are described.

Chapter 3. describes the chemical gelation of poly(N-vinylamine-co-acetamide) with
poly(ethylene glycol) telechelic bis(phenylcarbonate). The polymerization and hydrolysis of
the copolymer is analyzed. Afterwards the obtained hydrogels are described in terms of their

swelling and rheological behavior.

Chapter 4. describes a physical gel formed by the components used in Chapter 3. The nature of
the bonding is analyzed in terms of UV-Vis spectroscopy and rheology. Chemical crosslinking

is ruled out. It is shown, that thermal curing can homogenize the gel.

Chapter 5. describes the synthesis of poly(N-vinylamine-co-N-isopropylacrylamide) and
hydrogels thereof. The phase transition of the polymer and the hydrogel is characterized by
UV-Vis spectroscopy, rheology, and advanced NMR spectroscopy.

Chapter 6. describes the formation of a hydrogel layer based on PVAm on chemical inert
surfaces by C-H insertion crosslinking. To achieve this PVAm is functionalized with an azide
moiety which reacts to a nitrene under UV light. The resulting hydrogel film is investigated by

advanced wetting experiments.



Chapter 2

Literature Survey about Polymerization, Introducing
Thermoresponsiveness and Gelation of Poly(vinylamine).



1. Introduction

Polyvinylamine (PVAm) is one of the most interesting and versatile polymers. Its versatility

arises from its high density of primary amines, which can undergo multiple reactions as shown

Y

in Scheme 2.1.!
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Scheme. 2.1. Some chemical reactions of PVAm. Physical interactions (metal complexation,

CO: attachment, etc. not shown). Adapted from Ref? The reaction of PVAm with acetone is

claimed by Trommler et al.’



Though in contrast to its simple structure, its polymerization was challenging for decades as
already indicated by the titles of reviews by Jones (1944) “Attempted Preparation of
Polyvinylamine™* and Pinschmidt (2010) “Polyvinylamine at Last”.> The challenging character
is caused by the instability of the according Vinylamine (VAm) monomer, which tautomerizes
to the imine. The breakthrough came with the invention of two-step processes namely the route
via hydrolysis of an alkylamide, Hofmann rearrangement of acrylamide, or, more recently, the
hydrozinolysis of poly(N-vinylphtalimide) (PVPI).*® Among these methods the hydrolysis,
which involves the polymerization of a N-vinylamide, for example N-vinylformamide (NVF)
and the subsequent hydrolysis of the amide group, is the most straight forward.” Knowledge
about hydrolysis kinetics allows control of the hydrolysis degree and therefore the density of
primary amine groups.”'® The second method to tailor the density of primary amines or to
introduce further functionality is the copolymerization of N-vinylamide with a second
monomer; for example NVF can be selectively hydrolyzed in presence of N-vinylacetamide
(NVA) and NVA can be selectively hydrolyzed in presence of N-methylvinylacetamide
(NMVA), respectively.!!"'* Besides the intrinsic pH responsiveness of PVAm advanced
applications like triggered release systems require further stimuli-responsiveness. In this
context thermoresponsiveness is the most relevant one.'*!7 Therefore, particular focus is given
on thermoresponsive copolymers, where applicable.

This literature survey is divided in two parts. The first part deals with the developments from
the last 5 years, on the polymerization and ways to obtain a defined molecular weight with a
narrow PDI. Particularly, the focus is laid on thermoresponsive copolymers, where the complete
literature is reviewed. The second part deals with microgels and hydrogels from PVAm. Since
this topic was not considered in the review of Pinschmidt or Pelton, the complete literature is

reviewed.



2. Polymerization
2.1 Controlled Polymerization

Although N-vinylamides, in particular, NVF is long known, their controlled polymerization
remains challenging. The vast majority of polymerization techniques of NVF rely on radical
polymerization. Cationic polymerization of NVF is also known, but mainly to obtain NVF-
oligomers. This is due to the limited solubility of poly(N-vinylformamide) (PNVF) in solvents
other than water and due to the reactivity of the monomer itself which has three different
nucleophilic sites (double bond, carbonyl group, amide group).!®* However, the controlled
radical reaction of NVF obtaining a narrow PDI still presents a key challenge. Controlled
polymerization techniques of N-vinyl monomers were extensively reviewed in 2013 by
Nakabayashi et al.!”” Consequently, in this survey, only the recent developments of the
polymerization of acyclic N-vinylamides are considered. These polymerization techniques are
based on organometallic mediated reaction mechanisms giving controlled molecular weight and
dispersity.'>2%?* In a systematic study by Debuigne et al. bis(acetylacetonato)cobalt(II)
([Co(acac)2]) was used for the controlled radical polymerization in bulk of N-vinylamides.?* In
particular NVF, NVA, NMVA, N-vinylpyrrolidon (NVP), N-vinylcaprolactam (NVCI), and
vinylacetate (VAc) were polymerized via cobalt mediated radical polymerization (CMRP)*

The mechanism of CMRP relies on the reversible entrapment of the radical forming a cobalt-
polymer bond (Scheme 2.2.). The rate of reaction is determined by the ratio of the rate of
chelation k¢ (species 1 “dormant”) and the rate of dissociation kq (species 2 “active”). Besides

25,26 ;

known factors such as solvent and temperature,”° intramolecular chelation with the carbonyl-

moiety of the amide forming a five-membered ring (species 3)?’ and the presence of hydrogen
on the secondary amine as in case of NVA and NVF play a crucial role.>* While for the cyclic
vinylamides and for NMVA narrow PDIs were reported, but the reaction is poorly controlled
for NVA and NVF. It is believed that free monomers stabilize the radical by hydrogen bonding

and the lability of the C-Co bond for the less substituted vinylamides are driving the equilibrium
7



to the active species.?* The reduction of the temperature to 0 °C for photointiation in solution
further improves the control of the reaction yielding for example to a PDI of 1.18 with molecular
weight My of 56.3 kDa and 23 % conversion.'>*!"** However, the controlled polymerization of
NVF still remains unsolved. This challenge was overcome recently changing the central-atom
of the metal-organic species to tellurium for an organotellurium-mediated radical
polymerization (TERP).2> NMVA, NVA, and NVF were polymerized in the presence of an
organotellurium chain transfer reagent and thermally initiated by an azo-initator, resulting in a
pseudo-first-order kinetics of polymerization and attainment of low dispersity (< 1.25). This
study is the first reported case of a controlled radical polymerization of NVF. The PNVF was

subsequently hydrolyzed to the corresponding amine.?’

homolytic bond
cleavage
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‘V\M/\‘ . + O/ Q\O
,N\&O
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1 '
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Scheme 2.2. Mechanism of CMRP. The reaction rate kq and k. determines the reaction rate of

the polymerization. The scheme is reproduced with permission from ref*’.



2.2 Thermoresponsiveness
Thermoresponsiveness is in general related to LCST behavior, which means with exceeding a
certain temperature a miscibility gap occurs in water. It is believed to be an entropic effect
caused by hydrophobic domains, which are surrounded by a water cage below LCST, and which
are aggregating above LCST. Neither commercially available NVF nor NVA nor NMVA reveal
such a behavior in water till 100 °C due to their hydrophilicity.?®* However, the addition of
salt leads to a salt-out effect for PNVA with a liquid-liquid separation above the LCST. For
example the LCST of PNVA is decreased to 18+ 1°C in a solution of

1.25 mol-L™! (NH4),S04.28

Several strategies have been established to introduce thermoresponsive behavior in water
including

1. Co-polymerization with commercially available thermoresponsive monomer

2. Synthesis of a thermoresponsive monomer for (co-)polymerization

3. Post-functionalization of the (Co-)polymer.
In this section at first the synthesis of thermoresponsive N-vinylamide monomers is described
as they are not commercially available. Furthermore, homopolymers by post-modification are
considered and the LCST of the resulting homopolymers is discussed. Afterwards copolymers

and, in particular, thermoresponsive copolymers are presented.

2.2.1 Thermoresponsive N-vinylamide monomers and polymers

The majority of literature is based on the modification of commercially available NVF, which
can lead to structures shown in Figure 2.1. A hydrophobic modification decreases the LCST,
which is for example for PNVIBA in the range of 39-41 °C.** Modifications like Figure. 2.1a
were reviewed by Panarin in 2015 and include for example Michael adducts of esters, ketones,

and nitrils or alkylations.*! Recently, 1-bromo alkyl ethers was used for the synthesis of NVF
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derivatives with an oligo ethylene glycol chain. While methoxy-terminated chains do not reveal
LCST behavior, it is found for ethoxy-terminated chains, namely N-vinyl-N-
ethoxyethylformamide (EOENVF) and N-vinyl-N-ethoxyethoxyethylformamide (2EOENVF),

which have an LCST of 48 °C and 77 °C, respectively (Table 1).32

Figure 2.1. Modifications of NVF at the N-position (a) or the aldehyde position (b)

Reactions, which lead to structures shown in Figure 2.1b are more complex to synthesize. The
original synthesis of NVIBA involves a two-step reaction. The first step was formation of N-
(a-alkoxyethyl)alkylamide by coupling of acetaldehyde, alcohol, and the respective alkylamide.
N-(o-alkoxyethyl)alkylamide was subsequently pyrolyzed (alcohol elimination).? An
alternative route was suggested in 2015 using acyl-chloride (iso-butyryl chloride). The amide
structure is kept after hydrolysis with good yield (89 %). The reaction leads also to good yields
for formation of N-vinylbenzamide (80%) and isobutyl-N-vinylcarbamate (80%).3* A direct
synthesis of various N-vinylamides was realized using an ester or aldehyde, which is coupled
with 1-azido-2-iodo ethane. The formed N-vinylazide underwent a [3+2] cycloaddition with
subsequent rearrangement and nitrogen extrusion. The esters led to a, B-unsaturated N-

vinylamides and aldehydes to N-vinylamides, e.g. iso-butyraldehyde yields in NVIBA (72%).3*

10



2.2.2 Post-functionalization of PVAm

As shown in Scheme 2.1 primary amine groups offer a variety of modification techniques.
Commonly used for hydrophobic modification are condensation reactions with acid chlorides™,
alkyl bromides*®, carboxy-acids®’, and acryl amides.*® For example a series of alkylated PV Ams
was prepared using acid chlorides as kinetic hydrate inhibitors. While poly(N-vinyl-iso-
pentanamide) was not soluble in water, butyl- and propylamides showed LCST behavior (44
and 83 °C, respectively). Ethylamide was soluble in the complete temperature range.>

The LCST of the resulting homopolymers are summarized in Table 1.

Table 1. The molecular weight and LCST of N-Vinylamide homopolymers.

Structure M Mw PDI LCST Ref.
[g'mol] [g-mol] [°C]
R N\“/R-,_
0
PNVA 1.3-10° #NA #NA > 100 28
R;=-H
R, =-CH;
PNMVA ~1.0-10*  #NA #NA > 100 29
Ri =-CH;
R> =-CHj;
PNVIBA 1.1-10*  1.5-10* 1.4 39-41 30
R;=-H
R, = -CH(CH:),

11



poly(/V-vinyl butyramide)
PNVBA

Ri=-H

R> =-CH>,CH2CHj3

#NA

1.5-
1.9-10*

#NA

44

35

poly(N-vinyl propylamide)
PNVPrA

Ri=-H

R> =-CH2CH3

#NA

13.8-
17.2-10*

#NA

83

35

poly(N-vinyl-N-n-propyl
formamide)

PNVNPrF
R =-CH,CH,CH3

R, =-H

0.3-10*

#NA

2.52

20

39

poly(/V-vinyl-N-iso-propyl
formamide)

PNVNiPrF
R, = -CH(CHs)

R,=-H

0.3-10*

#NA

2.54

38

39

poly(N-vinyl-N-n-propyl
acetamide)

PNVNPrA
R =-CH>CH,CH3
R, =-CH;

~1.0-10*

#NA

#NA

39-40

EOENVF
R =-CH>,CH>OCH>CHj3

R, =-H

1.2-10*

3.6

48

32

2EOENVF

R; =-CH,CH;OCH,CH3
OCH:CH3

R,=-H

1.1-10*

23

77

32
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The LCST-values should be considered cautious since several factors have an influence such
as molecular weight, heating rate, pH-value, etc.* However, based on Table 1 it can be
concluded:

* The alkylation of the amine-position (R1) has a stronger influence than respective alkylation
of the aldehyde position (R2), e.g., modification with n-propyl at R; leads to a LCST of 20 °C,
while a modification at R> leads to a LCST of 44 °C. This effect is less pronounced for the iso-
propyl homologues (38 °C vs. 39-41 °C). The comparison between the isomers PNVIBA (39-
41 °C) and PNIPAm (32 °C) underlines this hypothesis.

* The results, whether n-propyl modification is more effective than iso-propyl modification, are
not conclusive. At R» the LCST is increased for using n-propyl (44 °C) compared to iso-propyl
(39-41 °C), while for R the trend is inverted (20 °C compared to 38 °C). The latter one follows
also the trend of PNIPAm (32 °C) and P(N-n-propylacrylamide) (25 °C).*!

* The longer the alkyl-chain the lower is the LCST. While homopolymers of iso-butyl-NVF or
n-butyl-NVF are not water-soluble, propyl modifications yield in a LCST in the range of 20-

44 °C and ethyl modifications give a LCST above 80 °C.

2.3 Copolymerization
PVAm are highly versatile polymers due to the presence of amine functionality which makes
the polymer pH and ion sensitive. This opens new avenues of high-end applications. To explore
further the possibility to introduce another functionality like thermoresponsiveness NVF is
often copolymerized with a second monomer.'"?!>** Duye to its structural similarity and the
narrow copolymerization parameters (Table 2) NVF can be copolymerized with NVA to obtain
a statistical copolymer as shown in Chapter 3.*> Therein, the formamide group is selectively
hydrolyzed and consequently the amine:amide ratio defines the amine density. Similarly, but
under controlled conditions the group of Debuigne copolymerized NVA in presence of NMVA

using a [Co(acac)2] complex to obtain a low PDI (1.1 — 1.2), while the copolymerization
13



parameters show preferential incorporation of NVA (Table 2).2!?* NVA was afterwards

hydrolyzed to the amine. Copolymerization parameters which are not covered by the review of

Pinschmidt (Vinyl acetate, sodium acrylate, n-butyl acrylate, acrylamide, maleic anhydride)’

and Panarin (acrylamide, sodium acrylate, acrylic acid, acrylonitrile, methyl acrylate, n-butyl

acrylate, vinyl acetate, NVP, 2-hydroxyethyl methacrylate, methacrylic acid)*! are summarized

in Table 2.

Table 2. Copolymerization parameters for different comonomers.

Monomer Fineman- Mayo- Kelen- Non- Reference
pair Ross Lewis Tudos linear
NVF- INVF 0.92 +0.04 1.04+0.12 - - 42
NVA

INVA 0.97 £0.04 1.05+0.10 - - Chapter 3
NVF- INVF 0.081+0.004 - 0.092+0.037 - s
NIPAm

INIPAm 0.85+0.083 - 1.11£0.147 -
above LCST
NVF- INVF 1.07 0.91 - - 4
NIPAm

INIPAm 1.22 1.13 - - Chapter 5
below LCST
NVA- INVA 2.19 - 2.39 2.00 21
NMVA

INMVA 0.70 - 0.76 0.56
NVF- INVF - - - 1.08 i
NVIBA

I'NVIBA - - - 0.92
NVA- INVA - - - 0.99 46
NVIBA

I'NVIBA - - - 0.94

2.3.1 Thermoresponsive Copolymers

Synthesized or commercially available thermoresponsive monomers can be copolymerized

with NVF and subsequently hydrolyzed yielding in thermo- and pH responsive copolymers.

Even in 1997 the group of Akashi presented a NVIBA-NVF copolymer.*° The structure of
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NVIBA in comparison to commercially available NIPAm is shown in Figure 2.2. Due to the
structural similarity, the copolymerization parameters show only slight preferential
incorporation of NVF compared to NVIBA (Table 2). The lower critical solution temperature
(LCST) could be tuned with the NVF content in the range of 40 °C (0 mol% NVF) to 70 °C
(40 mol% NVF) (Figure 2.3). Upon hydrolysis of the formamide group the LCST is shifted to
higher temperature because of the more hydrophilic nature of the vinylamine (VAm).
Furthermore with increasing hydrolysis degree, that means with a VAm content of 2.4 mol%
and above, the LCST was not reached in terms of a transmittance lower than 50 % as claimed

by the authors.!!

a

X X

b
H N 0
/hli H/

Figure 2.2. The structure of a) NIPAm and b) NVIBA

0]

Thermoresponsive copolymers of NVF and NVF derivatives were prepared (EOENVF and
2EOENVF), where the N-position was functionalized either with an oligo ethylene glycol chain
or by an azobenzene. Depending on the chain length of the oligo ethylene glycol the LCST
could be tuned between 55 and 90 °C, while a functionalization with the azobenzene could only
lead to a 10 % transmittance loss in UV-Vis spectroscopy on raising the temperature from 20 to
00 °C 3247

Maybe the best investigated commercially available thermoresponsive monomer is NIPAm.
NVF:NIPAm copolymers/microgels were prepared by free radical reaction. However, since the
polymerization was carried out at 50 °C which is above the LCST of NIPAm the

copolymerization parameters differ widely by a factor around 10 indicating the formation of
15



block-like copolymers (Table 2).** As will be shown in Chapter 5 the synthesis of copolymers
at reaction temperature of 35 °C lead to statistical copolymers (Table 2). Consequently, the
LCST could be tuned with the VAm:NIPAm ratio from ~40 °C to 50 °C (VAm:NIPAm ratio
of 1:5 to 1:3) (Chapter 5 and Figure 2.3).%°

The LCST in dependence on the NVF/VAm content is shown in Figure 2.3. In the considered
range the increase of the LCST with NVF or VAm content is approximately linear. One might
conclude that the slope, that means the increase of the LCST with NVF content, is lower for n-
alkyl derivatives (NVF-co-NVBA: 0.42 °C-mol%!, NVF-co- NVNP1F: 0.48 °C-mol%") than
for iso-alkyl derivatives (NVF-co-NVIBA: 0.77 °C-mol%"!, NVF-co-NVNiPrF:
0.69 °C-mol%"), but there is not enough data for a detailed analysis and more work is necessary

— especially in the case of thermoresponsive VAm-copolymers.

80
P ©
” F’ -
o
60 - 7
o i 3
= | e 'ﬂ:" oY
Ul_J 40 [ f / - -
5] ‘e _ -~ O NVF<o-NVIBA
- - - O NVF-co-NVBA
- 7 NVF-co-NVNPrF
. & NVF-co-NVNIPrF
7 A VAm-co-NVBA
4 VAm-co-NIPAm

0 20 40 60 80

Content NVF [mol%)]
Content VAm [mol%]

Figure 2.3. The LCST in dependence on the NVF (open symbols) or VAm (closed symbols)
content for the copolymers NVF-co-NVIBA (black squares)**, NVF-co-NVBA (red circles)*,
NVF-co-NVNPrF (purple triangles) *°, NVF-co-NVNiPtF (pink diamonds) *°, VAm-co-NVBA
(blue triangles)*’, and VAm-co-NIPAm (green triangles)*. The dashed line is a linear fit of the

data points.
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3. Hydrogels and microgels
Gels are three-dimensional crosslinked structures. These structures can be realized for instance
by the polymerization of a monomer in presence of a bifunctional crosslinker or by crosslinking
already prepared pre-polymers.’® The first route which is the most common route for the
preparation of hydrogels is challenging in the case of PVAm based hydrogels, because the harsh
hydrolysis conditions of the formamide can also lead to the hydrolysis of the crosslinker.
Several strategies were introduced to overcome this drawback (Figure 2.4). NVF can be
copolymerized with a crosslinker, which is either stable under hydrolysis conditions or is
replaced with another crosslinker after hydrolysis. Furthermore the (partially) hydrolyzed
(Co-)polymers of VAm can be crosslinked exploiting either the free amine groups for
crosslinking reactions or using the free amine group as chain transfer agent (CTA) and grafting
a (crosslinked) polymer network onto PVAm. The chemical crosslinkers are summarized at the

end of this section in Table 3.

(Co-)Polymerization of NVF
—

in presence of a crosslinker in absence of a crosslinker
Y ALY

\

hydrolysis

1. hydrolysis

2. 2nd crosslinker (optional) i

crosslinking of the free amine groups/
amine groups as CTA

Figure. 2.4. Strategies for the gelation of PVAm.

3.1 Copolymerization with crosslinker
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Hollow hydrogel capsules were prepared via the first method by polymerization of NVF with
N, N’-methylene bisacrylamide (MBAA) as crosslinker and poly(2-ethyl-2-oxazoline) as
emulsion stabilizer using azo-bis(isobutyronitril) (AIBN) as initiator. The gels were
subsequently hydrolyzed, which also led to the hydrolysis of MBAA. With the addition of
glutaraldehyde (GA), the amine groups were preferentially crosslinked at the periphery
resulting in hollow hydrogel capsules.’!">* Confocal laser scanning microscopy and scanning
electron microscopy reveal the uniform shape (Figure 2.5). These capsules were exploited for
the loading and release of a probe molecule (Chromatrope 2R). This probe molecule could bind

to the primary amine groups by electrostatic interaction depending on the pH.>!

Figure 2.5. Hollow hydrogel capsules crosslinked with GA. a) Confocal laser scanning
microscopy image of the capsules stained with rhodamine B isothiocyanate. b) Scanning

electron image of the dried capsules. Reproduced with permission from ref.!

These hollow capsules were further used for the formation of gold nanoparticles (NP), where
the size of the NP could be controlled by the crosslinking density (the GA concentration) of the
hollow capsules. Depending on the NP size the NP showed vibrant colors due to the surface
plasmon resonance. On irradiation with intensive laser light the NP generated heat leading to
the rupture of the hollow capsules.’> Moreover it was found that the hollow capsules have only

little cytotoxicity and enhanced cell adhesion.>® PV Am microgels were prepared to improve the
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adhesion force on wet cellulose. For this NVF was copolymerized with 1,3-divinylimidazolid-

2-one as crosslinker and subsequent basic hydrolysis (5 wt% NaOH, 70 °C, 100 h) resulted in

PVAm microgels. 1,3-divinylimidazolid-2-one was chosen because of its acid hydrolysis

stability (formic acid will be released from the crosslinker, but the crosslinks are retained).

Compared to linear PVAm the microgels showed a better adhesion on wet cellulose.** In other

approaches 2-(N-vinylformamido)ethyl ether (NVEE) was synthesized as a crosslinker which

was also stable under the hydrolysis conditions of NVF.>>->’ NVEE was copolymerized with

NVF in presence of poly(vinylpyrrolidin) (PVP)-co-poly(vinyl alcohol) (PVA) and AIBN as

initiator. On NVF hydrolysis to the corresponding amine resulted in pH-responsive microgels

with high amine content and a cluster like morphology. The reaction is summarized in Scheme

2.3.%

DalEE g
.

1-x X
/ HN N
HIN— + g " _za) \\O
=./ (a) PVP-co-PVA, ’
EtOH 4 (0]
NVE \ 4 Water
AIBN, 70 °C
7 W 3 y.
N—/
NVEE PNVF-xNVEE | PNVF-XNVEE
latex microgel
[
; - x
NH
§ (b) NaOH in water, 80 °C
(+) PH< pK, o)

B S €]

(c) Washing (o)

and HCI \<

PVAM-xBEVAME TH
microgel Formate

Scheme 2.3. Reaction scheme for the fabrication of microgels by the group of Saunders.

Reproduced with permission from ref.*
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This system was further extended with the incorporation of glycidylmethacrylate (GMA). Upon
hydrolysis, it was found that along with hydrolysis of formamide epoxy-groups of the GMA
were hydrolyzed resulting in polyampholyte microgels. However, NVF in the core was not
accessible for neither basic nor acidic hydrolysis and remained intact. This was explained by
the electrostatic repulsion from the hydrolyzed NVF moieties in the case of the acidic hydrolysis
and the hydrolyzed GMA moieties in the case of the basic hydrolysis.’® In another study, the
PVAm microgels were post-functionalized with GMA obtaining microgels with amine groups
and a free double bond at the periphery. Above a critical concentration, these microgels
aggregate to form a physical hydrogel, which was afterward covalently fixated via free radical
reaction of the double bonds using ammonium peroxodisulfate (APS) giving rise to a double
crosslinked gel (DN). Compared to the single network, gels with the double network had 5-fold
increase of the storage modulus G' (7.4 kPa for the DN gel compared to 1.35 kPa for the PVAm
and 1.77 kPa for the GMA functionalized single network microgels). These microgels were
further used as injectable gels when used together with an APS/ N,N,N’,N'-Tetramethylethane-
1,2-diamine (TEMED) solution. TEMED lowered the initiation temperature of the APS, which
initiated successful crosslinking at 37 °C.°” To increase the ductility of the hydrogel PVAm-
NVEE microgels were crosslinked by partially oxidized dextran obtaining a microgel
composite hydrogel (MCH). The resulting acid labile imine bond allowed reversibility of the
reaction. Depending on the respective mass ratios the MCH had a G' of 54 kPa with a yield
strain of 125 %. On adjusting the pH-value to 3.3 cleavage of the imine bond was induced
which resulted in reduction of G' to approximately 10 % of its original value.® Further,
interpenetrating polyion complexes of PVAm hydrogels and poly(acrylic acid) (PAA) are
extensively investigated. The hydrogels were prepared by copolymerization of NVF, NVA, and
N,N-5-Oxanonamethylene-bis-N-vinylacetamide as crosslinker. NVF was subsequently
partially hydrolyzed to obtain a tailored pH-responsivity (2 M NaOH, 60 °C). DN hydrogels

were obtained by swelling the gels in a solution containing acrylic acid (AAc), MBAA, and
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APS. The resulting DN hydrogels showed pH-responsive behavior which was dependent on the
degree of hydrolysis and the AAc content.’® In a subsequent study, AAc was polymerized on
the surface of the partially hydrolyzed P(NVF-co-NVA) gels (hydrolysis: 5 wt% KOH in
isopropanol, 80 °C). The thickness of the polyion complex layer was controllable by the
hydrolysis time. Due to the pH-responsiveness, a pH-dependent release of model compounds
(FITC-dextrane), monovalent anionic (Allura Red), cationic (methylene blue), and multivalent
anionic (1,3,6-naphthalenetrisulfonate) were demonstrated.®®®! In further work, AAc was
replaced by vinyl phosophonic acid without a crosslinker. The swelling ratio was pH-dependent
and could be decreased from 14-25 to 2-5, while at pH = 2 a sustained release of the anionic
model drug (Allura Red) was shown.!

