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Abstract

1  Abstract

For almost 100 years, plastics have gained an increasingly important role in industrial
applications and in private households. Within the last decade, more and more
conventional materials have been replaced by different types of plastics. The durability
and versatility of established plastics is both their advantage and disadvantage. On the
one hand, they can be used for long-term applications and behave very durable, but on
the other hand, they get into the environment and cause heavy, long-lasting pollution due
to their fragmentation to microplastics and/or release of toxic compounds. Thermosets
represent a group of high-performance plastics, which represent cross-linked and
non-recyclable polymers that have been disposed of thermally so far. A solution to this
problem is the implementation of dynamic, covalent bonds, which enable reprocessing
through a thermally-induced exchange reaction of the cross-linking points. These
dynamically cross-linked polymers are called permanent covalent adaptable networks or
vitrimers and enable applications such as malleability, weldability, or grinding and
compression molding. In the last decades, research and development have been
increasingly working on solutions to these problems. Solutions include the improvement
of recyclability, using renewable raw materials or biodegradable materials as feedstocks.
The main part of this work represents the synthesis and characterization of vinylogous
urethane vitrimers polymerized by the condensation reaction of acetoacetates and primary
amines. Within three publications and unpublished results, numerous different vitrimers
were investigated to understand the influence of various synthetic parameters on the
cross-linking chemistry, the mechanical properties, and in particular the reprocessability
of the vitrimers. The studies were carried out to further understand and improve the
vitrimers properties and customize them for certain processing methods and composite
materials within the scope of the collaborative research center SFB986 - area A. Area A
is inspired by nacre-like, natural materials and aims to synthesize thermoreversible,
hierarchical composite materials based on inorganic-organic composites with high loads
of inorganic particles and outstanding mechanical properties. This work was integrated
into subproject A2 and was in charge of the development of the organic phase, which
includes the synthesis of suitable thermoreversible polymers and ligands. Factors such as

the stereoisomerism of the vinylogous urethane bond in different solvents, the use of
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different acetoacetate to amine ratios, catalysts, different monomers with respect to the
backbone and the nucleophilicity of the amine, cross-linking densities and additional
heteroatoms in the network were explored. Through in-depth characterization of these
networks, crucial trends and correlations were identified, which influence the
thermomechanical properties. In particular, heteroatoms in the monomer backbone, a
high excess of amines, highly nucleophilic amines, a high concentration of functional
groups, low crosslinking densities, the use of long-chained monomers and the use of
catalysts were identified as accelerating factors for the transamination reaction. The
choice of solvents and raw materials was led by a strong focus on utilizing bio-based and
non-toxic substances to improve the established reactions and reduce the carbon footprint.
The knowledge gained was used in the preparation of composite materials, some of them
were synthesized in the scope of this work and some were developed in cooperation
projects.

Within the framework of the SFB 986 - area A, thermoreversible composite materials
were developed, which improve the mechanical properties of the pure polymers and
enable the incorporation of functional components such as magnetic nanoparticles,
supramolecular natural granules or anisotropic inorganic platelets. As a part of this,
biodegradable polymer-polymer composites of starch, nacreous inorganic-organic
composites of aluminina oxide, and magnetic inorganic-organic nanocomposites of
iron-oxide particles were prepared and analyzed. Moreover, a phosphonic acid ligand
bearing an acetoacetate group was developed and used to bind the interface of iron-oxide
nanoparticles to the vitrimers. It was found that the mechanical properties of the
composites, e.g. the elastic moduli and tensile strengths greatly increased while
maintaining the characteristic reprocessability of the vitrimers. Furthermore, it was shown
that the particles could be aligned within the material by heat compression, enabling a
solid-state postmodification within the anisotropic material. Magnetic, elastomeric or
thermosetting composites, on the other hand, offer potential opportunities in the fields of
high-performance materials, sensoric or robotic technologies. Furthermore, a first
hierarchical vitrimer composite was successfully synthesized by using iron-oxide
nanoparticle clusters. This work offers an in-depth understanding of the crucial factors in
the recyclability of vinylogous urethane vitrimers and the incorporation of particles to

prepare composite materials. Moreover, the results offer future potential for the
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development of smart and high performance, yet reprocessable materials for other

applications.



Zusammenfassung

2  Zusammenfassung

Seit fast 100 Jahren spielen Kunststoffe eine immer wichtigere Rolle in industriellen
Anwendungen und in privaten Haushalten. In den letzten zehn Jahren wurden immer
mehr herkdmmliche Materialien durch verschiedene Arten von Kunststoffen ersetzt. Die
Langlebigkeit und Vielseitigkeit etablierter Kunststoffe ist sowohl ihr Vorteil als auch ihr
Nachteil. Einerseits konnen sie fiir langfristige Anwendungen eingesetzt werden und
verhalten sich sehr langlebig, andererseits gelangen sie in die Umwelt und verursachen
durch ihre Fragmentierung in Mikroplastik und/oder die Freisetzung giftiger Substanzen
eine starke, lang-anhaltende Verschmutzung. Duroplasten stellen eine Gruppe von
Hochleistungskunststoffen dar, bei denen es sich um vernetzte und nicht recycelbare
Polymere handelt, die bisher thermisch entsorgt wurden. Eine Losung fiir dieses Problem
ist die Implementierung dynamischer, kovalenter Bindungen, die durch eine thermisch
induzierte Austauschreaktion der Vernetzungspunkte eine Reprozessierung ermdglichen.
Diese dynamisch vernetzten Polymere werden als permanente kovalente
anpassungsfahige Netzwerke oder Vitrimere bezeichnet und erméglichen Anwendungen
wie Verformbarkeit, Schweillbarkeit oder Schleif- und Formpressen.  In den letzten
Jahrzehnten haben Forschung und Entwicklung verstédrkt an Losungen fiir diese Probleme
gearbeitet. Zu den Losungen gehdren die Verbesserung der Recyclingfahigkeit, die
Verwendung erneuerbarer Rohstoffe oder biologisch abbaubarer Materialien als
Ausgangsmaterial. Der Hauptteil dieser Arbeit befasst sich mit der Synthese und
Charakterisierung  von  vinylogen  Urethan-Vitrimeren, die  durch die
Kondensationsreaktion von Acetoacetaten und primiren Aminen polymerisiert werden.
Im Rahmen von drei Veroffentlichungen und unveréffentlichten Ergebnissen wurden
zahlreiche verschiedene Vitrimere untersucht, um verschiedene Auswirkungen auf die
mechanischen Eigenschaften und insbesondere die Wiederverarbeitbarkeit der Vitrimere
zu beleuchten. Die Untersuchungen wurden im Rahmen des Sonderforschungsbereichs
SFB986 - Bereich A durchgefiihrt, um die Eigenschaften der Vitrimere weiter zu
verstechen und zu verbessern und sie fiir bestimmte Verarbeitungsverfahren und
Verbundwerkstoffe anzupassen. Bereich A wurde inspiriert von perlmuttartigen,
natiirlichen Materialien und zielt auf die Synthese von thermoreversiblen, hierarchischen

Verbundwerkstoffen auf der Basis anorganisch-organischer Komposite mit hohem Anteil
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anorganischer Partikel und hervorragenden mechanischen Eigenschaften ab. Diese Arbeit
wurde in das Teilprojekt A2 integriert und war fiir die Entwicklung der organischen Phase
verantwortlich, welche die Synthese geeigneter thermoreversibler Polymere und
Liganden umfasst. Dabei wurden Faktoren wie die Stereoisomerie der vinylogen
Urethanbindung in verschiedenen Ldsungsmitteln, die Verwendung verschiedener
Acetoacetat-Amin-Verhéltnisse, Katalysatoren, verschiedene Monomere in Bezug auf
das Riickgrat und die Nukleophilie des Amins, Vernetzungsdichten und zusitzliche
Heteroatome im Netzwerk untersucht. Durch eine eingehende Charakterisierung dieser
Netzwerke wurden entscheidende Trends und Korrelationen identifiziert, die die
thermomechanischen Eigenschaften beeinflussen. Insbesondere Heteroatome im
Monomer-Riickgrat, ein hoher Uberschuss an Aminen, stark nukleophile Amine, eine
hohe Konzentration an funktionellen Gruppen, niedrige Vernetzungsdichten, die
Verwendung langkettiger Monomere und der Einsatz von Katalysatoren wurden als
entscheidende Faktoren fir die Austauschreaktion, bei welcher es sich im die
Transaminationsreaktion handelt, identifiziert. Bei der Wahl der Ldésungsmittel und
Rohstoffe wurde ein starker Fokus auf die Verwendung biobasierter und ungiftiger
Losungsmittel gelegt, um die etablierten Reaktionen zu verbessern und den Kohlenstoff-
FuBabdruck zu reduzieren. Die gewonnenen Erkenntnisse wurden fiir die Herstellung von
Verbundwerkstoffen genutzt, die zum Teil im Rahmen dieser Arbeit synthetisiert und
zum Teil in Kooperationsprojekten entwickelt wurden. Im Rahmen des SFB 986 -
Bereich A wurden thermoreversible Kompositmaterialien entwickelt, die die
mechanischen Eigenschaften der reinen Polymere verbessern und den Einbau von
funktionellen Komponenten wie magnetischen Nanopartikeln, supramolekularen
natiirlichen Granulaten oder anisotropen anorganischen Plittchen ermdglichen. In diesem
Zusammenhang wurden biologisch abbaubare Polymer-Polymer-Komposite aus Stirke,
perlmuttartige anorganisch-organische Komposite aus Aluminiumoxid und magnetische
anorganisch-organische Nanokomposite aus Eisenoxidpartikeln hergestellt und
analysiert. Dariiber hinaus wurde ein Phosphonsiure-Ligand mit einer Acetoacetat-
Gruppe entwickelt und verwendet, um die Oberfiche von Eisenoxid-Nanopartikeln an
die Vitrimere zu binden. Es wurde festgestellt, dass die mechanischen Eigenschaften der
Verbundwerkstoffe, z. B. die Elastizititsmodule und die Zugfestigkeit, stark zunahmen,
wihrend die charakteristische Reprozessierbarkeit der Vitrimere erhalten blieb. Dartiber

hinaus konnte gezeigt werden, dass die Partikel durch Heizpressen im Material
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ausgerichtet werden konnen, was eine Postmodifikation im festen Zustand des
anisotropen Materials ermdglicht. Magnetische, elastomere oder duroplastische
Verbundwerkstoffe bieten dagegen potenzielle Mdoglichkeiten im Bereich der
Hochleistungsmaterialien-, Sensorik- oder Robotertechnologien. Dariiber hinaus wurde
mit Hilfe von Eisenoxid-Nanopartikeln ein erster hierarchischer
Vitrimer-Verbundwerkstoff erfolgreich synthetisiert. Diese Arbeit bietet ein
tiefgreifendes Verstindnis der entscheidenden Faktoren fiir die Recyclingfahigkeit von
vinylogen Urethan-Vitrimeren und die Einbindung von Partikeln zur Herstellung von
Verbundwerkstoffen. Dariiber hinaus bieten die Ergebnisse zukiinftiges Potenzial fiir die
Entwicklung intelligenter und hochleistungsfahiger, aber dennoch wiederverwertbarer

Materialien, die auch fiir andere Anwendungen weiter erforscht werden kénnen.
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3  Introduction

Synthetic polymers are an indispensable part of modern life and are used as materials for
numerous applications in industry or for end consumer products. To name just a few
major areas, polymers are used in construction, transport, communication, household
items, packaging, and many, many more. The dominant use of synthetic polymeric
materials started with the first fully synthetic produced polymer bakelite, which was
invented by Leo Baekeland in 1907 and coined “plastic” for synthetic polymers.! The
plastics industry started to grow rapidly in the 1950s with the availability of cheap and
readily available petroleum as a raw material for polymer synthesis.> 3 The cheap
availability and widely adaptable properties for different applications quickly displaced
established materials and products made from ceramics, metals, or natural products like
wood.* Nowadays, around 380 million tons of plastics per year are consumed worldwide
with a rising perspective. Since 1950, the average annual growth rate between 1950-2017
has been 8.4%.°> Moreover, it is estimated that 8300 million metric tons of virgin plastic
have been produced to date, which of approximately 6500 metric tons have been end up
as plastic waste (2015). Roughly 9% of the plastic waste had been recycled, 12% was
incinerated, and 79% was accumulated in landfills or the natural environment. For 2050
it is estimated, that around 12.000 million metric tons of plastic will have been end up in
landfills or in the natural environment.’

Because of the exploitation of fossil resources, the dramatic pollution of the environment,
and health risks for humans, the massive production of plastics poses a growing problem
for humanity. For this reason, a great focus of research and development in academia and
industry is nowadays on developing novel recycling and production methods, easily
reprocessable polymers, and adapting raw material sources to renewable resources.
Especially, bio-based polymers have been greatly focused in scientific research in the last

decade, with thousands of new publications each year.°®
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3.1 Polymer Classification and Thermoreversible Polymers

Polymers are classified according to their processing and material properties and are
typically divided into thermoplastics and thermosets.” Thermoplastics such as
polyethylene, polypropylene, poly(ethylene terephthalate), polystyrene, and many more
are materials that consist of long, linear or slightly branched polymer chains.
Thermoplastics are held together by non-covalent, intermolecular forces between the
polymer chains, which are overcome at higher temperatures. Therefore, thermoplastics
show a glass transition or melting point above which the polymers behave like a
viscoelastic fluid. This behavior makes them eminently processable and usable in several
mass-produced products.® However, strong mechanical properties, thermal and chemical
resistance are decisive factors for many applications and limit the field of application for
thermoplastics.

Thermosets, such as epoxy resins, cross-linked polyesters and polyurethanes, consist
of covalently bonded, interlinked chains that build a three-dimensional polymer network.
As a result, thermosets show excellent mechanical and chemical properties in terms of
stiffness, dimensional stability, creep- and chemical resistance as well as good
mechanical properties. However, after the network formation, they can no longer be
remolded or reprocessed, which makes, once the polymerization is complete, recycling
very difficult.® 1°

In the past, the established polymer materials were designed to be chemically inert and
exhibit a solid molecular composition. The chemical reactivity of these polymers was
often considered disturbing, and therefore, attempts were made to control it by the
molecular compositions or by adding stabilizers. Due to the growing interest in dynamic
polymer systems, this attitude has changed in recent decades. Properties such as self-
healing, shape memory, reprocessability, stimulability, and adaptability offer a variety of
new applications.!! (Thermo)reversible polymers contain different non-covalent or
covalent cross-linking points, which enable a dynamic behavior of the polymers when a
specific stimulus is applied. Supramolecular polymers are defined as "polymeric
assemblies of monomeric units held together by highly directional and reversible non-
covalent interactions, resulting in polymer-like properties in bulk as well as in solution".!?
In general, supramolecular polymers consist of covalently linked units of arbitrary length,

which in turn are linked together by weaker, non-covalent bonds. Examples of these non-
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covalent interactions are hydrogen bonds, coordination to metal atoms, or -n interactions
of aromatics exemplified shown in Figure 1.'%!® In contrast, covalent adaptable networks
(CANs) represent other types of thermoreversible polymers. The cross-links are of
covalent nature but remain reactive when heat or another stimulus is applied. Reversible
covalent adaptable networks (RCANs) undergo depolymerization by a dissociative
mechanism at elevated temperatures (e.g. Diels-Alder reaction). Permanent covalent
adaptable networks (PCANs) undergo associative exchange reactions, which enable a
reorganization of the cross-linking points at elevated temperatures (e.g. transamination of
vinylogous urethanes). The number of cross-linking points always remains constant
during the exchange reaction, leading to a constant stiffness and dimensional stability of
the material at high temperatures. PCANs are also titled as vitrimers, according to their
inventor Ludwik Leibler.!” This work includes new investigations about vitrimers. The

introductions to CANs, especially PCANSs, are described in detail in the following

chapters.
Thermoreversible
/ networks \
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Hydrogen bonds o
N, O--H-NH N O  H-NH E{O + ﬁiN-R2 (] HN'RZ
Z y ! > =X 1 + HoN'
R'Nr 4 "'“‘"">/_\> : R‘Nr\z/i\("_“ M i N R‘OM ’
N‘&—H»--o/)_ e N_ng—a e N % 2 This work 1L K
-1 Interaction o
R s OH \R?
> > = 1L\ @ N-R? R10Jk/)\ + HoN
e ' s \ J

Figure 1: [llustration of thermoreversible polymer networks based on non-covalent interactions,
e.g., hydrogen bonds, m-n interactions, or metal-ionic interactions. Reversible (RCANs) and
permanent covalent adaptable networks (PCANSs) based on dissociative or associative exchange
mechanisms, e.g., Diels-Alder reaction or the transamination of vinylogous urethane vitrimers.

This work includes results about PCANs (Vitrimers).
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3.1.1 Macroscopic Properties of Vitrimers

The benefit of vitrimers is the combination of the desired properties of classic thermosets
and thermoplastics in terms of their mechanical strength, chemical resistance, creep
resistance and thermomechanical stability while remaining reprocessable and weldable

(Figure 2).

Thermoplastic
Thermoset - Not cross-linked

- Bad chemical resistance

- Bad thermomechanical stability
" 4 A
- Cross-linked Vitrimer - Malleable, creep
- Reprocessable
- Chemical resistance P
i o - Weldable
- Thermomechanical stability I - $—
- Dimensional stability e
- Rubber-like elasticity -
- Not reprocessable/Weldable 1 A ° g:loss_-lmlked_ ;
- Chemical resistance
PN - Thermomechanical stability
@ f 0‘3 - Dimensional stable
N - Rubber-ilke elasticity
-
! - Self-healing/Weldable
- Reprocessable

Figure 2: Illustration of the network structure and the characteristic properties of classic

thermosets and thermoplastics compared to vitrimer networks.

The unique properties of vitrimers lead to remarkable behavior on the macroscopic scale.
Since the exchange reactions usually proceed only at elevated temperatures, the reaction
is unmeasurably slow at the service temperature of many applications (< 50 °C). At this
temperature, the vitrimers behave like a normal elastomer or thermoset, show creep
resistance, chemical resistance, and can be used for high-performance materials, e.g.,
composites.?’?? Vitrimers show stimuli-responsiveness to the temperature and show
viscoelastic properties, which enables various remarkable properties for distinct
applications. For example, vitrimers show therm-adapt shape memory and reshaping at
the same time depending on the temperature, pressure and duration of heating. When the
vitrimer is heated for a short time above the glass transition temperature (7%), set in a new
shape, and cooled down again, the material shows shape-memory when heated above the
Ty again. The temperature and duration of time were too short for the exchange reactions
to proceed. However, when the material is heated for a more extended period of time at a

temperature where the exchange reaction proceeds efficiently, new permanent shapes are
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generated. In addition, self-healing of cracks and cuts is possible by the same mechanism,
enabling the confluence of material.?> 2 Furthermore, mechanical recycling can be
carried out by consecutive grinding and remolding of the materials. The material is cut or
ground into small fragments (e.g. cutting, ball milling) and heat-pressed to a dense film
again, showing similar properties to the previous material.>* 2> 26 The already used and
ground vitrimers can even be mixed with other compounds, e.g. polymers, fillers,
particles, fibers and enable not only recycling but also upcycling.?> ?’ Also chemical
recycling can be carried out in several ways. For example, the vitrimer can be dissolved
by adding a, for the exchange reaction suitable, monofunctional reactant to the material.
Due to the proceeding exchange reactions, the cross-linking density is reduced until the
fragments are soluble. By removing this monofunctional reactant, the cross-linked
material can be regenerated. Another way for chemical recycling is to depolymerize the
vitrimer by promoting the backward reaction using catalysts, e.g. Bronsted acids/bases or
Lewis acids/bases. This method likewise offers the opportunity to isolate the monomers
for separate re-usage in other applications.?> 2*3° A graphical illustration of the

macroscopic properties is shown in Figure 3.

Vitrimers

ol / / | \\

[ Stimuli- Responsweness ping ]
[ Self-Healing Shape-Memory ]
Mechanical/Chemical

Recycling o1, <7, 5T,

nnnnnnnnnnnnnnnnnnnnn

Figure 3: Macroscopic properties of vitrimers. The materials show stimuli-responsiveness, self-
healing, therm-adapt shape-memory, reshaping, mechanical recycling by consecutive grinding

and remolding as well as different chemical recycling routes and recovery of the monomers.