Similar method was followed to obtain thermoresponsive gels.** ** NVF was copolymerized
with NIPAm in presence of MBAA as crosslinker, 2,2’-azobis(2-methylpropionamidine)
dihydrochloride (V-50) as a radical initiator, and cetyltrimethyl ammonium bromide as an
emulsion stabilizer. The NVF groups were subsequently selectively hydrolyzed under acidic
conditions (pH = 1.5, 70 °C, 24 h) to obtain thermoresponsive microgels with free amine
groups. The degree of hydrolysis was found to be between 30 and 40%. However, hydrolysis
of the MBAA groups was not reported. The swelling of the microgels was pH-dependent and
increased with decreasing pH because of the free amine groups. Furthermore, the microgels
revealed a volume phase transition temperature (VPTT) at around 32 °C due to the presence of
the NIPAm moieties.** These microgels were used for the reversible absorption of CO,. In
contrast to previous results complete hydrolysis of the NVF under strongly acidic conditions
(2 mol-L! HCI or 1 mol-L™! H2SO4 at 60 °C for 24 h) was reported, whereas under medium
acidic conditions or basic conditions the degree of hydrolysis ranges from 43% to 74%
(2 mol-L! trifluoroacetic acid, KOH, or sodium methanolat at 60 °C for 24 h). Also, in this case
a degradation of the MBAA was not reported. The high affinity of primary amine groups to

CO> together with the thermoresponsiveness of NIPAm was exploited for the reversible
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absorption/desorption of CO». The absorption/desorption was monitored by measuring the
conductivity, which was increased by the absorption of CO> from 30 to 95 uS-cm™'. However,
complete desorption was not achieved as the conductivity remained at 40 uS-cm™ even on
heating to 70 °C under N> flow. This was explained by the reaction of amine with CO; resulting

in carbamate moieties.

3.2 Crosslinking of prepolymers

The first reported gels from PVAm prepolymer were prepared by crosslinking the polymer with
nonaethylene glycol diglycidylether. Swelling ratios of 2,000 % were observed for these gels
at a pH of 3, while the gels contract at lower or higher pH value, while addition of salt (KCI or
CuCl,) led to a (reversible) shrinkage of the gel.®* In a follow up work, the applicability of the
Donnan theory was used to predict the swelling behavior of the gels as function of the ionic
composition of the solvent. It was found that the experimental results matches with the
theoretical prediction for the addition of KC1.%°

In another approach obtaining thermoresponsive block-copolymers of NIPAm and N-
vinylphtalimid (NVI) were prepared from NIPAm and PVPI as macro-CTA in dimethyl
formamide with AIBN as initiator. PVPI was subsequently hydrozinolyzed to obtain PV Am-b-
NIPAm. The prepolymer was used for the synthesis of nanogels by subsequent crosslinking
with naphthalene-1,8:4,5-tetracarboxylic dianhydride or perylene-3,4:9,10-tetracarboxylic
dianhydride, respectively to achieve imide-bonded nanogels with an optoelectronic core. While
the nanogels collapsed with increasing temperature, the optical properties were not affected.

The latter ones were tunable by changing the solvent.®

To obtain optoelectronic properties
together with thermoresponsiveness the nature of the crosslinker was changed: With chemically
crosslinked fixed cores using either 2,5-thiophenedicarboxaldehyde or anthracene-9,10-

dicarboxaldehyde and with self-assembled cores using monofunctional crosslinker (2-

thiophenecarboxaldehyde and 9-anthracenecarboxaldehyde). Without chemical crosslinking
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the polymers existed as unimers in organic solvents, while they form micelles in aqueous
solution due to the hydrophobic interaction. As the resulting imine bonds were acid labile (pH
<5.2), the nanogels disintegrates under acidic conditions as shown in Figure. 2.6. On exceeding

the LCST the optical properties were changed.®

(a) THFand CHCl;, H,0, T<LCST, Hz0,T>LCST
=7.0

Figure 2.6. The optical properties arising from the thiophene or anthracene moieties could be

tuned by the solvent and the temperature. Reproduced with permission from ref.%

As previously shown for poly(ethylene imine) (PEI) free primary amino groups can be used as
CTA.%72 For example in the preparation of core-shell particles PVAm was used as macro-
CTA. For this NVF was polymerized via free radical reaction in water and the formamide
groups were hydrolyzed under acidic conditions (3 mol-L! HCI, 100 °C, 48 h) resulting into
PVAm. Using tert-butyl hydroperoxide (TBHP) vinyl monomers can be grafted onto PVAm.
The mechanism of the reaction is shown in Scheme 2.4. TBHP and PVAm form a redox pair.
Subsequent electron transfer generates two radicals — an amine radical and an oxy radical. The
amine radical as well as the H-abstraction of the backbone by the oxyl radical can initiate graft
polymerization. As side reaction the oxyl radical can also initiate the homopolymerization of

the vinyl-monomer. Recombination can lead to a chemical crosslinking.
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Scheme 2.4. Mechanism of PVAm as macro-CTA with TBHP. The scheme is reproduced and

modified with permission of ref.””

In particular, methyl methacrylate (MMA), styrene, and mixtures of MMA and n-butylacrylate
were grafted from PVAm and polymerized to obtain particles with narrow size distribution.
The kinetics of this reaction was enhanced with a lower TBHP/PVAm molar ratio as well as a
lower molecular weight of the PVAm.%" Increasing molecular weight of PVAm led to an
increase of the particle diameter with PVAm was located on the surface of the gel particles.®’
Similarly, AAc was grafted from PVAm using TBHP. Microgels are formed by electrostatic
interaction between AAc and VAm. In a second step the microgels were swollen in a
AAm/TBHP solution. Reaction with TBHP generated radicals on the surface of the microgels
inducing the polymerization of AAm forming an MCH. The obtained hydrogels were
transparent under basic conditions (pH =12) and became opaque and shrunk sligthly under

acidic conditions (pH = 3).°®
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This method was further used for the fabrication of thermoresponsive microgels.®®””! NIPAm
was grafted from PVAm together with MBAA as crosslinker leading to the formation of
microgels witha VPTT of 32 °C. These microgels had a crosslinked PNIPAm core and a PVAm
shell, which was confirmed by TEM imaging and Zeta-potential measurements.”! In addition
acrylamide (AAm) was grafted from the microgels resulting in MCH. The MCH were
thermoreponsive in the range between 25 °C and 45 °C and show improved mechanical
properties compared to conventional AAm gels. During compression these gels could withstand
a force of up to 21.9 MPa at a strain of 96 % with an elastic modulus of up to 40.49 kPa,
compared to a maximum force of 0.13 MPa at a strain of 73.1 %. The elastic modulus of AAm
gels was not determined.® Potassium peroxodisulfate was also used to graft AAc,
acryloyloxyethyl trimethyl ammonium chloride (DAC), and AAm on to obtain pH- and
thermoresponsive MCH. The pH-responsiveness was shown by different swelling ratios in
dependence on pH — a minimum of the swelling ratio was found at neutral pH, whereas in acidic
(pH < 5) and basic (pH > 8) regime swelling increased due to less electrostatic interaction of
AAc and DAC. Also, these MCH showed enhanced mechanical properties such as a
compressive strength of up to 30 MPa at 84% strain. Furthermore, the gels could recover after

compression test due to self-healing behavior of physically bound AAc/DAC moieties.”

3.3 Other methods

Due to the presence of free amine groups PVAm and its derivatives can also form gels by non-
covalent interactions, such as composite gels with silica particles or ionic interaction. The
interaction of PVAm with inorganic oxide particles such as silica was comprehensively
reviewed by Spange et al. in 2004.”* Recent studies show the interaction of silica with PVAm
to obtain micro- and nanogel capsules.”* For this 3-methacryloxypropyltrimethoxysilane
functionalized silica particles were dispersed in ethanol with NVF, 2-Bis[2,2’-di(/N-

vinylformamido)-ethoxy]propane as acid-labile crosslinker, PVP, and AIBN as initiator. After
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gelation silica was etched and PNVF hydrolyzed with 1 M NaOH under sonication at room
temperature. The thickness of the PVAm shell could be controlled by the polymerization time
and the overall diameter by the silica particle size. Since an acid-labile crosslinker was used,
kinetics of degradation under acidic conditions were investigated in dependence on the pH. The
half-life of a capsule ranged from 42 min at pH = 4.0 to > 3 days at pH = 7.4. As expected the
capsule size and zeta potential decreased with increasing pH-value.”* This method was also
patented in 2011.7°

PVAm can complex with Cu**, which was also investigated as catalyst for the polymerization
of vinyl monomers.”®’” Also, a hydrogel was prepared by complexation of PVAm with Cu?*,
which was applied as water sensor. The hydrogel had a fast electrical response to
water/humidity changes and thus showed good capability to detect leakages in long water

pipelines.’

The structure of the crosslinkers and their properties are summarized in Table 3. Although the
number of studies about PVAm-based hydro- and microgels is limited, some conclusions can
be made:

1. The copolymerization with a crosslinker and subsequent hydrolysis is in general used
for the fabrication of microgels. The instability of MBAA during the hydrolysis should
be considered and can be exploited for the formation of hollow capsules. These
microgels can be crosslinked to obtain MCH giving raise to improved mechanical
properties

2. Chemical crosslinking of the prepolymers leads to highly swellable hydrogels, which
are generally weak.

3. Using PVAm as macro-CTA generates microgels. Core-shell microgels are easily
accessible via this method. MCH with an AAm network had improved mechanical

properties compared to an AAm SN gel.
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Table 3. Structure of the crosslinkers and their properties

Structure of the crosslinker Comment Ref.
MBAA degrades partially under **#-!-
0 om hydrolysis conditions for 3
/YN\/N\"(\ NVF
0] 0
GA crosslinking of 3193
prepolymers, acid labile
o TN
1,3-Divinylimidazolid-2-one stable under hydrolysis >*
o conditions, releases formic
\\\ )k /// acid
N N
\_/
NVEE stable under hydrolysis 3%
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Chapter 3.
Chemical gels of P(VAm-co-VAA)

This chapter is reproduced from Macromolecular Chemistry and Physics with Permission
from WILEY-VCH Verlag GmbH & Co. KGaA

All experiments and data analysis were done by T.F.

34



1. Introduction
Poly(vinylamine) (PVAm), a polymer with a high density of primary amine groups, provides
a versatile platform for multiple applications, such as water purification,' paper additive,? and
dye fixation in applications such as textile processing,® pigment dispersant,* and so on.
However, the instability of the corresponding monomer necessitates a two-step method for the
formation of PVAm. Among the reported methods the polymerization of N-vinylformamide
with a subsequent hydrolysis is the most reported and common one.’ Polymerization of N-
vinylamides has been described in the literature previously using different solvents, different
monomer concentrations, and temperatures.®!® Yamamoto et al. for example polymerized
NVF in water at 60 °C at a concentration of 10 wt% for 24 h.” Further studies uses 70 °C, 2 h,
and 6-15 wt% and 50-70 °C and 10-100 wt%, respectively. ° Ajiro et al. prepared a P(VAm-
co-NVA) copolymer at 37 °C, 8 h with a concentration of 0.2 mol-L"! NVA and 0.8 mol-L"!
NVF.!® This method offers two options to tailor the resulting amine density: Incomplete
hydrolysis or copolymerization with a second monomer, which is stable under the hydrolysis
conditions. Both methods require knowledge about the hydrolysis kinetics. The hydrolysis can
be catalyzed via an acidic or basic mechanism forming in case of PNVF either formic acid

(acidic) or sodium formate (basic) as by-product (Scheme 3.1.).

n
NH

acidie 0 basic
+ HC/ \Nam[

+NH3 - NHZ
+ Cl

+
N
Z o o~

0
Scheme 3.1. Acidic and basic hydrolysis of PNVF.

O Na'

A systematic study about the kinetics of the acidic and basic hydrolysis of PNVF was
published by Gu et al.!' It was found that the basic hydrolysis results in higher reaction rates
and equilibrium constants than the acidic one. Furthermore, an increase of the temperature

leads to higher initial reaction rates. But, in the case of the basic hydrolysis there is no
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influence on the final equilibrium amide conversion (~90 % at 60 °C, 70 °C, and 80 °C),
while this greatly differs for the acidic hydrolysis (~40 % at 60°C, 60 % at 70 °C, and 65 % at
80 °C). Additionally, only the basic hydrolysis leads to a complete hydrolysis requiring a
base-to-amide ratio of at least 1. In the case of the acidic hydrolysis the already formed
primary amine groups will be protonated. The electrostatic repulsion prevents the hydrolysis
of adjacent formamide groups, which is known as polyelectrolyte effect, which is
characterized by a broad titration curve.!!

In the case of copolymerization knowledge about the copolymerization parameters is crucial.
Similar copolymerization parameters will lead to statistical polymers while a high difference
in these parameters will lead to block-like copolymers. As rule of thumb structural similar
monomers, that means a stereo-electronic similar environment of the double bond, have
similar copolymerization parameters.'> Thus, it is evident to use C=0-alkylated derivates of
NVF as they have little impact on the stereo-electronic environment of the double bond and
have an increased hydrolysis stability, which means under appropriate conditions a (nearly)
selective hydrolysis is possible. In fact, studies show that a complete hydrolysis of PNVF was
accomplished at 80 °C in 2 M NaOH, while no hydrolysis of PNVA was reported under these
conditions. !>

The resulting free amine group can undergo numerous reactions and is consequently an
excellent candidate for post-modification of the polymer.!>!® Despite the reactivity of the
amine, there is only little literature about the chemical gelation of prepolymers as summarized
in Chapter 2. Kobayashi et al. used a bifunctional epoxide based crosslinker for the formation
of a hydrogel investigating the pH-dependent swelling behavior with swelling ratios up to
2,500 %; nonetheless, the complete gelation process took 48 h and is not well investigated.'”
Furthermore Han et al. produced a hydrogel starting with PNVF. In a concerted reaction the
formamide was hydrolyzed with sodium hydroxide solution and the formed amine groups
crosslinked with glutaraldehyde.'® As indicated by the research of Kobayashi PVAm-based
gels are an attractive candidate for superabsorbent hydrogels due to their hydrophilicity.
However, in all these papers the PVAm based polymers have not been exploited for synthesis
of superabsorbent hydrogels (SHs). In general superabsorbent gels are loosely crosslinked
three dimensional polymeric networks mainly of acrylic acid (AA) and/or acrylamide (AM)
based monomers.'” Typically, free radical polymerization is used for the synthesis of these
gels. Depending on the type of crosslinker and crosslinking density a water uptake of 8,000 to
80,000 % was obtained.?*>* Addition of inorganic fillers or further introduction of physical

crosslinks could enhance the water uptake to 280,000 %.2%2!>* SHs used in commercial
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diapers show a water uptake of 23,800 %. Free radical polymerization is a very convenient
and handy approach for preparing SHs. However, it is very difficult to control the formation
of network structure and the products are inhomogeneous which leads to a decrease of the
swelling ability. Crosslinking of pre-polymers might lead to a more homogeneous structure
and therefore be advantageous in this case.

In this chapter the copolymerization of NVF with NVA is optimized and utilized to prepare
SHs by polycondensation of the prepolymers with phenyl carbonate telechelic poly(ethylene
glycol) (PEG-PC). This is a selective and straight-forward way by one step aminolysis of an
alkyl-phenyl-carbonate in presence of a base.”* NVA is used because of the structural
similarity to NVF and to tailor the resulting amine density in the prepolymer after hydrolysis.
PEG is chosen to increase the hydrophilicity of the network. Furthermore, the resulting
carbamate linkage is stable under aqueous conditions. The copolymerization parameters and
the hydrolysis efficiency as well as the hydrolysis stability of NVA are determined.
Hydrolysis is performed under basic conditions aiming for a complete hydrolysis of the NVF.
The crosslinking efficiency is monitored by high resolution '*C NMR. The structure-property
relationship of the hydrogels is characterized by their swelling ratio and rheological
properties. The crosslink density of the formed gels is tuned by the ratio of amine to carbonate

(crosslinker) and by the pH value.

2. Experimental Part
2.1 Materials
N-Vinylformamide (NVF), phenyl -chloroformate (PCF), triethylamine (TEA) and
poly(ethylene glycol) (PEG) (Mn =400 g:mol') were purchased from Sigma Aldrich. N-
Vinylacetamide (NVA) was purchased from ABCR. Pyridine was purchased from Roth. 2, 2’-
Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA044) was purchased from TCI. All

chemicals were used as received without any purification.

2.2 Nomenclature:

The following nomenclature was used for polymers: PNVF for poly(N-vinylformamide),

PNVA for poly(N-vinylacetamide), PVAm for poly(N-vinylamine), P(NVF-co-NVA) for

poly(N-vinylformamide-co-N-vinylacetamide), P(VAm-co-NVA) for poly(N-vinylamine-co-

N-vinylacetamide), Copolymer A for poly(N-vinylformamide-co-N-vinylacetamide)
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NVEF/NVA = 3/1 mol/mol, Copolymer B for poly(N-vinylformamide-co-N-vinylacetamide)
NVF/NVA = 1/1 mol/mol, Copolymer C for poly(N-vinylformamide-co-N-vinylacetamide)
NVF/NVA = 1/3 mol/mol. Copolymer 1 for poly(N-vinylamine-co-N-vinylacetamide)
NVAm/NVA = 3/1 mol/mol, Copolymer 2 for poly(N-vinylamine-co-N-vinylacetamide)
NVAm/NVA = 1/1 mol/mol, Copolymer 3 for poly(N-vinylamine-co-N-vinylacetamide)
NVAmM/NVA = 1/3 mol/mol. In the nomenclature of gels (Gx:y:z) the first number indicates
the starting copolymer (Copolymer 1, Copolymer 2, Copolymer 3), the second number
indicates the molar ratio of phenylcarbonate-to-amine groups (O-CO-OPh/NH>) used for the
synthesis, and the third number indicates the ratio triethylamine/amine groups EtsN/NH> used

for the synthesis.

2.3 Polymer and gel syntheses.

Copolymer B

NVF (3.64 g, 51.2 mmol), NVA (6.36 g, 51.2 mmol) and VA044 (331 mg, 1.02 mmol) were
dissolved in water (90 mL). The reaction mixture was degased by three freeze-thaw cycles.
After degasing the reaction mixture was heated up to 60 °C for 20 h under nitrogen. The
resulting copolymer was precipitated in an excess of acetone, redissolved in water, and
lyophilized obtaining a white solid (9.82 g, 98.2 wt%).

"H NMR (400 MHz in D>0, & in ppm):1.35-1.75 (-CH: backbone), 1.75-1.95 (-CHj), 3.0-4.0
(-CH backbone), 7.5-8 (-CHO)

GPC: M, = 5.6-10% g'mol”!, My, = 1.2-10° g-mol ™!, PDI = 2.2

Copolymer A and C were prepared by the same procedure. Table 3.1 summarizes the amounts

of reagents used.

Table 3.1 Amounts of reagents used for the synthesis of Copolymer A, B, and C in water

(90 mL)

Formamide:Acetamide =~ NVF NVA VA044

ratio [g] & [g] & [mg] &
[mmol] [mmol] [mmol]

3:1 (Copolymer A) 6.32 3.68 383
88.9 29.6 1.18

1:1 (Copolymer B) 3.64 6.36 331
51.2 51.2 1.02
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1:3 (Copolymer C) 1.60 8.40 292
22.5 67.7 0.90

Copolymer 1

Copolymer A (10 g) was dissolved in 2 N sodium hydroxide solution (490 mL). The reaction
mixture was heated up to 80 °C for 4 h. The mixture was neutralized with hydrochloric acid to
pH = 7 and subsequently dialyzed (regenerated cellulose, SpectraPor®, molecular weight cut-
off: 3.5 kDa) for 7 days. The water was removed by lyophilization obtaining a white solid
(yield: 6.52 g, 65 wt%).

"H NMR (400 MHz in D;0, § in ppm; Figure 3.1): 1.2-2.1 (-CH> backbone, -CHj), 2.8-4.1 (-
CH backbone), 8.3-8.4 (-NCHN-)

GPC: My = 6.7-10*g'mol!, My = 1.5:10°g'mol"!, PDI = 2.2

Copolymer 2 and 3 were prepared by the same procedure using the same amount of polymer

(10 g) and reagent (490 mL).

Phenyl carbonate telechelic poly(ethylene glycol) (PEG-PC)

To a solution of PEG (10 g, 25 mmol) in THF (100 mL) was added pyridine (2 eq, 3.96 g,
50 mmol). The reaction mixture was cooled with an ice bath. PCF (2 eq, 7.83 g, 50 mmol)
was added dropwise without exceeding 5 °C in the reaction mixture. Afterwards the reaction
was allowed to stir for further 16 h at room temperature. Pyridine hydrochloride was removed
by filtration, the solution washed three times with water, and the solvent was removed by
rotary evaporation. The product was obtained as colorless liquid (yield not determined).

"H NMR (400 MHz in MeOD, § in ppm): 3.3-3.5 (-CH>, backbone), 3.55-3.65 (-CH>), 4.2-4.3
(-CH>), 6.65-6.75 (unknown side product), 7.0-7.1 (-CH, aryl, para), 7.1-7.2 (-CH, aryl, para),
7.2-7.35 (-CH, aryl, meta)

Preparation of the gel — G2:1:2.

To a solution of polymer 2 (50 mg) in methanol (520 uL) was added triethylamine (79.7 mg,
788 umol). PEG-PC (252 mg, 394 umol) was dissolved in methanol (500 pL) and added to
the reaction mixture. The solutions were prepared for 5 wt% of the polymer with respect to

the mass of TEA and MeOH, i.e., the mass of methanol was calculated according to Equation
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1 Further gel systems were prepared analogously; the respective amounts of reagents are

summarized in Table 2.

Mpolymer

Mumeon = — o5 M1EA — Mpolymer (D

Table 2. Amounts of reagents used for synthesis of the gels.

Gel Polymer [mg] | PEG-PC [mg] | Triethylamine | Methanol | Stability

Amine groups | PhO-CO-O [mg] [mg]
[pmol] groups [pumol] (umol] (uL]

Gl:1:2 50 455 144 806 +
711 711 1422 1020

Gl:1:1 50 455 71.9 878 +
711 711 711 1111

G1:1:0.5 50 455 36.0 914 +
711 711 356 1157

G1:0.5:2 50 227 144 806 +
711 355 1422 1020

G1:0.5:1 50 227 71.9 878 +
711 355 711 1111

G1:0.5:0.5 50 227 36.0 914 +
711 355 356 1157

G1:0.25:2 50 114 144 806 +
711 178 1422 1020

G1:0.25:1 50 114 71.9 878 +
711 178 711 1111

G1:0.25:0.5 50 114 36.0 914 +
711 178 355 1157

G2:1:2 50 252 79.7 870 +
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G2:0.5:1

G2:0.5:0.5

G2:0.25:1

G2:0.25:0.5

G3:1:1

G3:1:0.5

G3:0.5:2

G3:0.5:1

394
50

394
50

394
50

394

50
394
50
394
50
394
50
394
50
394
50
168
50
168
50
168
50
168

50

394
252
394
252
394
126

197

126
197
126
197
63.0
98.4
63.0
98.4
63.0
98.4
108
168
108
168
108
168
53.9
84.0

53.9

788
39.8
394
19.9
197
79.7

788

39.8
394
19.9
197
79.7
788
39.8
394
19.9
197
34.1
336
17.0
168
8.52
84.0
34.1
336

17.0

1102
910
1152
930
1177
870

1102

910

1152
930

1177
870

1102
910

1152
930

1177
916

1159
933
1181
941
1181
916
1159

933
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168 84.0 168 1181
G3:0.5:0.5 50 53.9 8.52 941 -
168 84.0 84.0 1192
G3:0.25:2 50 26.9 34.1 1159 -
168 42.0 336 1020
G3:0.25:1 50 26.9 17.0 933 -
168 42.0 168 1181
G3:0.25:0.5 50 26.9 8.52 941 -
168 42.0 84.0 1192

* green tables show data incorporated in the publication while the grey tables are omitted

2.4 Measurements

NMR spectra

Proton-NMR spectra were recorded on a Bruker Avance III-400 FT-NMR (Bruker
Corporation, Billerica, MA, USA) spectrometer at 400 MHz. 3C NMR spectra as well as the
kinetic measurement were recorded on a Bruker Avance II-600 FT-NMR spectrometer
(Bruker Corporation, Billerica, MA, USA) at 150 MHz. Deuterated methanol (CD3;0D) and
deuterium oxide (D20O) were used as solvents. Trioxane was used as internal standard for the

hydrolyzed copolymers 1-3.

Reaction Kinetics

To determine the reaction rate a 1:1 molar ratio of NVF:NVA were copolymerized at 35 °C
for 120 min recording '"H NMR spectra every 5 min. The copolymerization parameters were
determined by the method of Fineman-Ross and Mayo-Lewis using 5 different NVF:NVA
ratios (3:1; 1:1; 1:3; 1:5; 1:10) in the feed. The ratio of NVF:NVA was determined at

conversions below 10 %.

Size exclusion chromatography (SEC) analyses
Molecular weights (Mn,sec and My,sec) and molecular weight distributions (PDI = My-My™)
were determined by SEC. SEC analyses were carried out using water (HiPerSolv
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CHROMANORM® HPLC grade, VWR) as the eluent containing 10 % acetonitrile,
0.1 mol-L™" sodium chloride, 0.1 wt% triflouroacetic acid and 0.01 wt% sodium azide. The
machine was equipped with an HPLC pump (1200, Agilent), a refractive index detector (RI)
(1200, Agilent), and an UV-detector (VWD, 1200, Agilent). The samples contained
0.5 pL-mL™! ethylene glycol (99.5 %, Fluka analytical) as internal standard. One pre-column
(8 x 50 mm) and three Novema Max gel columns (8 x 300 mm, Polymer Standards Service)
were applied at a flow rate of 1.0 mL-min! at 25 °C. The diameter of the gel particles
measured 5 pm, the nominal pore widths were 30, 100, and 1000 A. Calibration was
performed using narrowly distributed poly(ethylene oxide) standards (Polymer Standards
Service). Results were evaluated using the PSS WinGPC UniChrom software (Version 8.3.2).

Swelling behavior
The as-prepared hydrogels were weighed and immersed in a large amount of deionized water
at ambient temperature. To determine the swelling ratio the excess water was removed, and
the hydrogel carefully blotted. The swelling ratio was calculated with Equation 2.

my—my

Swelling ratio [%] = ——+100% )

1

where m> and m; are the mass of the swollen and as-prepared sample, respectively. The
swelling ratio with respect to the dry weight hydrogels, which are swollen to equilibrium,

were lyophilized and weighed.

Rheology

Measurements were conducted with a Discovery Hybrid Rheometer HR 3 (TA Instruments,
USA) and a 40 mm parallel plate. Unless otherwise noted a frequency of 1 Hz and an
oscillation strain of 1 % were used. The reagents were mixed directly before the measurement
and 1 mL of the solution were placed on the plate. The gap was adjusted to 800 pm and

solvent evaporation prevented by a solvent trap.

Potentiometric Titration

The copolymers were dissolved in 0.5 M HCI solution and the volatiles were removed in
vacuo. The residue was dissolved in 1 M KCI solution in degassed water and titrated against
0.1 M NaOH solution measuring the pH-value. The degree of ionization (DOI) was calculated
neglecting any interionic interactions with Equation 3:%

_ [-NHs]* _ 10-PH
bor= [-NH,]+[-NH3]* ~ 10-PH4+107PKa G)
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3. Results and Discussion
Free radical copolymerization of NVF with NVA was performed water using different
monomer ratios and VA044 as initiator (Scheme 3.2a). The resulting copolymers were then
subjected to a selective hydrolysis of the NVF repeating units yielding copolymers with free
amine groups. These hydrolyzed prepolymers were crosslinked with PEG-PC in the presence
of triethylamine (TEA) forming a hydrogel (Scheme 3.2b). The swelling properties and the

rheological behaviour of the polymer networks were determined.

a )\
H
H VA044, 60 °C, 20 h o N7 2 wt.% in 2 NaOH (o) N
* /K in H,O 80°C,4h stat
x 2 >N o + y/\Nl 0 ———> :tat N~ — k v
| Y
H

H
3x + y —_— Copolymer A —_— Copolymer 1
X + y  E— Copolymer B _— = Copolymer 2
X + 3y _ Copolymer C —_— Copolymer 3

Y

HN NH

O
o
HN \T;\
o) 0}

Scheme 3.2. Copolymerization of N-vinylformamide with N-vinylacetamide in different
molar ratios leading to copolymers A, B, and C and their selective hydrolysis to copolymers
1, 2, and 3 (a), and schematic representation of the polymer networks prepared from P(VAm-

co-NVA) and bis phenylcarbonate telechelic poly(ethylene glycol) (b)
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3.1 Polymer synthesis
Optimization of the reaction parameters was done by SEC varying the reaction temperature
and monomer concentration. A monomer ratio of NVF:NVA = 1:1 was chosen and the

composition confirmed by 'H NMR.
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Figure 3.1. a) Proton NMR of Copolymer B in DO and molecular weight distribution in
variation of the monomer concentration at constant temperature (T = 60 °C) (b), and in
variation of the reaction temperature at a constant monomer concentration (¢ = 10 wt.%) (c)

determined by SEC.

The variation of the monomer concentration (T = 60 °C, cMonomer = 5, 10, 20, and 30 wt.%) is
shown in Figure 3.1b revealing that the molecular weight distribution broadens exceeding a
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concentration of 10 wt% as indicated by an increase of the PDI from 2.5 (cMonomer = 5 Wt.%)
to 4.5 (cMonomer = 30 wt.%). This is caused by the so-called “gel- or Trommsdorft-effect”,
which is in agreement with literature data.® The gel-effect is caused by an increase of the
viscosity, whereby termination reactions which are diffusion controlled become less likely.
Furthermore, polymerizations of equimolar amounts of NVF and NVA were performed at
10 wt% and different temperatures (7' = 35, 45 and 60 °C). SEC analysis of these polymers
show that with decreasing temperature the molecular weight increases and the PDI decreases
slightly from 2.2 at 60 °C to 1.9 at 35 °C. (Figure 3.1c). Based on these preliminary results
copolymers of NVF and NVA were prepared in different molar ratios at 7= 60 °C in aqueous
solution using a monomer concentration of 10 wt% and VAO0O44 as initiator. The structural
similarity of NVF and NV A suggests similar reactivity while polymerization. This reactivity
can be expressed by the copolymerization parameters. Herein, the methods of Fineman-Ross
and Mayo-Lewis were used to quantify the copolymerization parameters. The Fineman-Ross

method uses a linearization of the copolymerization equation (4).

147,14l
d[A] — A[B] — ﬂ . rA[A]+[B] (4)
(B] 1+TB% [B] [Al+7g[B]

With [A] and [B] being the concentration of the monomers and ra and rg the respective
copolymerization parameters. The linearization of equation (4) suggested by Fineman and

Ross leads to equation (5)

y-—= —TB (5)

With x = na'ng! and y = [A] - [B]!, where na and ng is the amount of monomer A and B,
respectively. The copolymerization parameters can be determined with the slope (ra) and the
y-intercept (rg) plotting y-(x!) x-1 against y> x’'. Five different NVF:NVA ratios (3:1; 1:1;
1:3; 1:5; 1:10) were used in the feed and the ratio of NVF:NVA was determined at
conversions below 10 % by '"H-NMR. As shown in Figure 3.2a and b the values of the
copolymerization parameters are close to unity proving the formation of a statistical
copolymer (Fineman-Ross: rnve = 0.92 £+ 0.04, rnva = 0.97 £ 0.04; Mayo-Lewis: rnvr = 1.04 £
0.12, rnva = 1.05 £+ 0.10). For further investigation three different NVF:NVA molar ratios

were used for polymerization.
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Figure 3.2. The copolymerization parameters determined by the methods of Fineman-Ross (a)
and Mayo-Lewis (b). (c) shows the conversion in dependence on the time calculated by 'H

NMR at 35 °C, 10 wt% monomer concentration and 1 mol% initiator concentration.

As evident from Figure 3.2c the conversion is below 10 % after 5 min (highlighted by the
arrow in Figure 3.2c) indicating that the methods of Fineman-Ross and Mayo-Lewis are
applicable. Furthermore, as already shown in Figure 3.1c, there is no Gel-effect visible at
these reaction parameters, which would be characterized by an increase of the reaction rate at

a high conversion (35 °C, 10 wt% monomer concentration, 1 mol% initiator concentration).

To validate the kinetic results, three different NVF:NVA ratios (3:1, 1:1, and 1:3) were
polymerized and analyzed by '"H NMR spectroscopy (Figure 3.3). Taking the formamide-
signal (-CHO) arising from NVF as standard the relative ratio of the methyl group caused by
the NVA can be determined and compared to the theoretical ratio as shown in Table 3. While
for the ratios NVF:NVA 3:1 and 1:1 the respective integrals are matching, there is a deviation
for the ratio 1:3 indicating that less NVA being in the prepolymer. However, this may be
caused by the intrinsic error of the measurement method as the integral intensity of the

formamide group is very low in this case.
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Figure 3.3. Proton NMR of copolymer A (a), B (b), and C (c¢) in D>0. Using the formamide

signal as standard it can be seen, that the theoretical ratios were obtained.

Table 3. Theoretical and experimental integral ratios of the formamide and acetamide group

Copolymer Ratio NVF:NVA Integral CHO (NVF) | Integral CH3; (NVA)
I Lu/3
Copolymer A 3:1 3 1.07
Copolymer B 1:1 1 1.03
Copolymer C 1:3 1 2.43

The copolymers with a molar ratio of NVF:NVA = 3:1, 1:1, and 1:3 in the feed were named
copolymer A, copolymer B, and copolymer C. (Scheme 3.2)

The prepolymers were subsequently hydrolyzed under basic conditions (2 M NaOH, 8 h,
80 °C). From 'H spectroscopy it is visible that the formamide signal disappears completely

(Figure 3.4). Furthermore, signal 2 and 4 become indistinguishable and are combined.
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Figure 3.4. Proton NMR of copolymer 1 (a), 2 (b), and 3 (c) using trioxane as standard. From
the integrals it is evident, that NVF was selectively hydrolyzed.

Using trioxane as internal standard the relative integrals of the backbone hydrogens and the

methyl hydrogens give the VAm:NVA ratio via equation (6) and (7).

_ I3 Total
[VAm] N Itotal ns x (6)
[NVA] — Ip44 . Ntotal | y (7)

Itotal M2+a

With [VAm] and [NVA] being the respective experimental content in the polymer, I the
respective integral as indicated in Figure 3.4, n the number of protons of the respective
integral and x and y the theoretical content of VAm and NVA in the feed. The results are

shown in Table 4.

Table 4. Experimental integral ratios of the amine and acetamide

Copolymer [VAM:NVAJheoretical | [VAmM] [NVA]
Copolymer 1 3:1 3.11 0.99
Copolymer 2 1:1 1.06 0.98
Copolymer 3 1:3 1.15 2.90
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Under the experimental conditions for the hydrolysis of copolymers A, B, and C it is visible
that the ratio of NVF to NVA repeating units before hydrolysis corresponds to the ratio of
NVAm to NVA repeating units after hydrolysis (Figure 3.4 and Table 3), that means the
acetamide group of the NVA was not affected by the hydrolysis, while the formamide was
completely hydrolyzed. Consequently, the used experimental conditions (2 M NaOH, 80 °C,
8 h) allow a selective hydrolysis of the formamide group.

The signal around 8.3-8.4 ppm suggests the occurrence of a side reaction. It is discussed in
literature that this signal is caused by a cyclization reaction of adjacent VAm-NVF moieties
forming a 1,4,5,6 tetrahydropyrimidine structure.'® However, it is also possible that this signal
refers to the ammonium-chlorid salt (-NH3*CI"). The strong hydrogen bonding between the
ammonium and the chloride ion prevents on the one hand the exchange with deuterium
making the protons visible in 'H-NMR and on the other it will not be removed by dialysis. In
our experiments this side reaction is observed and occurs in the range of 8 % for copolymer 1
and 4.5% for copolymer 2. In copolymer 3 no signal for the side product is observed
(Figure 3.4).

The statistical monomer distribution in the copolymers 1, 2, and 3 can be qualitatively
supported by a potentiometric titration (Figure 5a) giving also the degree of ionization (DOI)
(Figure 5b). From the DOI it is evident, that still around 40 % (copolymer 3) to 80 %
(copolymer 1) of the amine groups are charged at a pH value of 7. The statistical distribution
of the monomers is visible by the development from two discrete equivalent points
(copolymer 3) to a broad spreading caused by the polyelectrolyte effect (copolymer 1)
(Figure 3.5a). A block-like copolymer would show the polyelectrolyte effect even at low
amine to amide ratio. From the first equivalence point (transition from structure 1 to 2 in

Figure 3.5¢).
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Figure 3.5. The titration curve of copolymer 1 (black squares), copolymer 2 (red circles), and
copolymer 3 (blue triangles) against 0.1 M NaOH (a). The corresponding DOI calculated by
equation 3 is shown in (b). The origin of the two discrete equivalent points in the titration

curve can be explained by the scheme shown in (c).

3.2 Chemical Gelation

Post polymerization condensation reaction in which amine groups are reacted with alkyl-
phenyl-carbonates with formation of carbamate (urethane) groups and elimination of phenol
are known.>*?® In our experiments we reacted copolymers 1, 2, and 3 (decreasing amine
content from copolymer 1-3) with PEG-PC (M, of PEG 400 g mol') to obtain gels of
decreasing crosslinking density. Due to the insolubility of PEG-PC in water crosslinking was
performed in methanol. For copolymer 1 and 2 a concentration of 5 wt% did not lead to the
formation of a gel by addition of the crosslinker. However, increasing the concentration to
10 wt.% addition of the crosslinker led to spontaneous precipitation of a physical gel. The
physical gel will be discussed in Chapter 4. As seen from the potentiometric titration, at pH =
7 still 40 — 80 % of the amine groups are protonated (charged) depending on the amine: amide
ratio (Figure 3.5) of the polymer backbone. To have only (exclusively) free amine which
undergo nucleophilic reaction with the carbonates groups a base (triethylamine, (TEA)) was
added to the reaction mixture. This way, we obtained in the formation of a transparent
hydrogel. Performing the gelation in deuterated solvents 'H-NMR shows the formation of

phenol (Figure 3.6). The formation of phenol proves the condensation reaction between the
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phenylcarbonate groups, and the amine groups as suggested in Scheme 3.2 leading to
carbamate crosslinks.

To explore the efficiency of the reaction, swelling behavior, and mechanical properties
hydrogels were prepared using three different copolymers reacted with three different
amounts of crosslinker obtaining three different carbonate-to-amine ratios. In addition, three
different base concentrations were applied yielding 27 gel samples (see Table 2). The
nomenclature of the gel samples is Gx:y:z, where x is the corresponding copolymer (1-3), y
the carbonate-to-amine ratio (1, 0.5, or 0.25) and z the equivalents of TEA with respect to the
amine groups (0.5, 1, or 2), i.e. G1:0.5:1 means that one equivalent of copolymer 1
(amine:amide ratio of 3:1) was reacted with 0.5 equivalents PC-groups (a carbonate-to-amine

ratio of 0.5:1) and 1 equivalent TEA per amine group.
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Figure 3.6. Proton NMR of the as-prepared hydrogel in MeOD. The presence of phenol

indicates a successful reaction.
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The completeness of the reaction was monitored by high resolution '*C NMR (150 MHz,
20,000 scans). In Figure 3.7 an exemplary *C NMR of G2:1:2 is shown. The conversion was
calculated by dividing the unreacted aromatic phenylcarbonat-carbons (b-d) by the total
aromatic carbons, that means the aromatic phenylcarbonat carbons (b-d) and the phenol
carbons (f-h). It is noteworthy that PEG-PC might also react with the solvent (methanol). The
resulting methylcarbonate group might be referred to signal 7 (H3;COCOOC-), but the overall
intensity is low. Therefore, it is neglected. Furthermore, the copolymer is not visible due to its

restricted mobility.
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Figure 3.7. °C NMR of the as-prepared hydrogel in MeOD.

It was found, that G2:1:2, which has a high crosslinking density, shows, that 8.8 %
phenylcarbonate groups remain unreacted, whereas in case of (G2:0.5:2 no unreacted
carbonate groups were found (Table 4). It is very likely that the high crosslinking density and
fast gelation restricts the motion of the crosslinker leading to inhomogenities like backbiting,
i.e. an intramolecular crosslinking reaction, in the network. With decreasing the amount of

crosslinker the reaction proceeds to complete conversion.
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Table 4. Calculated amount of unreacted carbonate groups from >C NMR

Gel % [PhO-CO-0O-]
G2:1:2 8.8

G2:0.5:2 0

G2:1:0.5 40.2

3.3 Swelling Behavior

In the following section the structure property relationship, in the particular case, the effect of
the amine concentration in P(VAm-co-NVA) upon crosslinking with PEG-PC and a
carbonate-to-amine ratio of 1:1 in presence of TEA with an amine-to-TEA ratio of 1:2 is
investigated (Gx:1:2). Furthermore, the effect of the carbonate-to-amine ratio on the
crosslinking density is studied for copolymer 2 and a amine-to-TEA ratio of 1:2 (G2:y:2).
Finally, the effect of the amine-to-TEA ratio on the swelling behavior of copolymer 2
crosslinked with PEG-PC with a carbonate-to-amine ratio of 1:1 is studied (G2:1:z).
Figure 3.8 shows the swelling ratio of G1:1:2, G2:1:2, and G3:1:2 in water in dependence on
time, i.e. for the copolymers 1, 2, and 3 with an carbonate-to-amine ratio of 1:1 and 2
equivalents of TEA. It is visible that the polymer with the lowest amine content, i.e.
copolymer 3, does not show a stable structure as the swelling ratio decreases after two hours,
which means that the structure disintegrates. The hydrogels made of copolymer 1 and 2 show
a stable structure with swelling ratios up to 2,000 % for copolymer 2 and 1,000 % for
copolymer 1. This is an intuitive result since copolymer 1 possesses a higher amine density
and therefore a higher crosslinking density which results in a lower swelling ratio. The
swelling curve for G1:1:2 and G2:1:2 exhibits a sigmoidal shape, which is more prominent for

G2:1:2. Due to the higher swelling ratio of G2:1:2 copolymer 2 was further investigated.

54



2,500 1F

—a0—G1:1:2
3? —A— G3:1:2
= 1,500
3 AA-A% o
W SI]U- /D/
ﬁg?nnn”
15 20 95 100

Time [h]

Figure 3.8. Swelling ratio of G1:1:2, G2:1:2, and G3:1:2 in water in dependence on the time

The swelling ratio of the gels in dependence on the carbonate-to-amine ratio (G2:1:2,
G2:0.5:2, G2:025:2) are shown in Figure 3.9. Therein, three different swelling regimes can be
identified as indicated by the dashed line: The first regime is characterized by a low slope.
Since the gels are prepared in methanol, first a solvent exchange takes place on swelling the
gel in water, this is due to a co-nonsolvency effect known for methanol-water mixtures.?” This
means, that the gels can swell either in pure methanol or in pure water, but in mixtures of both
the structure first collapses. Due to this, swelling is hindered and is diffusion controlled. This
effect can be seen visually as the transparent hydrogel prepared from methanol turns whitish
after having contact with water. The second state is reached after methanol is completely
replaced by water, so the co-nonsolvency is overcome and the structure opens again
facilitating further water uptake. Visually the gel is transparent again. In the last state the gel
is swollen to equilibrium and no further change is visible. Varying the crosslinking density,
i.e. the ratio of carbonate-to-amine, it is visible that the slope of the first state is very similar
for all three crosslinking densities, i.e. in the collapsed state. However, the water uptake is
highest for the lowest crosslinking density. This is an expected result as a lower crosslinking

density results in a greater pore size providing more space for swelling
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Figure 3.9. Swelling ratio in dependence on the time for G2:1:2, G2:0.5:2, and G2:0.25:2

It is noteworthy that these swelling ratios are calculated with respect to the as-prepared weight
in methanol. Lyophilized gels, which are swollen to equilibrium, give the swelling ratio with
respect to the dry gel, these values are presented in Table 5. It can be seen that G2:0.25:2 has
a swelling ratio of 96,900 %, which means that 1 g gel has a water uptake of ~ 1 kg, which is
beyond the single network acrylate based SHs synthesized via free radical polymerization
(8,000 to 80,000 %).2°2* The swelling of this gel is homogeneous and the outstanding

swelling ability is visualized in Figure 3.10.

Figure 3.10. Image of the as-prepared G2:0.25:2 (a) and swollen in water (b). The dotted blue
line highlights the hydrogel boundary.
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This swelling behavior of the hydrogels can further be controlled with respect to the ratios of
amine, carbonate, and the base. Furthermore, the flexibility of tailoring the amine to amide

ratio in the polymer backbone provides an added advantage to tune the swelling behavior of

the hydrogel.
Table S. Swelling ratio of G2:1:2, G2:0.5:2, and G2:0.25:2 at equilibrium with respect to the
dried gel

Gel Swelling ratio [%]

G2:1:2 39,300

G2:0.5:2 45,900

G2:0.25:2 96,900

The swelling ratio as a function of the added base for G2:1:z (z= 2, 1, 0.5) is shown in Figure
11. It is visible that the swelling ratio depends strongly on the ratio of added base to the amine
groups in the pre-polymer. The high swelling ratios of gels produced with 1 eq and 0.5 eq of
TEA indicates a very loose structure with a low crosslinking density. This is also in
accordance with '*C NMR measurements. It was found that for G2:1:0.5 40.2 % of the

carbonate groups remain unreacted (Table 4).
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Figure 3.11. Swelling ratio in dependence on the amount of TEA added for G2:1:2, G2:1:1,
and G2:1:0.5.
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3.4 Rheological Behavior

In this section the structure property relationship with respect to the rheological properties is
investigated. In general, the viscoelastic behavior of gels can be described in terms of
rheology with the storage modulus G' representing the elastic response and the loss modulus
G" representing the viscous response. The ratio between G" and G' is defined as the
dissipation factor tan 6. If tan & is lower than one, the G' exceeds the G", so the elastic
response is dominating, whereas in case of a tan d above one the gel is more liquid-like. To
determine G', the force was measured at a constant strain of 1 % and a constant frequency of
1 Hz. Since the gelation with copolymer 1 containing the highest amine density is very fast
and copolymer 3 gave only a loosely crosslinked structure, copolymer 2 was used for this
investigation. The effect of the carbonate-to-amine ratio on the rheological properties is
studied (G2:y:2).

The evolution of G' and G" in dependence of the time is shown in Figure 3.12a-c. The strong
increase of G' in the beginning indicates a fast gelation. On calculation it is evident that tan &
drops down to nearly to (G2:1:2) or less than 0.01 (G2:0.5:2, G2:0.25:2) which shows the gel

is very elastic.
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Figure 3.12. G', G", and tan d of a) G2:1:2, b) G2:0.5:2, and G2:0.25:2 in dependence of the
time with a frequency of 1 Hz and an oscillation strain of 1 %; d) G' of G2:y:2 after the time
sweep; ) G' of 2:y:2 in dependence on the oscillation strain with 1 Hz, and f) G' of G2:1:z

after the time sweep.

Figure 3.13a shows the G' for G2:y:2 (y =1, 0.5, 0.25). It is visible that carbonate-to-amine
ratio of 0.5 has the highest modulus. This is an indication that the crosslinking at this ratio is
more efficient than for the higher crosslinking density, which is already indicated by *C

NMR and the swelling experiments. The gels exhibit no frequency dependence in the
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measured range between 1 and 100 Hz with a strain of 1 %, which is expectable for chemical
gels (Figure 3.13b).

However, the amplitude sweep which determines the deformability of hydrogels does not
show a dependence of the crosslinking density on the yield strain (Figure 3.13c). This shows
that mechanical properties do not vary significantly between the three sets of hydrogels
considered here, since it appears that the apparent crosslinking density is similar for all gels.
The apparent crosslinking density is the sum of chemical crosslinks and entanglements
(topological crosslinks). Thus, the gels with higher amine to carbonate ratio show
predominantly chemical crosslinking while the gels with low ratio are dominated by polymer
chain entanglements. Furthermore, it is visible that the linear viscoelastic region (LVE), i.e.
where the G' is independent on the applied strain, is up to 20 % strain, which confirms that the

measurements at 1% strain were performed within the LVE.
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Figure 3.13. a) G' of G2:y:2 after the time sweep; b) frequency sweep for G2:1:2 at 1 %
strain, ¢) G' of 2:y:2 in dependence on the oscillation strain with 1 Hz, and d) G' of G2:1:z

after the time sweep.
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Figure 3.12f shows G' in dependence on the amine-to-TEA ratio (G2:1:z). It is visible that
there is a plateau for G2:1:1, whereas G' is lower for G2:1:0.5 and G2:1:2. It is very likely
that this is caused either by incomplete crosslinking (G2:1:0.5), as measured by '*C NMR
(Table 4) and swelling experiments (Figure 3.11), or by inhomogenities due to the fast

gelation (2:1:2) as shown in Figure 3.12a-c and '°C NMR (Table 4).

4. Conclusion

In this chapter it was demonstrated by measuring and calculating the copolymerization
parameters, that copolymerization of NVF and NVA leads to statistical copolymers. Under
certain hydrolysis conditions NVF can be selectively hydrolyzed, while NVA remained intact.
Crosslinking P(VAm-co-NVA) with PEG-PC via carbonate-amine coupling in presence of a
base leads to hydrogels with superabsorbent properties. The swelling ratio and mechanical
properties can be tuned by the ratio of repeat units (ratio of monomer in the initial
polymerization), the carbonate-to-amine ratio, and the triethylamine-to-amine ratio. A
swelling ratio up to 97000 % was achieved, which is higher than the ones of established
superabsorbent hydrogels based on AA/AM. The gel has limited mechanical properties. This
is because of single networks formed by chemical crosslinks; however, this can be overcome
by exploiting the unreacted free amine groups the gel offers for physically crosslinking or by

introduction of an interpenetrating second network.
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Chapter 4.

Physical gels of P(VAm-co-VAA) by thermal curing

This chapter is reproduced from RSC Adv., 2020, 10, 21933, which is under a Creative
Commons Attribution-NonCommercial 3.0 Unported Licence.