11



Introduction

3.2 Covalent Adaptable Networks

3.2.1 Covalent Adaptable Networks — Exchange Mechanisms

CANs are classified according to their undergoing exchange mechanism. Polymers
reacting by a dissociative pathway are assigned to reversible CANs (RCANs) and show
depolymerization during energy supply, e.g. heat or light. In these networks, the
cross-linking density decreases constantly when energy is applied until the polymer
behaves like a viscoelastic fluid, with a mold as intermediate. In the intermediate state,
the cross-links are predominantly depolymerized and the equilibrium is shifted to the
monomers (e.g. Diels-Alder reaction). Polymers reacting by a concerted or associative
mechanism are called permanent CANs or vitrimers and show no depolymerization

during energy supply (e.g. transesterification reaction).

a. CONCERTED MNR: theoretically ideal bond exchange for vitrimers
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Figure 4: Scheme of the stepwise exchange pathway of CANs based on dissociative, concerted
or associative mechanisms triggered by energy supply (left). Scheme of the energy course during
the exchange mechanism (right). The black circles and blue squares represent different reactants
of a bimolecular reaction, while a free black circle indicates a free functional group, which can
initiate the exchange reaction (AG® = activation energy, AG* = free enthalpy to transition state,
TS = transition state). Reproduced from Ref. Polym. Chem., 2019, 10, 6091-6108 (DOI:
10.1039/C9PY01260E) with permission from the Royal Society of Chemistry.'!
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The number of cross-linking points always remains constant, which leads to a molecular
network rearrangement (MNR) in the materials without the intermediate state of a mold.
The number of cross-linking points always remains constant, making these networks
permanent as well as dynamic. Figure 4 shows the exchange mechanism and energy

schemes of the different mechanisms.

3.2.2 Reversible Covalent Adaptable Networks

Reversible CANSs are already known for a long time. In principle, all bimolecular addition
reactions are reversible and are determined by the temperature dependence of the
equilibrium constant. However, in reality, most of the reactions are essentially irreversible
because of a limiting temperature range, side reactions or the degradation temperature.

Moreover, the time scale of the forward and reverse reaction has to be in a suitable range
so that the network can adapt to a stimulus and rearrange. For this reason, both the
thermodynamics and kinetics of a thermoreversible reaction must be considered,
including the application and time scale.’! > In Figure 5, several thermoreversible
cross-linking reactions are shown, which work at practical rates and temperatures without
any catalyst. Well-known examples are the addition reactions of isocyanate and
imidazole®, the carbene dimerization®*, the reversible radical coupling between TEMPO

13 and the Diels-Alder cycloaddition between furan and maleimide.*

and a styryl radica
In addition, also light can serve as an energy supplier for cyclization reactions.
Coumarines®’, cinnamates®®, anthracenes® and thymines*’ have been investigated for
RCANs by photodimerization. Photodimerizations typically proceed by a [2+2]
cycloaddition (except [4+4] for anthracenes), while near ultraviolet light effects the
forward and shorter wavelengths the backward reaction. Consequently, the RCANs
cross-linking density is controlled by light (Figure 5e).*! Recently, also RCANSs received

a great deal of renewed attention, because of the emerging research field of permanent

covalent adaptable network (vitrimers), which are described in the next chapter.!!
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Figure 5: Scheme of thermoreversible cross-linking addition reactions. (a) Nucleophilic addition
between isocyanate and imidazole, (b) carbene dimerization, (c) reversible radical coupling
between TEMPO and a styryl radical, and (d) the Diels-Alder cycloaddition between furan and

maleimide. (¢) Exemplary scheme of the [4+4] cycloaddition of anthracenes.?!
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3.2.2.1 Small Molecule Mediated Dissociative Stepwise MNR

Another pathway for dissociative stepwise MNR proceeds by mediating a reactive small
molecule, acting as a rearrangement catalyst. In this pathway, polymer chains are
reversibly linked through a condensation reaction, releasing a small molecule under
certain conditions and linking these polymer chains. In most cases, water acts as this small
molecule, undergoing hydrolysis reactions as backward reactions. Nevertheless, also
other groups e.g., halogenides can act as a mediator. A scheme of the exchange reaction

and the energetic course via the intermediate state is shown in Figure 6.

SMALL MOLECULE MEDIATED DISSOCIATIVE STEPWISE MNR:

E’f 'X(V f

"dissociative stepwise bond exchange"”
via a less crosslinked intermediate state

energy

reactive
intermediate

product

molecular network rearrangement

Figure 6: Energy scheme and graphical illustration of the exchange pathway via small molecule
mediated dissociative stepwise MNR (AG® = activation energy, AG” = free enthalpy to transition
state). Reproduced from Ref. Polym. Chem., 2019, 10, 6091-6108 (DOI: 10.1039/C9PY01260E)
with permission from the Royal Society of Chemistry.!!

Examples of this exchange mechanism are the water-mediated polyimine and poly(acyl)
hydrazone-based network exchange (Figure 7a) *!, the implementation of transalkylation
reactions of quarternary amines via temporary de-cross-linking by bromide ions as good
nucleophiles (Figure 7b) %> # and the water-mediated boronic ester exchange

(Figure 7c).!1-44
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Figure 7: Examples of different polymers which exchange reactions proceeds by a small

molecule mediated dissociative stepwise MNR (Pol = Polymer). (a) The water mediated boronic
ester exchange, (b) polyimine and poly(acyl)hydrazone-based network exchanges and (c) the
implementation of transalkylation reactions of quarternary amines, via temporary de-cross-

linking by adventitious bromide ions as good nucleophiles.

3.2.3 Permanent Covalent Adaptable Networks — Vitrimers

Vitrimers belong to CANs and are classified into the subclass of permanent CANs. In
contrast to reversible CANs, the exchange mechanism proceeds via an associative or
concerted exchange mechanism, resulting in a permanent cross-linked network with the
cross-linking density always remaining constant. When heated, vitrimers behave like

viscoelastic fluids, while maintaining a chemically inert network even when swelling in
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good solvents. No depolymerization takes place in these networks, making them
permanent as well as dynamic. Because of the unique properties this class of polymers is
often said to be the third category of polymers, since it combines the classifying properties
of thermosets and thermoplastics.

Vitrimers were first introduced by Ludwik Leibler and co-workers in 2011.! In their
work zinc acetate was used as a suitable transesterification catalyst and added to a
polyester network based on diglycidyl ether of bisphenol-A and a mixture of fatty
dicarboxylic and tricarboxylic acids (Figure 8a). The thermally activated
transesterification reactions based on an associative exchange mechanism resulted in
permanent polyester/polyol networks that showed an astonishing viscosity decrease upon
heating, while maintaining a cross-linked polymer network (Figure 8b). The exchange
pathway is graphically shown in Figure 8c. To date, this behavior was only observed for
vitreous silica, but never for organic polymers. Hence, the name vitrimer was introduced

for this novel class of polymers.'*-%°
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Figure 8: (a) Reaction scheme of the reaction of a carboxylic acid and an epoxide, leading to the

J

formation of a polyol/polyester network. (b) Thermally-activated, catalytic transesterification
reaction as associative exchange pathway for vitrimers (Pol = Polymer). (¢) Graphic of the cross-

linked network, which undergoes associative exchange mechanism.
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3.2.3.1 Transition Temperatures and Viscoelastic Behavior

Vitrimers show two characteristic transition temperatures. The glass transition
temperature (7) and the freezing transition temperature (7v). 7vis conventionally chosen
as the temperature were the material reaches a viscosity of 10'? Pa s™! and determines the
transition from the liquid to the glassy state.*® *” The viscosity change in the glass
transition area gives information about the broadness of the glass transition.*’ Silica and
other inorganic compounds show a broad, Arrhenius-like behavior in the transition zone
and are titled as strong glass formers. However, organic liquids or polymers show a more
rapid increase of viscosity when cooled down, not following an Arrhenius-like behavior.
These organic compounds are titled as fragile glass formers. In contrast, vitrimers show
a broad, Arrhenius-like behavior and can be assigned to the strong glass formers (e.g.
silica), which was never observed for polymers before. Since the activation energies for
the monomer friction and exchange reactions are different, the topology freezing
transition temperature can also occur above the glass transition temperature. The
stress-relaxation times and viscosity follow an Arrhenius law, while the vitrimers

represent covalently bonded, cross-linked polymer networks with silica like behavior.
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Figure 9: Angell fragility plot, showing viscosity as a function of inverse temperature normalized
to 1 at the glass transition temperature (7,) for different epoxy vitrimers as example for strong
organic liquids. Moreover, a comparison for silica and polystyrene is shown. Reproduced from
Vitrimer Chemistry and Applications, Macromolecular Engineering: From Precise Synthesis to
Macroscopic Materials and Applications, 2022, 1-38 (DOI: 10.1002/9783527815562.mme0029)

with permission from Wiley.*
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Figure 9 shows an Angell fragility plot of the viscosity versus the inverse temperature

normalized to 1 at the glass transition temperature.

Strong organic liquids, e.g. an epoxy/anhydride or epoxy/acid vitrimer systems with
different amounts of Zn(acac), as catalyst are shown.!” For a comparison the viscoelastic
behavior of classic polymers like silica** and polystyrene®® are shown in the graphic.'®
1 The Ty can also be observed experimentally by dilatometry, since a reorganising
network has a higher expansion coefficient than a static network.* According to the
polymer backbone and the used covalent dynamic bond the 7 is below or above the 7y.
In case of an elastomer, the 7 is usually lower than 7y, which lead to the fact that the
transition from a viscoelastic solid to a viscoelastic fluid appears slowly, while heating
obove the 7y. As characteristic of vitrimers, the viscosity drop correlates with the
Arrhenius law and depends on the chemical reactions in the material (Figure 10,
elastomer). If the T} is higher than 7y no segmental motions can occur in the frozen, glassy
state of the network. Heating above the 7§, a dramatic decrease in viscosity, according to
the Williams—Landel-Ferry model (WLF), is observed. At higher temperatures an
Arrhenius-like behavior, determined through the chemical exchange reaction, again takes

over and show the typical exponential decrease (Figure 10, thermoset).*
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Figure 10: Illustration of the viscosity behavior of vitrimers in case the glass transition

temperature (7y) is below or above the topology freezing temperature (75).

Nevertheless, the theoretical concept of 7y is discussed controversially from its
introduction in the early state of vitrimer research. 7y is obtained by extrapolating
viscosity trends into regions where viscosity almost becomes unmeasurable within

reasonable time frames. The extrapolation takes place over a large temperature range and
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depends on many factors, even at low temperatures. For these reasons, a comparison
between different values of 7+ in different polymers is often very inaccurate and does not
reflect the actual topology freezing temperature. Figure 11a shows a plot of log7 against
the reciprocal temperature for determining the 7v. The graphic indicates that the actual
topology freezing temperature often differs significantly from the calculated
extrapolation. Moreover, the 7y is only of interest for elastomers with very low Tgs and
should be determined by stringent creep experiments at low temperatures and not by
extrapolation at high temperatures.?’ For these reasons, the 7y is only being considered in
special polymer compositions and generally less discussed in the vitrimer community
nowadays.*> > Figure 11b shows an exemplary creep experiment on an elastomeric
vinylogous urethane vitrimer at 25 °C and 80 °C, showing constant stress and strain
values at 25 °C. In contrast, at 80 °C the material started to creep and show viscoelastic
properties, pointing out the running exchange reactions above the 7v.2° Even if the T, of
this elastomer is at a low temperature of -41 °C, the exchange reaction proceeds
unmeasurably slow at 25 °C, while it already occurs at 80 °C. This example impressively
shows the influences of the type of the exchange reaction and the temperature on the
interaction of the 7 and 7y, which can vary a lot by using different types of exchange

mechanisms and/or monomer backbone (e.g. transamination, transesterification).
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Figure 11: Angel fragility plot to calculate the topology freezing temperature, which in by
convention defined as the temperature where the viscosity reaches 10'? Pa s'. Depending on
different factors of the vitrimer composition, e.g. polarity, or hydrogen bonds, the real 7' is often
determined at a different temperature. Adapted from Chem. Sci., 2020, 11, 4855 (DOL:
10.1039/D0SC01069C) with permission from the Royal Society of Chemistry.’> (b) An

exemplary creep experiment of an elastomeric vinylogous urethane vitrimer at 25 °C and 80 °C.
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Reprinted with permission from J. Am. Chem. Soc. 2018, 140, 41, 13272—-13284. Copyright 2018

American Chemical Society. Reprinted with permission from American Chemical Society.?

3.2.3.2 Viscoelastic Properties — Oscillatory Shear Experiments

Since rheology measurements belong to the standard analysis methods for polymers, the
measuring principle is not described in this thesis. The following presents only a short
chapter about the standard measurements to unambiguously identify vitrimer networks.
The characteristic properties of vitrimers can be analysed by dynamic mechanical
analysis (DMA). Since vitrimers behave like normal, permanent cross-linked thermosets,
temperature-dependent oscillatory shear experiments (DMTA) show a glassy state, glass
transition state and a rubbery plateau at elevated temperatures. This behavior proves the
formation of a cross-linked network, which is stable over a large temperature range until

the degradation temperature is reached (Figure 12).

Glassy Glass Rubbery
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Figure 12: Temperature-dependent DMA measurement of a thermoset, showing a glassy state,

glass transition state and a rubbery plateau, indicating a cross-linked network.

To explore the dynamic behavior of the cross-linked networks, stress-relaxation
measurements were carried out. This static shear experiment analyses the viscoelastic
properties of melts, gels or solids when a torsional deformation is applied at a specific
temperature. The stress-relaxation modulus G(¢)/G(o) is recorded as a function of time.
Depending on the type of material, different stress-relaxation curves are observed
(Figure 13). Ideal elastic solids show no stress-relaxation since the tension cannot be
removed due to the fixed, cross-linked network. After the deformation is applied, the

stress-relaxation modulus remains constant at a higher value than before. Ideal viscous
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fluids, on the other hand, immediately reduce the total tension. The curves show a sharp
maximum with a quick drop to no tension. However, a partial or complete stress
relaxation is observed when a torsional deformation is applied to viscoelastic materials.
The decay follows an exponential function according to the Maxwell model for
viscoelastic fluids. The relaxation time for the Maxwell model is the time needed for the
stress to relax and reduce to 37% (1/e) of the initial value.>® Viscoelastic liquids (e.g.
thermoplastics) show a complete stress-relaxation when the time is sufficiently long.
Viscoelastic solids (e.g. thermosets, elastomers, gels) show only stress-relaxation until a
certain level and no full stress-relaxation due to chemical or physical bonds which cannot

move freely.>*
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Figure 13: Stress-relaxation curves of ideal viscoelastic solids and viscoelastic liquids as well as

real viscoelastic solids and liquids.

When a torsional deformation is applied to a vitrimer at a temperature where the type of
exchange reactions already sufficiently proceeds, the vitrimer shows full stress-relaxation
as usually observed for viscoelastic liquids. This is because the thermal exchange
reactions in the network reorganize the cross-linking points and, therefore, can remove
the full tension in the material. Since the stress-relaxation time directly depends on the
chemical exchange reactions in the material, an Arrhenius-like behavior can be observed
when measuring at different temperatures. By measuring the stress-relaxation at different
temperatures and plotting the stress relaxation times 7 (37%, determined by l/e, e =
Euler’s number) against the reciprocal temperature, the activation energies can be

calculated from the slope of the linear fit (Figure 14).5% 3¢

22



Introduction

a 1G(t) =y, + A exp (-t/ty) b
100 -
— 80-
S T
O 40-. 1le Yoo = -EX/R,
20
0 _ Temperature

X
Stress-relaxation time [s] 1000/T [K™']

Figure 14: (a) Normalized stress-relaxation measurements at different temperatures. (b) Plot of
the stress-relaxation time against the reciprocal temperature. The activation energies (E,) can be

calculated from the slope of the linear fit using the universal gas constant (Rg).

3.2.3.3 Types of Dynamic Covalent Bonds for Vitrimers

From a historical point of view, associative exchange mechanisms in polymers are not
new and were already discussed in the early days of polymer science. Classic polysulfide
rubbers contain S-S linkages and even if the exact mechanism of vulcanization processes
in rubbers is not entirely understood nowadays, it was clear early on, that it proceeds via
an associative pathway and does not involve disulfide bond cleavage (Figure 15a).
However, polysulfide rubbers also contain other linkages, e.g. thioetherbonds, which are
of permanent nature and can hinder a total relaxation and reorganization of the
networks.”” In 1954 Osthoff et al. reported about polydimethylsiloxane (PDMS)
elastomers,”® which were contemporaneously studied by Tobolsky et al. in 1966.7°! In
retroperspective, the well-established alkoxide-mediated addition-elimination that can
happen at PDMS chain ends shows stress relaxation and represents an overlooked and
forgotten class of dynamic materials (Figure 15b). Nowadays, the transesterification in
siloxanes is an established exchange pathway for vitrimers. Nevertheless, unfavorable
reactions like backbiting or depolymerization by ring opening polymerization interfered
with the available associative mechanism and made them appear less clear and attractive
at that time. This leads to the conclusion that associative networks were already known

in principle for a long time, but the molecular design was not yet matured, and side
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reactions were hindering. Moreover, at that time, the focus in science was more on

chemically inactive polymers because further reactions were considered disturbing.'!
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Figure 15: Reaction schemes of the early associative exchange mechanism observed in (a)

vulcanized rubbers or (b) PDMS polymers.