All experiments and data analysis were done by T.F.
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1. Introduction

Physically crosslinked hydrogels have unique self-healing properties and present
therefore a powerful material class with a wide range of applications. The variety of non-
covalent bonds including ionic interactions,! hydrogen bonding,?* n-n-stacking,* host-

> and the hydrophobic effect® provides an ideal platform for the

guest interaction,
fabrication of physical gels with tailored strength and properties. Due to the associative
and transient nature, they have inherently unique features.”8

The variety and versatility of the interactions are also reflected by the variety of
manufacturing methods.”!® Gelation induced by mixing two components in a good
solvent is in this context a simple and straightforward pathway. In this case, the attraction
of the first component to the second component must be higher than the solvent. Among
the different physical interactions, hydrogen bonding is one of the best investigated.>>!!-
3 In this context poly(vinylamine) (PVAm), a waterborne polymer is an attractive
candidate for formation of physical gels as it can facilitate hydrogen bonding with its
high density of primary amines.'*!> Few papers published in the last decade focused on

1619 or hydrogel capsules.?’

the use of PVAm for chemically crosslinked microgels,
While very few literatures report on the fabrication of a physical gel based on PVAm,
this is only by exploiting its cationic behavior, for example with carboxymethyl cellulose
or copper.?!?? (see also Chapter 2). Alternative to ionic interaction for the formation of
physical gel, PVAm can be easily formulated exploiting hydrogen bonding interaction.
Since PVAm can, if protonated, act as a hydrogen donor, addition of a second component
acting as hydrogen acceptor will facilitate gel formation. Organic carbonates have shown
to be strong hydrogen bond acceptors.?? To the best of our knowledge, there are no
physical gels reported using organic carbonate compounds.

However, physical gels including those which are formed by hydrogen bonds can be
kinetically trapped in a meta-stable state during gelation. Thermal curing, which is
composed of a heating and a cooling step, can drive towards the thermodynamical
equilibrium state. In principle on heating hydrogen bonds are disrupted at high
temperature, while on cooling the bonds will be reformed due to their transient nature
without affecting the mechanical properties. Nevertheless, the effect of thermal
equilibration is not well investigated. Recently, Fuentes-Caparrés et al. investigated the
effect of thermal curing on low molecular weight gelator peptide gels. They found out,

that their gels are kinetically trapped and that thermal curing can change the
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microstructure of the gels leading to significantly different properties compared to the
as-prepared gels.?*

Taking this into account, in this chapter the formation of physically crosslinked
hydrogels using PV Am and phenylcarbonate-telechelic-poly(ethylene glycol) (PEG-PC)
is reported and the effect of thermal curing on the mechanical properties of the gel is
shown. Proton NMR, rheology, and UV-Vis spectroscopy was used to analyze the
predominant physical interaction responsible for the formation of the gel.?>° The critical
gelation concentration for the formation of the gel was determined by measuring the
storage modulus G' and the loss modulus G" in dependence on the time, with different
wt% of p(VAm-co-VAA). The frequency response of G' and G" of the physical gel was
measured by small-amplitude oscillation shear (SAOS) experiments to investigate,
whether the bonds have a transient physical or permanent chemical nature. To show the
effect of thermal curing on the change in the mechanical properties of the gels, the gels
were subjected to repeated heating-cooling cycles. The versatility of the system also
comes from the fact that these hydrogels could be further chemically crosslinked via
carbamate linkages by the reaction of phenylcarbonate and primary amine in the

presence of a base.?’

2. Materials and Methods
2.1 Materials

N-Vinylformamide (NVF), phenylchloroformat (PCF), and poly(ethylene glycol) (PEG)
(Mn = 400 Da) were purchased from Sigma Aldrich. N-Vinylacetamide (NVA) was
purchased from ABCR. 2, 2’-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride
was from TCI. Methanol (MeOH) and triethylamine (TEA) were purchased from Sigma
Aldrich. Deuterated methanol and water were purchased from Deutero. All chemicals

were used as received without any purification.

2.2 Methods

Nuclear magnetic resonance (NMR)

Proton NMR spectra were recorded on a Bruker Avance I1I-400 (Bruker Corporation,
Billerica, MA, USA). Deuterated methanol (CD30OD) and deuterium oxide (D>O) were
used as solvents. The residual solvent signal of methanol or deuterium oxide was used

as the internal standard unless otherwise noted.
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Size Exclusion Chromatography (SEC)

Molecular weights (Mnsec and My,sec) and molecular weight distributions (PDI =
Mw-Mn™) were determined by SEC. SEC analyses were carried out using water
(HiPerSolv CHROMANORM® HPLC grade, VWR) as the eluent containing 10 %
acetonitrile, 0.1 mol-L"! sodium chloride, 0.1 wt% triflouroacetic acid and 0.01 wt%
sodium azide The machine was equipped with an HPLC pump (1200, Agilent), a
refractive index detector (RI) (1200, Agilent), and an UV-detector (VWD, 1200,
Agilent). The samples contained 0.5 pL-mL™! ethylene glycol (99.5 %, Fluka analytical)
as internal standard. One pre-column (8-50 mm) and three Novema Max gel columns
(8-300 mm, Polymer Standards Service) were applied at a flow rate of 1.0 mL-min! at
25 °C. The diameter of the gel particles measured 5 um, the nominal pore widths were
30, 100, and 1000 A. Calibration was performed using narrowly distributed PEG
standards (Polymer Standards Service). Results were evaluated using the PSS WinGPC
UniChrom software (Version 8.3.2).

Rheology

Rheological measurements were conducted with a Discovery Hybrid Rheometer HR 3
(TA Instruments, USA) and a 40 mm parallel plate with a solvent trap. Unless otherwise
stated time-dependent measurements were conducted at a frequency of 1 Hz and an
amplitude of 1 % strain. Frequency sweeps were performed either at an amplitude of
0.1 % for small amplitude oscillation shear SAOS experiments (0.01 — 100 Hz) or at an
amplitude of 1 % (1-100 Hz). Temperature dependent rheological measurements were
performed between 20 °C-55 °C, with a heating rate of 5 °C-min™! at a frequency of 1 Hz
and an amplitude of 1 %. Amplitude sweeps were performed with a frequency of 1 Hz

(1-1000 %).

A typical set of breakage-thermal curing cycles consists of 5 heating cooling cycles, a

frequency sweep, and a subsequent amplitude sweep as shown in Figure 4.1.
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Figure 4.1. a) Temperature progression during the heating-cooling cycles, b) frequency

sweep, and ¢) oscillation sweep.

UV-Vis spectroscopy
UV-Vis spectroscopy was performed with a Jasco V780 spectrophotometer (Jasco,
Tokio, Japan) from 200 to 600 nm at 10 to 50 °C with a decrement of 5 °C. The

respective concentrations for the measurements are mentioned in Table 1.

Dynamic light scattering (DLS)

DLS measurements were performed using an ALV/CGS-3 Compact Goniometer System
with an ALV/LSE 5004 Tau Digital Correlator and a JDS Uniphase laser operating at
632.8 nm. The experiments were carried out at a fixed scattering angle 6 = 90 °. All
samples were filtered through a 0.45 um PET-filter before the measurements. The

temperature was set either to 20 °C or to 50 °C.

Differential scanning calorimetry (DSC)
Thermal analysis was performed with a DSC-7 from Perkin Elmer (Waltham, USA) in
sealed stainless steel crucibles to prevent any solvent evaporation. 10 heating cooling

cycles were performed between 25 °C and 60 °C with a heating rate of 5 °C-min’!.
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Table 1. Concentrations and combinations used for temperature dependent UV-Vis

spectroscopy. The molar ratio of amine to carbonate are kept constant to 1:1.

Compound 1 wt% Compound 2 wt% Formation of
physical gel
PEG-PC 34 - - -
b | p(VAm-co- 10 - - -
VAA)
¢ | p(VAm-co- 5 PEG-PC 20 -
VAA)
d | p(VAm-co- 10 PEG-PC 34 +
VAA)

2.3 Synthesis

P(NVF-co-VAA)

NVF (3.64 g, 51.2 mmol), NVA (6.36 g, 51.2 mmol) and VA044 (331 mg, 1.02 mmol)
were dissolved in water (90 mL). The on mixture was degased by three freeze-thaw
cycles. After degasing the reaction mixture was heated up to 60 °C for 20 h under
nitrogen. The resulting copolymer was precipitated in an excess of acetone, redissolved
in water, and lyophilized obtaining a white solid (9.82 g, 98.2 wt%).

Proton NMR (400 MHz in D>O, 6 in ppm): 1.35-1.75 (-CH> backbone), 1.75-1.95 (-
CH:3), 3.0-4.0 (-CH backbone), 7.5-8 (-CHO)

SEC: M, = 5.6-10* g'mol™!, My, = 1.2-10° g-mol!, PDI = 2.2

Hydrolysis of p(NVF-co-NVA)

p(NVF-co-NVA) (10 g) was dissolved in sodium hydroxide solution (2 mol-L!,
490 mL). The reaction mixture was heated up to 80 °C for 4 h. The mixture was
neutralized with hydrochloric acid to pH =7 and subsequently dialyzed (regenerated
cellulose, SpectraPor®, molecular weight cut-off: 3.5 kDa) for 7 days. The water was

removed by lyophilization obtaining a white solid (yield: 6.52 g, 65 wt%).
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Proton NMR (400 MHz in D>O, 6 in ppm): 1.2-2.1 (-CH> backbone, -CH3), 2.8-4.1
(-CH backbone)
SEC: M, = 5.1-10* g'mol™!, My, = 1.1-10° g-mol!, PDI = 2.1, DP = 700

Phenylcarbonate telechelic poly(ethyleneglycol (PEG-PC)

To a solution of PEG (10 g, 25 mmol) in THF (100 mL) was added pyridine (2 eq,
3.96 g, 50 mmol). The reaction mixture was cooled with an ice bath. PCF (2 eq, 7.83 g,
50 mmol) was added dropwise without exceeding 5 °C in the reaction mixture.
Afterwards the reaction was allowed to stir for further 16 h at room temperature. Pyridine
hydrochloride was removed by filtration, the solution washed three times with water and
the solvent was removed by rotary evaporation. The product was obtained as colorless
liquid (yield not determined).

'"H NMR (400 MHz in MeOD, § in ppm): 3.3-3.5 (-CH2, backbone), 3.55-3.65 (-CH2),
4.2-4.3 (-CH2), 6.65-6.75 (unknown side product), 7.0-7.1 (-CH, aryl, para), 7.1-7.2 (-
CH, aryl, para), 7.2-7.35 (-CH, aryl, meta), DP =9

Physical gelation of p(VAm-co-VAA) with an amine-to-carbonate ratio of 1:1
p(VAm-co-VAA) (50 mg, 394 pmol amine groups) was dissolved in methanol (450 mg,
570 pL) and PEG-PC (252 mg, 394 pumol phenylcarbonate groups) was added.

3. Results and Discussion

The physical gels were obtained by dissolving 10 wt% of p(VAm-co-VAA) in methanol
(with subsequent addition of PEG-PC (Table 1). This leads to a phase separation with
precipitation of a colourless to yellowish gel (Figure 4.2). The methanol content of the
physical gel was determined by removing the supernatant and subsequent drying of the
gel fraction and found to be 45.5 % £ 1.5 %. Attempts to swell the gel, either in methanol
or in water, failed as the gel dissolves in an excess of solvent suggesting physical

crosslinks.
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Figure 4.2. a) A piece of the physical gel, b) just prepared physical gel with supernatant.

In order to estimate the critical concentration at which gelation occurs, rheological
measurements were performed. Three samples of p(VAm-co-VAA) (5 wt%, 7 wt%, and
10 wt%) in methanol were mixed with PEG-PC (amine-to-carbonate molar ratio 1:1). G'
and G" were monitored (1 Hz, 1 %) in dependence on the time. From these values the
dissipation factor tan & was calculated (G"-G'-1) and plotted against the time (Figure
4.3a).
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Figure 4.3. a) Dissipation factor tan o for 5, 7, and 10 wt% of p(VAm-coVAA) and b)
SAOS for 10 wt% p(VAm-co-VAA) revealing a crossover-point.

The lower the tan 6 value the more elastic is the response, i.e., at a tan d of 1 and/or
lower, the elastic response is dominating. At 10 wt%, the tan & approximates 1 (Figure
4.3a); this corresponds to the critical gel concentration. To validate the transient nature

of the bonds the gels were measured with a SAOS experiment measuring G' and G" (pre-
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conditioning time: 3 h, amplitude: 0.1 %). As can be seen in Figure 4.3b G' and G"
increases linearly with the frequency, which is common for physical gels.?® Furthermore,
there is a crossover point, where G' exceeds G", at around 0.5 Hz, which is related to the
average lifetime of the bond.?’ From these observations, it can be concluded that the gel
is physically crosslinked. This hypothesis is supported by concentration dependent
'H NMR. It is visible that with increasing concentration the overall proton signals are
broadened, the relative intensity of the signals of p(VAm-co-VAA) decreases (peak 1-
3), and the water signal around 4.7 ppm shifts and sharpens. Furthermore, there is a
gradual downfield shift of the aromatic protons (peak a) and an upfield shift of peak 5
(inlet Figure 4.4a). The overall peak broadening and the decrease of the intensity of peak
1-3 are caused by a restricted mobility. Polymeric signals in general are broadened
because their chains are less mobile than small molecules.?? This shows, that there is a
strong interaction between p(VAm-co-VAA) and PEG-PC, which become more
prominent with increasing concentration. The mobility is further restricted, and the
signal becomes even less visible, which affects not only the backbone signals (peak 1-
2) but also the methyl-group of the acetamide (peak 3). The presence of H>O as an
impurity in MeOD can be seen by the broadening of the water signal, which is caused
by an intermolecular exchange of deuterium with the deuterated methanol. So, there is a
co-existence of H>O and HDO, which leads to a broad signal. However, the sharpening
of this peak with increasing concentration suggests that this exchange is to some extent
inhibited by the gel structure. The slight downfield shift of signal ‘a’ and upfield shift of
signal 5 are caused by intermolecular interaction. In general electron-withdrawing
groups affect hydrogen bonding leading to a downfield shift in the spectrum.
Furthermore, the absence of phenol in the spectrum rules out any chemical crosslinking

(Chapter 3).%7
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Figure 4.4. a) Concentration dependent '"H-NMR of the physical gels with different wt%

in MeOD. Peak 1 and 2 are not visible due to their short relaxation time. b) concentration

dependent 'H-NMR of pure PEG-PC without p(VAm-co-VAA) with the respective

wt%.
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The 'H NMR spectrum of the supernatant reveals, that it consists mainly of PEG-PC,
although the presence of p(VAm-co-VAA) cannot be ruled out because of its weak
signals (Figure 4.5).
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Figure 4.5. '"H-NMR of the supernatant in MeOD.

To further investigate the nature of the physical crosslinks like hydrogen bonding and =-
n-stacking, which can be affected by the change in temperature, temperature dependent
UV-Vis spectroscopy was performed. The UV-vis spectra were recorded from 250 nm
to 450 nm. The temperature range was kept between 50 °C to 10 °C with a step of 5 °C,
keeping the temperature constant during each measurement (Figure 4.6). Four sets of
measurements were done using (a) only PEG-PC and (b) only p(VAm-co-VAA) in the
concentrations which resulted into the formation of physical gels and a combination of
PEG-PC and (p(VAm-co-VAA) which did not (¢) and did (d) resulted into the
corresponding physical gel. The respective wt% is mentioned in Table 1. On decreasing
the temperature, UV spectrum of PEG-PC (Figure 4.6a) reveals two effects. The main
maximum at 290 nm, which is due to the m— 7* transition of the carbonyl-group?!,
experiences a hypochromic shift and a shoulder appears at ~ 310 nm, which is due to the

n— 7* transition of the phenyl-group.
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Figure 4.6. UV-vis spectrum of (a) PEG-PC in methanol, (b) p(VAm-co-VAA) in
methanol, (¢) PEG-PC + 5 wt% p(VAm-co-VAA) in methanol, and (d) PEG-PC + 10
wt% p(VAm-co-VAA) in methanol in dependence on the temperature. The arrows
indicate the shift of the absorbance with decreasing temperature. PEG-PC exhibits due
to m - w stacking a bathochromic shift upon decreasing temperature, which is also visible
in a combination with 5 wt% of p(VAm-co-VAA). The hypochromic shifts in (a, b, and
d) are caused by aggregation.

The shoulder at 310 nm indicates n- n-stacking.’? With decreasing temperature, the -
n-stacking is enhanced because the energy gap between the m and the w* orbital is
decreased. Therefore, less energy is needed for the transition, this results in a
bathochromic towards a longer wavelength. The hypochromic shift of the carbonyl-
group, which appears along with the bathochromic shift of the phenyl-group, supports
this hypothesis (Figure 4a). Generally, hypochromic shifts are associated with
conformational changes in proteins and DNA. The unstacking of the bases in case of
DNA at elevated temperature induces a conformational change in the structure, which

in turn increases the number of exposed chromophores and consequently the

74



absorbance.?® Taking this into account, the UV-Vis spectrum of PEG-PC suggests the
presence of aggregates at room temperature, which is stabilized by m-stacking. The
spectrum of p(VAm-co-VAA) (Figure 4.6b) is dominated by a hypochromic shift of the
main maximum at 285 nm, which is due to the n— =* transition of the acetamide
group.®* This shift also indicates the presence of aggregates verified by DLS (Figure
4.7). Aggregation is caused by either hydrogen bonding of the amine and carbonyl-
group, or by hydrophobic interaction of the acetamide. Furthermore, the UV-Vis
spectrum shows a gradual hypsochromic shift of the maximum. This shift is related to

hydrogen bonding either with the solvent or the polymer itself.*
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Figure 4.7. Autocorrelation function (a) and the respective calculated hydrodynamic

radii (b) obtained by DLS for p(VAm-co-VAA) at 20 and 50 °C.

However, mixing 5 wt.% of p(VAm-co-VAA) with PEG-PC (no gelation), the UV-VIS
spectrum is dominated by the absorption of PEG-PC (Figure 4.6¢). The bathochromic
shift is still visible indicating n-n-stacking. Furthermore, there is a hypsochromic shift
of the maximum indicating hydrogen bonding. Since this was not visible without the
p(VAm-co-VAA), it is caused by hydrogen bonding between protonated amine groups
of p(VAm-co-VAA) and the carbonate groups of the PEG-PC. With increasing the
concentration to 10 wt% the spectrum changes dramatically (Figure 4.6d).

The absorption between 280-310 nm decreases showing a predominant hypochromic
shift with decreasing temperature, while there is no bathochromic shift visible anymore.
This indicates that the hydrogen bonds are dominating the formation of the hydrogel
implying that the carbonate groups of the PEG-PC are strongly hydrogen-bonded to the
protonated amine groups of p(VAm-co-VAA) restricting the mobility of the
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phenylcarbonate groups. Based on these results, we postulate a physical crosslinked

structure as shown in Scheme 4.1.

YYYIYIYIIYT
NH +I\|IH9 +NH, NH TH +NH, I\|IH

Scheme 4.1. Postulated structure of the physical crosslinked gel. The arrows indicate

secondary attractive forces. m-m-stacking is not shown.

The strong intermolecular interaction resulting in the formation of physical gels is likely
due to the formation of hydrogen bonds between the carbonate group of PEG-PC as a
strong hydrogen acceptor and protonated amines of p(VAm-co-VAA) as hydrogen
donor, although the possibility of n-n-stacking between the phenyl-groups of PEG-PC
cannot be ruled out. From titration curves of p(VAm-VAA) in water?’ and due to the
fact that the p(VAm-co-VAA) was neutralized to pH = 7 after hydrolysis it can be
estimated that around 50 % of the amine groups were protonated and available for
hydrogen bonding (Chapter 3). Due to the transient nature of the hydrogen bonds, the
gel should exhibit a temperature sensitive behaviour. As it is well known from literature
hydrogen bonds can break with increasing temperature.*® To investigate the temperature
responsive behaviour of the gels rheological measurements were conducted with a
temperature ramp. The temperature was increased to 50 °C with subsequent cooling to
25°C (1 Hz, 1 %, 5 °C min™!, Figure 4.8. In total 5 of these heating/cooling cycles were
performed subsequently. It can be seen from Figure 4.8, that instead of an expected

decrease in G', the values drastically increases from ~50 Pa to ~7 kPa.
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Figure 4.8. Evolution of G' during heating-cooling cycles and the schematical

explanation for the increase of G' while heating

We postulate that this increase in modulus is caused by thermal annealing of the gel
resulting in a change in gel microstructure. This means that the increase of the
temperature reduces the aggregates formed due to fast gelation and leads to better mixing
of the gel (schematic illustration Figure 4.8). Polymer mixing is an enthalpic
(endothermic) process that can be monitored by differential scanning calorimetry (DSC).
DSC was performed in sealed stainless-steel crucibles to ensure that no solvent
evaporations happen and for at least 10 heating/cooling cycles with 5 °C-min’'. p(VAm-
co-VAA), PEG-PC and the physical gel were measured. In the latter case, the gel and
the supernatant were analyzed. For p(VAm-co-VAA) and PEG-PC no signal was
observed (Figure 4.9a and b). The supernatant (Figure 4.9c) reveals a prominent
endothermic signal at 40 °C, whereas the physical gel (Figure 4.9d) has a weak signal at
55 °C.
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Figure 4.9. Heat flow during heating for a) p(VAm-co-VAA), b) PEG-PC, c¢)
supernatant of the physical gel, and d) the physical gel.

These signals are attributed to mixing, which means the homogenization process
mentioned above. This homogenization temperature is decreased for the supernatant.
The supernatant is in a liquid state, so it is more mobile and the energy barrier to break
the hydrogen bonds is decreased. Furthermore, the signal is more prominent than in the
strongly bound physical gel and anneals after the 10 heating/cooling cycles.

To verify that the gel is still only physically bound after temperature treatment, the
gelation in the NMR tube was performed. The tubes were heated up to 50 °C and 80 °C
respectively for 4 h (Figure 4.10a). Even after the treatment at 80 °C, no phenol

formation was observed.?’
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Figure 4.10. a) Proton-NMR of physical gels treated at RT, 50 °C, and 80 °C. The red
circle indicates, where phenol signals would appear in MeOD. b) SAOS experiment after

heating-cooling cycles.

In accordance with these results, a subsequent SAOS measurement after the
heating/cooling cycle exhibited a dependency of G' and G" on the frequency, confirming
the physical nature of crosslinks. (Figure 4.10b). Thus, these heating/cooling cycles
induce a thermo-curing of the gel with an increase of G' by more than two orders of
magnitude. To the best of my knowledge, this behaviour has not been reported so far. In
general, physical gels have an inherent self-healing behaviour due to the transient nature
of the bonds. To investigate whether the gel shows this kind of behaviour and can return
to the enhanced modulus, the gel was broken in an amplitude sweep, i.e., the amplitude
was subsequently increased to 1,000 % (1 Hz, Figure 4.11a). Consequently, G' drops
down to ~ 200 Pa. Immediately after the amplitude sweep, the gel was subjected to
another five heating/cooling cycles. G' recovers after these 5 cycles (G' ~ 7 kPa, not
shown). This explains the transient nature of the physical bonds as they are re-formed

after breakage.
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Figure 4.11. a) Oscillations sweep to break the physical gel. b) evolution of G' for a
physical gel which was subjected to 30 heating/cooling cycles.

Repeating this breakage and thermal curing sets a further increase of G' was observed,
which was recorded up to 20 kPa. We deduce this increase in modulus to further
homogenization. In order to decouple the increase of the modulus from the amplitude
sweep, another gel sample was subjected to 30 heating/cooling cycles (Figure 4.11b). It
is visible that after 20 cycles a plateau is reached with a G' of 50 kPa confirming the
previous results. Moreover, it is visible from Figure 11b that after reaching the plateau
the G' at 25 °C is always higher than 50 °C.

This shows that higher temperature leads to a breakage of the hydrogen bonds but only
after complete homogenization we see the effect. However, in the stage of
homogenization (most prominent between cycles 5 and 15), there is a linear increase on
the logarithmic scale. To understand this behaviour the single sets of the breakage-
thermal curing cycles were analyzed further (Figure 4.8 and 4.12). It is visible that the
“shape”, which means the slope of G' during heating and cooling, of the temperature
cycles changes: At the first two sets G' increases with increasing temperature (Figure 4.8

and 4.12a), whereas this is not the case for the 3rd and the following sets (Figure 4.12b).
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Figure 4.12. Evolution of G' during the 2™ (a) and 3™ (b) set of heating/cooling cycles

The increase of the temperature leads to a breakage of the hydrogen bonds on the one
hand, but on the other also results in homogenization, which overcompensates the
reduction of G' due to breakage of comparably few hydrogen bonds. However, in the 3rd
set the gel is homogenized (which is also visible by the increase of G' from 7 kPa after
the 2nd set to 20 kPa after the 3rd set) to an extent that further homogenization does not
overcompensate the breakage of the hydrogen bonds leading therefore to a decrease of

G' with increasing temperature.

4. Conclusions

In conclusion, physical gels were successfully prepared from p(VAm-co-VAA) and
PEG-PC. Rheology, NMR, and UV-Vis spectroscopy were used to determine the
structure of the gel revealing the formation of aggregates. Heating/Cooling cycles within
the rheometer can homogenize the structure resulting in a tough physical gel with storage
moduli above 50 kPa. Furthermore, the gel is fully self-healable. These experiments
highlight the possibility to tune the modulus and to anneal inhomogeneities in physical

gels.
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Chapter 5
Thermoresponsive P(VAm-co-NIPAm) hydrogels

This chapter is reproduced from Soft Matter 2020,16, 6549-6562 with permission from the Royal Society
of Chemistry.