However, since the research field of vitrimers is growing rapidly, various dynamic
covalent exchange mechanisms, eg  transesterification, transcarbonation,
transalkylation, transcarbamoylation, boronic ester exchange, thiol-disulfide exchange,
thiol-thioester exchange, trans-N-alkylation, transamination, transimination and more
reactions have been investigated and applied with innumerable molecules, oligomers or
modified polymers. The exchange mechanism and transition states of exemplary

associative vitrimer exchange reactions are shown in Figure 16.!!:4%48.52
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Figure 16: Reaction schemes of associative exchange mechanism for vitrimers. (a)

Transesterification, (b) transcarbonation, (¢) transamination, (d) transcarbamoylation, (e)

siloxane-hydroxy exchange, (f) dioxaborolane metathesis, (g) thiol-thioester exchange.
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3.2.3.4 External and Internal Catalysis, Neighboring Group Participation
and Matrix Effects

For most vitrimer systems, a catalyst is required and is usually represented by an external
catalyst, e.g. Bronstedt acid/base or a Lewis acid/base. The catalyst lowers the energy
barrier for the exchange reaction, and accelerates the exchange reaction rates.
Nevertheless, the amount of catalyst has to be carefully chosen because at high
temperatures, a sufficient exchange rate is desired, while at low temperatures the
exchange rate should be unmeasurably slow to obtain a resilient and creep resistant
material. For the most utilized, ester-based vitrimers with a transesterification
mechanism, catalysts like 1,5,7-Triazabicyclo[4.4.0]dec-5-en (TBD), zincacetate
(Zn(OAc)2) or triphenylphosphine (PPh3) have been chosen and compared (Figure 17az).
Experiments showed, that with an increasing amount of a catalyst, the stress relaxation
times shorten in a linear dependency, while the activation energies stay constant. Using
different catalysts, the activation energies differ significantly, because of different
energetic intermediate states. For example, the use of PPh; lead to much lower activation
energies than Zn(OAc), or TBD, which can be determined by the slope of the Arrhenius
fit.>> %2 In case of using protons as a catalyst, Bronsted acids with different pK, values
have been compared. Trifluoromethanesulfonic acid (Triflic, pK. = -12),
Bis(trifluoromethanesulfonyl)azanide (HTFSI, pK. = -9.7), benzenesulfonic acid (BSA,
pKa = -7), methanesulfonic acid (MSA, pKa = -1.9) and trichloracetic acid (TCA, pKa. =
0.8) were compared and show activation energies of 50-67 kJ mol™!, with the strong acids
exhibiting slightly higher activation energies than the weaker acids (Figure 17a3).
Nevertheless, the differences in the activation energies, depending on the strength of the
acid, are not very pronounced, while a clear correlation of the pKa value and the stress
relaxation times was observed. A lower pKa value leads to shorter stress-relaxation times

(Figure 17a4).5% %3
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Figure 17: Effect of catalysts on the stress-relaxation times and activation energies of the
transesterification reaction comparing different amounts of a catalyst and different Lewis
acid/base or Brenstedt acid/base as catalysts. (a;) Different wt% of the catalyst Zn(OAc),. (az)
Comparison of TBD, (Zn(OAc),) or P(Ph); as catalyst. (a3) Comparison of the different Brensted
acids Triflic, HTFSI, BSA, MSA and TCA as catalyst. (as) Comparison of the activation energies
of the different Brensted acids versus the respective pK. values of the acids. Reproduced from
Chem. Sci., 2020, 11, 4855 (DOI: 10.1039/D0SC01069C) with permission from the Royal
Society of Chemistry.>

However, it is quite common to use external catalysts in materials, but due to their low
compatibility, stability or catalyst leaching, they might show some disadvantages. For
this reason, it can be helpful if a catalytic functional group is directly introduced within
the used monomers/polymers. For this reason, a possible concept is to include a Bronsted
acid, e.g. a carboxy group bond to the monomer backbone, which can act as a internal
catalyst. Another concept is to include a functional group for neighbouring group

participation (NGP). The term NGP is reserved for substituent effects, in which an
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accelerated exchange rate is caused by a substituent binding covalently to the reaction
center, initiating an internal group transfer or cyclisation reaction. All other rate-
enhancing effects should be termed internal catalysis (e.g. electrostatic). Examples of
NGPs are citric acid-based esters with unreacted carboxyl groups close to the ester
bonds®, boronic ester exchanges with near tertiary amino moiety®, silylether exchanges
with secondary amino influence® or phthalate monoester with free carboxyl or sulfonic
acid groups close to the ester bond (Figure 18).” Since the functional groups are located
near to the exchange reaction center, they actively interact with the ground and

intermediate state and can accelerate the exchange rate and/or lower the activation energy.
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Figure 18: Examples of internal catalysis by neighboring group participation (nucleophile in

blue, catalyst in green). (a) Citric acid-based esters with unreacted carboxyl groups close to the
ester bonds, (b) boronic ester exchanges and amino, (¢) silyl ether exchanges with amino
influence, and (d) phthalate monoester with free carboxyl or sulfonic acid groups close to the
ester bond. Reproduced from Chem. Sci., 2020, 11, 4855 (DOI: 10.1039/D0SC01069C) with

permission from the Royal Society of Chemistry.*
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As a solvent significantly influences chemical reactions, likewise, the vitrimer matrix
influences the exchange rate and activation energies. Hydrophobicity and polarity of the
monomer/polymer backbone are apparent factors for the ionic exchange mechanism and
can also influence the mobility of catalysts in the material. Moreover, hydrogen bonding
or metal coordination influences the reorganization processes at elevated temperatures.
For example, the combination of hydrogen bonds and disulfide exchanges leads to
materials with a strong viscosity-temperature dependence with almost no stress-
relaxation at 25 °C.% Dynamic covalent boronic esters and non-covalent sacrificial Zn>*-
O bonds lead to a dual cross-linking.®” These additional non-covalent cross-links provide
additional stability at service temperature and further improve the mechanical properties.
Du Prez et al. presented a comparison between vinylogous urethane vitrimers synthesized
by fourteen different diol-derived materials with backbones ranging from silicone
(polydimethylsiloxane, PDMS), to polyethers (polytetrahydrofuran, PTHF),
poly(ethylene glycol9 (PEG) and poly(propylene glycol) (PPG) as well as more
hydrophobic backbone spacers (1,10-decanediol, pripol® 2033). To investigate the
influence of the cross-linking density on the stress-relaxation, the focus was on two
different polyethers, used with different molecular weights: PTHF (M.,: 250, 650, 1000,
2000, and 2900 g mol™) and PPG (M,: 400, 725 and 2000 g mol™). As an amine cross-
linker the trifunctional TREN was used. The materials show activation energies in the
range of 68—117 kJ mol!, stress-relaxation times of 2-345 s at 140 °C and T, of -120—
31 °C. As a result, the publication stated that it is hard to spot any trends since many
parameters such as polarity, solvation, cross-linking density, degree of flexibility, mass
ratio and many more influence the exchange rate and activation energies.”

Wang et al. synthesized polyimine vitrimers based on modified vanillin, cured with
different diamines. Activation energies of 49-81 kJ mol! were calculated for different
backbones but didn’t show any exact trends.”! These results show that the matrix
composition has a crucial influence on the exchange rate and activation energies, since it
is affecting the flexibility, mobility, cross-linking density, stabilization of the
intermediate state and activation of the ground state. Nevertheless, it has to be noted that
many studies were sporadically and not systematically carried out to give exact trends.
This is, because often the influence of changing a parameter cannot be considered entirely
alone. For example, if the acetoacetate to amine ratio R is changed, likewise the cross-

linking density, mass ratio and possibly the ratio of hydrophobic/hydrophilic backbones
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is changed at the same time. For these reasons, crucial factors and dependencies need to
be carefully studied in the future to fully understand and predict stress-relaxation rates

and activation energies.>

3.2.3.5 Concerted Exchange Mechanisms

In principle, also concerted mechanisms are suitable for vitrimers and theoretically
provide the best possible mechanism for fast exchange reactions. So far, only two
mechanisms are known, which undergo a typical Sn2 reaction at elevated temperatures.
A transalkylation chemistry in polythioether was reported, proceeding via a cationic ring
opening polymerization of cyclic thioethers supported by sulfonium sulfonate ion pairs
(Figure 192a).”> And a polyionic network including N-alkylated triazolium iodide was
reported using a transalkylation reaction of triazoles (Figure 19b).”> Nevertheless, the
exchange reactions in these dynamic polymer networks are still subject to investigations
to gain an in-depth understanding of the undergoing processes but might be subject to

finely tuned vitrimers for specific applications and efficient exchange reactions.
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Figure 19: Examples of concerted mechanisms for vitrimers. (a) A cationic ring opening
polymerization of cyclic thioethers supported by sulfonium sulfonate ion pairs. (b) A polyionic
network including N-alkylated triazolium iodide, proceeding by a transalkylation reaction of

triazoles.
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3.2.3.6 Dissociative Vitrimers

An essential characteristic of vitrimers is the temperature-dependent Arrhenius behavior,
caused by chemical reactions proceeding by associative or concerted exchange
mechanisms. Moreover, vitrimers are insoluble in good solvents and show no sol-gel
transition.> Interestingly, also dissociative pathways can show this behavior under certain
circumstances, giving a schematic example of the energy scheme during such a reaction
in Figure 20. Comparing two dissociative mechanisms with the same activation energy,
the energy barrier for the backward reaction can be quite different. If the barrier is low,
the backward reaction occurs very fast, while in the other case, it is much slower, even if
the debond rate is theoretically the same at all temperatures. Nevertheless, their viscosity
profiles and mechanical properties will differ significantly with the extreme case that the
cross-linking density stays constant at a high level and over a large temperature range. In
these networks, the temperature to shift the debonding significantly to the endothermic
side is higher than the degradation temperature. Concluding that in a specific temperature
range the cross-linking density in dissociative CANs can likewise be considered as
constant and negligible low depolymerization grades and therefore show a vitrimer-like,
Arrhenius dependence, caused by the chemical exchange reaction. Such examples are
already reported by transalkylation exchanges of C-N bonds, but to date rarely
investigated.”> However, another difference to real vitrimers is the solubility in good,
non-reactive solvents. In dissociative CANs the equilibrium shifts toward the debonded

state by dilution effect, whilein vitrimers the networks stay the same at all temperatures.>*
73

%

dissociative network dissociative network
with high reaction enthalpy with low reaction enthalpy

Figure 20: Energy scheme of dissociative networks with the same activation energy, but different
reaction enthalpies, effecting the speed of the backward reaction and therefore the viscoelastic
behavior. By fast backward reactions, dissociative CANs can be considered with a constant cross-
linking ratio in a specific temperature range. Reproduced from Ref. Polym. Chem.,2019,10, 6091-
6108 (DOI: 10.1039/C9PY01260E) with permission from the Royal Society of Chemistry.'!
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3.3 Vinylogous Urethane/Urea Vitrimers

3.3.1 Monomer Synthesis

Vinylogous urethane/urea vitrimers are synthesized by the condensation reaction of
acetoaceteates/acetoacetamides and primary amines. The acetoacetates are typically
generated from the corresponding alcohols/amines and converted by an
acetoacetylation/acetoacetamidation reaction. Tert-butylacetoacetate (TBA) is readily
known as a reactant for various alcohols and other nucleophiles.?!> > 7 At elevated
temperatures above 110 °C TBA splits into a reactive acetylketene and fert-butanol as a
byproduct. The highly electrophilic acetylketene undergoes fast addition reactions with
almost any available nucleophile, e.g. to form acetoacetates, acetoacetamides or
thioacetoacetates (Figure 21). In this work mainly, acetoacetates were used. Moreover,

TBA is used for several steps in the organic synthesis of complex molecules.”*7°
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Figure 21: Acetoacetylation agent TBA dissociates to a reactive acetylketene at elevated
temperatures above 110 °C. A nucleophile attacks the electrophilic acetylketene and produces the

desired acetoacetate or acetoacetamide.

Furthermore, it has been known from literature for many decades that acetoacetates
undergo keto-enol tautomerism, with the formation of a 6-membered cyclic structure
stabilized by intramolecular hydrogen bonds. Usually, the keto form is
thermodynamically preferred, while the equilibrium is determined by the surround
protic/aprotic polarity (solvent, monomer), temperature, substituents and time. For this
reason, in every acetoacetate monomer, a little amount of the enol form can be found

(Figure 22).77-80
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Figure 22: Keto-enol tautomerism in acetoacetates. The keto form is usually thermodynamically

preferred.

3.3.2 Vinylogous Urethane Vitrimers

Vinylogous urethane vitrimers were introduced by Ludwik Leibler and Filip Du Prez as
suitable covalent dynamic chemistry for vitrimers in 2015.%°> The condensation reaction
of ketones or acetoacetates and primary amines follows the mechanism for the imine
formation in typical polyimine networks, releasing water as a byproduct. However, the
intramolecular stabilization by conjugation and intramolecular hydrogen bonds leads to a
dominant formation of the enamine tautomer, instead of the usually thermodynamically
preferred imine tautomer (Figure 23). The stabilization of the enamine-one tautomer is
so much preferred that the imine form cannot be measured in significant amounts.
Comparing the reactivity of the imines and enamines, the enamines electrophilicity is
lower than the imines, making them less reactive. For this reason, the condensation
reaction can be carried out in water, since the backward reaction is highly suppressed and

the equilibrium is widely shifted to the products.* >
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Figure 23: Condensation reaction of ketones and acetoacetates with primary amines to form the

imine or enamine as thermodynamically preferred tautomer.
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Moreover, it is known that imine-enamine tautomerism and enamine cis-trans
stereoisomerism depend on the structure of the molecular, temperature, surrounding
polarity and competing external hydrogen bond stabilization to the intramolecular
hydrogen bonds, which has already been extensively investigated on soluble organic

compounds®'** (Figure 24).

4 )
Main compound
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Figure 24: Reaction of acetoacetates and primary amines to the imine as intermediate, followed
by fast equilibration the thermodynamically preferred enamine-one tautomer. The enamine-one
tautomer can exist in different configurations, e.g. cis or trans configuration, while the cis form

is usually thermodynamically preferred.

3.3.3 Exchange Mechanism — Transamination

For vinylogous urethane vitrimers, different exchange pathways for the transamination
reaction were proposed. A protic-catalyzed iminium pathway was determined as the
dominant exchange mechanism with activation energies around 75 kJ mol™!. Another
mechanism is the Lewis acid-catalyzed aprotic Michael-type acceptor pathway, where
the Lewis acid accumulates to the C=0O bond and activates the C=C double bond by
shifting electrons and stabilizing the zwitterionic intermediate state. Moreover, an aprotic
Michael-type pathway with higher activation energies around 150 kJ mol™! was observed.
Another exchange reaction is based on the dissociative backward reaction with water
(Figure 25).2° To the state of the art, many different vinylogous urethane vitrimers based
on countless different backbones have been prepared. Comparing the catalyst-free
transamination pathways, activation energies of 68—149 kJ mol™! have been reported for

the protic iminium pathway and 142-521 kJ mol™! for the aprotic Michael-type pathway.
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These results show that the activation energies can vary a lot and depend on various
factors like cross-linking density, polarity, flexibility and other factors.”” Besides these
associative pathways, the dissociative backward reaction (hydrolysis) with water is also

possible and is accelerated with a rising amount of a catalyst and/or water in the

material ¥
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Figure 25: Exchange mechanism of vinylogous urethanes. (a) The dominant mechanism is

proposed as the protic iminium pathway, in which the enamine is converted into a highly reactive
iminium-ion and substituted by another free amine. (b) Lewis acid catalyzed aprotic Michael-
type acceptor pathway, where the lewis acid activates the C=C double bond by shifting electrons
and stabilizing the zwitterionic intermediate state. (¢) Direct attack of the amine to the
electrophilic C=C bond and stabilization in the zwitterionic intermediate state. (d) Dissociative

mechanism of the hydrolysis with water, initiating the backward reaction and depolymerization.
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Adding a catalyst, e.g. a Bronsted acid to a vinylogous urethane, the enamine-one is partly
present as iminium-ion. The iminium-ion is highly electrophilic and can easily undergo
substitution reactions with free primary amines. Interestingly, the protic iminium pathway
was even identified as the predominant mechanism in materials without adding an
additional catalyst, leading to the conclusion that the materials contain enough protons
for the exchange reaction to proceed (Figure 26a). Only if a base is added, the exchange
mechanism is suppressed and the Michael-type acceptor pathway is pronounced.®

In addition, vitrimers can show both the protic iminium pathway and the aprotic
Michael-type pathway in the same material at different temperatures. When the
temperature is high enough, the Michael-type pathway is pronounced, enabling a dual
temperature response, which is proven by different slopes in the linear Arrhenius fit
(Figure 26b).2° Moreover, it was observed that with a rising amount of free amines and/or
catalyst in the network, the stress-relaxation times were accelerated and only the protic

iminium pathway is pronounced, even at high temperatures (Figure 26b-d).”°
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Figure 26: Plots of the stress-relaxation times versus the reciprocal temperature with a linear fit
of the measurement points. The results show that with rising amounts of free amines and/or
catalyst (p-TsOH) in the network, only the protic iminium pathway is pronounced. Without
catalyst and low excess of amines, the iminium pathway, and the aprotic Michael pathway can
both be measured. Reproduced from Mater. Horiz., 2020, 7, 104-110 (DOL
10.1039/COMHO01062A)  with permission from the Royal Society of Chemistry.*®
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Comparing different Bronsted acid catalysts, e.g. sulfuric acid or para-toluolsulfonic
acid, faster exchange rates were observed, but no significant changes in the activation
energies compared to uncatalyzed conditions. Adding the Lewis acid dibutyltin dilaurate
(DBTL), a much lower activation energy of 45 kJ mol™! was determined. The Lewis acid
binds to the ester bond and increases the electrophilicity at the C=C bond, making a
nucleophilic attack more attractive and stabilizing the zwitterionic intermediate state.
Adding the base 1,5,7-triazabicyclo[4.4.0]dec-5-en (TBD) or 1,5-diazabicyclo[4.3.0]non-
5-ene (DBN), the aprotic Michael-type acceptor pathway is pronounced with higher

activation energies of 150 kJ mol™! or more.>> %

3.3.4 Vinylogous Urea Vitrimers

Vinylogous wurea vitrimers are synthesized by the condensation reaction of
acetoacetamides and primary amines and follow the same reactions and exchange
conditions as the vinylogous urethane vitrimers (Figure 27). Similar exchange
mechanisms were reported for vinylogous urea vitrimers, with slightly lower activation
energies of 49-54 kJ mol''.2! While vinylogous urea vitrimers did not gain much

attention, with only one reported publication, many works for vinylogous urethanes have

been published.
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Figure 27: Condensation reaction of acetoacetamides and primary amines to form vinylogous

urea bonds.

Denissen et. al synthesized different vinylogous urea vitrimers in order to use them in a
fiber-reinforced composite material. It was found that the acetoacetamide monomer using
secondary amines exhibits the shortest intrinsic stress-relaxation times with remarkably
good properties (7; = 110 °C, E-modulus = 2.2 GPa, tensile strength = 70 MPa). The

matrix enables enduring prepregs, which still allow an efficient thermal fusion of multiple
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layers as well as thermoforming and fiber recycling by solvolysis.?! Vinylogous urea

vitrimers are further discussed in chapter unpublished results 6.3.6.

3.3.5 Vitrimers in Different Research Fields

Nowadays, vinylogous urethanes have been used for several applications and applied with
innumerable molecules, oligomers or modified polymers. Besides the functional groups
for the exchange reaction, the backbone of the monomers/polymers is a decisive factor
for the vitrimers properties. Since the concentration of the functional groups is of major
importance, the backbone likewise influences the condensation reaction rate and the
exchange speed. Most important, the backbone defines the cross-linking density and glass
transition temperature of the materials.”

Michael O. Wolf and co-workers combined vinylogous urethane chemistry, activated by
heat, with photoactive aromatic diamines using UV-irridiation ([4+4] cycloaddition) of
anthracene for a dual respond exchange mechanism. The networks rearranged under
thermal treatment due to transamination reactions and additionally lowered their viscosity
under UV-irradiation by dissociative depolymerization of the anthracene bonds.®’
Yangju Lin et al. synthesized three different bio-based vitrimers derived from
acetoacetylated cardanol and two different diamines (m-xylylendiamine and
4,4-diaminocyclohexylmethane). The modified cardanol was reacted with each of the
amine and a mixture of the amines. Afterward, the pure vitrimers were investigated by
their mechanical properties, ground and fused to a homogeneously mixed material by heat
compression. Experiments showed that after three cycles of compression molding, the
vitrimers showed precisely the same properties as the directly prepared mixture of the
diamines, pointing out the excellent compatibility and ability for easy postmodification
of these type of vitrimers.?’

Giving a few examples for block copolymer vitrimers, polystyrene was copolymerized
with (2-acetoacetoxy)ethyl methacrylate by radical polymerization. The copolymer
showed molecular weights considerably higher than the entanglement threshold.
Moreover, the copolymers were cross-linked by m-xylylendiamine and the reaction was
catalyzed by p-toluenesulfonic acid, generating a material with a high 7 (120 °C) and

remarkably short stress-relaxation times. 3
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The same group introduced catalyst-free copolymers derived by controlled radical
polymerization from methyl methracrylate and (2-acetoacetoxy)ethyl methacrylate,
likewise enabling soft, acetoacetylated copolymers as suitable monomer for vinylogous
urethane vitrimers. The cross-linking was conducted with TREN and showed a good

processability in terms of chemical and mechanical recycling.®

3.4 Bio-based Vitrimers

Due to the increasing environmental impact of plastics derived from fossil resources, the
life cycle assessment of plastics is becoming more and more important for all types of
materials and products. In this context, in particular bio-based raw materials offer a very
sustainable alternative to conventional raw materials, since they are obtained from
renewable sources and leave a significantly better carbon footprint even in the case of
subsequent thermal recycling. The global production of bio-based polymers is growing
from 1.7 mt in 2014 to 2.1 mt in 2020°*°!, which, however, is only a fraction of the global
plastic production of 380 metric tons.””> The primary industrially produced bio-based
polymers are thermoplastics such as starch-based compounds, cellulose acetate,
poly(lactic acid) (PLA), poly(butyleneadipate-co-terephthalate) (PBAT), poly(butylene
succinate) (PBS), and green polyolefins.”® %394

Moreover, also thermosetting bio-based polymers like polyether, polyester, polyols and
polyurethanes (PU) are produced for mainly foams or coatings, while also first
productions of vegetable oil and fatty acid -based epoxy resins started.”>

As society has become increasingly aware of the problems caused by plastic waste, the
research field of bio-based polymers has grown rapidly in recent years. Nature delivers
many aliphatic, cycloaliphatic or aromatic substances, which enable the synthesis of bio-
based polymers with a broad range of thermomechanical properties.”” Vegetable oils
represent a class of aliphatic hydrocarbons, which are cheap, widely available and contain
functional groups such as hydroxy groups or carbon double bonds for chemical reactions.
For example, triglycerides can be directly used as a trifunctional monomer for polymer

98-101

networks or split into well-defined fatty acids and glycerol.'? Fatty acids can be

modified and dimerized to di- and trifunctional acids, which are sold under the trade name

Pripol® 103, 104

39



Introduction

By further modification, fatty acids can likewise be dimerized to di- and trifunctional
amines with the trade name Priamine®.’" '% Another potentially very interesting
feedstock is represented by polysaccharides (carbohydrates), which represent the most
available bio-polymers on earth. Cellulose, starch, hemicellulose, chitin, chitosan or
alginate are composed of monosaccharides, which are bonded by glycosidic bonds and
contain different functional groups, e.g., hydroxy groups, carboxy groups or amine
groups. The polymers can be either used as polymers or degraded into low molecular
monosaccharides as monomers for new materials. Low molecular saccharides can be
converted into precursors of a broad range of platform chemicals, such as isosorbide,
isomannide and isoidide, aromatic furan-based monomers, or short aliphatic molecules
such as itaconic acid, levulinic acid or succinic acid.”” 96-108

The second most abundant class of biomass is represented by lignin, derived from wood.
Lignin offers the extraction of several aromatic and phenolic compounds as precursors

like vanillin, syringaldehyde, or hydroxybenzoic acid for bio-based materials.'%-!!!