HRMAS NMR data analysis and application to the two-state model and Boltzmann model were
performed by D. Demco and R. Fachete.

All other experiments and data analysis is performed by T.Fischer
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1. Introduction
Thermoresponsive systems experience rising attention in the past decades.! The most prominent and best
investigated example in the class of thermo-responsive polymers and their related hydrogels is poly(N-
isopropylacrylamide) P(NIPAm).2 P(NIPAm) is characterized by a steep phase transition exceeding the so-
called lower critical solution temperature (LCST). Below the LCST P(NIPAm) has a good water-solubility
due to the hydrophilic amide group and hydrogen bonds to the surrounding water molecules resulting in a
random coil formation. An increase of the temperature breaks these hydrogen bonds leading to a
hydrophobic aggregation of the isopropylgroups and consequently a (meso)-globule structure. Its phase
diagram is comprehensively reviewed by Halperin et al. concluding that the LCST of pure P(NIPAm)
depends on the molecular weight and polydispersity, the tacticity, and, in case of low molecular weights
(> 50 kDa), the end groups.® A great potential of tailoring the LCST arises from the possibility to introduce
a second monomer tuning the hydrophilicity of the resulting copolymer, which is already extensively
exploited, especially in case of acrylic acid (AAc).* A comprehensive study in dependence on the content
of acrylic acid was performed by Lue et al.” The LCST of the copolymers increases with increasing AAc

content due to the additional osmotic pressure created by the carboxy-group.

Preferably, this co-monomer should contain functional group which offers the possibility for crosslinking
or attachment of a drug or a bioactive molecule. Maybe the most versatile functional group is the primary
amine due to its nucleophilicity and reactivity. In this context N-vinylformamid (NVF) is a promising
candidate as it can be hydrolyzed to the corresponding amine. (Chapter 3) However, there is few literature
about this system for synthesis of microgels.® (Chapter 2) In the study by Xu et al. microgel particles
were prepared by free radical polymerization of NVF, NIPAm, and N,N’-methylenebis(acrylamide)
(MBAA) as crosslinker. The microgels were subsequently hydrolyzed under acidic conditions (70 °C, 24 h,
pH = 1.5). It was found that the degree of swelling increases with increasing hydrophilicity, i.e., with
increasing formamide content and increasing degree of hydrolysis of this formamide group to the even
more hydrophilic amine group. Furthermore the electrophoretic mobility is increased after hydrolysis.®
Similarly, Yue et al. prepared microgel particles for the reversible absorption of carbon dioxide. Gelation
was obtained by thermo-initiated free radical polymerization of NVF and NIPAm in water in presence of
MBAA as crosslinker. The formamide group was subsequently hydrolyzed in methanol in presence of an
acid or a base. The volume phase transition temperature (VPTT) of the resulting gels is around 65 °C (Ratio
NVF:NIPAm = 3:5).” In these studies the reported copolymerization parameters of rnvr = 0.09 and rnipam
= 0.9 differs widely indicating the formation of block copolymers. More detailed information can be found

in Chapter 2.
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In this Chapter a pathway to synthesize amine-functional NIPAm copolymers is illustrated. Therefore, NVF
is copolymerized with NIPAm with different monomer ratios and subsequently hydrolyzed to obtain free
amine groups. The amine groups are crosslinked with phenylcarbonate telechelic ethylene glycol (EG-PC)
to form a hydrogel exploiting amine-carbonate chemistry. Crosslinking from a copolymer exploiting the
free amine groups is an attractive alternative. In Chapter 3 it was shown that a P(VAm-co-acetamide)
copolymer can be crosslinked via carbamate formation with a phenylcarbonate telechelic poly(ethylene
glycol) resulting in highly swellable hydrogels.” The thermoresponsive properties are comprehensively
investigated in terms of UV-Vis spectroscopy, rheology, differential scanning calorimetry (DSC) and NMR

spectroscopy.

The first part of this chapter deals with the characterization of the free polymer determining the
copolymerization parameters and the hydrolysis kinetics. Furthermore, the phase transition of the free
polymers as well as the hydrogels is investigated by rheology and UV-Vis spectroscopy. In the second part,
NMR method represented by the proton transverse magnetization relaxation (T2) NMR is extensively
applied for characterization of side chains dynamics of hydrogel network and the state of water in hydrogel
pores as a function of crosslink density induced by different monomer ratios. Moreover, 'H NMR
diffusometry of water molecules is investigated to characterize the pore network properties and hydrogel

morphology in the swollen and collapsed states.

For this a recently developed two state model'%!2

is applied to describe the temperature induced phase
transition of linear polymers and hydrogels with tuned hydrophilicity detected by 'H HRMAS NMR
spectroscopy. The coil-to-globule and swollen-to-collapsed phase transitions for linear polymers and
hydrogels are described by specific thermodynamic quantities like transition temperature, transition
entropy, and width of the phase transition. This statistical model was previously applied to the case of
temperature-responsive linear homopolymers and polymer brushes onto nanoparticles with hydrophilic and
hydrophobic end groups.!®!*!* The investigation was made using the spectral integral intensity of 'H
HRMAS NMR spectra edited by the spin echo. This NMR method is based upon the changes of polymer

side-chains dynamics that occurs in the hydrophilic-to-hydrophobic phase transition and is reflected in the

transverse magnetization relaxation.
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2. Experimental section

2.1 Materials

N-Vinylformamide (NVF), N-isopropylacrylamide (NIPAm), phenyl chloroformate (PCF), triethylamine
(TEA), chloroform, sodium hydroxide (NaOH) and ethylene glycol were purchased from Sigma Aldrich
(Merck, Darmstadt, Germany). 2, 2°-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA044) was
purchased from TCI (TCI Deutschland GmbH, Eschborn, Germany). Hydrochloride acid was purchased
from VWR (VWR International GmbH, Darmstadt, Germany). NIPAm was recrystallized and filtered in

hot hexane (50 °C). All other chemicals were used as received without any purification.

2.2 Polymer Synthesis for NVF-to-NIPAm Ratio of 1 to 5

NVF (0.87 g, 12.2 mmol), NIPAm (4.13 g, 36.5 mmol), and VA044 (0.16 g, 0.49 mmol) were dissolved in
water (95 mL). The reaction mixture was degased by three freeze-thaw cycles. After degasing the reaction
mixture was heated up to 35 °C for 20 h under nitrogen. The resulting copolymer was precipitated in an
excess of acetone, redissolved in water, and lyophilized obtaining a white solid. The monomer ratios 1:3

and 1:4 were prepared following the same procedure with the amounts mentioned in Table 1.

Table 1. Amounts of reagents used for the copolymers

Formamide:NIPAm NVF NIPAm VA044

ratio [g] & gl & [mg] &
[mmol] [mmol] [mmol]
1:3 0.866 4.13 157
12.2 36.5 0.487
1:4 0.679 4.32 154
9.55 38.2 0.477
1:5 0.558 4.44 152

7.85 39.3 0.471

'H NMR (400 MHz in MeOD): § 0.9-1.2 (br, 3H), 1.2-2.2 (br, 4H), 3.4-4.0 (br, 2H), 7.5-8.1 (br, 1H)

SEC: M, = 1.07-10° g-mol!, My, = 2.88-10° g-mol™!, PDI = 2.68 (1:5)
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2.3 Copolymerization parameters

To determine the reaction rate a 1:1 molar ratio of NVF:NIPAm were copolymerized at 35 °C for 120 min
recording '"H NMR spectra every 5 min. The copolymerization parameters were determined by the method
of Fineman-Ross and Mayo-Lewis using 5 different NVF:NIPAm ratios (10:1, 5:1 1:1; 1:5; 1:10) in the
feed (details about these methods can be found in Chapter 2). The ratio of NVF:NIPAm was determined at

conversions below 10 %.

2.4 Hydrolysis

The polymer (5 g) was dissolved in HCI (2 mol-L™!, 250 mL). The reaction mixture was heated up to 80 °C
for 8 h. The mixture was neutralized with NaOH (2 mol-L'") to pH = 7 and subsequently dialyzed
(regenerated cellulose, SpectraPor®, molecular weight cut-off: 3.5 kDa) for 7 days. The water was removed

by lyophilization obtaining a white solid.

'H NMR (400 MHz in MeOD): § 0.9-1.2 (br, 3H), 1.2-2.2 (br, 4H), 3.4-4.0 (br, 2H)

2.5  Hydrolysis Kinetics

In order to determine the hydrolysis kinetics three different conditions were applied (Table 2). The polymer
(2 g) was dissolved in HCI (100 mL). Samples were taken after 1, 2, and 4 h, neutralized with NaOH
(2 mol-L") to pH = 7 and subsequently lyophilized. The '"H NMR peak integral of the formamide group

(CHO) was used to calculate the conversion.

Table 2. Reaction conditions for the selective hydrolysis of the formamide group.

Sample ¢ (HC) Temperature
Number [mol-L1] [°C]

1 2 40

2 4 40

3 2 80
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2.6 Synthesis of Phenylcarbonate Telechelic Ethylene Glycol (EG-PC)

Ethylene glycol (1 g, 16.1 mmol) was dissolved in THF (50 mL) and pyridine added (2 eq, 2.6 mL,
32.2 mmol). The reaction mixture was cooled with an ice bath. Phenylchloroformate (2 eq, 4.1 mL,
32.2 mmol) was added dropwise without exceeding 5 °C. Afterwards the reaction was allowed to stir for
further 16 h at room temperature. Pyridine hydrochloride was removed by filtration, the solution washed

three times with water and the solvent was removed.

'H NMR (400 MHz in CDCls): 8 4.45 (s, 2H), 7.09-7.14 (d, 2H, J = 7.6 Hz), 7.14-7.20 (t, 1H, ] = 7.5 Hz),
7.27-7.34 (t, 2H, J = 7.9 Hz)

2.7 Gelation

To a solution of polymer (1:3) (50 mg, 131 umol amine groups) in methanol (1.0 mL), triethylamine
(44.4 puL, 2 eq per amine group) was added. The crosslinker EG-PC (38.3 mg, 65.5 umol, 0.5 eq, i.e. 1 eq
carbonate per amine group) in chloroform (100 puL) was added to the solution. The amounts for the ratios

1:4 and 1:5 are summarized in Table 3.

Due to the solubility of the crosslinker and the polymer the gels were prepared in a mixture of methanol
and chloroform. After preparation the gels can be precipitated in water due to the co-nonsolvency effect.'?

Afterwards they were swollen in water.

Table 3. Amounts for the preparation of the hydrogels.

Amine:NIPAm ratio Amount Amount EG- Amount TEA
[mg] & PC [mg] & [nL] &
[pmol] amine [pmol] [pmol]
groups
1:3 50 38.3 33.6
131 65.5 162
1:4 50 29.6 25.9
101 50.5 202
1:5 50 23.2 20.4
79.6 39.8 159
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2.8 UV-Vis spectroscopy

UV/Vis-spectra were recorded using 1 mg-mL™! solutions of p(NVF-co-NIPAm) in H,O on a Varian Cary
100 Bio. The absorbance was measured in the temperature range from 25 to 80 °C with a heating rate of

0.5 °C-min’".

2.9  Differential Scanning Calorimetry (DSC)

DSC spectra were recorded using 15 % of the copolymer in water on a DSC-7 (Perkin Elmer, Waltham,

USA) in the range of 20 to 70 °C with a heating rate of 10 °C-min™! in aluminum crucibles.

2.10  Size-exclusion chromatography

Molecular weights (Mn.sec and My sec) and molecular weight distributions (My-Mn ™) were determined by
size-exclusion chromatography (SEC). SEC analyses were carried out using water (HiPerSolv
CHROMANORM® HPLC grade, VWR) as the eluent containing 0.1 mol-L"! sodium chloride, 0.3 wt%
triflouroacetic acid and 0.01 wt% sodium azide The machine was equipped with an HPLC pump (1200,
Agilent), a refractive index detector (RI) (1200, Agilent), and an UV-detector (VWD, 1200, Agilent). The
samples contained 0.5 pL-mL"! ethylene glycol (99.5 %, Fluka analytical) as internal standard. One pre-
column (8-50 mm) and three Novema Max gel columns (8-300 mm, Polymer Standards Service) were
applied at a flow rate of 1.0 mL-min™! at 25 °C. The diameter of the gel particles measured 5 pm, the
nominal pore widths were 30, 100, and 1000 A. Calibration was performed using narrowly distributed
poly(ethylene oxide) standards (Polymer Standards Service). Results were evaluated using the PSS
WinGPC UniChrom software (Version 8.3.2).

2.11 Rheology

Measurements were conducted with a Discovery Hybrid Rheometer HR 3 (TA Instruments, USA) and a
40 mm parallel plate. The gelation time as well as G' and G" of the as-prepared gels were measured with a
frequency of 1 Hz and an oscillation strain of 1%. The reagents were mixed directly before the
measurement and 1 mL of the solution were placed on the plate. The gap was adjusted to 800 um and

solvent evaporation prevented by a solvent trap.

The phase transition of the linear polymer (10 wt% in water) and the gel (5 wt% in water) was studied

monitoring G' and G" at a temperature ramp from 25 °C to 70 °C at a rate of 0.5 °C-min™' with a frequency
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of 1 Hz and an amplitude of 20 % strain. A frequency sweep was performed from 0.01 Hz to 100 Hz with
20 % strain at 25 °C and 70 °C.

To measure the gelation time the crosslinker was mixed with the copolymer directly before the

measurement. G' and G" were measured in dependence on the time at 1 Hz and 1 % strain for at least 3 h.

2.12 NMR

Proton high-resolution NMR spectra were recorded on a Bruker Avance I11-400 FT-NMR spectrometer at
400 MHz. The kinetic measurement was performed with a Bruker Avance 11-600 FT-NMR spectrometer
(Bruker Corporation, Billerica, MA, USA) at 600 MHz. Deuterium oxide was used as solvent.

Proton high-resolution magic-angle sample spinning (HRMAS) NMR on P(VAm-co-NIPAm) linear
polymers and hydrogels were recorded on a wide bore AV700 Bruker NMR spectrometer operating at
frequency of 700.2378 MHz, equipped with a cross-polarization MAS (CPMAS) probehead with a 3.2 mm
rotor. The rotor frequency was set at 5 kHz. All the "H HRMAS spectra were externally referenced to
tetramethylsilane (TMS). For all measurements the recycle delay was 10 s, the radio-frequency pulse length
was 1.9 ps, while the dwell time was 10 ps, and the number of scans was 64. The time domain data were

4 k and the zero filling was done with 16 k.

The NMR resonances of VAm and NIPAm monomers are difficult to be separated by spectral
deconvolution. Therefore, the total integral spectral region in the aliphatic region of 0 ppm — 4.6 ppm was
considered for all spectra as reflecting the process of temperature-induced phase transition. This quantity

is informative even if only NIPAm is a thermosensitive monomer.

The effect of temperature-induced transition on polymer chain conformations is enhanced by the method
of transverse magnetization relaxation (7%) spin-echo editing of the 'H HRMAS NMR spectrum (¢ > c*).
The radio-frequency pulse sequence used is 90 °x-t-180 %y-1-180 %-y-t-acquisition, where 2t is the spin-
echo time, 90 ° and 180 © are the pulse flip angles with the phases x, y, and —y, for the first step of CYCLOPS
phase cycling.'® The value of t used in this work was T =20 ps. For short spin-echo times the transverse
magnetization relaxation described by the effective rate 7> can be considered to be monoexponential and

the decay of the normalized integral intensity I(T)-Io"! of the HRMAS NMR spectrum at temperature 7T is

given by
myq_3
Ip — 1 T,’ (1)
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where 31<<7>. The effect of coil-to-globule and swollen-to-collapsed states in the process of phase
transition is encoded in polymer backbone and side-chain dynamics and is detected by the effective
transverse relaxation rate 7>, that is multiplied by the time interval 3t. This last quantity can be made
bigger compared with the spectrometer dead time and therefore, enhances the sensitivity to the temperature-
induced phase transition. The integral intensity of NMR resonances for a fixed echo time 3t will reflect the
T> changes in the process of phase transition. For CPMAS NMR probehead the dead time is of the order of
2 us and hence, the solid-like signals that occurred for globule linear polymers or collapsed hydrogels are

only to a small degree filtered out.

The transverse magnetization relaxation (72) is measured using spin-echo decay by the pulse sequence:
90 °x-1-180 %y-1-spin-echo acquisition, where 2t is the spin-echo time.!”!'® It is assumed that for T»
measurements the static magnetic field is homogenous enough such that the effect of water self-diffusion

can be neglected in the first approximation.

The apparent diffusivity D of water in polymer dispersions and hydrogels were measured using the AV700
Bruker NMR wide bore spectrometer with a Diff50 Bruker unit by pulsed-field-gradient stimulated echo
(PFGSE) sequence of Stejskal-Tanner.'® The experiment is two-dimensional, by recording the dependence
of the NMR peak integral intensity upon the applied field gradient strength. The apparent diffusivity was
obtained by fitting the normalized stimulated spin echo decay as a function of gradient strength g given by

Stejskal-Tanner equation'’

1)
% = o~ 00(8-3), )

where the convention g = y8g, for the diffusion wave vector is employed.'”!® In the above equation /(g) is
the integral intensity of the aliphatic spectral region obtained by the Fourier transform of the half decay of
stimulated echo at a given value of magnetic field gradient g, and /y is the integral intensity for small values
of field gradient value compared to the maximum of the gradient strength gmax. Equation 2 can be rewritten

as

19) = g~ bD 3)

Iy i
where the quantity b is defined as
_2.252(r _ 96
b=y2g?5% (0 -3), )

and magnetogyric ratio y has the units of rad-s™-T"'. The duration of the gradient pulse is denoted by J and

A is the diffusion time defined as the time interval between the gradient pulses. In all the 'H high-resolution
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NMR diffusometry experiments reported in this study the delays were set to 6 =2 ms and 4 = 20 ms. The
field gradient g was applied in the z direction and incremented in 16 steps with a linear ramp from 2 % to
95 % of maximum field gradient in the range of gmax = (1 = 10) T-m'. The stimulated echo decay was
collected into 16 k data points and Fourier transformed by applying zero-filling to 32 k data points and an
exponential window function with a line broadening factor of 5 Hz. A relaxation delay of 10 s was used
with a spectral window of 6 kHz. The NMR measurements were made in deuterated aqueous solutions of
5 or 10 wt% concentration of linear polymer. For both CPMAS 3.2 and Diff 50 NMR probe heads, the

temperature calibration was made using neat ethylene glycol chemical shift resonances.

The intensity of the NMR free-induction decay is proportional to the Curie factor and therefore, depends
on the inverse of temperature. In the following this dependence is neglected in the limited range of

temperatures 15 °C — 65 °C used in the NMR measurements.

The effective values of 'H longitudinal relaxation time 7 for linear copolymers and hydrogels in the
temperature ranges of measurements by HRMAS NMR spectroscopy and diffusometry must be smaller
compared to the employed recycle delay of 10 s in order not to interfere with phase transition changes of
NMR resonances. This condition is fulfilled for the samples as for instance, for p(VAm-co-NIPAm)
hydrogel with the monomer ratio 1:5 by saturation-recovery pulse sequence the value are measured:
T1(23°C) = 1.23 £ 0.3 s and Ti1(65 °C) = 3.58 £ 0.2 s. Hence, all NMR experiments were made with
recovery time of 10 s, which is longer than the proton 77 of our samples. These results are in agreement
with those reported in Ref. ?° for IH HRMAS NMR study of temperature-induced phase transition of
PNIPAm hydrogels.

For variable-temperature NMR experiments, kinetic of swelling or deswelling of hydrogels have to be taken
into account.?’*> The duration of thermodynamic equilibrium in the process of heating in 2 °C or 3 °C
increments depends on the crosslink density of hydrogels and the value as well as the region of the

21,22

temperature jump. Therefore, the NMR spectra were recorded after 30 min dwell time in order to

observe the quantitative variation of resonance integral intensity.

3. Results and Discussion

3.1 Synthesis of the Polymer

P(NVF-co-NIPAm) was prepared by free radical polymerization in water with 2,2°-azobis[2-(2-imidazolin-
2-yl)propane] dihydrochloride (VA044) as initiator (Scheme 1).
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Scheme 5.1. Polymerization scheme of NVF and NIPAm in different ratios.

The copolymerization parameters determined by the method of Mayo-Lewis and Fineman-Ross reveal that
NIPAm polymerizes slightly faster than NVF (Mayo-Lewis: rnipam = 1.13 and rvvr = 0.91; Fineman-Ross:
rnieam = 1.22 and rwvr = 1.07) (Figure 5.1), which is contrary to reported copolymerization parameters of

rnipam = 1.0 and rvve = 0.09.°

a) b) ,
101
y=1.07x + 1.22
2
— ]
1 1
Z 59
P 0 Average
1 intersection point:
-1.13 £ 0.10
0.91 £ 0.08
04
0 5 10 2 1 0
y?/x Iy

Figure 5.1. Copolymerization parameters by the methods of Fineman-Ross (a) and Mayo-Lewis (b)

The difference is deduced to the decreased polymerization temperature (35 °C compared to 50 °C, as in the
reference®) which is below the LCST of the copolymer. 'H NMR of the different NVF to NIPAm ratios
show that the desired ratios could be obtained with minor deviations (Figure 5.2 and Table 4) using the

isopropyl-group as reference.
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Figure 5.2. Proton NMR spectra of P(NVF-co-NIPAm) before and after hydrolysis. It is visible that the

signal of the formamide proton nearly disappears after hydrolysis.

Table 4. Theoretical and experimental integral ratios 1:5, 1:4, and 1:3. The integral of the iso-propylgroup

was taken as reference.

VAm:NIPAm ratio | Integral iso-propyl Integral formamide
group 11/6 goup I6
1:5 5 0.99
1:4 4 1.29
1:3 3 1.01

To obtain a functional group the NVF was subsequently selectively hydrolyzed as visible in Scheme 5.1.

Despite the numerous literatures about NVF hydrolysis of the free polymer®?2*, there is none with a
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thermoresponsive co-monomer present. Therefore, a common method of acidic hydrolysis, which is above
the LCST (80 °C, 2 N HCI) is compared with two different concentrations below the LCST (40 °C, 2 N
HCI and 40 °C, 4 N HCI). After 1, 2, and 4 h samples were taken, and the hydrolysis degree calculated
comparing the proton of the formamide (-CHO) to the methyl-groups (-CH3) of NIPAm as reference.
Hydrolysis was more efficient at the higher temperature above LCST, i.e., if the polymer precipitates.
Extrapolation indicates that a degree of hydrolysis over 90 % is obtained after 8 h. In fact, the experimental
degree of hydrolysis was confirmed by "H NMR to be > 90 % (91.5 % for 1:5, 90.2 % for 1:4, and 93.3 %
for 1:3 ratios). (Figure 5.2, Figure 5.3, and Table 5)

100
O T=80°C,cyc1=2M
80 0 T=40°C,cg1=4M
= YA T=40°C, =2
§ CHCI
g 60 -
)
z
C 404
=
&
2.
0 r :
0 2 4
Time [h]

Figure 5.3. Degree of hydrolysis calculated by '"H NMR after 1, 2 and 4 h. The continuous line represents

an exponential fit (y = A;e “ + y,) with being Ay, t1, and yo fitting parameters.

Table 5. Degree of hydrolysis of the formamide group for the VAm:NIPAm ratios 1:5, 1:4, and 1:3.

VAm:NIPAm ratio Degree of hydrolysis [%]
1:5 91.5
1:4 90.2
1:3 93.3

3.2 Temperature-Induced Phase Transition of p(VAm-co-NIPAm)

NIPAm-based polymers have shown to undergo a phase transition in aqueous solution above LCST.
Exceeding the LCST the hydrophobic iso-propyl groups of the NIPAm aggregates and the polymer
precipitates (cloud point). The cloud point and the LCST are determined by UV-Vis and DSC, respectively.
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The results of the UV-Vis measurement (1 mg-mL™, 0.5 °C-min'!, 260 nm, pH = 7) is shown in Figure
5.4a. The onset of the attenuation in the spectrum increases with decreasing NIPAm content from 42.6 °C
(1:5) to 46.2 °C (1:4) and 49.2 °C (1:3), which is attributed to the introduction of a hydrophilic group. This
is in agreement with results of Stile et al., who observed an increase of the LCST while introducing acrylic
acid groups.?® Demixing ca be observed als by an endothermic transition in DSC. Comparably the onset of
the endothermic DSC (15 wt% in H,0, 10 °C-min™') peak increases with decreasing NIPAm content from

39.7 °C (1:5) to 40.0 °C (1:4) and 44.2 °C (1:3) as seen in Figure 5.4b. The results are summarized in
Table 6.

a) b)
1
[<P]
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=084 & 1:5 =
= o 1:4 %
2 o 1:3 —_
= 0.6 ;
< S
g —
g 041 -
= S
==
§ 0.2- °
Z o g
0 T L] T
30 40 50 60 30 40 50 60
Temperature [°C] Temperature [°C]

Figure 5.4. (a) Absorbance of the copolymers with the VAm:NIPAm ratio 1:3, 1:4, and 1:5 (260 nm,
1 mg- mL"!, pH = 7) The cloud point increases with decreasing NIPAm content from 49.2 °C for the ratio
1:3 t0 42.6 °C for the ratio 1:5. (b) DSC curve of the copolymers (endo up) with a heating rate of 10 °C-min
!'and a concentration of 15 wt%. The signal intensity decreases with decreasing NIPAm content and the

LCST is shifted to higher temperatures (Table 6).
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Table 6. Cloud point and LCST values of the different VAm:NIPAm copolymer ratios (1:5, 1:4, 1:3) by
DSC and UV-Vis.