3.5 (Nano-)composite Materials

Composites are produced from two or more different materials, which show different
physical and/or chemical properties. The resulting composites exhibit different properties
compared to the individual base materials. A composite material as studied in this work
always contains a matrix and a filler compound. The filler compounds are homogeneously
distributed in the matrix. A first classification of composites is based on the matrix and
exhibits polymer matrix composites, metal matrix composites, carbon matrix composites
or ceramic matrix composites. The second classification is according to the filler, which
can appear in many different shapes, e.g. particles, platelets, fibers, or lamella structures.
In general, composites can consist of any type of organic and inorganic material or even
the same class, turning many materials into a composite. For example, wood is an organic
polymer-polymer composite made from cellulose fibers and lignin as a matrix. The
benefits of composites are their high specific strength and high specific modulus. The
specific strength is defined as the ratio of strength to density, while the specific modulus
is the ratio of modulus to density. Especially polymer composites show exceptional

strength-to-weight ratio, high stiffness, durability, and resistance to corrosion, chemicals,
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and environmental exposures, which is highly favorable for many modern applications,

e.g. airplanes or wind turbines.'!?

3.5.1 Bio-inspired Organic-inorganic Composites

Nature has produced remarkable materials over million years with a small set of building
blocks and ambient conditions.!!* Under these circumstances, it is even more impressive
how diverse fundamental molecular interactions were used for the fabrication of
multilayer and often hierarchical materials with astonishing properties. The
implementation of sometimes contradictory properties like combining high strength and
toughness offer great examples for the engineering of new, man-made materials, which
have already been used for some applications (e.g. metal mimics).''* However, the
fabrication of bioinspired structures faces great challenges, such as structural coupling
between hard and soft building blocks, the retention of mechanical integrity while
maintaining other desired functional properties and the molecular-scale precision within
each level of hierarchy. Nevertheless, the possibility for a fast and large-scale production
must be considered.!!"”

One prominent example for a natural organic-inorganic composite is the natural material
nacre. Nacre is the inner shell layer of some molluska and contains of 95 wt% aragonite
(CaCOs3) and 5 wt% of proteins and polysascharides. Nacre exhibits a high fracture
toughness, which is much greater than pure aragonite due to its ingenious structure. The
complex hierarchical microarchitecture of nacre ranges from the nano- to the micrometer
scale. The structure contains columnar architectures and sheet tiles, mineral bridges,
polygonal nanograins, nanoasperities, plastic microbuckling, crack deflection and
interlocking bricks (Figure 28). Due to these properties the materials exhibit a remarkable
combination of stiffness, low weight, and strength. For this reason, the structure of nacre
attracted scientists' interest in mimicking the unique properties and developing new
materials such as laminated composite materials, biomineralization or molecular scale

self-assembly.!!®
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Figure 28: Structure of natural nacre, showing the brick and mortar-like structure of the

anisotropic platelets (aragonite) in the polymer matrix (polysaccharides).

3.5.2 Vitrimer (Nano-)composites

Nowadays, the use of thermosetting polymers for high-demand applications in composite
materials is a growing research field, due to their excellent properties and easy
production.!'!’

However, these materials still face the central problem of non-recyclability in terms of
their cross-linked polymer network with the incooperation of other materials, e.g. glass
fibers, carbon fibers, wood or metal, which makes them even more difficult to separate
or to recycle. One of the main challenges is to separate the fillers from the matrix. Current
processes use thermolysis, solvolysis or other methods enabling reinforcement recovery
but often with altered mechanical properties. Because of this reason, the fillers cannot be

reused for the same applications in most cases.!!$120

Vitrimers enable covalent dynamic networks in the composite materials, which allow the
cross-linked matrix to rearrange at elevated temperatures and pressure. For this reason,

the concept of covalent adaptable networks was rapidly used in composite research to

122,123

implement their unique properties. Carbon fibers!?!, carbon nanotubes , graphene!?,

125 121, 126

carbon black nanodots'?®, glass fibers , cellulose-based reinforcement!?” 12 silica-

and aluminaoxide fillers'?*-13!

, polyhedral oligomeric silsesquioxane nanostructures'
and iron oxide particles'*® have been used as fillers for different composites.?> However,
adding fillers lowers the flexibility and mobility in the network while the 7, and the
cross-linking density usually increase. For these reasons, it is even more challenging to

reprocess a composite material, especially with high filler loadings.?

As an example for an iron oxide based composite, a magneto-responsive elastomer doped

with iron oxide microparticles wasreported.'*>? The elastomeric vitrimer was made of a
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thioplast, epoxy-terminated monomer EPS25 and mixed in a stoichiometric ratio of two
sulthydryls (2,2'-(ethylenedioxy)diethanethiol (EDDET) and pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP)). (Dimethylamino)pyridine (DMAP) was chosen as a
catalyst and iron-oxide particles in the micrometer range were added. The vitrimer show
viscoelastic properties under thermal treatment/UV-light by disulfide metathesis. As
known for vitrimers, the materials showed shape-memory, remolding, repcrocessing and
self-healing. Moreover, the material could be moved by magnetic fields and pass through

small tunnels due to the flexibility of the elastomeric network.!?
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4 Objectives of the Work

This Ph.D. thesis is a part into the collaborated research center SFB986 in project area A.
Area A aimed to synthesize hierarchical composite materials based on inorganic-organic
composites with high loads of inorganic particles. The project was inspired by natural
materials like nacre, which show remarkable properties, e.g. high strength, toughness or
high fracture toughness (chapter 3.5.1). The unique properties were achieved through a
multiscale hierarchical structure from the nano- to the micro-scale. The goal was to mimic
these structures by clustering nanoparticles into nanoparticle clusters and embedding
them into a thermoreversible polymer matrix. To obtain a well-designed, and from the
mechanical perspective promising hierarchical material, the composite should be heat
compressed to a brick and mortar structure. To achieve that, the used polymer must be
malleable, which can be achieved by using covalent adaptable networks (chapter 3.2).
Subproject A2 was responsible for the development of thermoreversible polymers and
ligands to connect the interfaces of the nanoparticles (provided by subproject Al) and
polymers. Moreover, milestones were to be reached on the way to the final goal, which
initially involved the implementation and investigation of individual nanoparticles and
ligands in thermoreversible polymers separately. Various thermoreversible polymers
have been synthesized and tested in terms of their properties to provide a suitable material
for different processing methods and properties. This was essentially important for
different processing techniques like 3D-printing, spouted bed granulation or infiltration
technique, which require different physical or chemical properties of the monomers and
polymers (e.g. for 3D-printing the solvent and polarity must be suitable for the printing
process). These projects were carried out in cooperation with subprojects A1, A3 and A6.
The focus of this work was on the synthesis and in-depth investigation of vinylogous
urethane vitrimers, which represent a suitable, robust and catalyst-free type of vitrimers
(chapter 3.3). Figure 29 displays the overall goal of the SFB986 - Area A to synthesize a
hierarchical material by using clustered nanoparticles embedded into a thermoreversible

polymer matrix.
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Figure 29: Scheme of the overall goal of the SFB986 - Area A to synthesize a hierarchical

material by clustered nano-particles embedded into a thermoreversible polymer matrix.

To achieve the overall goals, the prepared vinylogous urethane vitrimers were
investigated in terms of their basic reaction behavior and structure by solvent-based
model reactions and cross-linked materials. Effects such as the solvent, catalyst, monomer
backbone, nucleophilicity, cross-linking density, backbone structure or spatial
arrangement were investigated in terms of their influence on the structure, the
polymerization and the thermomechanic behavior. The base research is mainly shown in
publication 1 and the chapters of unpublished works 6.1 (monomer synthesis), 6.2
(Polymerization), 6.3.1-6.3.3 (Influence of different amines and acetoacetates to the
dynamic properties of the vitrimers) and 6.3.6 (Vinylogous urea vitrimers).

Moreover, a focus was on optimizing the synthetic routes in terms of sustainability,
non-toxicity and applicability. To reduce the carbon footprint, bio-based and non-toxic
raw materials were used as raw materials and organic solvents were reduced to a
minimum. This was essentially important for different processing techniques, e.g. for
3D-printing the solvent and polarity must be suitable for the printing process. Moreover,
several vitrimers have been developed with the objective of certain applications, e.g.
reprocessable epoxy resins or porous vitrimer membranes. The results are shown in
publication 2 and the unpublished chapters 6.3.4 (Vipoxy — Epoxy-vitrimers derived from
aromatic alcohols) and 6.3.5 (Porous and dense vitrimer films based on sugars).

The last overarching topic is about vitrimer composite and shows different
polymer-polymer and inorganic-polymer composites, which were achieved by

cooperation with different partners. The results are shown in publication 3
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(starch-reinforced vinylogous urethane composites) and the chapters of unpublished
works 6.4.1 (iron-oxide nanocomposites) and 6.4.2 (nacre-inspired organic-ceramic
vitrimer composites). Starch-reinforced vitrimer composites were synthesized from bio-
based raw materials and represent an organic-hierarchical polymer-polymer composite
based on complex supramolecular starch granules embedded into thermoreversible
vitrimer matrix. This project was carried out in the scope of a cooperation project with
Professor Suwabun Chirachanchai (research visit, Chulalongkorn University, Bangkok).
Iron oxide-nanoparticles/clusters have been embedded into a vitrimer matrix with low
and high particle loads and carried out together with subproject Al. Nacre-like structures
were prepared and investigated in the scope of a cooperation project with subproject A6.
An in-situ 3D printing process was developed, which enables the alignment of anisotropic
alumina platelets during the 3d- printing process as well as in a post modification process

by heat compression molding. The topics are summarized shown in Figure 30.

Part 1 Solvezt;, ca}alysts M:)nom.erst .& Mczg?fren;rc:fotoflzox Vinylogous urea
and R-value olymerization itri
Base research el backbones) vitrimers
Publication 1 Chapter 6.1 & 6.2 Chapter 6.3.1-6.3.3 Chapter 6.3.6
Part 2 Blended vinylogous Vipoxy — Sugar-based,
Vitrimer Properties UEETEMTEE] epoxy-vitrimers porous and dense
& Applications vitrimers vitrimer films
l Publication 2 Chapter 6.3.4 Chapter 6.3.5
Part 3 S Magnetic-ingrganic- Nacr~e-inspire.
Vitri vitrimes composites ClgElle . organlc—ce.ramlc
itrimer nanocomposites composites
composites o
Publication 3 Chapter 6.4.1 Chapter 6.4.2

Figure 30: Overview of the investigated and discussed topics in this dissertation. In the first part,
the fundamental reaction behavior of the vitrimers were enlighten by model reactions and material
investigations. In the second part, different application-related vitrimer composition were
investigated and discussed in terms of their properties. As last part, vitrimers were reacted with

particles to form different composite materials with specific properties.
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5  Results and Discussion — Published Works

This chapter contains the reprints of three published first-author articles that represent the
central part of this dissertation. The support of collaborators, students, and colleagues is

acknowledged. A short synopsis is given for each publication.

5.1 Publication 1: Acid-Mediated Autocat. in Vinylogous Urethane
Vitrimers

Acid-Mediated Autocatalysis in Vinylogous Urethane Vitrimers

In the first publication, the reaction behavior of the condensation reaction of acetoacetates
and primary amines as well as the resulting enamine-one (vinylogous urethane) species
were investigated in solvent-based model studies and cross-linked vitrimer networks. The
motivation was to explore the influence of solvents, temperature, catalysts and the
decisive role of water on the structure of the resulting vinylogous urethane moieties and
the characteristic exchange reaction (transamination reaction). In this context, it was of
major interest if, besides the well-known transimination reaction, a reported imine-

metathesis reaction for typical poly(imine) networks3® 134 135

can also proceed as an
additional exchange mechanism in vinylogous urethane networks, especially in networks
without free amines.

First, the acid-induced imine-enamine tautomerism and cis-trans equilibration were
examined as fundamental mechanisms in vinylogous urethanes. In addition, an
acid-mediated autocatalysis was investigated as exchange pathway for this type of
vitrimer. Vinylogous urethanes are highly stabilized as cis-enamine-one, because of an
intrinsic conjugated Michael system and intramolecular hydrogen bonds. It was explored,
that the thermodynamic preference for the cis- and trans-stereoisomer depends on the
polarity and proton donation ability of the solvent, while the preference for the cis-isomer
was least in DMSO and highly pronounced in benzene. Furthermore, the kinetics of
acid-mediated autocatalyzed transimination reactions were examined using low

molecular model compounds, while the roles of a Brensted catalyst and remaining water

were investigated. Enamine-one species with different residues on both sides of the
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enamine bond showed a fast exchange of the residues at elevated temperatures, indicating
the same reaction products as expected for imine metathesis. In addition, poly(vinylogous
urethane) networks with and without free amine groups and para-toluenesulfonic acid as
a catalyst were prepared and characterized in terms of their thermal and mechanical
properties. Surprisingly, the networks without free amines also showed a relatively fast

exchange reaction by stress relaxation measurements.

As a result, this work pointed out the decisive role of a Bronsted acid catalyst and traces
of water for the exchange reaction in vinylogous urethanes, especially in materials
without free amines. Using a catalyst, these materials still showed remarkably fast
stress-relaxation, indicating an additional exchange mechanism, e.g. protic imine
metathesis. However, since traces of water or free amines cannot be verifiable excluded
and the materials were analyzed under an ambient atmosphere, the exchange reaction is
most likely proceeding by an acid-mediated autocatalysis, partly liberating free amines
for typical transimination reactions. These findings participate in a discussion in literature
where a similar autocatalysis reaction was explored for poly(imine) networks and
contribute insights into yet not fully understood exchange pathways in this type of
vitrimer.'3® 137 Further investigations of the fundamental reaction behavior and the
dynamics of the transamination reaction in vinylogous urethane vitrimers networks are

shown in chapters 6.1, 6.2 and 6.3.1-6.3.2.

The publication is reprinted with permission from P. Haida and V. Abetz, Macromol.
Rapid Commun., 2020, 41(14), 2000273 — published by Wiley. The related supporting
information is available in Section 9.2.
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Acid-Mediated Autocatalysis in Vinylogous Urethane

Vitrimers

Philipp Haida and Volker Abetz*

Vitrimers are a class of polymeric materials with outstanding properties.
Intramolecular substitution reactions lead to a dynamic exchange within the
polymer network which enables thermoreversible stress relaxation in yet per-
manently crosslinked materials. In this paper, the acid-mediated autocatalysis
is explored as a rearrangement pathway for vinylogous urethane vitrimers.
The autocatalysis enables transimination reactions, resulting in a dynamic
exchange among the enamine-one species, without an excess of free amines.
Therefore, the enamine-ones are protonated by a Brensted acid and turn

Polymers and networks based on ther-
moreversible noncovalent bonds are
known since many decades and the works
of Meijer, Stadler, and Binder have con-
tributed substantially to their develop-
ment based on supramolecular concepts
using tailored hydrogen bonding motifs,
leading also to self-healing materials
with adjustable properties.’). Polymers
with covalently exchangeable bonds are
known, in principle, since the vulcani-

into electrophilic iminium-ones, thus enabling fast backward and substitu-
tion reactions with water and free amines. This work provides an in-depth
investigation of the mechanism by kinetic studies of selected compounds.

In addition, novel elastomeric and thermosetting poly(vinylogous urethane)
networks with and without free amine groups and additional para-toluene
sulfonic acid as a Brensted catalyst are prepared by bulk polymerization of
hexane-1,6-diylbis(3-oxobutanoate) and tris(2-aminoethyl)amine. The under-
lying exchange mechanisms are determined by stress-relaxation experiments

with stress relaxation times of 0.3-54 000 s at 110 °C.

Thermosets are used for many applications due to their unique
properties in terms of structural and mechanical stability as
well as their chemical resistance. However, as a result of their
permanent 3D network, thermosets cannot be processed,
reshaped, or recycled.l!

The use of reversible bonds within polymer networks ena-
bles a dynamic rearrangement of the crosslinking points, which
leads to a macroscopic flow behavior of the material without
permanently changing the network integrity or its mechanical
properties.
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zation of natural rubber with sulfur’]
Covalent adaptable networks (CANs)
with well-controllable chemical bonds
are divided into dissociative and asso-
ciative exchange mechanisms.[! A typical
dissociative exchange mechanism is the
well-known retro-Diels-Alder reaction,
e.g., between furan and maleimide. By
applying heat, the equilibrium is shifted
to the endothermic side and thus the
polymer network is split covalently, which
leads to a sudden reduction in viscosity, as
in the case of thermoplastics above glass transition or melting
temperature.’!

CANs based on associative exchange mechanisms do not
undergo depolymerization because the number of crosslinking
points always remains constant. Covalent bonds are only
broken when new ones are formed, making these networks
permanent and dynamic at the same time.[®

In 2011, Leibler and co-workers introduced a new class of
CAN s based on an associative exchange mechanism by adding
a compatible transesterification catalyst to epoxy/acid or epoxy/
anhydride polyester-based networks. This thermally triggered
catalytic transesterification reaction resulted in durable poly-
ester/polyol networks that show a slow viscosity decrease upon
heating, which had never been observed in organic polymer
materials before. Hence, the authors introduced the name vit-
rimers for those novel polymeric materials.]

Since this initial work, various dynamic covalent bonds for
rearrangement reactions in vitrimers have been investigated.l®!

Further examples for associative exchange mechanisms are
the transalkylation,’! transcarbonation,’” transcarbamoyla-
tion,!! thiol-disulfide exchange,!? transamination™ or tran-
simination reactions.! The use of numerous monomers
and catalysts lead to a variety of exchange rates and activation
energies.?*1533 [n all of these vitrimer-types, however, nonstoi-
chiometric polymer networks are synthesized, with the excess
component always initiating the exchange reaction. Another

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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type of rearrangement mechanism for vitrimer-like materials,
which does not require an excess compound, is based on
metathesis reactions. Examples are the disulfide metathesis,!®!
olefin metathesis,[] or imine metathesis.!*18l

In 2014, Winne and co-workers investigated the vinylogous
amide-type enamine-one species, which are synthesized with
primary amines and acetoacetates, giving a covalently dynamic
bond for vitrimeric materials.®® This bond can be regarded as
a vinylogous urethane with a vinylic bond and is stabilized by
the conjugation through the ester unit and an intramolecular
hydrogen bond, that turns vinylogous urethanes into thermo-
dynamically stable bonds. While normal urethanes cannot
undergo spontaneous addition reactions due to the weak electro-
philicity, the vinylogous urethanes are significantly more reac-
tive, which enables dynamic exchange reactions.!”] It is known
from literature that the condensation reaction of aldehydes and
ketones with primary amines produces imines and one equiva-
lent of water.2%) However, in case a conjugated system is formed,
the enamine structure can also be the preferred tautomer. As an
example, the reaction of benzaldehyde and a primary amine pro-
duces predominantly the conjugated imine,?!! while the recently
described reaction of acetoacetates and primary amines leads to
the formation of the conjugated enamine.'®? In both cases,
the product is strongly thermodynamically favored by the conju-
gation, and yet, different. In addition, the enamine tautomer can
exist as a cis- or a trans-stereoisomer. Depending on the chemical
environment (e.g., polarity), one stereoisomer is usually thermo-
dynamically preferred.l?3l The basic knowledge of imine metath-
esis has already been known for approximately a century, using
acid or metal catalysts.?) However, it has recently been shown
that imine metathesis reactions can also proceed at moderate
temperatures and without adding an additional catalyst.82%]
Stefano and co-workers showed that aromatic imines undergo
autocatalyzed transimination reactions at moderate tempera-
tures, while the exchange rate can be easily accelerated by
adding additional free primary amines.!?>>2¢l
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Figure 1. Schematic representation of the acid-mediated autocatalyzed
exchange pathway for vinylogous urethane vitrimers. The enamine-ones
are protonated by a Brensted acid, giving an electrophilic iminium-one,
which undergoes the backward reaction with water. Thus, the liberated
amines initiate fast transimination reactions as exchange mechanism
even in networks without an excess of free amines.
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Here, we investigated the Brensted acid and autocatalyzed
exchange pathway for vinylogous urethane vitrimers for the
first time. Traces of water enable autocatalyzed transimination
reactions, resulting in dynamic exchanges between the resi-
dues of the enamine-one species (Figure 1). Vinylogous ure-
thanes are thermodynamically stabilized as a cis-enamine-one
stereoisomer. Adding a Brgnsted acid, the equilibrium of the
imine-enamine tautomerism shifts to the side of the proto-
nated, electrophilic iminium-one, which in turn enables nucle-
ophilic substitution reactions. In addition, a solvent-dependent
cis—trans stereoisomerism of the enamine-one species is
investigated. The exchange mechanism is proven by stress
relaxation experiments in poly(vinylogous urethane) networks,
exploring vitrimers with and without additional free amines
and p-toluene sulfonic acid as catalyst. Furthermore, novel
elastomeric and thermosetting vinylogous urethane vitrimers
are synthesized by carrying out nonstoichiometric crosslinking
and using easily accessible, low molecular weight monomers,
exhibiting short stress relaxation times and excellent mechan-
ical properties.

Vinylogous urethanes can be easily synthesized by mixing
primary amines and acetoacetates under elimination of one
equivalent of water. The condensation reaction of ethylacetoace-
tate (1) and hexylamine (2) at room temperature was considered
as a model compound reaction.

Characterization by 'H NMR spectroscopy showed a fast con-
densation reaction, in which the formation of a stereoisomeric
mixture of cis- and trans-enamine-ones was observed (Figure 2)
(*H NMR spectra, Figures S1 and S2, Supporting Information).
The results pointed out that the cis-enamine-one (cis-en) (3) is
predominantly present, while the trans-enamine-one (trans-en)
(4) only represented a small amount. Furthermore, 2D NMR-
experiments (13C DEPTQ-135 (distortionless enhancement by
polarization transfer), correlated spectroscopy (COSY), hetero-
nuclear single quantum coherence (HSQC), heteronuclear mul-
tiple bond correlation (HMBC), nuclear overhauser enhancement
spectroscopy (NOESY)—Figures S3-S7, Supporting Information)
clearly demonstrated the formation of the cis- and trans-enamine-
ones as stereoisomers. As mentioned earlier, a conjugation ther-
modynamically stabilizes the respective tautomer.??! In this case,
the formation of a conjugated Michael system highly favors
the enamine-one tautomers. Furthermore, the formation of an
intramolecular hydrogen bond in the cis-en provides additional
stabilization to the stereoisomer, which leads to the almost exclu-
sive formation of the cis-en. Attenuated total reflection-fourier-
transform-infrared (ATR-FT-IR) measurements supported the
formation of the enamine-one by measuring the respective C=C
band (1603 cm™) and the C=0 ester band (1650 cm™) (Figure S8,
Supporting Information).

It has been shown that solvent effects likewise influence the
imine-enamine tautomerism and cis—trans stereoisomerism
regarding aromatic and aliphatic imines in low molecular
weight studies.?>?>%] It is hence assumed that the solvent plays
a major role for imine-enamine tautomerism and cis—trans ste-
reoisomerism in vinylogous urethanes as well. To investigate
this feature in our study, the isomeric mixture was stirred in
deuterated benzene, chloroform, methanol, dimethylsulfoxide
(DMSO), and without solvent for 8 d at room temperature
and characterized by 'H NMR-spectroscopy in different time

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Schematic representation of the condensation reaction with
ethylacetoacetate (1) and hexylamine (2). The cis-enamine-one (3) and
trans-enamine-one (4) stereoisomers were synthesized under elimination
of one equivalent of water, with the cis-enamine-one (3) representing the
predominant species.

intervals (Figure S9, Supporting Information). The spectra
showed that the thermodynamic preference for the cis-en dis-
appears slowly with increasing polarity of the aprotic solvents,
while the cis-en was still predominant (Table 1).

This can be explained by the fact that a polar, aprotic solvent
forms hydrogen bonds with the NH bond and thus competes
with the intramolecular hydrogen bonds of the cis-en. The steri-
cally preferred trans-en is therefore more strongly present in
the polar, aprotic DMSO. In nonpolar aprotic solvents, on the
contrary, stabilization can only take place via the intramolec-
ular hydrogen bond of the cis-en. In comparison of the aprotic,
polar DMSO and the protic, polar MeOD, the preference for
the cis-en is more pronounced in DMSO. This can be explained
by the fact that DM SO is a better hydrogen bond acceptor than
MeOD. Considering the reaction times until the cis—trans equi-
libria were set, DMSO and MeOD show significantly different
rates. The protic MeOD highly accelerates the reaction times
in comparison to the other solvents. However, the mechanism
for the isomerization requires further investigations since the
mechanism might proceed via the protic catalyzed dissociation
and renewed condensation reaction with water or the proto-
nated iminium-one as direct intermediate.

Furthermore, it is reported that the imine-enamine tau-
tomerism in general can be influenced by temperature.[?3/28]
For this reason, temperature dependent 'H NMR spectra

www.mrc-journal.de

were measured in deuterated benzene, DMSO, and without
solvent. In temperature-dependent NMR measurements,
the temperature range is limited by the boiling points of the
available deuterated solvents. With this in mind, the homo-
geneous stereoisomeric mixture was measured in deuterated
benzene in a range of 20-60 °C, in deuterated DMSO in a
range of 20-110 °C, and without solvent in a range of 20-90 °C
(Figure S10, Supporting Information). The measurements in
deuterated benzene showed no significant shift of the cis—trans
stereoisomerism (98:2-97:3 mol%) in a temperature range of
20-60 °C. In the more polar deuterated DMSO, heating from
20-70 °C showed a slight shift (87:13-85:15 mol%). In the
range from 70 to 110 °C, however, a significant increase (85:15—
60:40 mol%) was found.

Thus, at 110 °C, the same cis—trans equilibrium state was
reached as observed at room temperature after 144 h. Appar-
ently, the temperature is not a decisive factor here, since the
cis—trans equilibrium does not show a significant shift at higher
temperatures, just a faster equilibration (Table S1, Supporting
Information).

The metal- and acid-catalyzed imine metathesis for imine
species is known for a long time.2*425%] For the protic imine
metathesis pathway a stepwise mechanism is suggested in
which a protonated iminium serves as electrophile and the non-
protonated imine serves as nucleophile (Figure S11, Supporting
Information).?¥ In this work, we examined the exchange mech-
anism of the protic imine metathesis for vinylogous urethanes,
considering enamine-ones as reactants. In order to investigate
the exchange reaction, two enamine-one species with different
residues on both sides of the enamine bond were synthesized
and it was examined whether the four expected products arose
during stirring at elevated temperatures (Figure 3). Xylene was
used as solvent because of the high boiling point and the non-
polar, aprotic character. As mentioned earlier, the preference for
the cis-enamine-one is thermodynamically highly pronounced
in nonpolar solvents. This should ensure a clear evaluation of
the expected four cis-enamine-one products.

Compounds 6 and 7 were mixed equally in xylene and stirred
for 7 h at 140 °C. Characterization by 'H NMR spectroscopy
showed the formation of the four expected products (6, 7, 8, and
9) and an equilibrium state where the share of each product
amounted to 25%. As a reference, the four expected products 6,
7, 8, and 9 were synthesized separately and mixed in the same
ratio and concentration as in the model compound reaction. In
comparison, the obtained 'H NMR spectra show the same equi-
librium signals and intensities, which is a clear evidence for the

Table 1. Molar ratio of cis-trans-stereoisomers in solvents with different polarity at room temperature. With increasing polarity of the aprotic solvents,
the thermodynamic preference for the cis-isomer disappears slowly. The protic solvent MeOD acts as a protic catalyst since the equilibration pro-

ceeds significantly faster compared to aprotic solvents.

Solvent 6h 7h 24h 72h 144h 204 h
Benzene-dg 97:3 97:3 98:2 98:2 - 98:2
CDCly-d, 96:4 97:3 - 97:3 - 97:3
DMSO-d, 87:13 79:21 - 71:29 66:34 61:39 61:39 Cis:trans
MeOD-d, 74:26 74:26 - 74:26 - 74:26 74:26
No Solvent 91:9 - - - - 91:9
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Figure 3. Schematic representation of the model compound exchange
experiment for the acid-mediated autocatalysis reaction. The enamine-
ones (5 and 6) were dissolved in xylene and different amounts of acetic
acid were added as Brgnsted catalyst. The exchange reaction (yielding 7
and 8) was monitored over time at different temperatures.

exchange reaction in vinylogous urethanes (Figure 4). (Full 'H
NMR spectra, Figure S12, Supporting Information).

The transimination reaction in vinylogous urethanes is
initiated by free primary amines. Consequently, the exist-
ence of such primary amine would yield the same product as

www.mrc-journal.de

the exchange reaction in this synthetic scheme. This makes
a removal of all free primary amines before the experiment
mandatory. To achieve that, an excess of acetoacetates (0.1 eq.)
was added and the absence of amines was proven by 'H NMR
spectroscopy.

In order to investigate the role of an acid catalyst during the
reaction, equal amounts of compounds 5 and 6 were dissolved
in xylene and stirred for 4 h at 80 °C with different amounts of
acetic acid (0-10 eq.) (Figure 5).

The results clearly show accelerated conversion by using
an increased amount of the Brensted acid. Consequently, the
exchange reaction could be quenched by adding the weak base
sodium acetate to the reaction mixture with no conversion after
4 h at 80 °C. Furthermore, the imine metathesis in imines can
be quenched by adding an excess of a strong Brgnsted acid, as
all nucleophiles are protonated instantly with no nucleophiles
remaining. To prove this, the reaction mixture was added to an
excess of trifluoroacetic acid with the result that all enamine-
ones were present as protonated iminium-ones (Figure S13,
Supporting Information). These findings match with the
reported investigations of the protic imine metathesis using ali-
phatic and aromatic imines.?*2% The experiments show that
the exchange reaction is catalyzed by Brensted acids and even
proceeds slowly without adding an additional catalyst.

Moreover, the role of water is of major interest for the
mechanistic investigation of the exchange reaction since water
initiates the backward reaction to acetoacetates and amines.
These free amines can undergo fast condensation and tran-
simination reactions, leading to an exchange of the different

He
0 HN o HN N

Hb 5 He

H;
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HHA h Heven

H
o O HN
- IO
Hy
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A «©“'
W, @ AN o, W Q HN +586
@/\OJ\H:/K 7 \O)J\,.fl\ s
Hy Hy
1 v 1 ' 1 4 1 ' 1 4 1 ' 1 4 I i 1 ' 1 '
5,25 5,00 4,75 4,50 4,25 4,00 3,75 3,50 3,25 3,00
0 [ppml]

Figure 4. '"H NMR-spectra of the model compound exchange reaction for the acid-mediated autocatalysis in vinylogous urethanes in comparison to a
reference spectrum. a) '"H NMR-spectrum of the reactants 5 and 6 before heating. b) '"H NMR-spectrum of the products 5, 6, 7, and 8 equilibrated after
stirring for 7 h at 140 °C. ¢) 'H NMR-spectrum of the reference with compounds 5, 6, 7, and 8 in the same concentration.

Macromol. Rapid Commun. 2020, 41, 2000273 2000273 (4 of 12)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Rapid Communications

www.advancedsciencenews.com

100
...... +-- Base < 0.1 eq. AA
go] ~* Nocatalyst - 05eq. AA
,,,,, +--0.01eq.AA = 10eq. AA

60

404 7

Fraction compound 7 [%]

100 150 200 250

Reaction time [Min]

Figure 5. Conversions using different equivalents of acetic acid (AA) as
catalyst. An increased amount of acid accelerated the exchange reaction,
while the addition of a base quenched the reaction.

residues of the enamine-one species as well. The predominant
enamine-one species is resistant to hydrolysis due to the weak
electrophilicity of the conjugated C=C bond, which enables
the condensation reaction of acetoacetates and amines even
in aqueous medium. However, the protonated iminium-one
shows a significant higher electrophilicity and undergoes
hydrolysis reactions. Thereby, the concentration of the elec-
trophilic, protonated iminium-one is a decisive factor and
depends on the amount of acid catalyst in the experiment.
In order to examine the influence of water, another exchange
experiment was carried out. An enamine-one (5) was synthe-
sized with dodecylamine and an excess of methylacetoacetate
(1.2 eq.) and dried in vacuo, with the excess of acetoacetates
saturating all free amines. Next, an excess of benzylacetoac-
etate (1 eq.) (9) was added to the mixture and stirred for 6 h
at 80 °C in xylene. The backward reaction of the protonated
iminium-one and water produces free dodecylamine, which
then undergo a fast condensation reaction with the excess
of benzylacetoacetate (9), that is, another enamine-one (7)
(Figure 6). 'TH NMR spectra clearly show the formation of
compound 7, leading to an equilibrium state of the involved
acetoacetates (Figure S14, Supporting Information). This
proves that the backward reaction with water play a major
role for the enamine-one exchange reaction, even if the mix-
ture contains just traces of water. Furthermore, it was found
that the addition of acetic acid accelerated the equilibration,
which can be explained by the fact, that the concentration of
the electrophilic iminium-one was increased and thus made
a nucleophilic attack of water more likely (Figure S15, Sup-
porting Information).

To prove a catalyst effect of water, the enamine-one exchange
reaction was carried out with different amounts of water
and stirred for 11 h at 120 °C (Figure 3). Therefore, one part
of the mixture was dried in vacuo (oil pump) for 2 h and the
exchange reaction was carried out under nitrogen atmosphere.
The second part of the mixture was dried after the synthesis
of the involved enamine-ones, but stirred under atmospheric
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conditions during the exchange reaction, while 1 eq. of water
was added to a third part. The results show a faster equilibration
with increased amount of water. Interestingly, part one, which
was dried in vacuo and contained just traces of water, shows
a sigmoidal conversion. This behavior can be attributed to an
autocatalysis. The amount of the electrophilic iminium-one
and nucleophilic water is extremely low, giving a slow release
of free amines and the resulting transimination reactions. If
the amount of the electrophilic iminium-one was increased
through an acid catalyst or a higher amount of water was pre-
sent, the autocatalytic behavior could not be observed due to
an instant release of free amines (Figure 7). Moreover, a model
compound exchange experiment with the equilibration of ace-
toacetates (Figure 6) showed the same sigmoidal curve with a
similar conversion rate under dry conditions (Figure S16, Sup-
porting Information). Finally, this result proves that the acid-
mediated autocatalyzed transimination reaction is initiated even
by traces of water and seems to be the only exchange pathway
for enamine-ones. As it is reported for imines, no direct, acid
catalyzed imine metathesis pathway was observed.?* The
amine catalyzed imine metathesis for aromatic imines was
investigated by Stefano and co-workers. Interestingly, the group
observed an autocatalytic behavior exploring the imine-equili-
bration in experiments without additional free amines, accom-
panied by low concentrations of free reactants after a few hours
of reaction time. However, they proposed that a low concentra-
tion of water is capable for a dissociation reaction giving free
amines, which in turn catalyze the imine metathesis exchange
reactions.>*2 These findings support our investigations for
the autocatalyzed transimination reactions in vinylogous ure-
thane vitrimers.

In order to determine the activation energies of the exchange
reaction, compounds 5 and 6 were mixed with an excess of

O O
6 9
®
0 HN|H1\1 l
~N
0
H>O )

O HNHH O O
AN I

7 10

Hy0
+

Figure 6. Model compound experiment to determine the role of water
for the exchange reactions. The backward reaction of the protonated
iminium-one with water leads to the formation of free methylacetoac-
etate and dodecylamine, which undergo a renewed condensation reaction
with the excess of benzylacetoacetate, thus giving another enamine-one.
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Figure 7. Conversions of the autocatalyzed enamine-one exchange reac-
tion (Figure 3) using different amounts of water. A sigmoidal curve is
observed in the experiments containing low amounts of water, showing
the autocatalytic behavior of this exchange mechanism (dried in vacuo).
With increased amount of water, the amines were liberated almost
instantly.

compound 6 to ensure a pseudo first order kinetics at low con-
versions. Since the exchange reaction results in an equilibrium
state, the backward reaction became significant at high conver-
sions. The reactions were carried out in xylene at 60, 80, and
100 °C. The conversion of reactant 7 was plotted against the
reaction time (Figure 8). Next, first order kinetics at low conver-
sions were fitted and used to determine the initial rates of the
conversion curves. (Figure S17, Supporting Information). The
activation energy was obtained using an Arrhenius law. (Equa-
tion (S1) and Figure S18, Supporting Information).['3»2]

With this, an activation energy of 54 k] mol™ was calcu-
lated for the exchange reaction of the enamine-ones. For

1,01
~ 0,81 Equiibrum
£ - 60°C
: o
g- e 100 °C .. .
8 0.4- L
5 ®
je] = - )
S 0,21 J—
& A S
0,04 T
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Figure 8. Schematic representation of the enamine-one model exchange
reaction of compounds 5 and 6 (Figure 3). Conversion of 7 during the
exchange reaction at 60, 80, and 100 °C in xylene.
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comparison, the activation energy of the transimination reac-
tion with an excess of free primary amines was calculated
using an Arrhenius law as well. Doing so, the enamine-
one methyl 3-(benzylamino)but-2-enocate (11) was mixed
with an excess of dodecylamine (12) to ensure a pseudo
first order kinetics. The solution was stirred for 3 h at 100,
120, and 140 °C, respectively, in xylene and characterized by
!H NMR spectroscopy in different time intervals (Figure S19,
Supporting Information). The conversions of compound 11
were plotted against the reaction time (Figure S20, Supporting
Information). Next, a first order law was fitted at low con-
versions and the initial rates were determined. (Figure S21,
Supporting Information).?”) With this, an activation energy
of 60 k] mol™! was calculated by using an Arrhenius law
(Equation (S1) and Figure S22, Supporting Information).['3»:2%]
Du Prez and co-workers determined the activation energy for
vinylogous urethanes by a similar model experiment, with a
calculated activation energy of 59 k] mol™, which agrees well
with our result.®® Regarding the calculated activation ener-
gies, the experiment showed that the exchange reaction pro-
ceeds via the protic iminium pathway, even if no additional
catalyst was added.B’!

In comparison, the transimination reaction with additional
free amines and the exchange reaction of the enamine-ones
without additional free amines show similar calculated acti-
vation energies. This supports the hypothesis that the reac-
tions proceed via the same transition state and proves that the
transamination reactions proceed with an excess of free amines
or by acid-mediated autocatalysis.

The calculated activation energies are comparable to values
reported for imine metathesis and transimination reac-
tions of aromatic imines (64 k] mol™).'" Furthermore, it is
reported that an imine metathesis in aromatic and aliphatic
imines can proceed without an additional catalyst and at
moderate temperatures, with calculated activation energies of
48-89 kJ mol 1.1418:200252,25b31] [y comparison, our calculated
activation energies of 54-60 k] mol™ are in good agreement, but
nevertheless the mechanism is based on a fast acid-mediated
autocatalysis reaction, which enables a transimination reaction.
A direct exchange mechanism of the enamine-one species was
not observed.