VAm:NIPAm Tonset Tpeak Tonset
ratio (DSC)  (DSC)  (UV-Vis)

[°C] [°C] [°C]

1:5 39.7 43.6 42.6

1:4 40.0 45.6 46.2

1:3 44.2 48.6 49.2

The coil collapse, which can lead to aggregation, can be monitored by rheology. The storage modulus G'
and the loss modulus G" are measured in dependence on the temperature. The hydrophobic aggregates
participate in the storage of the elastic energy. The results are shown in Figure 5.5a and b (10 wt% in water,
0.5 °C-min’!, 1 Hz, 20 % strain). In Figure 5.5a, three stages are differentiated. Stage I shows a decrease of
G' and G" which is common for a fluid and attributed to the increased mobility caused by the increased
temperature. Stage Il reveals a steep decrease of G", which is not found for G'. In general, a decrease of G"

means, that less energy is dissipated during one oscillation.

a) b) ¢)
10°
P(VAm-co-NIPAm) —1:3 ”
_ 1024 1:5 o—o °
nc: _G:' o o 9 o
LS ° 15
EJ» 1004 - - } " G'25°C ~o'?
<o o G"25°C~0"
10— e G'70°C~u"?
102 . . : . : : °_G"70°C~0"
30 40 50 60 30 40 50 60 10" 10! 10°
Temperature [°C] Temperature [°C]| Frequency [Hz|

Figure 5.5. G' and G" in dependence on the temperature for the VAm:NIPAm ratios of 1:5 (a), 1:4, and 1:3
(b). For the ratios 1:5 and 1:4 G" is characterized by a decrease around the LCST (stage II) followed up by
an increase, whereas G' shows only an increase. (c) shows the frequency dependence of the VAm:NIPAm
ratio 1:5 on G' and G" at 25 °C and 70 °C. Below the LCST the moduli obey a power law according to the

Maxwell model, whereas above the LCST the copolymer shows collapsed aggregated behavior.
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However, this stage is not seen for NIPAm homopolymers. We speculate that this is caused by hydrogen
bonding between the primary amine group of the vinylamine monomer and the carbonylgroup of the
NIPAm monomer. FTIR studies by Maeda et al. reveal that around 13 % of the carbonyl groups are in
hydrogen bonding to the secondary amine of the NIPAm monomer.?¢ It is likely that an interaction with the
primary amine is favored. Though, there seem to be an optimum amine-to-NIPAm ratio for this
phenomenon, as it is most prominent for the ratio 1:5 and becomes less visible for the ratio 1:4 and nearly

invisible for the ratio 1:3.

Stage III is characterized by the hydrophobic aggregation, which means both — G' and G" increases with
increasing temperature and G' exceeds G". This means that more energy is required to obtain the desired
strain, and the elastic response, so the energy, which is stored and not dissipated, is dominating. This
behavior is also most prominent for the ratio 1:5, because the NIPAm content and consequently the groups
which facilitate the hydrophobic aggregation is the highest. It is less visible for the ratio 1:4; in case of 1:3
there is no increase of G' (Figure 5.5b). This can be explained by the fact the aggregation is the lowest and

the system remains in the meso-globule state.

Further evidence of this behavior is obtained by measuring the frequency dependence below and above the
LCST (25°C and 70 °C, 1 — 100 Hz, 20 % strain). The intrinsic lifetime of a physical interaction t
determines whether this interaction can participate in the elastic response or not. Below the LCST the
dominating interactions are chain entanglements and hydrogen bonding. There is a strong frequency
dependence and a transition of G' over G". For a quantitative discussion of rheometry results the mass
concentration ¢ of polymer solution has to be considered, which is in this case ¢ = 100 mg-mL"!. When the
whole volume of the solution is packed with polymer coils of gyration radius Rg it is possible to define the

overlap concentration c¢*. The quantitative definition of ¢* is given by equation (5)*’

o1 M
(\/ERg)3 Na’

)

where M is the molecular weight and Na is the Avogadro’s number. For a solution of linear P(VAm-co-
NIPAm) having the monomer ratio of 1:5, the average molecular mass is M ~2.36-10° g':mol™!, and
Rg= 13 nm at 20 °C. On putting these values in Equation (5) we yield an overlap concentration of
¢"=3.5 mg-mL"!. This shows that the polymer solutions with concentration ¢ is in semi-dilute or entangled
regime, i.e., ¢ > c¢*. The results of Figure 5.5c be interpreted on a molecular level of investigated linear
statistical polymers. The frequency dependence of the linear viscoelastic response in oscillatory shear of
monodisperse linear polymer dispersion can be explained using Maxwell model, consisting of an elastic

component connected in series with a viscous component.$-3!
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This simple model describes well G'(w) and G"(®) for solutions of linear polymers in the coil regime and

the corresponding equations are given by

’ _ ]eqnzwz

G (a)) - 1+]§qn2w2’ (6)
" _ nw

G (w) - 1+]gq7]20)2, (7)

where 7 is viscosity of polymer solution and Jeq is the steady state compliance.?® From the above equations
it is deduced that at low shear frequency o, G'(0w) < G"(®) as it is shown in Figure 5.5¢. Furthermore, for

low shear frequency domain and Equations (6) and (7) the following relations can be written®® as

G”(O))

n = lim—"=, )
1 .. G'(w)

Jeq = ﬁl}_rf}) oz )

Hence, the frequency power laws of s G' and G" are derived from above equations:

G'(w) = ]eqnzwza (10)

¢"(w) = nw, (1)

in the regime of low shear frequency. These relationships can be also obtained from Equations (6) and (7)
for Jeg™m?w? < 1. The frequency dependence of G' and G" shown in Figure 5.5¢ for linear P(VAm-co-
NIPAm) with monomer ratios 1:5 measured at 25 °C, are in good agreement with the powers of shear
frequency derived above, i.e., G'(®) ~ ®'* and G"(w) ~ ®*°. The same power law with slightly different
exponents were obtained from the rheometer data at temperature of 25 °C, for linear P(VAm-co-NIPAm)
with monomer ratios 1:4 (G'(®) ~ ©'° and G"(®) ~ ®**®) and 1:3 (G'(w) ~ '’ and G"(®) ~ ©*?°) (Figure

5.6a and b).
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Figure 5.6. Frequency dependence of storage modulus (G') and loss modulus (G") for P(VAm-co-NIPAm)
linear polymers with VAm:NIPAm monomer ratios of 1:3 (a) and 1:4 (b). The rheometry measurements
were made at temperature of 25 °C (squares) and 70 °C (circles). The frequency dependence power law

exponents are shown in the figure legend and obtained from a linear fit.

From equations (6) and (7) we evaluate the crossing shear frequency mo where G'(wo) = G"(wo), that is given
by wo=(mJeq)! (Figure 5.5¢). The frequency wo is the reciprocal of the polymer average stress relaxation
time T=mleq that characterize the polymer stress dynamics.?® This quantity was evaluated from the
dependences depicted in Figure 5.5¢ and Figure 5.6 and is given for linear P(VAm-co-NIPAm) with
monomer ratios 1:5 and 1:3 to be T =17 ms and 1 = 88 ms, respectively, i.e. the average lifetime is higher

in case of the more hydrophobic monomer ratio, which is an intuitive result.

Above the LCST the linear polymer P(VAm-co-NIPAm) is in the globule state. The rheometry data shown
in Figure 5.5¢ at temperature of 70 °C, which means above the LCST, are characterized by G' > G" being
in a good approximation independent of frequency. This behavior can be compared to that of hydrogels
where viscoelastic moduli are predominantly elastic and frequency independent for a wide frequency range.

It can be concluded that at this temperature the P(VAm-co-NIPAm) globule forms aggregates.

A statistical description of the temperature - induced phase transition of a polymer network can be
developed similar to that of ensembles of linear polymer chains or brushes in interaction with a
solvent.!%!213 This approach is based on the two-state model represented by swollen and collapsed hydrogel

states and described the system behavior in the region of phase transition.
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10 is followed. The statistical ensemble of the polymer

Here the argumentation presented in Reference
network in the presence of a solvent is composed of two sub-ensembles or states, i.e., hydrophilic and
hydrophobic in thermodynamic equilibrium between them and with thermal bath. The distribution of these
statistical sub-ensembles depends upon thermodynamic potentials of the network/solvent system. The
assumed model is similar to that of monomers of the polymer chain that can exist into two distinct and

interconverting states of hydrophilic and hydrophobic nature 3

The statistical average of a thermodynamic quantity designed as “observable” (O(T)), measured at

temperature 7, can be written as>®

Zi=1‘2e(‘ﬁci)0i(T)
Yi=12 e(=FGi)

(oMm) = ; (12)

where Gibbs free energy for the i-state is Gi= H;-TSi. The enthalpy and entropy thermodynamic potentials
are denoted by H; and S;, respectively. The quantity £ is given by = (ks-T)"!, where T is the temperature
and kg is the Boltzmann constant. Equation (12) is written based on the first principles and in the

temperature regime of volume phase transition has the general form,

— (Oswollen) (Ocollapsed)
<0(t)> - (T¢=T)AS + — (T-T)AS (13)
1+e kBTt 1+e kBTt

where the statistic quantities <Oswolien™ and <Ocoliapsea™> described swollen and collapsed sub-ensembles of
polymer network. The phase transition temperature is denoted by 7; and in the narrow temperature region

of phase transition AH =~ TiAS, where A4S is the change in the entropy and f ~ (kT

Equation (13) is applied to describe the evolution of the integral intensity /(T) of the "H NMR spectra in
the process of temperature — induced phase transition for a responsive linear polymer and hydrogel and was
applied previously for thermoresponsive linear polymer dispersions and brushes.!®!>!3 The corresponding

relationship is given by

I(T) = IS(Mrlngliﬁm + Icfl(l;f;gimsv (14)

1+e kBTt 1+e kBTt
where |4S] is the absolute value of the change in entropy, the quantities lswollen and Zeoltapsed are the NMR
spectral integral intensities in the temperature region of swollen and collapsed hydrogel, respectively. In
the case of responsive linear polymers in the region of coil-to-globule transition the quantities Zswolen and
Lcollapsed, must be replaced by Zeoit and Zgiobute. All the important features of the hydrogel like for instance,
heterogeneity and polymer - solvent interaction are implicitly included in the values of statistical

observables around phase transition and in the thermodynamic potentials of the system.
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A phenomenological equation of states used for description of the temperature - induced phase transition

is given by the Boltzmann sigmoidal function,'°

A
I(T) = —g=ry + 42, (15)

1+e ATt

where A1 and 4> are fit parameters related to the statistical observables for swollen and collapsed hydrogel
or linear polymers and AT; is the full width of the phase transition. From Equation (15), in the swollen
regime for 7 < T; we get Lywouen = A1+Az2, and in the plateau region of the collapsed state when 7> T; we can
write lcoltapsea = A2. Therefore, ILswonien-Lcoliapsea = A1. 1t 1s worth mentioning that two-state model and
Boltzmann sigmoidal function lead to the same value of NMR observable at 7=T; i.e.,
I(T)) = (Lswotten™Icoliapsea)/2. Furthermore, if we assume that the first order derivative as a function of
temperature of Equations (14) and (15) are identical for 7=T;, we yield AT; = T«(|4S|-ks")". Hence, the
width of the temperature-induced phase transition that can be correlated with the duration of phase transition

depends upon the transition temperature and the absolute change in the entropy at the transition.
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Figure 5.7. (a) Normalized integral intensity in the aliphatic region of "'H HRMAS spectra for p(VAm-co-
NIPAM) linear polymers with VAm:NIPAm ratios of 1:3 (squares), 1:4 (circles), and 1:5 (triangles) (5 wt%
in D>0O). The fits with the two-state model are shown by the continuous lines. (b) Coil-to-globule transition
temperatures 7; and normalized absolute change in the entropy |4S|-ks™! at phase transition as a function of
VAm:NIPAm ratio. These thermodynamic parameters were obtained by the fits with the two-state model

Equation (14).
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The temperature-induced coil —to —globule transition in P(VAm-co-NIPAM) linear polymers with different
monomer ratios where detected from integral intensity of the 'H HRMAS NMR spectra. These dependences

are shown in Figure 5.7a.

The data fits were made using Equation (14) for coil-to-globule transition and the thermodynamic
parameters are shown in Figure 5.7. Coil-to-globule transition temperature 7 increases by the increase in
the monomer ratio, i.e., to the increase in the content of thermoresposive NIPAm (Figure 5.7b). Moreover,
the absolute change in the entropy |4S|-kz™! at the coil-to-globule transition decreases by the increase in the
NIPAm content (Figure 5.7b). The cooperative disruption of the polymer-water network that leads to coil-
to-globule transition depends on the number of isopropyl group in the statistical linear polymer P(VAm-

co-NIPAM).
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Figure 5.8. (a) Temperature-induced coil-globule transition curves of P(VAm-co-NIPAm) linear polymers
with different VAm:NIPAm monomer ratios. The data were fitted with Boltzmann functions (continuous
lines). (b) Transition temperatures Tt obtained from the fits with Boltzmann function and shown as a
function of monomer ratios. (¢) Width of transition temperatures ATt obtained from the fits with Boltzmann

function as a function of monomer ratios.

The phenomenological Boltzmann sigmoidal equation (15) can be also used for the fits of the coil-to-
globule transition sigmoidal curves of Figure 5.7a. The results are shown in Figure 5.8. The transition
temperatures 7t (Figure 5.8b) are very close to the values obtained by the two-state model (Figure 5.7b).
Moreover, the widths of the phase transition A7t (Figure 5.8c) show an increase with increasing NIPAm

content. This is in the agreement with the coil-to-globule transition curve shapes of Figure 5.7a.
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3.3 Temperature-Induced Phase Transition of the Hydrogels

The free amine groups can be crosslinked by a telechelic phenylcarbonate crosslinker as shown in

Chapter 3. During this reaction phenol is released, which can be detected by NMR (Figure 5.9).

MeOD TEA
CDCl,
TEA
Phenol
H,0
JL/\._A b L.
7 é 5 3 é 1

4
[ppm]

Figure 5.9. Proton NMR spectrum of the gel prepared inside the NMR tube in CDCI3 and MeOD in
presence of triethyl amine (TEA). The presence of phenol marked in blue shows the successful conversion

of the crosslinker.

The phenol was subsequently washed out to obtain the gels. The 'TH NMR of the washed gels in D20 shows
the absence of phenol (blue area inFigure 5.10). Furthermore, the gelation can be detected by rheology
(Figure 5.11a). The plateau moduli (G') increase with decreasing NIPAm content (29 kPa for 1:5, 43 kPa
for 1:4, and 63 kPa for 1:3). This is an intuitive result as the number of free amine groups, which are

available for crosslinking, increases with decreasing NIPAm content.
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Figure 5.10. Proton NMR spectra of the washed hydrogels in D-O. It is visible that there is no phenol

present (area marked in blue).

The influence of crosslinking on the transition temperature compared to the LCST, measured by UV-Vis is
shown in Figure 5.11b for the swollen gels. The transition temperature was found to be 39.4 °C for the ratio
1:5,40.3 °C for 1:4, and 43.3 °C for 1:3 which is significantly lower compared to the free copolymers (1:5
—43.9°C, 1:4 —46.4 °C, and 1:3 - 50.0 °C).
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Figure 5.11. (a) The storage modulus G' and loss modulus G" in dependence of the time for the gelation of
different VAm:NIPAm ratios inside the rheometer. (b) UV-Vis spectra of the swollen gels with different
VAm:NIPAm ratio in dependence of the temperature (260 nm, pH = 7, 0.5 °C-min’!).

This is attributed to the decrease of the hydrophilicity from the crosslinking as visible in Scheme 2.
Consequently, it is also visible that the decrease of the transition temperature is strongest for the ratio 1:3.
This is the ratio with the highest crosslinking density suggesting, that the hydrophobic nature of the
crosslinker also imparts in the hydrophobic aggregation. Furthermore, the increase of the absorbance is
much steeper for the VPTT of the gel than for the cloud point of the polymer solution, which is broadened
by the broad PDI.?
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Scheme 5.2. Gelation of P(VAm-co-NIPAm) with phenylcarbonate telechelic ethylene glycol.
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The rheological investigation of the swollen gels is shown in Figure 5.13a. Compared to the free copolymer

the transition is slightly shifted to lower temperatures, which agrees with the UV-Vis data.
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Figure 5.13. (a) G' and G" in dependence on the temperature for the hydrogel with the VAm:NIPAm ratio
of 1:5. (b) shows the frequency dependence of corresponding hydrogel on G' and G" at 25 °C and 70 °C.

The frequency sweep reveals that the frequency dependence drastically decreases (from G’ ~ ' for the
copolymer to G* ~ ©*% for the hydrogel; Figure 5.5¢ and Figure 5.13b). This shows successful crosslinking

as covalent bonds have an infinite lifetime and therefore no frequency dependence.

Proton HRMAS NMR spectra of P(VAm-co-NIPAm) hydrogels with monomer ratio of 1:5 at 20 °C
(swollen state) and 65 °C (collapsed state) are shown in Figure 5.14a and 5.14b, respectively. The aliphatic
spectral region is shown and peaks assignments to both monomers are made by the inset scheme of Figure
5.15a. For P(NIPAm) in the aliphatic region four peaks were detected and correspond to methyl protons of
N-isopropyl (dcus 1.2 ppm), CH protons of the same group (dcu 3.9 ppm), methylene protons (Sch2
1.6 ppm), and methane protons (dcu 2.1 ppm). The proton peak at dupo 4.8 ppm corresponds to protonated
D,O.
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Figure 5.14. Proton HRMAS NMR spectra of P(VAm-co-NIPAm) hydrogel with monomer ratio of 1:5
measured at (a) 20 °C, and (b) 65 °C. The resonances corresponding to the VAm and NIPAm monomers

are designed by numbers in the legend inset of Figure 5a and in the two polymer networks spectra.

The thermoresponsive isopropylgroup of NIPAm changes the integral intensity in the process of
temperature induced phase transition as evident in Figure 5.14. Moreover, the integral intensity of VAm
monomer and the crosslinker that is not thermoresponsive, is indirectly affected by the hindrance in chains
and side chains dynamics of polymer backbone in the process of NIPAm collapse (compare Figure 5.14a

to Figure 5b).

The volume phase transition of hydrogels is encoded in the change of the NMR spectral integral intensity
that was taken for the full aliphatic region. This spectral region is dominated by the resonances of
thermoresponsive NIPAm monomers. The restriction of side-chain dynamics due to hydrogel collapse

broadens the NMR peaks such that at the end of phase transition these resonances are reduced in intensity

109



(Figure 5.15a). Temperature-induced phase transition was investigated by 'H HRMAS NMR spectroscopy
for P(VAm-co-NIPAm) hydrogels with the same values of VAm:NIPAm monomer ratios as those of the
linear polymers (Figure 5.7a). Comparing the temperature-induced phase transition sigmoidal curves for
linear polymers and hydrogels (Figure 5.7a and Figure 5.15a) we can note that differences exist in the
dependences upon monomer ratios. The fits of good quality by the two - state model (Equation 14) of phase

transition curves for P(VAm-co-NIPAM) hydrogels are shown in Figure 5.15a with continuous lines.
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Figure 5.15. (a) Normalized integral intensity of the 'H HRMAS spectra for P(VAm-co-NIPAM) side
chains within hydrogels with monomer ratios of 1:3 (circles), 1:4 (squares), and 1:5 (triangles). The fits
with the two-state model (Equation 14) are shown by continuous lines. (b) Transition temperatures 7t and
normalized absolute change in the entropy |AS|-kp™! in the process of temperature-induced phase transition
as a function of monomer ratio of P(VAm-co-NIPAM) hydrogels. These thermodynamic parameters were

obtained by the fits of data shown in (a) with the two-state model (Equation (14)).

The data fits with the two-state model lead to the values of the transition temperature 7; and normalized
absolute value of entropy |AS|-kg! as shown in Figure 5.15b. The value of T decreases slightly with
increasing NIPAm content that means with decrease in crosslink density revealing, that less thermal energy
is needed to break the cooperative water molecule interactions with the polymer network. Furthermore, the
change of |AS|-ks™! as a function of the monomer ratio Figure 5.15b for the networks shows that the hydrogel
collapsed state has a polymer network more disordered for the monomer ratio of 1:5 compared to that of
1:3. Moreover, the change in the entropy is also affected by the existence of heterogeneous collapsed
network, that is proved in the next sections by transverse magnetization relaxation (72) and self-diffusion

coefficient (D) of water.
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The volume phase transition curves of hydrogels (Figure 5.15a) were also fitted with Boltzmann sigmoidal
functions and the results are depicted in Figure 5.16a. The transition temperature and width of volume phase
transition obtained by the Boltzmann sigmoidal function fits are shown in Figure 5.16b and Figure 5.16c,
respectively. In agreement with the transition temperatures obtained by two-state model (Figure 5.15b) a
small decrease in the values of 7t was revealed (Figure 5.15b). Moreover, the width of the phase transition
AT (Figure 5.16¢) shows an increase with the increase of NIPAm monomer content. The quantity A7t is
related to the equilibration time of the network along the volume phase transition and shows that with
increase of the NIPAM content in the statistical polymer backbone the achievement of thermodynamic

equilibrium becomes longer.>”-*8

a) b) ©)
- 12
=: 1{ o e VAm:NIPAm 50
& o 1:3 [ [ 10 [
o] o l:4 40 4 —_—
7 0.95 A LS |— 1 J | S [
S N S 30- 7 =
- = = o
= R < | : 1
- 09 201 4 J
=
St
2 Boltzmann function fit 10 2 g
Z 0.85{P(VAm-co-NIPAm) hydrogel 0 o

100 20 30 40 50 60 1:3 1:4 1:5 1:3 1:4 1:5
Temperature [°C] VAm:NIPAm ratio VAm:NIPAm ratio

Figure 5.16. (a) Temperature-induced phase transition curves of P(VAm-co-NIPAm) hydrogels with
different VAm:NIPAm monomer ratios. The data were fitted with Boltzmann functions and shown with
continuous lines. (b) Transition temperatures Tt, and (c) width of transition temperatures ATt as a function

of monomer ratios obtained from the fits with Boltzmann functions.

3.4 Water States and Side — Chain Dynamics by 'H HRMAS

Proton HRMAS NMR spectroscopy in combination with spin-echo approach offer the possibility to
measure separately the transverse magnetization relaxation (72) of 'HDO complex as well as that of polymer
side chains. Proton 7> decays of protonated deuterated water within p(VAm-co-NIPAm) hydrogels with

the monomer ratios 1:3, 1:4, and 1:5 are shown in Figure 5.17a.
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Figure 5.17. (a) Proton transverse magnetization decays of 'HDO within P(VAm-co-NIPAm) hydrogels
with monomer ratios of 1:3 (squares), 1:4 (circles), and 1:5 (triangles). The HRMAS NMR measurements
were made at 23 °C under sample rotation at the magic angle with the frequency of 5 kHz. The normalized
echo decays were fitted with a biexponential functions Equation 16 (continuous lines) (b) The dependence
of T2 shortand T2,ong for 'THDO water molecules upon monomer ratios within P(VAm-co-NIPAm) hydrogels
measured at 23 °C. (c) The T fractions of "THDO complex in hydrogel pores function of monomer ratios.

Estimated errors in the transverse relaxation values are of the order of 5 %.

The proton magnetization relaxation data are given by the integral spectrum of 'HDO and depicted in Figure
5.17a as a function of the spin - echo time 2t1. The best fits of these decays were given by a biexponential

function, i.e.,

2T 2T

— AO + Ale_Tz,short + Aze_TZ,long’ (16)

1(27)
1(0)

where the exponential amplitudes A4;,> are related to the proton fractions characterized by 77 shore and 72 iong,
respectively. The 7> relaxation times of "HDO and their distributions within hydrogel are shown in Figure
5.17b and Figure 5.17c, respectively, as a function of VAm:NIPAm ratio of the hydrogel in the swollen
state at 23 °C. The water molecules moving inside the hydrogel pores have a distribution of the correlation
times that can be approximated by a bimodal distribution.!”* The bound water have a hindered dynamics
due to the interactions with polymer segments and therefore, a stronger proton dipolar interactions that
leads to short values of 7> (hereafter denoted by 72 short). The free or bulk water present in the main volume
of the network pores are characterized by fast modulation of dipolar interactions by the rotation and
translation of the molecules leading to long values of 7> relaxation times (hereafter denoted by 7%1ong). With
increasing NIPAm content the crosslinking density is lower and hence the pore size is increased. Therefore,

the hindering effect of the polymer network upon the water molecules dynamics is reduced and 72,iong
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increased (Figure 5.17b). The amplitude and frequency of polymer chains and side-chains dynamics
become bigger when the hydrogel pores increase in size leading to a 7> short increase (Figure 5.17b). For the
reasons discussed above the 7> fractions follow the same trend as that of transverse relaxation times (Figure
5.17c). Proton transverse magnetization decays of p(VAm-co-NIPAm) hydrogel side chains in the swollen
state with VAm:NIPAm ratio of 1:3, 1:4, and 1:5 are shown in Figure 5.18a. The measurements were made
by a combination of spin echo and HRMAS NMR spectra taking the integral intensities of the aliphatic
spectral region. Proton transverse magnetization decays can be best fitted with biexponential functions
(Equation (16)) having the decay rates of Togior' and T2ung'. Along the polymer chains segmental
dynamics heterogeneity is present similar to that reported for thermosensitive native a-elastin biohybrid
microgel.***? Hence, the T g0, can be assigned to the protons in the crosslink domains of VAm monomer
and 73 ong to the hydrophilic network domains of NIPAm. The transverse magnetization times (72s) are
function of the crosslink density, i.e., VAm content of the hydrogel network. These dependences are shown
in Figure 5.18b. Both 7> components increase with increasing NIPAm content due to the bigger pores and
therefore, larger chain flexibility (Figure 5.18b). The most sensitive to the increase in monomer ratios is

17 snore Of side chains as depicted in Figure 5.18c.
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Figure 5.18. (a) Proton transverse magnetization decays of P(VAm-co-NIPAm) hydrogel side chains in the
swollen state with VAm:NIPAm ratios of 1:3 (squares), 1:4 (circles), and 1:5 (triangles). The HRNMR
measurements were made at 23 °C under sample rotation at the magic angle with the frequency of 5 kHz.
The normalized echo decays were fitted with a biexponential functions (continuous lines). (b) The
dependence of proton 7% short and 72 jong 0f polymer chains and side chains upon monomer ratios for P(VAm-
co-NIPAm) hydrogel in the swollen state measured at 23 °C. (c¢) The 7> fractions along the polymer chains

are shown as a function of monomer ratios. Estimated errors in the transverse relaxation values are of the

order of 5 %.
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3.5 Polymer Diffusometry by 'H HRNMR.

Mass transport of linear P(VAm-co-NIPAm) with tuned hydrophilicity of polymer chains in
deuterated water can be investigated by 'H HRNMR diffusometry.!”!843% The dependence of
integral intensity /(q) of NMR peaks in the aliphatic region of linear P(VAm-co-NIPAm) upon

the diffusion wave vector g, is given by Equation (2)"

For a polymer dispersion with a bimodal distribution of fast (Drst) and slow (Dsiow) diffusivities

the corresponding diffusion decay is given by

5 5
% =Ay + A1e_q2(A_§)DfaSt + Aze_qz(A_g)DSlowa (17)

where Ao is the baseline and the fractions of polymer diffusivity are denoted by A1 .
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Figure 5.19. Diffusivity decays for linear P(VAm-co-NIPAM) with VAm:NIPAm ratios of 1:3
and 1:5 measured at temperature of 25 °C (a) and 60 °C (b). The continuous lines are fits by
Equation (2) in (a) and Equation (17) in (b)

The experimental measured dependences of I(g)-1(0)! ratios upon ¢* are shown in Figure 5.19
for linear P(VAm-co-NIPAm) with monomer ratios of 1:3 and 1:5 measured at 25 °C and 60 °C,
respectively. The diffusivity decays measured at 25 °C are fitted in a good approximation by a
single exponential function (Equation (2)). The semidilute polymers are in the coil states below
LCST with the diffusivities D that are given in Table 5. The linear polymers collapsed into
globule states that aggregate at temperature of 60 °C. A bimodal distribution of aggregates was
detected with small aggregates or single-globules characterized by Drst and swollen domains

with smaller diffusivity Dsiow (Table 5).
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Table 5. Diffusivity of linear P(VAm-co-NIPAm) with monomer ratios of 1:3 and 1:5 measured
at 25 °C and 60 °C. Equation (2) and Equation (17) where used for single exponential and
biexponential fits, respectively (Figure 9).

VAm:NIPAm ratio | Diffusivity Diffusivity

at 25 °C [m?-s7!] 2 at 60 °C [m?-s1] 2

1:3 D=1.60-10" Drast = 3.87-107"

Dslow = 9.30 10-13

1:5 D=129-10" Dpast = 9.21-107!!

Dslow = 620 10-13

8The errors are of the order of 5 %.

From the data of Table 5 taken at 25 °C we conclude that in the semidilute concentration regime
of linear p(VAm-co-NIPAm) the mass transport is described by a normal diffusion with a mean
square displacement of (r2) = 6DA. 7134344 The Einstein relationship D = kgT - €1, shows
that diffusivity D is correlated with ¢ that is the frictional coefficient between polymer and
solvent. Hence, the polymer with monomer ratio of 1:5 has a larger frictional coefficient
compared to that of polymer with 1:3 due to bigger number of hydrophilic NIPAm monomers.

4344 that is related to softer restrictions of

Furthermore, it is mentioned that diffusional kurtosis
polymer in the regime where the concentration is close to that of concentrated solutions was

not detected in these experiments at temperatures below or above the LCST.

3.6 Hydrogel Morphology by Water Self-Diffusion.

In a homogeneous hydrogel without network defects two water reservoirs are assumed to exist,
i.e. on the one hand the free water located within the hydrogel pores and on the other hand the
bound water connected to the hydrophilic/hydrophobic groups of the copolymer.*° The
number of protons corresponding to free and bound water reservoirs are denoted by zr and ny,
respectively. Furthermore, an exchange process with the rates kr and &y takes place between
water reservoirs. At the thermodynamic equilibrium the detailed balance relationship:
kins= kony, 1s fulfilled. Moreover, it is assumed that the effective diffusion coefficient of bound
water in the swollen and collapsed states of the hydrogel is small, i.e., Dy = 0, and this diffusion

process is not detected due to the small values of magnetic field gradients used in our diffusion
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experiments. In the approximation 72, < 72 the normalized amplitude of stimulated echo in

PGST experiment can be written as*->°

(q) _ Ms(q)
100)  Mg(0)

(18)

where the amplitude of the stimulated echo is denoted by /(q), that is a function of the wave

vector q. The normalized magnetization of the free water reservoir is given by #*-°

me@) [ (as = kg —ky — Ryp)exp(—a,h)

— -1
Mp(0) —(a_ —kp —ky — R1b)exp(—a_A)l (ay —a_)™, (19)

1/2
@z =5[a?Dy +ky + Ky + Rup + Rap] £3|(7Dy + ky = ko + Rup = Rup)” + sk

(20)

In the above equations the longitudinal magnetization relaxation rates for the proton reservoirs
are given by Rir and Rip, and the diffusion time is denoted by 4. The apparent diffusion
coefficient for the proton fast reservoir is Drand in the following it is denoted by D, and Dy are
neglected (Ds>> Dy). In the fast water exchange limit and for small values of g it is given that
krtks > ¢°D, and ky+ky > Ri+Ryp, and hence from Equation (20) a: > a.. In the limit of the
above approximations the stimulated echo amplitude decay described by Equation (18),
becomes single exponential with the exponent a. = ¢g°’D, when kr < ks, as a result of the detailed

balance relationship for ny> np. Therefore, from the above equations it can be concluded that

m(%%)z—bn, 1)
where
b=y262(A-13)g? (22)

or in term of ¢ wave vector

b= qZ(A—g). (23)

Equation (21) is valid for a homogenous hydrogel that is assumed to be present for the swollen
state. It is shown below that for the collapsed state a heterogeneous hydrogel is detected with a

bimodal distribution of pores that leads to biexponential diffusion decay. The water diffusivity
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D is an effective diffusivity that means an average over length scales much longer than the

correlation lengths of the pore spaces.*®

'"H HRNMR diffusometry allows to measure the self-diffusion of the water molecules within
hydrogels. The diffusion decays described by Equation (21) for water molecules within
p(VAm-co-NIPAm) hydrogels with monomer ratio 1:5 are depicted in Figure 5.20. At

temperature of 25 °C (Figure 5.20a) the thermoresponsive hydrogel is in the swollen
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Figure 5.20. Water self-diffusion decays in the logarithmic scale within P(VAm-co-NIPAM)
hydrogels with monomer ratio of 1:5 measured at two temperatures of 23 °C (a) and 50 °C (b).
The continuous lines are linear fits by Equation (21) with the slopes being related to the H,O
diffusivity. (c) Water diffusivities for P(VAm-co-NIPAM) hydrogels versus VAm:NIPAm

ratio measured at temperatures of 23 °C (swollen state) and 50 °C (d) (collapsed state).

state and only one diffusion coefficient was detected for the small range of b parameter as it is
revealed by the linear fit. The hydrogel at 50 °C is in a collapsed state and two water diffusivities
(Drast and Dsiow) were detected by NMR diffusometry (Figure 5.20b).
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Using the result of the diffusion exchange model discussed above in the length regime explored
by the water molecules diffusion the polymer network of swollen hydrogels is homogeneous
with a uniform pore sizes. This is valid for all hydrogels investigated having VAm:NIPAm
ratios of 1:3, 1:4, and 1:5.

This fact is revealed by the water diffusivities shown in Figure 5.20a. These diffusivities
describe the Brownian motion of water molecules in network pores and show a weak
dependence upon the monomer ratio. Moreover, we mention that D values reported in Figure

5.20a are smaller than that of free water at 20 °C of D =2.031-10° m?-s’!.

This is explained by the fact that polymer chains retard water molecules movement by reducing
the average free volume, by increasing the hydrodynamic drag, and by acting as physical

obstruction.”!

In the case of hydrogel networks made of flexible polymer chains the most consistent solute
diffusion model with data was that based on the hydrodynamic scaling. The corresponding

relation is given by -2

D = o keRsp®7® (24)
Do

where Dy is the diffusivity of the water at infinite dilution, i.e., of bulk water, k. is a constant
for a given polymer network-solvent system, R; is the radius of the solute, and ¢ is the volume
fraction of the polymer in the hydrogel. From Equation (24) the diffusivity shown in Figure
5.20c reveals that the volume fraction of the polymer ¢ at 23 °C is not changing essentially
with the increase in the monomer ratios, i.e., with the decrease in the crosslink density.
Furthermore, the following proportionalities are valid for the effective diffusivity D, i.e.,
D « I, and D & z4;5"' where I1 is the hydrogel porosity and zu;', is the inverse diffusive
tortuosity, respectively.*® Hence, the hydrogel porosity and inverse diffusive tortuosity follow

the same trend as that of water diffusivity (Figure 5.20c¢).

At temperature of 50 °C the hydrogels are characterized by water molecules having fast and
slow diffusivities as depicted in Figure 5.20d. The existence of a collapsed polymer network
with a bimodal distribution of pores offers a plausible interpretation. In this case the water
molecules diffusing in the small pores of collapsed network have a diffusivity Dsiow of an order
of magnitude smaller than that of bulk water D = 3.935-10° m?-s! at 50 °C. For bigger pores
at 50 °C the water diffusivity Drs 1s larger but of the same order of magnitude compared to that
of the water molecules into hydrogels at 23 °C (compare Figure 5.20c and Figure 5.20d).
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In principle the microsegregation that can induces different pore size distribution can be
realized for neutral hydrogels if the polymer chains have a pronounced amphiphilic character.
The existence of multiple conformational transitions for poly(N-vinylcaprolactam) hydrogels
were confirmed by high-sensitivity microcalorimetric measurements.”® According to this
investigation, the hydrogel undergoes two successive cooperative transitions that are associated
with the microsegregation resulting in formation of hydrophobic domains whereas the high
temperature transition is due to the hydrogel volume collapse. Furthermore, for poly(N-
isopropyacrylamide) (PNIPAm) hydrogels only one volume phase transition was commonly
detected by differential scanning calorimetry without any information about pore size
distribution.>*® The water diffusivity results of P(VAm-co-NIPAm) hydrogels having different
monomer ratios reveal that pore size distribution i.e., polymer network heterogeneity exists in

a range of temperatures above the volume phase transition (Figure 5.20b).

The distribution of network heterogeneity of hydrogels is actually more complex and has
important dynamic consequences.”’ To clarify this point it is stated that the thermodynamic
state of an ergodic system after a long time is nearly independent of its initial state.’® The
presence of static inhomogeneity of gels which results from fluctuations during the gelation
process can lead to differences between time averages and statistical ensemble averages. This
non-ergodicity was shown to be present in dynamic light scattering (DLS) experiments when
the light beam explores different gel regions.’> Moreover, a combination of macrorheology
using traditional rheometers and optical approach of single-particle tracking was able to reveal
the non-ergodicity of micrometer-sized traces diffusing in mucin gels.’>®® Furthermore, the
nonergodicity of the polymer network is not revealed in the water self-diffusion measurements
made by NMR. The NMR signal is detected from the entire hydrogel volume and hence, the

ensemble average is made simultaneously with time average from all sample regions.

4. Conclusion

Thermoresponsive P(VAm-co-NIPAm) copolymers were successfully prepared by free radical
polymerization. The copolymerization parameters indicate a statistical distribution of the
monomers allowing the production of homogeneous water born hydrogels. The VPTT as well
as the crosslinking density can be tuned by the VAm:NIPAm ratio. As shown by UV-Vis
spectroscopy and rheology, crosslinking could decrease the VPTT to the physiological relevant
region below 40 °C and render the hydrogels therefore attractive for biomedical application.

Proton high-resolution MAS NMR spectroscopy was applied to obtain information related to
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the temperature-induced phase transition of linear P(VAm-co-NIPAm) polymers and the
corresponding hydrogels. The effect of tuned thermoresponsivity upon the phase transition
temperature, change in the entropy and the width of the phase transition were obtained using
the temperature dependence of spectral integral intensities of NMR peaks by fits with the novel
two-state model and Boltzmann sigmoidal function. The dependences of transition temperature
upon the VAm:NIPAm monomer ratios are different for linear polymer and hydrogels in the
processes of coil-to-globule and swollen-to-collapse transitions, respectively. In case of the
linear polymer the transition temperature is increased due to more extended hydrogen bond
structure. While in case of the hydrogels the hydrophobic character of the crosslinker lowers
the transition temperature. Furthermore, the larger contribution to elastic free energy of
hydrogels shows, that the system is more ordered compared to the linear polymer as revealed

by entropy changes.

The hydrogel morphology is related to the average pore size that is reflected in the water
molecule diffusivities. The hydrogels in the swollen state can be considered in a good
approximation to be homogeneous for the values of monomer ratio investigated. This is not the
case for the hydrogels in the collapsed state where two water diffusivities were detected.
Furthermore, free and bound states of water in hydrogel pores that change with the monomer
ratio, were detected by 7> measurements. The transverse magnetization relaxation was also used
to reveal the network side chains dynamics. A bimodal heterogeneity was detected that we

assume to be related to the free and bound water.
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Chapter 6

A facile method for grafting functional hydrogel films on PTFE,
PVDF, and TPX polymers

This chapter is reproduced from Soft Matter, 2022,18, 4315-4324 with permission from the
Royal Society of Chemistry.

Emulsification and gelation experiments and data analysis with Krytox® GPL101 was
performed by J. Tenbusch.

All other experiments and data analysis is performed by T.Fischer
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1. Introduction

Chemically inert and biocompatible polymers such as poly(ethylene) (PE), poly(4-methyl-1-
pentene) (PMP or TPX), their fluorinated derivatives poly(tetrafluoroethylene) (PTFE),
poly(vinylidene fluoride) (PVDF), are extensively used in biomedical devices.'” Their
application comprises vascular grafts, prostheses, surgical sutures, and extracorporeal
membrane oxygenators (ECMO).? For instance, PTFE and its expanded form (ePTFE) is used
for vascular grafts because of its limited thrombogenic potential. However, protein adsorption
can still induce the coagulation cascade and thrombus formation, which limits its application
for small diameter vascular grafts.*> TPX is used for the fabrication of hollow fiber membranes
of ECMO devices. Despite great advancements, these membranes also suffer from protein
adsorption and thrombus formation, which is one of the main causes of ECMO-related

complications.®”’

The examples highlight the imperative need to further modify the surface properties of such
biomaterials, in particular for advanced blood compatibility. Ways to achieve this focus on
rendering the surface hydrophilic (passive approach) and on endowing the surface with active

molecules, which inhibit the coagulative response®!°

and eventually even promote re-
endothelization (active approach).!! In order to combine both approaches, an ideal surface
modification should consist of a biocompatible hydrogel, to which peptides and proteins do not
bind by unspecific adsorption, which, however, can be equipped with specific biofunctional
elements like cell-specific ligands, or cytokines and drugs which help to generate a functional
natural interface to tissue or blood. Because hydrogels consist mainly of water, they can
effectuate a certain stealth character and thus prevent unspecific interaction to enhance the

selectivity of specific interactions.

12" radiation-induced surface

Coating techniques applied so far involve plasma treatments,
grafting,'® and photochemical methods.!* They typically exploit surface oxidation to render the
surfaces hydrophilic and to introduce reactive groups to which the coatings can be linked.
However, these methods are tedious and require several steps. A powerful alternative is offered,
if hydrophilic macromolecules can be grafted directly to the surface of the inert polymer to form
a thin or even monomolecular coating. Such grafting of a hydrogel layer to hydrocarbon
substrates has been realized based on C-H insertion crosslinking (CHic) described by J. Riihe.'>-
16 According to this method, a precursor polymer with photoactive groups like aromatic ketones,
azides, or diazo groups is coated onto the substrate and irradiated with light. The photoactive
groups form highly reactive species such as singlet nitrene or carbene radicals which undergo
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insertion into C-H bonds. Most photoactive groups require irradiation with short wavelength
UV light, which limits the application to rather flat surfaces and thin films. Thioxanthone
groups are sensitive to longer wavelength (A > 360 nm), but cannot solve the problem for
complex surface structures,'” while azides and azo groups can be activated by light as well as
by thermal activation.'®!” The latter is advantageous for systems where the coating is not
accessible to the light source. Use of CHic has been reported for silicon wafers or glass

substrates where a primer layer of functional silanes ensured tight binding to the substrate,'® !°-

2425 and poly(methylmethacrylate) surfaces.?

23 direct grafting has been possible to polystyrene
8 The reports demonstrate the versatility of the CHic technique to fabricate advanced
bioanalytical devices e.g. immunoassays,!” for anticoagulant surface modifications,® and
antimicrobial coatings.?? All examples exploit the introduction of biofunctional molecules or
groups within and by the CHic grafting/crosslinking step, i.e., simultaneous grafting,

crosslinking, and functionalization. However, CHic has not yet been reported for inert materials

like TPX, PVDF or PTFE.

Within this report, we demonstrate a facile method to generate thin hydrogel films on extremely
inert polymer substrates such as TPX, PVDF and even PTFE binding. As the precursor polymer
for the hydrophilic film, we chose poly(vinylacetamide-co-vinylamine) that was partially
substituted by 4-azido-2,3,5,6-tetrafluorobenzoic acid by amidation of a fraction of the
vinylamine comonomers. Poly(vinylacetamide) is a biocompatible very hydrophilic
thermostable polymer that does not segregate from aqueous solution even at elevated
temperatures up to the boiling point of water.?’ The amine functional polymer can be obtained
by formamide-selective acid catalyzed hydrolysis of copolymers from vinylacetamide and
vinylformamide.’*3!3? Hence, amidation of only a part of the amine groups with 4-azido-
2,3,5,6-tetrafluorobenzoic acid yields a polymer with two chemical functionalities, the CH-
inserting nitrene, and the primary amine groups, which can be further modified in aqueous
solution, e.g. by peptide chemistry and Michael-type addition reactions. If this polymer is
applied as an ultrathin or even monomolecular film, it can serve as a primer to enable wetting
and further chemical modification. We chose the fluorinated phenyl azide because it can be
safely handled below 100°C. The azide groups are activated by UV light at 302 nm and are
insensitive against polar protic solvents and even oxygen. The nitrenes react only slowly with
oxygen compared to the insertion into C-H bonds.** Furthermore, it allows selective pre-
functionalization of the polymers by azide-alkyne cycloaddition or azide-thioacid amidation.**
While the C-H insertion mechanism of nitrenes is broadly studied and successfully employed

for C-H insertion crosslinking of polymers, we have been surprised that the precursor polymers
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could also be attached successfully to PTFE, where the grafting can only occur via attack to C-
C and C-F bonds. We further investigated the wetting behavior of the hydrogel coating using
dynamic contact angle measurements and show that the coating resembles a loosely crosslinked

hydrogel where the polymer chains can re-orient once in contact with air or water.
2. Experimental Sectiom

2.1 Materials

N-vinylformamide (NVF) and N-vinylacetamide (NVA) were purchased from TCIL
Methyl pentafluorobenzoate was purchased from abcr. Sodium azide was from Roth.
Magnesium sulfate, triethylamine, and N-hydroxysuccinimide (NHS) were purchased from
Sigma  Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide =~ (EDC) was from
Fluorochem. Rhodamine-B-isothiocyanate was from ChemCruz. All solvents, HCI, and NaOH
were from VWR. All chemicals were used as received except NVF, which was distilled before
usage. Poly(1-methylpenten) (TPX) and poly(vinylidene fluoride) (PVDF) were from
Goodfellow. PTFE foil was from RCT. PVDF and PTFE were washed with CHCl;3, EtOH and
water while TPX with EtOH and water before further modification.

2.2 Methods

Proton NMR spectra were recorded on a Bruker Avance I11-400 FT-NMR spectrometer (Bruker
Corporation, Billerica, MA, USA) at 400 MHz. UV-Vis measurements were performed with a
Jasco V-780 spectrophotometer (Jasco Corporation, Tokyo, Japan) from 200 to 400 nm with a
concentration of 1 mg-mL"! in water. Fourier transformation infrared spectroscopy (FT-IR) was
performed with a Nexus 470 spectrometer (Thermo Nicolet, USA). X-ray photoelectron
spectroscopy (XPS) was performed with a Kratos Ultra Axis (Kratos, United Kingdom). The
samples were excited with monochromatic Al-Kq1 > radiation (1486.6 eV). The resulting spectra
were analyzed with CasaXPS software (Casa Software Ltd., United Kingdom). Confocal Laser
Scanning Microscopy (CLSM) images were taken with a SP-8 (Leica GmbH, Wetzlar,
Germany). Sessile drop contact angles (CA) were measured with a DSA 100 (Kriiss, Germany).
Drops of 10 pL were placed on the sample surface with a rate of 200 pL-s'. After an

equilibration time of 60 s, the CA was determined using a Tangent-2 fitting mode.

Advancing and receding CAs 0 were measured according to the Wilhelmy method*® with a
DCAT 25 (DataPhysics, Germany). For the measurement, polymer foil samples were cut to

3 cm x 3 cm. PTFE and TPX were pre-modified by static coating, i.e. forming a droplet on the
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surface of the foil (see below) (2 mL of the functionalized polymer (2 mg-mL™" in water, 0.1 eq
was carefully spread over the surface and the samples were treated afterward with UV at 302 nm
for 20min.). The samples were spin-coated (see below, 750 pL of the functionalized polymer
(5 mg-mL! in MeOH, 0.025 eq) were added slowly on the surface while spinning at 3000 rpm
with a subsequent UV treatment at 302 nm for 20min). Samples were thoroughly washed with
water after each UV treatment and coated on both sides. The immersion depth was set to 8§ mm
with a motor speed of 0.5 mm-s™. Up to 5 cycles were performed in water, or to validate the
amphiphilic behavior in n-hexadecane. The linear regime was fitted with a linear fit and the

contact angle was calculated with the Wilhelmy equation (1).
— -1,M9
6 = cos (GL) (1)

With m being the mass extrapolated from the linear regime to zero immersion depth, g the

gravity, o the surface tension, and L the circumference of the sample.
Spin-Coating

Spin coating was performed with a Convac 1001s (Convac GmbH, Germany). Unless otherwise
noted 300 pL of the functionalized polymer (5 mg-mL! in MeOH, 0.025 eq) were added slowly
on the surface while spinning at 3000 rpm. Afterward, the samples were UV treated in a CL-
1000 Ultraviolet Crosslinker (UVP, Germany) for 20 min at 302 nm. Finally, the samples were

washed thoroughly with water and EtOH for at least 30 s and dried in a filtered nitrogen stream.
Fluorescent Labeling

The samples were incubated with a solution of rhodamine-B-isothiocyanate in water (4 pg-mL"
!, 1 h). Afterward, they were washed thoroughly with water and EtOH for at least 60 s and dried

in a filtered nitrogen stream.
Synthesis of P(VAm-co-VAA)

The detailed synthesis is described elsewhere.’® Briefly, N-Vinylformamide (NVF) (3.64 g,
51.2 mmol, 1 eq), N-vinylacetamide (NVA) (6.36 g, 51.2 mmol, 1 eq), and VA044 (331 mg,
0.51 mmol, 0.01 eq) were dissolved in water (90 mL) and degassed by at least three freeze-
thaw cycles. The reaction mixture was stirred at 60 °C for 20 h. The product was precipitated
in acetone, re-dissolved in water and lyophilized. The formamide group was selectively
hydrolyzed by dissolving the polymer in NaOH (2 M, 500 mL) and refluxing at 80 °C for 4 h.
The reaction mixture was neutralized and dialyzed for one week against water (SpectraPor,
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MWCO 3.5 kDa). After dialysis, ion exchange was performed to remove residual chloride ions

(Ampersep® 900). The product was obtained by lyophilization.

"H NMR (400 MHz in D20, & in ppm): 1.35-1.75 (-CHz backbone), 1.75-1.95 (-CH3), 3.0-4.0
(-CH backbone), 7.5-8 (-CHO)

SEC: My = 5.6:10* g'mol™!, My = 1.2:10° g'mol!, PDI = 2.2
Synthesis of 4-Azido-tetrafluorobenzoate

Methyl pentafluorobenzoate (4.02 g, 17.8 mmol, 1eq) was dissolved in an acetone/water
mixture (2:1, 45 mL). Sodium azide (1.5 g, 23.1 mmol, 1.3 eq) was added and the mixture
refluxed at 85 °C for 6 h. After the reaction, the reaction mixture was cooled down to room
temperature, diluted with water (75 mL), and extracted with Et;O (3 x 75 mL). The combined
organic phases were dried with anhydrous MgSO4 and the solvent was removed in a vacuum.

Yield: 3.4 g (=76.7 %)

'"H NMR (400 MHz in CDCI3): & 3.95 (s, 3H)

13C NMR (100.6 MHz in CDCls): § 53.4, 107.67, 123.5, 139.2, 141.9, 144.2, 146.6, 159.9
F NMR (376.5 MHz in CDCl3): § -151.1, -138.8

Synthesis of 4-Azido-tetrafluorobenzoic acid

4-Azido-tetrafluoromethylbenzoate (2 g, 8.03 mmol) was dissolved in NaOH (3.2 mL, 20 wt%)
and Methanol (40 mL). The mixture was stirred overnight and subsequently acidified with HCI
(2 M) to a pH lower than 1. The mixture was extracted with CHCl3 (3 x 40 mL), the organic

phases dried with anhydrous MgSO4 and the solvent evaporated in vacuo.