Vinylogous urethane networks were prepared using the con-
densation reaction between acetoacetates and primary amines
following the work of Winne and co-workers.*" A wide range
of polyacetoacetate monomers can be easily prepared from
broadly available polyols.?? A combination of these monomers
with various commercially available polyamine monomers
gives access to a wide selection of poly(vinylogous urethane)
vitrimers.  Hexane-1,6-diylbis(3-oxobutanoate) and tris(2-
aminoethyl)amine (TREN) as trifunctional crosslinking agent
were used as monomers. In addition, para-toluenesulfonic acid
(p-TsOH) was used as catalyst in selected vitrimers. The con-
densation reaction between primary amines and acetoacetates
already occurs at room temperature and generates one equiva-
lent of water that needs to be removed. For this reason, the vit-
rimeric networks were cured in vacuo at 100 °C for 20 h and
then postcured for 30 min at 150 °C to ensure full curing and
removal of water. The stoichiometry of the functional groups is
an important factor in the prepared poly(vinylogous urethane)
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Figure 9. Schematic representation of the used monomers to synthe-
size the poly(vinylogous urethane) networks. Hexane-1,6-diylbis (3-oxob-
utanoate) (16) and tris(2-aminoethyl)amine (TREN) (15) were mixed in
different ratios to obtain VU-A, VU-A,, VU-Ey,, VU-NA, and VU-NA,
with an excess of amines or acetoacetates and p-TsOH as catalyst.

networks. The availability of free primary amines leads to tran-
simination reactions, which are strongly accelerating the reor-
ganization process in the vitrimeric network. Nevertheless,
synthesizing a network with an excess of amines or acetoac-
etates implies working under nonstoichiometric conditions,
which affects the network topology. For this reason, a compro-
mise between rearrangement rate and a resilient network integ-
rity (gel point) must be made.

For further investigations of the exchange reactions in
poly(vinylogous urethanes), different vitrimers with bisace-
toacetate (16) and TREN (15) as crosslinking agent were syn-
thesized (Figure 9). For comparison, vitrimeric networks with
an acetoacetate to amine ratio (R) of R = 0.7 (excess of amines)
and R =1.35 (excess of acetoacetates) were prepared. This ratio
provides nonstoichiometric crosslinking while maintaining the
integrity of the polymer networks. As described in literature,
vitrimeric networks with free primary amines undergo rapid
transimination reactions, which can be highly accelerated by
using a Brensted acid as catalyst.[13b3033]

Since networks with a high excess of acetoacetates contain
low amounts of free amines, another mechanism is considered
as exchange pathway in these networks. To investigate that, five
different vinylogous urethane vitrimers were prepared. VU-A
with an excess of amines (R = 0.7), VU-Ay, with an excess
of amines (R = 0.7) and 0.05 wt% p-TsOH as catalyst, VU-
Ey, with an equal ratio of amines and acetoacetates (R = 1.0)
and 0.05 wt% p-TsOH, VU-NA with an excess of acetoace-
tates (R = 1.35) and VU-NAy, with an excess of acetoacetates
(R=1.35) and 0.05 wt% p-TsOH.

ATR-FT-IR measurements proved the formation of the vit-
rimers by measuring the respective C=0 ester (1650 cm™) and
C=C band (1602 cm™) as well as the C=0 ester (1735 cm™) and
C=0 ketone band (1724 cm™) of the acetoacetate monomer
in networks with an excess of acetoacetates (Figure S23, Sup-
porting Information).

In terms of a thermomechanical classification elastomeric
and thermosetting vinylogous urethane vitrimers with glass
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transition temperatures (T) of 13 °C (VU-A), 17 °C (VU-
Ay.), -8 °C (VU-NA), 29 °C (VU-NAy,), and 51 °C (VU-Ey,)
were synthesized (T, on-set obtained by differential scanning
calorimetry, DSC) (Figure S24, Supporting Information). As
expected, the vitrimers synthesized under highly nonstoichio-
metric ratios showed a low T,, in comparison to VU-Ey,, which
was synthesized with equimolar fractions of amines and ace-
toacetates (thermosetting vitrimer). The thermomechanical
classification of vinylogous urethane vitrimers can be facilely
adjusted by a variation of the monomers and stoichiometry.
Regarding that, elastomeric vinylogous urethane vitrimers
were synthesized by using bulky amine- and acetoacetate-func-
tionalized molecules and polymers like pripol-, poly(propylene-
glycol)-, or perfluoropolyether-derivates as described in lit-
erature.>30 Admittedly, these elastomeric vinylogous ure-
thane vitrimers have lower glass transitions temperatures
(-100-5 °C) than ours, but show comparable stress relaxation
times (acid catalyzed and noncatalyzed).'>3% This shows that
elastomeric vitrimers can be synthesized by using easily acces-
sible, low molecular weight molecules as monomers, instead
of bulky ones. Furthermore, the thermal stability was investi-
gated by thermal gravimetric analysis (TGA) measurements
and showed degradation points up to 281 °C (VU-A), 226 °C
(VU-Ayy,), 222 °C (VU-Ey,), 251 °C (VU-NA), and 220 °C (VU-
NAy,) under oxygen atmosphere with no significant change
by measuring under nitrogen atmosphere (Figure S25, Sup-
porting Information). Interestingly, the vitrimer with an excess
of amines and without catalyst (VU-A) is the most stable one,
while the vitrimer with an excess of acetoacetates (VU-NA)
showed a 30 °C lower degradation point. In addition, the vit-
rimers with additional p-TsOH (VU-Ay,, VU-NAy,, VU-Ey,)
showed significantly lower degradation points with a difference
of =60 °C compared to the most stable one. Consequently, it
can be assumed that p-TsSOH is accelerating the degradation
process. In addition, VU-Ey, (R = 1) showed the least mass loss
until the degradation point, which can be explained by its tight
network topology.

For further investigations of the mechanical properties,
temperature dependent dynamical-mechanical analysis (DMA)
measurements were carried out and showed similar storage
moduli of 0.3-0.7 GPa and rubbery plateaus of 0.2—4 MPa for
the synthesized vitrimers (Figures S26-S30, Supporting Infor-
mation). Moreover, stress relaxation experiments were carried
out at different temperatures to examine the exchange mecha-
nisms in these networks and an Arrhenius law was used to cal-
culate the activation energies. The stress relaxation experiments
were measured with a torsional deformation of 1% and the
relaxation modulus was recorded as a function of time in the
range of 90-160 °C. According to the Maxwell model of viscoe-
lastic fluids the relaxation times were determined at 37% (1/e)
of the normalized stress relaxation modulus.*® According
to literature, a dual temperature response was measured by
stress relaxation experiments using a low amount of amine
or Brgnsted acid in the formulation of the vitrimers.2% This
response can be attributed to two different exchange mecha-
nisms. A protic iminium pathway (transimination) with an
activation energy of 60-102 k] mol™ and an aprotic Michael-
type pathway (transamination) with an activation energy of
99-141 k] mol 153034 Tn addition, the protic iminium pathway

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. Normalized stress relaxation curves of the considered viny-
logous urethane vitrimers at 110 °C to prove the underlying exchange
mechanism. Without amines and acid catalyst (VU-NA) long relaxation
of >13 h could be measured. In networks with free amines (VU-A) and
additional catalyst (VU-Ay, and VU-Ey,) short relaxation times were
observed, which can be attributed to fast transamination and transimi-
nation reactions (0.3-80 s). Most interesting, VU-NA,, showed a rela-
tively short relaxation time of 134 s in comparison to VU-NA (>13 h). In
addition, another quenching step (by adding methylacetoacetate) did
not change the relaxation times significantly (123 s). This behavior can
be attributed to acid-mediated autocatalyzed transimination reactions in
network VU-NA,.

is supposed to be the predominant exchange mechanism, at
least if a high excess of free primary amines or a Brensted acid
as catalyst is used in the temperature range of 90-160 °C.13%
For the investigation of the exchange mechanisms, the nor-
malized stress relaxation curves of the vitrimers at 110 °C are
shown in Figure 10. In networks without additional Brensted
acid the concentration of the protonated iminium-one (electro-
phile) is quite low. Therefore, networks with an excess of free
amines undergo transimination, showing a stress relaxation
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time of 29 s (VU-A). On the contrary, vitrimer VU-NA contains
a high excess of acetoacetates, which means there are almost no
free amines left in the network. In addition, the concentration
of the electrophilic protonated iminium-one is likewise low.
Hence, the network showed long relaxation times over 15 h.

Preparing networks with a Bregnsted acid means that the con-
centration of the protonated iminium-one is highly increased
and the protic exchange mechanisms are preferred.

VU-Ay, was synthesized with an excess of free amines
(R =0.7) and p-TsOH and showed extremely short relaxation
times of 0.3 s at 110 °C, which can be attributed to fast tran-
simination reactions with a huge excess of free amines as
strong nucleophiles.?%33] Interestingly, the network VU-NAy,,
with an excess of acetoacetates (R = 1.35) and p-TsOH showed
relatively short relaxation times of 134 s, compared to VU-NA
without an acid catalyst (>15 h). This can be explained by the
fact that the concentration of the electrophilic iminium-one
was highly increased and nucleophilic attacks occurred much
more likely. To prove that all amines were saturated, VU-NAy,
was swelled in tetrahydrofuran (THF) and a high concentration
of methylacetoacetate was added to quench free amines. After
swelling for 3 h and drying in vacuo for 8 h at 100 °C, the stress
relaxation was measured at 110 °C once again. Apparently, no
significant change was measured regarding VU-NAy, (134 s)
and VU-NAy,quenched (123 s). This behavior was incidentally
reported in studies on quenching free amine groups in poly-
dimethylsiloxane polymers with methylacetoacetates, without
exploring this finding in further detail.l**

For further comparisons, the activation energies of the vit-
rimers were determined from stress relaxation measurements at
different temperatures (Figures S31-S35, Supporting Informa-
tion). Activation energies of 75.9 k] mol™ (VU-A), 60.3 k] mol™
(VU-Ay,), 84.9 k] mol™! (VU-Ey,), and 75.8 kJ mol™ (VU-NAy,)
were calculated (Figure 11). An estimation for VU-NA was
impossible due to long relaxation times and the related prob-
lems during processing (cracks in the material).

7475.9 kJ mol™’! .
6160.3 kJ mol‘1
5178 ) mol VU-A
4] VU-A,,
raiy VU-Ey,,
<) VU-NA,,,
1 i
0 i
-1
22 24 26 28 30
1000/T [K™]

Figure 11. Arrhenius fit by using the normalized stress relaxation times
(37%) at different temperatures to determine the activation energies of
the respective vitrimers. Activation energies of 60.3-85.9 k] mol™ were
calculated.
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According to literature, activation energies of 60-102 k] mol™
are typical for vinylogous urethane vitrimers.*>1>3 Our obser-
vations are hence in good agreement with the reported values.
As investigated in the model compound studies, even small
amounts of water combined with an acid catalyst enable fast
backward reactions, thus releasing free amines for fast tran-
simination reactions. Even if the poly(vinylogous urethane) net-
works synthesized by a condensation reaction were postcured
in vacuo for a long time, traces of water will always remain in
the network. In summary, these findings lead to the conclusion
that in vitrimers with an excess of acetoacetate and additional
acid as catalyst, fast depolymerization, polymerization (conden-
sation reaction), and transimination reactions occur and ensure
a fast exchange compared to networks without acid catalyst.

The acid induced imine-enamine tautomerism and cis—
trans equilibration were examined as fundamental mecha-
nisms in vinylogous urethanes. In addition, an acid-medi-
ated autocatalysis was investigated as exchange pathway for
this type of vitrimer. Vinylogous urethanes are highly stabi-
lized as cis-enamine-one, because of an intrinsic conjugated
Michael system and intramolecular hydrogen bonds. We
explored, that the thermodynamic preference for the cis- and
trans-stereoisomer depends on the polarity and proton donation
ability of the solvent, while the preference for the cis-isomer
was least in DMSO and highly pronounced in benzene. Fur-
thermore, the kinetics of acid-mediated autocatalyzed tran-
simination reactions were examined using low molecular
model compounds, while the decisive roles of Brensted catalyst
and remaining water were of major interest for the exchange
mechanism. Enamine-one species with different residues on
both sides of the enamine bond showed a fast exchange of the
residues during stirring at elevated temperatures. In addition,
poly(vinylogous urethane) networks with and without addi-
tional free amine groups and p-toluenesulfonic acid as catalyst
were prepared and proved short relaxation times even in net-
works without additional free amines. This evidences the deci-
sive role of water, acid catalysts, or other protic donors for the
exchange mechanisms in vinylogous urethane vitrimers.

Moreover, novel elastomeric and  thermosetting
poly(vinylogous urethane) networks with glass transition tem-
peratures of —8-19 °C, thermal stabilities up to 220-281 °C,
storage moduli of 0.2-0.7 GPa, rubbery plateaus of 0.2-4 MPa,
and stress-relaxation times of 0.3-54 000 s at 110 °C are pre-
sented by using adjustable nonstoichiometric crosslinking. The
investigations of the acid-mediated autocatalyzed transimina-
tion reactions in vinylogous urethane vitrimers underline the
outstanding properties of this type of vitrimers, which form
highly resilient, but nevertheless crosslinked materials.

Experimental Section

Chemicals: Hexylamine (99%), para-toluene sulfonic acid monohydrate
(99%), trifluoroacetic acid (99%), and tert-butyl-acetoacetate (=98%)
were purchased from Sigma-Aldrich. Benzylamine (299%) and
benzylacetoacetate (295%) were obtained from TCI Deutschland GmbH.
Methylacetoacetate (299%) and tris(2-aminoethyl)amine (97%) were
purchased from Alfa Aesar. Ethylacetoacetate (98%) and 1,6-hexanediol
(297%) were purchased from MERCK KG aA. Acetic acid (95%) was
obtained by VWR and dodecylamine (298%) was purchased from Fluka.
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Sodiumacetate (99%) was purchased from pro analysis. Xylene (99%,
isomeric mixture) and MgSO, (99%) were purchased from Grissing.
Benzene-ds, DMSO-dg, methanol-d,, and CDCl; were purchased from
Deutero GmbH.

Instrumentation: Proton nuclear magnetic resonance (‘"H NMR, 3C NMR
and COSY, HSQC, HMBC, NOESY) spectra were recorded on a Bruker
AVANCEII (Bruker BioSpin GmbH, Karlsruhe, Germany) at 400-600 MHz.
Tetramethylsilane was used as internal standard and chloroform-d,
(CDCl3), benzene-ds, dioxane-dg, or DMSO-ds were used as solvents.
Sample concentration was between 10 and 20 mg mL™". Measurements
were usually recorded at 300 K (excluded temperature-dependent
measurements). Data processing was carried out with MestReNova
(Version 9.0.1, Mestrelab Research S.L., Santiago de Compostela, Spain).

FT-IR spectra were recorded on a Bruker FT-IR Vertex 70 (Bruker,
Ettlingen, Germany) with a diamond ATR-probe. The measuring software
was Opus 7.5. All samples were measured in the range of 3600-600 cm™'
with a resolution of 2 cm™ and 32 scans.

For thermogravimetric analysis a TGA 209 F1 Iris (NETZSCH-
Geritebau GmbH, Selb, Germany) was used to determine the mass loss
during heat treatment. A temperature range of 25-600 °C with a heating
rate of 10 K min™ was chosen. About 5-10 mg of polymer were weighed
into a ceramic crucible. Dynamic air and nitrogen atmosphere were used
with a flow rate of 20 mL min™'. Data processing was performed with
Proteus analysis (NETZSCH-Geratebau GmbH, Selb, Germany).

To determine the glass transition temperature (T;) of the vinylogous
urethane vitrimers, a differential scanning calorimeter DSC 204 F1
Phoenix (NETZSCH-Gerdtebau GmbH, Selb, Germany) was used.
Therefore, 5-10 mg polymer was weighed into an aluminum crucible. The
measurements were performed at one bar under nitrogen atmosphere
(flow rate of 20 mL min™) in the temperature range between —50 and
150 °C. The heating and cooling rates were 10 K min'. The thermal
properties were analyzed using the DSC data of the second and third
heating curve. Data processing was performed by Proteus analysis
(NETZSCH-Geritebau GmbH, Selb, Germany).

For oscillatory shear experiments, a rotational rheometer (MCR 502,
Anton Paar GmbH, Graz, Austria) with a 8 mm plate-plate geometry and
a heat chamber with nitrogen atmosphere was used. The temperature
was controlled by a Peltier plate and by a constant nitrogen flow into
the chamber. The gap between the lower and the upper plate was set
to 1.0 mm. Amplitude sweeps between 0.01% and 1% shear strain (g)
at a constant angular frequency (w) of 10 rad s™' were carried out at
110 °C before each measurement, This should ensure that the chosen
strain amplitude g, was inside the linear viscoelastic regime, so that
the storage modulus G” and the loss modulus G” were independent of
strain. The temperature-dependent measurements were carried out at
10 rad s7' and a deformation of 0.1 %. The temperature was first raised
from 90 to 160 °C. at a rate of 2 K min~ and, after a waiting period of five
minutes, decreased from 160 to 20 °C. One measuring point per 1 K was
recorded. The gap was kept constant during measurement.

The stress relaxation experiments were carried out with a deformation
of 1% and the relaxation module was recorded as a function of time. The
comparative measurements were carried out in temperature ranges of
50-170 °C. Data processing was performed by RheoCompass software
(version 1.19.266, Anton Paar GmbH, Graz, Austria).

The test specimens for the dynamic-mechanical analysis and the
relaxation tests were pushed out with an 8 mm punch. The vitrimer
plates were previously placed in a drying chamber at 100 °C for a few
seconds in order to heat them above the glass transition temperature to
prevent splintering during processing.

Synthetic  Procedures—Ethyl (cis)-3- (hexylamino) but-2-enoate  and
Ethyl (trans)-3- (hexylamino) but-2-enoate: Ethylacetoacetate (1.08 g, 0.0078 m)
and hexylamine (1.02 mL, 0.0078 mol) were stirred for 4 h at room
temperature. When the formation of the vinylogous urethane was
complete ('"H NMR, FT-IR), water and excess reactants were removed in
vacuo yielding the desired product.

Yield of  Ethyl(cis)-3-(hexylamino)but-2-enoate  and  Ethyl(trans)-
3-(hexylamino)but-2-enoate ~ Stereoisomers:  97%, 1.61 g:  Ethyl(cis)-
3-(hexylamino)but-2-enoate: 'H NMR (500 MHz, CDCl;, §): 8.50

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(t, H; NH), 4.36 (s, 1H; CH), 4.14 (q, J = 6.62 Hz, 2H; CH,), 3.12
(@, ) = 6.41 Hz,2H; CH,), 1.84 (s, 3H; CH3), 1.53-1.43 (m, 2H; CH,), 1.33—
113 (m, 6H; CH,), 1.18 (t, / = 7.08 Hz, 3H; CH,), 0.82 (t, /] =7.50 Hz, 3H;
CHy).

Ethyl(cis)-3- (hexylamino) but-2-enoate: '"H NMR (600 MHz, benzene-dj,
8): 8.99 (s, TH; NH), 478 (s, 1H; CH), 4.20 (q, J = 6.97 Hz, 2H; CH,),
2.60 (q,J = 5.77 Hz, 2H; CH,), 1.42 (s, 3H; CH3), 1.17-1.09 (m, 2H; CH,),
1.09-0.99 (m, 6H; CH,), 1.13 (t, J = 8.15 Hz, 3H; CHs), 0.83 (t, J =7.19 Hz,
3H; CH3).

Ethyl(cis)-3- (hexylamino) but-2-enoate: ~ '"H ~ NMR (600  MHz,
methanol-d,, 8): 8.50 (1H; NH), 441 (s, 1H; CH), 4.03 (q, J = 7.45 Hz,
2H; CH,), 3.26 (t, J = 6.92 Hz, 2H; CH,), 1.94 (s, 3H; CH;), 1.65-1.51
(m, 2H: CH,), 1.49-1.30 (m, 6H; CH,), 1.23 (t,/ =7.16 Hz, 3H; CH3), 0.94
(t, ] =7.29 Hz, 3H; CHy).

Ethyl(cis)-3- (hexylamino) but-2-enoate: '"H NMR (600 MHz, DMSO-
de, &): 8.50 (t, J = 5.37 Hz, 1H; CH), 4.32 (s, TH), 3.95 (q, J = 7.10 Hz,
2H; CH,), 3.18 (q, J = 6.92 Hz, 2H; CH,), 1.88 (s, 3H; CH;), 1.52-1.43
(m, 2H, CH,), 1.33-1.22 (m, 6H; CHy), 1.13 (t, ] = 7.54 Hz, 3H; CH5), 0.87
(t, J =7.10 Hz, 3H; CHy).

Ethyl(cis)-3- (hexylamino) but-2-enoate: >*C NMR (600 MHz, DMSO-dg,
8): 169.9 (C=0), 162.6 (C4), 81.5 (C3), 57.9 (C2), 42.7 (C2), 31.5 (C2),
30.5 (HNC2), 26.9 (C2), 22.6 (C2), 19.4 (CT), 15.1 (C1), 14.4 (C1).

Ethyl(cis)-3- (hexylamino) but-2-enoate: '"H NMR (600 MHz, no solvent,
8): 8.58 (t, J = 5.87 Hz, TH; NH), 432 (s, TH; CH), 3.94 (q, J = 7.35 Hz,
2H; CH,), 3.10 (q, J = 6.82 Hz, 2H; CH,), 1.81 (s, 3H; CH3), 1.52-1.40
(m, 2H; CH,), 1.33-1.20 (m, 6H; CH,), 111 (t, J = 7.60 Hz, 3H; CHj), 0.85
(t, ] =7.20 Hz, 3H; CH;).

Ethyl(trans)-3-(hexylamino) but-2-enoate: '"H NMR (500 MHz, CDCl;,
8): 5.35 (t, TH; NH), 4.52 (s, TH; CH), 4.01 (q, J = 7.24 Hz, 2H; CH,), 2.93
(@, J = 5.00 Hz, 2H; CHy), 2.20 (s, 3H; CHs), 1.53-1.42 (m, 2H; CHy),
1.33-1.13 (m, 6H; CH,), 1.18 (t, J = 7.08 Hz, 3H; CH;), 0.82 (t, J = 7.50 Hz,
3H; CH,).

Ethyl(trans)-3-(hexylamino) but-2-enoate:  'H  NMR (600 MHz,
benzene-dg, 6): 8.07 (s, TH; NH), 4.91 (s, 1H; CH), 3.90 (q, J = 7.00 Hz,
2H), 2.50 (q, J = 5.41 Hz, 2H; CH,), 2.24 (s, 3H; CH;), 1.09-1.17
(m, 2H; CH,), 1.09-0.99 (m, 6H; CH,), 1.12 (t, J = 8.15 Hz, 3H; CH;),
0.83 (t, ) =7.19 Hz, 3H; CH5).

Ethyl(trans)-3-(hexylamino) but-2-enoate:  'H  NMR (600 MHz,
methanol-d,, 6): 6.28 (1H; NH), 4.52 (s, 1H; CH), 4.03 (q, J = 7.45 Hz,
2H; CH,), 2.99 (t, J = 8.16 Hz, 2H; CH,), 2.25 (s, 3H; CH), 1.65-1.51
(m, 2H; CH,), 1.49-1.30 (m, 6H; CH,), 1.24 (t, J = 7.15 Hz, 3H; CH;), 0.94
(t,J =7.29 Hz, 3H; CH,).

Ethyl (trans)-3- (hexylamino) but-2-enoate: 'H NMR (600 MHz, DMSO-
de, 8): 6.64 (t, ] = 5.37 Hz, TH; NH), 4.34 (s, TH; CH), 3.90 (q, J = 7.02 Hz,
2H; CH,), 2.87 (g, ) = 6.71 Hz, 2H; CH,), 2.16 (s, 3H; CH5), 1.52-1.42
(m, 2H ; CHy), 1.33-1.22 (m, 6H; CH,), 1.12 (t, J = 7.54 Hz, 3H; CH3),
0.87 (t,  =7.10 Hz, 3H; CH5).

Ethyl (trans)-3- (hexylamino) but-2-enoate: >C NMR (600 MHz, DMSO-
de 0): 168.4 (C=0), 162.6 (C4), 80.5 (C3), 57.5 (C2), 43. 1 (C2), 31.5 (C2),
28.2 (NC2), 26.9 (C2), 22.6 (C2), 19.4 (C1), 15.1 (C1), 14.4 (C1).

Ethyl(trans)-3- (hexylamino) but-2-enoate: NMR (600 MHz, no solvent,
8): 5.36 (t, ) =4.33 Hz 1H), 4.45 (s, TH), 4.06 (q, J = 6.75 Hz, 2H), 2.88 (q,
J =631 Hz, 2H), 2.20 (s, 3H), 1.52-1.40 (m, 2H), 1.33-1.20 (m, 6H), 1.11
(t,J =7.60 Hz, 3H), 0.85 (t, J = 7.20 Hz, 3H).

Synthetic  Procedures—Mlethyl-3- (dodecylamino) but-2-enoate, Benzyl-
3-(benzylamino)but-2-enoate, Benzyl-3-(dodecylamino)but-2-enoate, and
Methyl-3-(benzylamino) but-2-enoate: Methyl-,benzylacetoacetate (0.01 mol)
and dodecyl-, benzylamine (0.01 mol) were stirred for 4 h at room
temperature. When the formation of the vinylogous urethane was complete
(1H NMR, FT-IR), water and excess reactants were removed in vacuo
yielding the desired product.

Yield of  Methyl(cis)-3-(dodecylamino) but-2-enoate, ~ Methyl(cis)-3-
(benzylamino) but-2-enoate, Benzyl(cis)-3-(dodecylamino) butanoate, and
Benzyl(cis)-3- (benzylamino) butanoate: 97%: Methyl (cis)-3-(dodecylamino)
but-2-enoate: '"H NMR (500 MHz, CDCl;, &): 8.47 (t, TH; NH), 4.36 (s, 1H;
CH), 3.55 (s, 3H; CH3), 3.12 (q, J = 6.02 Hz, 2H; CH,), 1.84 (s, 3H; CH5),
1.53-1.44 (m, 2H; CH,), 1.32-1.14 (m, 6H; CH,), 0.81 (t, J = 7.42 Hz, 3H;
CHy).
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Methyl (cis)-3- (benzylamino) but-2-enoate: '"H-NMR (500 MHz, CDCl;,
8): 8.86 (t, 1H; NH), 7.30-7.15 (m, 5H; Ar H), 4.46(s, 1H; CH), 4.35 (d,
J=6.07 Hz, 2H; CH,), 3.56 (s, 3H; CH3), 1.83 (s, 3H; CH).

Benzyl(cis)-3- (benzylamino) but-2-enoate: '"H NMR (400 MHz, CDCl;,
8): 8.87 (t, 1H; NH), 7.34-7.14 (m, 10H; Ar H) 5.02 (s, 2H; CH,), 4.54 (s,
TH; CH), 4.36 (d, J = 5.94 Hz, 2H; CH,), 1.85 (s, 3H; CH;).

Benzyl(cis)-3- (dodecylamino) but-2-enoate: '"H NMR (500 MHz, CDCl;,
8): 8.48 (t, 1H; NH), 7.33-7.13 (m, 10H; Ar H) 5.02 (s, 2H; CH,), 4.44 (s,
TH; CH), 3.1 (q, ] = 6.78 Hz, 2H), 1.85 (s, 3H; CHj), 1.52-1.45 (m, 2H;
CH,), 1.30-1.13 (m, 6H; CH,) 0.81 (t, J = 7.29 Hz, 3H; CH;).

Hexane-1,6-diyl-bis(3-oxobutanoate): Hexanediol (54.1 g, 0.458 mol)
and tert-butylacetoacetate (160 mL, 0.961 mol) were dissolved in 90 mL
of xylene in a 500 mL flask. The mixture was heated for 200 min at 135 °C.
The tert-butanol product was removed by distillation during the reaction.
When the temperature in the still head dropped to 50 °C, xylene and
the tert-butylacetoacetate were removed in vacuo. The resulting product
crystallized after 24 h at room temperature. Repeated crystallization
and decanting of the excess liquid phase yielded the desired product
(transparent crystals). Yield: 60%, 78.59 g. '"H NMR (400 MHz, CDCl;,
8): 4.07 (t, J = 6.64 Hz, 2H; CH,), 3.39 (s, 2H; CH,), 2.20 (s, 3H; CH5),
1.63-1.55 (m, 4H, CH,), 1.36-1.28 (m, 4H; CH,).

Model Compound Reactions (Autocatalysis): Benzyl-3-(benzylamino)
but-2-enoate (2.4 mmol, 0.68 g) and methyl-3-(dodecylamino)but-2-
enoate (9.6 mmol, 2.72 g) were dissolved in 2.43 mL xylene (or without
solvent). Four equivalents of methyl-3-(dodecylamino)but-2-enoate were
used to obtain a pseudo first order kinetic at low conversions. Different
amounts of acetic acid (0-1000 mol%), natriumacetate (100 mol%),
or trifluoracetic acid (high excess) were added to the solution mixture
as catalyst/quenching agent. The solution was heated to 60-140 °C in
a pressure-resistant, thick-walled 10 mL glass vials with rubber-sealed
crimp caps and NMR samples (0.01 mL) were taken at different time
intervals (measured in chloroform-d;). The reaction was followed by
integration of the two vinylic signals at 4.47 ppm (chloroform-d;) and
4.54 ppm (chloroform-d;) for dodecyl-3-(benzylamino)but-2-enoate and
benzyl-3-(benzylamino)but-2-enoate, respectively.

Model Compound Reactions (Backward Reaction with Water): Methyl-
3-(dodecylamino)but-2-enoate (2.4 mmol, 0.68 g) with an excess of
methylacetoacetate (0.48 mmol, 0.06 g) was dissolved in 4.8 mL xylene
(or without solvent) and benzylacetoacetate (2.4 mmol, 0.46 g) was
added in an equal ratio to the mixture. The solution was heated to 80 and
120 °C in a pressure-resistant, thick-walled 10 mL glass vials with rubber-
sealed crimp caps and NMR samples (0.01 mL) were taken at different
time intervals (measured in chloroform-d;). The reaction was followed
by integration of the two vinylic signals at 4.47 ppm (chloroform-d,) for
benzyl-3-(dodecylamino)but-2-enoate, respectively.

Model Compound Reaction (Transimination, Excess of Free Amines):
Benzylamine (6.84 mmol, 1.72 g) was added to a solution of methyl-3-
(benzylamino)but-2-enoate (1.71 mmol, 0.352 g) in 8.55 mL xylene. Four
equivalents of dodecylamine were used to obtain a pseudo first order
kinetic at low conversions. The mixture was heated up to 100, 120, and
140 °C in a pressure-resistant, thick-walled 10 mL glass vials with rubber-
sealed crimp caps and NMR samples (0.01 mL) were taken at different
time intervals (measured in chloroform-d;). The reaction was followed
by integration of the two vinylic signals at 4.47 ppm (chloroform-d;) and
4.37 ppm (chloroform-d;) for methyl-3-(benzylamino)but-2-enoate and
methyl-3-(dodecylamino)but-2-enoate model compounds, respectively.

Synthesis of the Vinylogous Urethane Vitrimers: According to literature the
synthesis was slightly variated.[* VU-A: Hexane-1, 6-diyl-bis (3-oxobutanoate)
(4.00 g, 14.0 mmol) was provided in a rolled rim glass and heated up in
an oil bath at 60 °C. Tris(2-aminoethyl)amine (1.985 mL, 13.27 mmol) was
added under constant stirring. As soon as a homogeneous liquid mixture
was obtained, the mixture was taken out of the oil under continues
stirring. After a few seconds an opaque mass could be observed, which
was filled onto a Teflon sheet and pressed for 10 min at 90 °C to a 2 mm
plate. Afterward the plate was postcured for 20 h at 100 °C and 30 min at
150 °C, followed by pressing a 1 mm plate for 10 min at 150 °C.

VU-NA, VU-A,, and VU-NAy, were synthesized under the same
conditions. In the following, just the used amounts of monomers and
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catalyst are shown. VU-NA: Hexane-1,6-diyl-bis(3-oxobutanoate) (4.00 g,
14.0 mmol) was provided in a rolled rim glass and tris(2-aminoethyl)
amine (1.031 mL, 6.90 mmol) was added under constant stirring.

VU-Ay,: Hexane-1,6-diyl-bis(3-oxobutanoate) (3.27 g, 11.4 mmol) and
p-toluene sulfonic acid (0.243 g, 0.05 wt%) monohydrate were provided
in a rolled rim glass and tris(2-aminoethyl)amine (1.630 mL, 10.9 mmol)
was added under constant stirring.

VU-NAy,: Hexane-1,6-diyl-bis(3-oxobutanoate) (4.00 g, 14.0 mmol) and
p-toluene sulfonic acid (0.250 g, 0.05 wt%) monohydrate were provided
in a rolled rim glass and tris(2-aminoethyl)amine (1.031 mL, 6.90 mmol)
was added under constant stirring.

Quenching VU-NA,: VU-NAy, was placed in a high concentrated
solution of methylacetoacetate in THF (1) at room temperature. After
3 h of swelling the vitrimer was taken and dried in vacuo at 100 °C for 8 h.
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Results and Discussion — Published Works

5.2 Publication 2: Blended Vinylogous Urethane/Urea Vitrimers

Blended vinylogous urethane/urea vitrimers derived from aromatic

alcohols

This work was partially created with the assistance of Gloria Signorato (Universitit
Hamburg) within the scope of an internship within her master’s degree. Glorias help is

grateful acknowledged.

The second publication focuses on using aromatic alcohols as raw materials for vitrimers.
Aromatic alcohols like bisphenol-A or resorcin are used for countless applications, e.g.
epoxy resins, phenolic resins and polyester-networks, which are mostly cross-linked
polymers and, therefore, not reprocessable.!*314" Nevertheless, the aromatic backbone
structure of these polymers lead to polymers with outstanding mechanical and chemical
properties, making them attractive for many applications where light, flexible and yet
very resistant material are needed (e.g. airplanes, wind turbine blades).!#!-14?

For these reasons, bisphenol-A, resorcin, 2,7-naphthalenediol and 1,1,1-tris(4-
hydroxyphenyl)ethane were chosen as raw materials and converted into acetoacetates as
suitable monomers for vinylogous urethane vitrimers. The aromatic acetoacetates provide
the basis for the prepared vitrimers, representing a reprocessable alternative to the
established materials. Acetoacetates undergo a fast condensation reaction
(polymerization) with primary amines to form a vinylogous urethane network. For a
comparison, the commercial used Jeffamine® T-403 known as a typical curing agent for
epoxy resins was used as reactant for the vitrimers.'** 143 At the time of publishing, only
aliphatic alcohols were used as raw materials, because the established synthesis route for
the acetoacetylation of aliphatic alcohol with TBA works well for aliphatic alcohols but
not efficiently for the less nucleophilic aromatic alcohols. Using TMDO, a feasible
synthesis route for the acetoacetylation of aromatic alcohols was found. Model studies
were carried out to enlighten the condensation, substitution and transamination reactions
of the synthesized acetoacetates with the primary amines, investigating solvent and
catalyst effects and activation energies compared to the use of established aliphatic
acetoacetates. Utilizing the findings from the model studies for the preparation of

vitrimers, 16 elastomeric and thermosetting blended poly(vinylogous urethane/urea)
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networks are prepared by bulk/solvent polymerization and compared in terms of their
dynamic and mechanical properties. These networks can also be considered as a
co-network. Moreover, the materials show remarkable reprocessing, reshaping,

shape-memory and self-healing properties.

Related to publication 2, epoxy-vitrimers (vipoxy) were prepared by using
acetoacetylated bisphenol-A, bisphenol-A diglycidylether and JA to investigate their
reprocessability (chapter 6.5.1.4). The vipoxy materials were especially compared to an
established and fixed epoxy resin network without any covalent dynamic bond and
showed remarkably fast stress-relaxation even when only 30 mol% of the bonds were

dynamic.

Reproduced from Polym. Chem, 2022, 13, 946-958 (DOI: 10.1039/d1py01237a) with
permission from The Royal Society of Chemistry. The related supporting information is

available in Section 9.3.
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Blended vinylogous urethane/urea vitrimers
derived from aromatic alcohols¥

) xa,b

Philipp Haida,® Gloria Signorato® and Volker Abetz

Vitrimers belong to the class of covalent adaptable networks and are cross-linked polymers, which
undergo dynamic, associative exchange reactions under thermal treatment, making these networks per-
manent as well as dynamic. In this work a feasible synthesis route for the acetoacetylation of aromatic
alcohols, which expands the selection of acetoacetate monomers for the synthesis of vitrimers, is intro-
duced. Bisphenol-A, resorcin, 2,7-naphthalenediol and 1,1,1-tris(4-hydroxyphenyl)ethane are chosen as
examples for commercially relevant di- and trifunctional alcohols used for countless applications, e.g.
epoxy resins, phenolic resins and polyester-networks, which are in general not reprocessable. In contrast,
aromatic alcohols provide the basis for the prepared vitrimers, representing a reprocessable alternative to
the established materials. Model studies are conducted to enlighten the undergoing condensation, substi-
tution and transamination reactions in the emerging vinylogous urethane/urea mixtures, investigating
solvent and catalyst effects and determining activation energies. Utilizing the findings from the model
studies for the preparation of vitrimers, 16 elastomeric and thermosetting blended poly(vinylogous
urethane/urea) networks are prepared by bulk/solvent polymerization, showing short stress-relaxation
times of up to 0.7 s at 130 °C and activation energies of ca. 45-150 kJ mol™ with a broad range of
material properties. Moreover, the materials show remarkable reprocessing, reshaping, shape-memory

rsc.li/polymers and self-healing properties.

Introduction

The outstanding properties of thermosets with respect to their
mechanical stability and chemical resistance make this class
of polymers attractive for various applications. However, ther-
mosets cannot be reprocessed or recycled due to their perma-
nent cross-linked networks.'™ For this reason, a great deal of
focus has been placed on the field of chemically and physically
robust, but still reprocessable polymer networks over the last
few decades. The use of reversible covalent bonds within
polymer networks enables a dynamic reorganization of cross-
linking points and leads to a macroscopic flow behavior of the
material without a permanent change in the physical or
chemical properties. Polymers with covalently exchangeable
bonds are assigned to the class of covalent adaptable networks
(CANSs) and classified according to the underlying associative,
dissociative, or concerted exchange mechanism.*"°
Considering CANs based on an associative exchange mecha-

“Institute of Physical Chemistry, Universitit Hamburg, Grindelallee 117, 20146
Hamburg, Germany

PInstitute of Membrane Research, Helmholtz-Zentrum Hereon, Max-Planck-StrafSe 1,
21502 Geesthacht, Germany. E-mail: volker.abetz@hereon.de

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1py01237a
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nism, the number of cross-linking points always remains con-
stant during the rearrangement process, providing permanent
and dynamic polymer networks at the same time."'*?

In 2011, Leibler and co-workers established a novel class of
CANs by adding a suitable transesterification catalyst to poly-
ester-based networks. The thermally activated, catalytic trans-
esterification reaction based on an associative exchange
mechanism resulted in permanent polyester/polyol networks
that showed an astonishing viscosity decrease upon heating,
while maintaining a cross-linked polymer network. Hence,
Leibler invented the name “vitrimers” for this novel subcate-
gory of thermosetting polymers.** " Since this initial finding,
various dynamic covalent exchange mechanisms, e.g. transcar-
bonation,"” transalkylation,'® transcarbamoylation,'®*° thiol-
disulfide exchange,”" trans-N-alkylation,> transamination®® >
and transimination reactions®® have been investigated and
applied with innumerable molecules, oligomers or modified
polymers."'**?”3! In 2014, Du Prez, Leibler and co-workers
examined vinylogous amide-type enamine-one species as a
suitable covalent dynamic bond for vitrimers, which are syn-
thesized by the condensation reaction of primary amines and
acetoacetates.”® This bond can be regarded as a vinylogous
urethane, stabilized by the vinylic bond and the conjugation
through the ester unit. In contrast to conventional urethane
bonds, the electrophilicity of vinylogous urethane bonds is

This journal is © The Royal Society of Chemistry 2022
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highly increased, thus enabling thermally induced, dynamic
exchange reactions with primary amines.?*??