Yield: 1.27 g (=67.2 %)

3C NMR (100.6 MHz in DMSO-d6): & 108.5, 122.7, 138.9, 141.6, 143.1, 145.7, 160.2
F NMR (376.5 MHz in DMSO-d6): & -151.7, -141.4

Synthesis of N-succinimidyl 4-azido-tetrafluorobenzoate

4-Azido-tetrafluorobenzoate (0.25 g, 1.06 mmol, 1eq) was dissolved in DCM. NHS
(230.15 mg, 1.06 mmol, 1eq) and EDC (245 mg, 12.8 mmol, 1.2 eq) were added and the
solution was allowed to stir overnight. This was followed by the addition of 35 mL DCM and
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50 mL water and stirring for another 40 min. The organic phase was washed with water
(5 x 50 mL) and brine (3 x 10 mL). The mixture was dried with MgSO4 and the solvent was

removed in vacuo.

Yield: 326.9 mg (92.8 %)

"H NMR (400 MHz in CDCl3): § 2.85 (s, 4H)

F NMR (376.5 MHz in CDCls): § -149.9, -133.6

Functionalization of p(VAm-co-VAA) with N-succinimidyl 4-azido-tetrafluorobenzoate

P(VAm-co-VAA) (500 mg, 3.94 mmol amino groups) was dissolved in MeOH (25 mL). N-
succinimidyl 4-azido-tetrafluorobenzoate (130.9 mg, 0.394 mmol, 0.1 eq/-NHz) was dissolved
in EtOH and added dropwise to the solution. TEA (250 pL) was added and the solution was
allowed to stir overnight. The product was precipitated in cold diethyl ether, re-dissolved in
water, and lyophilized. The other prepolymers (azide/amine = 0.075, 0.05, and 0.025) were

prepared in a similar manner.
Pre-Modification of PTFE and TPX

PTFE and TPX foils were cut in a square shape (2 cm x 2 cm). 800 puL of the functionalized
polymer (2 mg-mL! in water, 0.1 eq) were added to the surface and carefully spread. The
samples were UV-treated in a CL-1000 Ultraviolet Crosslinker (UVP, Germany) for 20 min at
302 nm. The liquid phase was removed after UV treatment and the samples were washed with

water and EtOH.
Crosslinking of PFPAq.025-co-PVAm in Krytox GPL 101

P(VAm-co-VAA) with an azide/amine ratio of 0.025 (PFPAy.025-co-PVAm) was dissolved in
MilliQ® water and added to a 10-fold volume of Krytox® GPL101 oil (DuPont, USA). The
mixture was subjected to ultrasonication using an ultrasonication finger (Sonifier W-250 D,
10% amplitude, 20 s, G. Heinemann) to form a stable emulsion. The emulsion was subjected to
UV irradiation at 302 nm for 20 min as described above. Subsequently, the crosslinked gel-like
structure was purified using a 0.1 pm PVDF filter to remove residual Krytox® oil and washed.
The residue was taken up in the water, isolated after lyophilization as a brown solid, and

analyzed via FT-IR spectroscopy.
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3. Results and Discussion

Scheme 6.1 shows the polymer synthesis that was used to apply a hydrogel coating to substrates
TPX, PVDF and PTFE. The polymer was prepared by free radical co-polymerization of N-
vinylacetamide and N-vinylformamide. Subsequent selective acidic hydrolysis of the
formamide groups yielded free amine groups. A fraction of those was reacted with
N- succinimidyl 4-azido-tetrafluorobenzoate to yield the nitrene functionalized copolymer of

vinylacetamide and vinylamine (Scheme 1).
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Scheme 6.1. Reaction pathway to synthesize the prepolymer and representation of the proposed CHic

reaction.

Table 6.1 gives an overview of the polymers, which were employed for the preparation of the
coatings. They are all based on the same parent P(VAm-co-VAA) sample, which was prepared
by free radical polymerization as described before.* The molecular weight of P(VAm-co-
VAA) M; (SEC) = 5.6:10* g'mol™! corresponds to an average degree of polymerization of DP
= 670. Because of the nearly ideal co-polymerization kinetics of the two monomers, we assume

homogeneous composition of all polymer chains.*
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Table 6.1. Theoretical average number of repeat units between two azides in one polymer (Ngy),
theoretical average molecular weight between two azides (Ma,), the theoretical average number of
azides (Nq) per polymer (based on the number average molecular weight of the polymer obtained by
SEC) for the theoretical amine/azide ratios, and the experimentally determined azide/amine ratio by
IR

Azide /Amine  Ngy Maa Na Experimentally?
[g:mol?]

0.1 ~ 20 ~ 1270 ~47.2 0.1!

0.075 ~30 ~ 1905 ~31.5 0.075

0.05 ~ 40 ~ 2540 ~23.6 0.044

0.025 ~ 80 ~ 5080 ~11.8 0.028

The ratio between N-vinylformamide and N-vinlyacetamide was determined by 'H-NMR in
agreement with the monomer ratio employed (1:1). After hydrolysis of the N-vinylformamide
units, the analysis of free amine groups corresponded to the original fraction of formamide
groups. Substitution by azido tetrafluorobenzamide units was chosen to vary between 2.5 and
10 % of the amine groups corresponding to 20-80 monomer units between the crosslinking
azide substituents (see Table 6.1). The number of azide groups per chain was a minimum of 10.
Experimentally, the azide content was semi-quantitatively verified by the ratio of the IR

intensities of the azide vibration (variable) and the amide vibration (Figure 6.1).
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Figure 6.1. a) UV-Vis spectra of the starting materials and the crosslinker, b) IR spectra of
P(VAm-co-VAA) and c) IR spectra of the crosslinker in different Azide:Amine ratio.

In the following, we refer to the azide-functionalized poly(vinylamide-co-vinylamine)s as
prepolymers. For the preparation of a hydrophilic coating, we spin-coated TPX, PVDF and
PTFE substrates by methanolic solutions of the polymer and immediately exposed to UV
irradiation at 302 nm (the absorbance of the crosslinker is indicated in Figure 6.1a). This leads
to the activation of azide to yield the highly reactive nitrenes. For all different substrates, we
had to avoid dewetting during the deposition of the polymer when the solvent evaporated. To
optimize the surface coating, PVDF was chosen as the substrate in the first instance. With
36 mN/m the surface energy of PVDF is the highest of the three polymers compared to y =
25 mN/m nd y = 19 mN/m for TPX and PTFE respectively.*® Spin coating was varied for
solvent, rotation speed, concentration, volume added, and azide to amine ratio of the

prepolymer (Figure. S3).
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Figure 6.2. Sessile drop CA (H2O, volume: 10 pL, equilibration time: 60 s, n=5) of PVDF
foils varying a) the solvent (rotation speed 1000 rpm, volume: 200 pL, azide:amine ratio: 0.1),
b) the rotation speed (solvent: MeOH, volume: 200 pL, azide:amine ratio: 0.1), the volume
(solvent: MeOH, rotation speed 3000 rpm, azide:amine ratio: 0.1), and the azide:amine ratio

(solvent: MeOH, rotation speed 3000 rpm, volume: 300 pL).

The coated PVDF samples were subsequently irradiated for 20 min with UV light at 302 nm
and thoroughly washed with water and EtOH. Afterward, the hydrophilization was tested by
the advancing contact angle against the water with the sessile drop method (Figure 6.2). A
minimum contact angle of 19° was found for the prepolymer with an azide to amine ratio of
0.025 when applied in MeOH solution with a polymer concentration of 5 mg-mL"! by a volume
of 75 uL-cm™ and a rotation speed of 3000 rpm. Such a low contact angle indicates the
formation of a homogeneous, thin hydrogel layer that cannot be washed away by ethanol, which

is a good solvent for the prepolymer.

When we used the same procedure to coat TPX and PTFE, we measured rather high contact
angles of 108° and 115° against water, indicating either no or only very incomplete coverage

by a hydrogel. In order to exclude the poor hydrophilization that was caused predominantly by
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dewetting, we deposited the prepolymer in two steps. In the first step, a droplet of the
prepolymer in water (azide to amine ratio: 0.1, concentration 2 mg-mL) was applied to the
sample and crosslinked by UV to form a pre-layer. Subsequently, a second layer of the
prepolymer (azide to amine ratio: 0.025, concentration 5 mg-mL™") was applied by spin coating
and irradiated by UV-light. The improvement of the wetting by water with contact angles of
15° and 45° against water for TPX and PTFE respectively indicates that the originally bad

results must be assigned predominantly to dewetting during spin coating.

Figures 6.3 a) and b) depict optical micrographs of untreated and hydrophilized tiles of PVDF,
TPX and PTFE. In all cases, the coating was colorless and invisible as expected for a very thin
film. To visualize the coatings and demonstrate the accessibility of free -NH> groups, we labeled
the coating by treatment with an aqueous solution of rhodamine-B-isothiocyanate. The
fluorescent dye attaches readily to the free amine groups in the coating and the coating
formation can be observed by confocal laser scanning microscopy (CLSM), with a voxel
resolution of 300 nm (Figure. 6.3 c). As can be seen from Figure. 2¢ all the three substrates
show prepolymer coating labeled with rhodamine (red). Of all the three substrates used, TPX
which has a tertiary hydrogen atom in the side chain is the most suitable candidate for CHic
insertion reaction. Coating PVDF is comparatively difficult because of the electron-
withdrawing effect of the CF> groups which renders the C-H less nucleophilic, still, due to the
high reactivity of nitrene, the insertion could be achieved. The image of the coating on PVDF
shows lamellar scales of the semicrystalline PVDF which are covered by the red fluorescent
hydrogel. The prepolymer attached predominantly to the edges of the lamellae, nevertheless,
flat areas in between the edges, also show homogeneous coating as indicated by the even

fluorescence intensity.

However, for PTFE which lacks C-H bonds, C-H insertion is considered not feasible. For the
reaction to occur, the electrophilic nitrene must orient to the C-F insertion which, due to the
electron-deficient carbon center is difficult. But in Figure 6.3 ¢), we see the rhodamine thio-
isocyanate got bound to the surface rather evenly indicating homogeneous coating of the amine
groups containing prepolymer. The image of the PTFE sample with fibrous type surface

structure is typical for a surface of PTFE that was exposed to some shearing force.
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coated

Figure 6.3. a) and b) Photographs of the blank and coated pieces of TPX, PVDF, and PTFE
foil respectively, showing that the coating is nearly invisible, and c¢) Confocal laser scanning
microscopy images of the respective coated samples stained with rhodamine revealing the

accessibility of free primary amine groups. The scale bar indicates 100 um.

To investigate the binding of the hydrophilic coating to the substrate we exposed the samples
to a 4 h Soxhlet extraction with methanol. This is a rather rigorous extraction procedure during
which non-covalently bound components get extracted about 50 times by hot freshly distilled
methanol. For this, the samples were immersed into the hot methanol and rinsed off after about
5 min. After the extraction process, the samples were washed with water and fluorescently

labeled with rhodamine-B-isothiocyanate.
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PVDF PTFE

Figure 6.4. CLSM images of coated TPX, PVDF, and PTFE after treatment in a Soxhlet

apparatus for 4 h in MeOH and staining with rhodamine-B-isothiocyanate. The coating is still

intact and the amine groups are accessible. The scale bar represents 100 pm.

The confocal laser scanning microscopy images (CLSM) in Figure 6.4 a-c) depict the same
staining effect of the surface as it is shown in Figure 6.3. For comparison, we show in Figure
6.5 images of the polymer surfaces which were exposed to the same extraction and fluorescence

labeling processes, but not treated by the prepolymer before.

TPX PVDF PTFE
100 pm

Figure 6.5. Confocal image of the polymer substrates after UV treating the surface with

prepolymer devoid of azide functionality and staining with rhodamine-B-isothiocyanate. The

scale bar represents 100 um

Since the fluorescence staining only demonstrates that the surfaces treated with prepolymer can
be stained more efficiently than the blank polymer surfaces, it provides rather indirect evidence
for the attachment of the hydrogel layer. Thus, we took additional efforts to investigate the
grafting of a thin hydrogel layer and to analyze the chemical composition of the surface by X-
ray photoelectron spectroscopy (XPS). XPS was performed after Soxhlet extraction in all cases.
Figure 4 depicts the high-resolution Cls spectra of all the three coated foils that show
characteristic C-N and C-O peaks arising from P(VAm-co-VAA). Further, on comparison of
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high-resolution XPS spectra for TPX, PVDF and PTFE, we see the presence of C-F signal at

288 eV arising from prepolymer backbone in TPX showing the coating stability. While in the

case of PVDF and PTFE the C-F signal is reduced by 16% and 48% respectively. The C-F

signals in PVDF and PTFE are predominantly from the polymer substrate and reduction of the

signal intensity again proves the presence of stable hydrogel coating on the substrate ((Figure

6.6 a-c), Table 1). The N/O ratio of the prepolymer on TPX, PTFE, and PVDF was calculated

in the range of 0.8 to 1.2 (Table 6.2). In comparison to the native ‘prepolymer,’ the high oxygen

content of the coatings can be due to its reaction with molecular oxygen.?’
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Figure 6.6. XPS survey and high-resolution C spectra of a) TPX, b) PVDF, and c) PTFE after

soxhlet extraction

Table 6.2. Chemical composition of the blank and coated foils determined by XPS

Surface C N (0] F
[atom %] [atom %] [atom %] [atom %]
TPX control 100 0 0 0
TPX coated 66.8 5.5 9.4 18.4
PVDF control 53.1 0 0 46.9
PVDF coated 69.3 7.6 15.4 7.7
PTFE control 36.1 0 0 64
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PTFE coated 533 6.8 8.8 31.1
Prepolymer! 65.5 21.1 11.3 2.1

Briefly, in the following paragraph are some possible side reactions in aqueous phase discussed
and visualized in Figure 6.7: UV-treatment of the crosslinker in water leads to a color change
from colorless to brownish. The color change indicates that to some extent the singlet nitrogen
underwent ISC to the triplet nitrene which forms azo-compounds. The brownish liquid phase
was further analyzed by UV-Vis and FT-IR spectroscopy. In UV-Vis a bathochromic shift is
visible which is caused by the azocompounds. In FT-IR there is a small band at 1411 cm™,
which is related to the N=N stretching of a trans-azo compound. At 1720 cm™ there is a new
band, which has been reported by Meijer et al.*®: The intramolecular addition reaction of the
singlet nitrene to the aromatic ring leads to the formation of a reactive ketenimine, which
polymerizes to poly-1,2-azepines. The signal was deduced to simultaneous photo-oxidation of
the polymer.®® However, it is noteworthy that the substitution of an alkene with two amine
groups can shift the absorbance to higher frequencies. Thus, also the C=C vibration might be
responsible for the band.** Furthermore, there are two strong signals at 1510 and 1329 cm™ .
These are attributed to the asymmetric and symmetric stretching vibration of nitro-moieties.
These are formed by the reaction of triplet nitrene with molecular oxygen as the water for the
reaction was not degassed.*’ Furthermore, the amide vibration is changed, i.e. the amide I band

is shifted to lower frequencies. This might be attributed to hydrogen bonding.
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Figure 6.7. UV-Vis spectra (a) of the prepolymer and the prepolymer after reaction and their

respective IR-spectra (b) and (c). The reaction scheme of ISC to the triplet nitrene with the

following dimerization is shown in (d), an intramolecular addition to a ketenimine and the

following polymerization is shown in (e), and ISC with subsequent oxygen addition is shown

in ().

To further ascertain the grafting of the prepolymer onto PTFE, we conducted a model

experiment where a stable w/o emulsion of 5 wt% of PFPA¢.025-co-PVAm in water with a

perfluorinated oil (Krytox® GPL101) was prepared at a ratio of 1:14 (Figure 6.8).
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a) Before emulsification b) After emulsification  c) After crosslinking
: iy o~
A

Figure 6.8. Photographs of a) 5 wt% of PFPA¢.025-co-PVAm in water added to Krytox®
GPL101, b) after emulsification and c) after crosslinking procedure indicates the formation of

a gel-like structure.

The rationale behind this experiment was to examine the grafting of the fluorinated oil on the
polymer gel upon UV irradiation (Figure 6.9). After UV irradiation, the gel was purified and
dried. Comparing the IR spectra of the dried network with the prepolymer and the fluorinated
oil, we found that the absorption originating from the characteristic C=0 stretching and N-H
stretching at 1640-1550 cm™! of the N-vinylamides was still present in the emulsion crosslinked
gel (Figure 6.9 b). However, the intensity of C-F stretching absorption at 1200-1000 cm’!
increased significantly, indicating incorporation of the perfluorinated oil into the network. Due
to the overlap with signals of C-F stretching, a distinct verification of the formation of N-F
bonds is difficult, especially with the low molar ratio of theoretical N-F to C-F bonds present
in both the oil and the prepolymer. Following our observation of the strong adhesion onto PTFE
substrates as well as crosslinking within an emulsion with a perfluorinated oil and subsequent
analysis, we hypothesize the formation of N-F bonds and due to the proximity of the electronic
environment of the fluorine and the nitrene radical, an attractive electronic interaction cannot
be ruled out.*! However, a more detailed molecular analysis will be necessary in the future with

more simplistic model compounds.
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Figure 6.9. a) Schematic representation of the investigation of crosslinking of PFPA-co-PVAm
within an emulsion with perfluorinated oil. b) FT-IR spectra of PFPA-co-PVAm, Krytox®
GPL101 and crosslinked polymer in a water/perfluorinated oil emulsion indicate the integration

of perfluorinated oil within the crosslinked hydrogel network.

The ability of the grafted hydrogel to prevent protein adsorption is associated with the steric
repulsion caused by the perturbation that the protein molecules generate when in contact with
the hydrogel layer. For effective prevention of protein adsorption surface density of the
hydrogel layer is more critical than the thickness. As the surface coverage increases, loosely
crosslinked polymeric chains start to repel each other and stretch out to avoid polymer-polymer
repulsion and generate an entropic barrier which makes the adsorption of protein

thermodynamically unfavorable.*?

To investigate the wetting behavior of the coatings Wilhelmy balance method was used (Figure.

6.10a). In this method, the force is measured which is needed to immerse (advancing CA) or
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remove (receding CA) a sample from a liquid (Figure 6b). This force is related to the CA via

the Wilhelmy equation (1). Unless otherwise stated water was used as the liquid phase.
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Figure 6.10. a) Advancing, receding, and sessile drop CA from blank and coated TPX, PVDF,
and PTFE. It is visible that the functionalization hydrophilizes the surface. b) Schematic
representation of the principle of the Wilhelmy balance and a graph showing that negative
weights refer to hydrophobic CAs, while positive weights refer to hydrophilic CAs. ¢) and d)
Exemplary graph of coated PTFE with multiple cycles performed using the Wilhelmy balance
with changing the waiting time between the cycles from 0 s to 60 s. The graph shows the wet
advancing CA. The arrow in c) indicates the difference between the dry and the wet advancing

CA. e) The development of the wet advancing CA for the coated samples. With increasing
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waiting time, a plateau is reached which is in the range of the dry advancing CA. f) proving the

amphiphilicity of the coating by using n-hexadecane as a solvent for coated and blank PTFE.

As can be seen from Figure 6.10a, the coating altered the surface properties of the foils, and all
coated samples tend to have the same values for the advancing CA (~ 95°) and receding CA (~
15°) resulting in a very high CA hysteresis of ~80° in comparison of the controls. This was also
apparent when static CA measurements were performed using the sessile drop method.
Interestingly, when the CAs obtained by the Wilhelmy balance method were compared with
those determined by the sessile drop method, it was found that the sessile drop CA for the blank
foils was close to the advancing CA and the one for the coated samples was close to the receding
CA. Taking the hydrophilicity of P(VAm-co-VAA) into account the advancing CAs of the
coated samples are unexpectedly high.>** This leads us to conclude that the wetting behavior
of the coating was influenced by the swelling and/or re-orientation of the polymer chains. This
was ascertained by tracking the CA for the coated samples by the sessile drop method as a
function of time (Figure 6.11). As can be visualized that although a decrease in contact angle
was observed, this decrease was not instantaneous but rather in a timeframe of several seconds.
To further analyze this, five subsequent cycles of CA measurements were performed with the
Wilhelmy balance (as shown in Figure 6.10c). It is visible that for coated samples, the
advancing CA decreases as soon as the surface is wetted (cycle 2). This means the CA hysteresis
has a kinetic factor and the advancing CA depends on the wetting history of the sample. We
refer to this as “wet advancing CA”. However, the receding CA remained unaffected by the
wetting history and the differences between the 2™ and the following cycles were negligible,
which shows that once swollen the wetting behavior of the coating is not affected. In the dry
state, because of low crosslink density (azide to amine ratio, 0.025:1), the hydrophobic
backbone of P(VAm-co-VAA) is directed towards the air to reduce the surface tension, while
when in contact with water there is a fast re-orientation of the functional hydrophilic groups of
polymer chains rendering the surface more hydrophilic indicating formation of a loosely
crosslinked hydrogel layer. This also confirms our previous observation that the lower the azide
to amine ratio, the higher is the surface hydrophilicity which means a higher probability of
rearrangement in the hydrogel layer, and a higher degree of swelling, indicating a scenario like
the highly swollen open structure of a hydrogel film with diffused outer boundary and well
solvated inner chain segments. Similar behavior has been reported for PMMA,***" where the

segmental motion of the polymer chains was observed at the water polymer interface. Upon
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contact with water, the initial hydrophobic surfaces turn more hydrophilic due to the re-
organization of the carbonyl-groups within seconds.** Additionally, this behavior was also
shown for 2-hydroxy ethyl methacrylate/styrene block copolymers, where the CA hysteresis

depended on the wetting history of the surface.*®

To quantify this re-orientation time a waiting time between each cycle was introduced ranging
from 0-60 s which is in the timescale as previously shown for PMMA.* The measurement was
halted when the sample was completely immersed or removed from the water phase (Figure.
6.10d). In Figure 6.10¢) the wet advancing CA is plotted against the waiting time. As can be
seen from the graph that the re-orientation time is related to the film material and decreases
from TPX (fast transition) to PVDF and PTFE (slow transition). This can be already seen from
the initial wet advancing CA (waiting time 0 s), which also decreases from TPX (81.1° = 2.1°)
to PVDF (72.5° = 0.8°) and PTFE (39.2° £ 2.0°). The re-orientation is related to the mobility
of the polymer chains, which in turn depends on the crosslinking density and the texture of the

surface (Figure 6.1c¢).
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Figure 6.11. Sessile Drop Contact Angle development in dependence on time for a TXP foil.

The hypothesis of re-orientation can be verified by changing the medium from water to non-
polar solvents such as n-hexadecane. If the hydrophobic polymer backbone is directed to the
air, the sample will show a lipophilic behavior, which was tested for coated PTFE samples. In
fact, due to the coating, the sample became more lipophilic than the blank PTFE as shown in
Figure 6.10f (advancing CA 29.4° £+ 5.0° and receding CA 7.0° + 0.7° for the coated sample vs
advancing CA 54.8° £ 0.8° and receding CA 16.8° £ 3.4° for the blank sample).
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Figure 6.12. a) Time-dependent plot of the Wilhelmy balance for PTFE with a waiting time of
60 s. When immersed in the water phase the weight increases indicating swelling, while the
weight only slightly decreased when removed from the water. b) The increase of the weight
during the waiting time is transferred to the respective CA via equation 1. A higher decrease of

the CA is correlated with a higher degree of swelling.

We further investigated the swelling behavior of the coating with respect to changes in waiting
time in the water phase, between the advancing and receding CAs (Figure 6.12a). As can be
seen from Figure 6.12a the weight was increased with a change of waiting time from 0 to 60s,
indicating the swelling of the hydrogel film. The swelling gives an indirect trend for the
thickness of the coating for a given crosslink density and the underlying layer material. In this
case, the actual thickness is comparatively difficult to measure due to the surface structure of
the foils. To correct differences, arising from the sample geometry the weight was transferred
to the CA via equation 1 as shown in Figure 6.12b. The order of swelling obtained by the
Wilhelmy balance shows TPX> PTFE> PVDF.

Conclusion

In this work, we show a fast and facile method to generate a stable, hydrophilic, and functional
hydrogel coating onto PTFE, PVDF, and TPX under ambient conditions. The presence of
accessible primary amine in the hydrogel allows flexible post-modification. While TPX is rich
in C-H bonds, PVDF has less, and PTFE has none of it. Moreover, in none of the polymer
substrates N-H or C=C bonds are present. The absence of C- H bonds in PTFE raises the
question of whether the film is chemically or physically bound to the foil. A chemical bonding
in PTFE would require the insertion of the nitrene in the C-F bond. In the case of PTFE since

the abstraction of the hydrogen atoms is not possible a stable hydrogel coating on the surface
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of these polymers can only result from N-F bond formation. Non-covalent hydrophobic

interactions of the tetrafluoro phenyl group on the PTFE surface is ruled out as it can unlikely

form a stable hydrogel coating in the context of our polymer composition. In such a case,

the

swelling of the hydrogel layer will lead to a strong increase in the volume of this coating, which

will induce stress not only normal to the surface but also within the plane of the surface,

eventually delaminating the complete layer or parts of it. To the best of our knowledge, there

are no studies that explore the C-H insertion for fluorinated polymers.

By using dynamic contact angle measurements at the air-water interface, we showed that

the

coating resembles a loosely crosslinked hydrogel layer where the polymer chains can re-orient

once in contact with air or water. In future works, the primary amine concentration of

coating will be tailored for bio-functionalization.
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