In this work, a synthetic route for the acetoacetylation of
aromatic alcohols as suitable raw materials for vinylogous
urethane vitrimers was investigated using 2,2,6-trimethyl-1,3-
dioxin-4-one (TMDO) as a reactant. In particular, the acetoace-
tylation of aromatic alcohols and the use of the prepared aro-
matic acetoacetates have not been described in the literature
for vitrimers which increases the number of possible reactants
multiple times. For example, phenol, bisphenol-A, resorcin,
2,7-naphthalenediol and 1,1,1-tris(4-hydroxyphenyl)ethane
were chosen as commercially accessible and broadly estab-
lished mono-, di-, and trifunctional reactants. Nowadays, these
aromatic alcohols are used for countless applications, e.g.
epoxy  resins,>*?®  phenolic  resins  (resorcinol),’’*
polyesters,*' ¢ dyes (fluorescein and eosin),*’*® medical diag-
nostics® and other usages,’® which make them promising
candidates for the use of recyclable and reprocessable polymer
networks. Moreover, we introduce 2,7-naphthalenediol and
1,1,1-tris(4-hydroxyphenyl)ethane as less toxic alternatives to
the widely established toxic and carcinogenic bisphenol-A and
resorcin-based polymers, which are increasingly being avoided
and replaced by industry.>'™>®

The condensation and substitution reactions of the pre-
pared aromatic acetoacetates with aliphatic primary amines
lead to the formation of blended vinylogous urethane and
vinylogous urea compounds, which both undergo thermally
induced exchange reactions, thus representing the required
dynamic covalent bonds for vitrimers. Model studies are con-
ducted to enlighten the undergoing condensation, substi-
tution and exchange reactions in the emerging vinylogous
urethane/urea mixtures, investigate the solvent or catalyst
effects and compare the activation energies. Utilizing the find-
ings from the model studies for the preparation of vitrimers,
16 elastomeric and thermosetting blended poly(vinylogous
urethane/urea) networks have been prepared and characterized
in terms of their material properties and remarkable reshap-
ing, reprocessing, shape-memory and self-healing properties.

Results and discussion
Synthesis of aromatic acetoacetates

According to the literature, the established synthetic route for
the acetoacetylation of various aliphatic alcohols was carried
out with tert-butylacetoacetate (t-buacac).***>*” However,
another synthesis route using TMDO is described for mono-
functional aliphatic and aromatic alcohols (basic organic
chemistry) in the literature and turned out to proceed in a
much more efficient way for aromatic alcohols, thus enabling
aromatic acetoacetates to be used as suitable monomers for
this type of vitrimer.”® ®' In both synthetic routes the thermal
dissociation of the reactant into a highly reactive, electrophilic
acetylketene is the crucial step for acetoacetylation with the
corresponding nucleophile (Fig. S1, ESIT). TMDO undergoes a
retro-Diels Alder reaction at elevated temperatures (>110 °C),

This journal is © The Royal Society of Chemistry 2022
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thus releasing the reactive acetylketene and acetone, with
acetone being removed by distillation. In comparison, the
established acetoacetylation with t-buacac proceeds by dis-
sociation into the same reactive acetylketene and ter¢-butanol.
Due to the delocalized electrons, aromatic alcohols show sig-
nificantly lower nucleophilicity in comparison to aliphatic
alcohols. Experiments showed that the acetoacetylation of aro-
matic alcohols with t-buacac proceeds slowly with low conver-
sions and emerging byproducts after a long time of stirring at
high temperatures, while the synthesis could not be signifi-
cantly improved by changing the solvent, temperature, reaction
time, and reactant concentration, or even using a catalyst.
Nevertheless, the desired di- and trifunctional acetoacetate
products may be isolated by complicated and time-consuming
purification steps. In contrast, the use of TMDO instead of
t-buacac enables a fast and selective acetoacetylation at 135 °C
in xylene after 45 min. Obviously, in the dissociation step, the
backward reaction of the byproducts or the removal of acetone
proceeds more efficiently. The synthetic route using TMDO
works for aliphatic alcohols as well but does not offer any
major advantages compared to the established synthesis route
using t-buacac. Since the reaction times are significantly
increased for aromatic alcohols, the acetoacetylation using

SRa

P AN

O O 0 O

MO

PA

Fig. 1 Representation of the synthesized acetoacetate monomers
phenyl-3-oxobutanoate (PH), 1,3-phenylene bis(3-oxobutanoate) (RE),
naphthalene-2,7-diyl bis(3-oxobutanoate) (NDO), propane-2,2-diylbis
(4,1-phenylene) bis(3-oxobutanoate) (BPA) and ethane-1,1,1-triyltris
(benzene-4,1-diyl) tris(3-oxobutanoate) (THPE).
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TMDO represents an effective synthesis route, which allows
easy access to aromatic acetoacetates (Fig. S1, ESIT).

Herein, the aromatic alcohols phenol, bisphenol-A, resorcin,
2,7-naphthalenediol and 1,1,1-tris(4-hydroxyphenyl)ethane were
used as raw materials for the mono-, di-, and trifunctional
monomers phenyl-3-oxobutanoate (PH), 1,3-phenylene-bis(3-
oxobutanoate) (RE), naphthalene-2,7-diyl-bis(3-oxobutanoate)
(NDO), propane-2,2-diylbis(4,1-phenylene)-bis(3-oxobutanoate)
(BPA) and ethane-1,1,1-triyltris(benzene-4,1-diyl)-tris(3-oxo-
butanoate) (THPE) (Fig. 1). The synthesized acetoacetate mono-
mers were characterized by Attenuated-total-reflection-Fourier-
transform infrared (ATR-FT-IR) spectroscopy (Fig. S2, ESIt),
'H/®C nuclear magnetic resonance (NMR) spectroscopy
(Fig. S3, ESIT) and mass spectrometry (MS) (Fig. S4, ESI¥).

Model studies - condensation, substitution and exchange
reactions

In order to investigate the characteristic condensation, substi-
tution and exchange reactions, model studies with monofunc-
tional reactants have been carried out. In the following text
and illustrations, the vinylogous urethane (VUT) and vinylo-
gous urea (VUA) compounds are abbreviated with the respect-
ive substituent on each side of the dynamic covalent bonds
(Phe = phenyl, Hex = hexyl, Bz = benzyl, and AcAc = acetoace-
tate, e.g.: Phe-VUT-Hex). Aliphatic acetoacetates undergo a
selective condensation reaction with primary amines to give a
vinylogous urethane.”*®> However, aromatic acetoacetates
show a different reaction behavior due to their variant electron
configuration. For the model study, phenylacetoacetate (PH)
was mixed with an excess of hexylamine (2 equivalents) in
chloroform at room temperature to give the vinylogous
urethane phenyl-3-(hexylamino)but-2-enoate (Phe-VUT-Hex)
(Fig. 2). Characterization by 'H/">C NMR spectroscopy,
ATR-FT-IR spectroscopy and MS showed the formation of the
vinylogous urethane with the characteristic chemical shifts

View Article Online

Polymer Chemistry

(Fig. S5, ESIf), the typical conjugated C=O ester band
(1663 cm™') and C=C band (1606 cm™") (Fig. S6, ESI{) and
the molecular ion peak m/z = 262.181 (M" + 1) (Fig. S7, ESIY).
In addition, the spectra showed the temporary formation of
the acetoacetamide Hex-VUA-AcAc, since the ester group of the
aromatic acetoacetates is sufficiently electrophilic to undergo a
substitution reaction with the nucleophilic hexylamine.
Subsequently, the acetoacetamide undergoes a fast conden-
sation reaction with another hexylamine, giving the vinylogous
urea compound Hex-VUA-Hex together with Phe-VUT-Hex
("H NMR, MS, and ATR-FT-IR, Fig. $8-510, ESIf). This is
proven by individual reference measurements of the pure viny-
logous urea compound Hex-VUA-Hex ("H/’C NMR, MS, and
ATR-FT-IR, Fig. S11-14, ESIf). In this way two dynamic
covalent bonds were synthesized simultaneously with an
approximate proportion of 37% vinylogous urethane and 63%
vinylogous urea products, respectively.

Due to the significantly lower electrophilicity of the conju-
gated C=0O ester bond of the vinylogous urethane, this bond is
resistant to further substitution reactions with free hexyla-
mine, while the C=C bond enables dynamic covalent
exchange reactions. Thus, mixtures of vinylogous urethane/
urea compounds and pendant free amines could be obtained.
In general, the nucleophilicity of the amines highly depends
on solvation, steric hindrance or coordinating effects and can
be adjusted by solvents, catalysts or other additives.®*® For
example, the aromatic amine aniline undergoes a more selec-
tive condensation reaction, producing mainly the vinylogous
urethane compound Phe-VUT-Phe (67%)(Fig. S15, ESIf),
proved by reference measurements ("H/MS and ATR-FT-IR,
Fig. S16-21, ESI{).

Moreover, experiments showed that the ratio of the emerging
vinylogous urethane and vinylogous urea products can be
adjusted by the solvent (dimethyl sulfoxide (DMSO), benzene,
and chloroform) (*H NMR, Fig. S22, ESI{) and/or acetic acid as a

R
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Vinylogous Urethane

_R?
A O HN
M ’
0 \_/

H,N—R!
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Kt Phe-VUT-Hex Phe-VUT-Bz
(o] O
M + HZN-—R1
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PH 8 & 1 O HN S A ‘ O HN —
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- N -H,0
ol H \/ 2 H H \/
Hex-VUA-AcAc Hex-VUA-Hex . Hex-VUA-Bz
Vinylogous Urea
R' = hexyl (Hex) ~R? = benzyl (Bz)

Fig. 2 Schematic representation of the condensation and substitution reactions of aromatic acetoacetates and aliphatic primary amines. The
nucleophilic attack can either occur at the keto group, producing a vinylogous urethane, or at the ester unit, producing an acetoacetamide and viny-
logous urea. Both types represent dynamic covalent bonds, which undergo fast exchange reactions with free primary amines at elevated tempera-
tures in the absence of a catalyst. For the model studies phenylacetoacetate, hexylamine and benzylamine have been used.
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Fig. 3 Ratio of the vinylogous urethane and vinylogous urea com-
pounds resulting from the condensation and substitution reactions of
phenylacetoacetate and hexylamine in different solvents/bulk and with
different amounts of acetic acid. The ratio can be shifted to a selective
formation of either the vinylogous urethane or the vinylogous urea
compound.

catalyst (Fig. 3) ("H NMR, Fig. S23, ESI}). Available protons pro-
tonate the keto group of the acetoacetate and increase the elec-
trophilicity, which shifts the ratio to the vinylogous urethane
products and allows a selective conversion by using a sufficient
amount of acetic acid. Furthermore, the conversion rates are
highly increased by the addition of some acetic acid, while a
higher amount of acetic acid slowed down the reaction and
finally totally inhibited it due to the protonation of all nucleo-
philic amines (Fig. S24, ESIT). In comparison, the condensation
reaction of the aliphatic methylacetoacetate and hexylamine
selectively yields the vinylogous urethane compound in all con-
sidered solvents and acetic acid as a catalyst.®” In addition, the
characteristic exchange reactions of the vinylogous urethane and
vinylogous urea compounds with pendant free amines were
investigated and compared in terms of their activation energies
(Fig. 4). For this, an excess of four equivalents of a different
amine-type were added to the vinylogous urethane/vinylogous
urea mixture to ensure a pseudo first order decay during the
beginning of the exchange reaction (eqn (S1), ESIt). The vinylo-
gous urethane exchange was monitored at 70, 90 and 110 °C,
while the vinylogous urea exchange was monitored at 12, 22 and
32 °C (schematic overview of the used compounds, Fig. S25,
ESI}). By plotting the rate constant (In k) against the reciprocal
temperature (1/K), the activation energies can be calculated from
the slope of the linear fit. "H NMR spectra show the exchange of
benzyl- and hexylamine during the exchange reaction. Regarding
the vinylogous urethanes the spectra show a shift of the charac-
teristic vinylic proton at 4.68 ppm (Phe-VUT-Bz) to 4.58 ppm
(Phe-VUT-Hex) (Fig. S26, ESIt). The vinylogous urea compounds
show a shift of the characteristic NH protons at 8.93 ppm (Hex-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Calculation of the activation energies from the slope of the linear
fit by plotting In k against the reciprocal temperature. The activation ener-
gies of aromatic and aliphatic vinylogous urethanes show comparable
values of 64.5 + 10.3 kJ mol™* and 64.7 + 8.1 kJ mol™ . The vinylogous
urea compounds show an activation energy of 52.2 + 4.8 kJ mol™%.

VUA-Hex) and 9.39 ppm (Hex-VUA-Bz) after the exchange reac-
tion (Fig. S27, ESI{). ATR-FT-IR spectra did not show significant
shifts of the characteristic C—=0O ester, C—=0 amide or C=C
bands after the exchange reaction (Fig. S28, ESIT). An activation
energy of 64.7 = 8.1 k] mol™" was calculated for the aromatic
vinylogous urethane exchange, while 52.2 + 4.8 k] mol ™" was cal-
culated for the vinylogous urea exchange (Fig. 4). In addition,
the activation energy for the exchange of aliphatic vinylogous
urethanes synthesized by methylacetoacetate and hexylamine
was determined and a similar activation energy of 64.5 + 10.3
k] mol™" was obtained (Fig. S29, ESIf). The results were sup-
ported by comparing the expected exchange products with indi-
vidual reference compounds (*H/**C NMR, MS, and ATR-FT-IR,
Fig. S30-S32, ESIf). Furthermore, the calculated values are in
good agreement with the values reported in the literature and
point out that aromatic and aliphatic vinylogous urethanes show
similar activation energies.>**

Blended poly(vinylogous urethane/urea) networks

In this work four different di- and trifunctional acetoacetate
monomers, used for the condensation/substitution reactions
with trifunctional primary amines, are introduced. Jeffamine-
T403 (JA) and tris(2-aminoethyl)amine (TREN) have been used
as trifunctional cross-linking agents (Fig. 5). TREN has already
been established as a suitable cross-linker for vinylogous
urethane vitrimers and other vitrimer-types.>**”%%¢
Furthermore, JA is a commercial, trifunctional amine based on
poly(propylene oxide), which is used as a cross-linker in
several industrial applications, especially epoxy resins.
Moreover, JA has been of interest to scientific basic research
in terms of epoxy chemistry, composite materials, and other
applications, serving as an alternative as a less toxic cross-
linker than the highly toxic TREN.®®*7® The monomers were
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Fig. 5 Representation of the used di- and trifunctional acetoacetate and amine monomers and the resulting network structure, containing vinylo-
gous urethane bonds, vinylogous urea bonds, and free aliphatic amine- and aromatic hydroxy groups.

mixed at 80 °C in a bulk reaction (with and without acetic
acid) until an opaque, homogeneous mass was obtained. A
solvent-based polymerization was carried out in chloroform.
Herein, the solvent was slowly evaporated at room temperature
until gelation of the vitrimers occurred. Next, the vitrimers
were cured in vacuo for 20 h at 100 °C to complete the curing
process and to remove excess water/acetic acid from the con-
densation reaction. Afterwards, the vitrimers were post-cured
at 150 °C for 1 h and hot-pressed at 150 °C to obtain 1 mm
thick films. The stoichiometry of the functional groups and
the degree of cross-linking are important factors in the pre-
pared poly(vinylogous urethane/urea) networks. The avail-
ability of free primary amine groups accelerates the reorganiz-
ation process due to exchange reactions within the network.
Nevertheless, the network topology is affected by synthesizing
a material with an excess of amines, which implies working
under non-stoichiometric conditions. Therefore, a compro-
mise between the rearrangement rate and resilient network
integrity must be made. In addition, the ratio of the emerging
vinylogous urethane/urea compounds determines the required
amount of amines (R) and can be estimated from the results of
the model study. Furthermore, the choice of the monomer
backbone is a decisive factor, since it determines the spatial
arrangement of the polymer network and thus has a strong
influence on the exchange rate and mechanical properties.***’
As discussed in the model study, blended poly(vinylogous
urethane/urea) networks were synthesized simultaneously,
containing two dynamic covalent bond types at the same time
(Fig. 5). Because of that, acetoacetate to amine ratios (R) with
an excess of amines (R = 0.5, 0.7, and 0.9) were set to ensure
sufficient amine groups for the condensation, substitution,
and exchange reactions depending on the polymerization con-
ditions (with or without acetic acid). By performing that, 16
vitrimers were polymerized, providing new materials with a
broad range of properties. The used monomers, compositions
and the measurement results of differential scanning calori-
metry (DSC), thermogravimetric analysis (TGA), dynamic
mechanical analysis (DMA), and tensile tests as well as the cal-
culated activation energies (E,) are summarized in Table 1.

950 | Polym. Chem., 2022, 13, 946-958

ATR-FT-IR spectra show the disappearance of the character-
istic C=0 ester and C=O ketone bands of the acetoacetate
monomers after the polymerization (Fig. 6) (Fig. S33, ESIT).
The vitrimers show the characteristic C=C band (1610 cm™")
and C=0 ester band (1664 cm™") of the vinylogous urethane
bonds as well as the C=C band (1593 cm™') and C=0 amide
band (1616 cm™") of the vinylogous urea bonds, proving the
formation of the blended poly(vinylogous urethane/urea) net-
works (all spectra, Fig. S34, ESIf). Nevertheless, the spectra
show several overlapping bands, which lead back to the aro-
matic C=C stretching bands of the conjugated phenylic rings
(1587-1605 cm™") and free primary amine groups (1591 cm™")
in the same area. The reference spectra of the individual
model compounds support these findings by measuring
similar bands (Fig. S6-S12, ESIf). Furthermore, a qualitative
shift regarding the vinylogous urethane/urea bond ratios could
be observed, using acetic acid as an additional catalyst and/or
carrying out a controlled polymerization in chloroform. As
shown in the model study, this shifts the ratio towards the
vinylogous urethane bonds. IR spectra support this finding by
measuring the increased C=0 ester band (1664 cm™") (Fig. 6).
Nevertheless, it is not possible to determine exact ratios from
the spectra.

Thermogravimetric analysis of the materials
thermal degradation temperatures of 222-290 °C (5% mass
loss) at ambient atmosphere (Fig. S35, ESIT). Relating the
results to the values of vinylogous urethane vitrimers
described in the literature (230-280 °C), the prepared blended
vitrimers showed similar degradation temperatures.”” The
glass transition temperatures of the vitrimers have differed sig-
nificantly by using various acetoacetate to amine ratios, cross-
linking agents or acetoacetate backbones. With this, elasto-
meric and thermosetting vitrimers with T, values between 11
and 73 °C could be prepared. In particular, the use of JA
enabled low Ty, partially elastomeric vitrimers, while the use
of TREN led exclusively to thermosetting vitrimers. By using
additional acetic acid (ratio shifted to vinylogous urethane
bonds) the materials show higher glass transition tempera-
tures (Fig. S36, ESIT). Temperature-dependent DMA measure-

showed
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Table 1 Overview of the synthesized vitrimer compositions and characteristic properties measured by DSC, TGA, DMA and tensile test
measurements

Vitrimer Tg[°C]  Tos06 [°C]  Tiz0ec[s] Ea[KIMOI™]  G'aooc[GPa]  G'i50ec [MPa]  Epgre [MPa]  Omg re. [MPa]  &mg e [%]
Bulk

VU-REj4, 0.5 27 244 79 43.8+2.6 0.70 2.00 290 14.6 7.4
VU-RE},, 0.7 11 237 343 47.3 +2.5 0.10 0.43 5.0 5.60 340
VUH+-REJA’ 0.9 32 222 686 55.5+2.6 0.33 0.64 260 10.1 9.6
VU-NDOy, 0.5 39 262 44 48.9+2.4 0.42 1.70 1270 52.9 5.4
VU-NDOyy, 0.7 30 241 65 54.8+5.9 0.77 0.80 350 31.1 6.5
VUH+-NDOJA’ 0.9 43 253 36 79.6 £ 3.8 0.78 0.70 1150 50.0 5.4
VU-THPEyy, o.5 45 290 133 46.4+1.4 0.81 1.40 870 62.8 6.7
VU-THPE4, 0.7 42 267 136 44.6 + 2.8 0.33 0.42 1240 30.9 2.5
VUH'-THPE, o 68 279 3193 149.7 +41.3  0.74 0.82 1540 20.3 1.8
VU-BPAy,, o5 33 260 58 52.2 +6.7 0.67 2.05 850 35.0 4.9
VU-BPAy, 0.7 20 250 133 43.9 + 10.6 0.47 0.25 320 12.5 5.9
VUH'-BPAj, 0.0 48 258 275 97.9+2.6 0.78 0.12 1160 5.20 0.5
VU-BPArren, 0.5 68 244 0.7 50.2+2.2 0.78 1.04 1100 33.6 2.7
VU-BPArron, 0.5 73 242 1.2 59.9 + 2.4 0.67 1.57 1450 12.7 1.2
Solvent-based

CFVUH'-BPAy, o, 45 266 355 90.2 + 6.9 0.63 0.32 920 7.8 1.3
CFVUH"-BPAj, 09 57 269 814 149.5+81  0.54 0.59 1170 53.0 4.6

The table shows the respective compositions of the vitrimers with the used acetoacetate monomers (RE, NDO, BPA or THPE), the used amine
monomers (JA or TREN), the acetoacetate to amine ratio R and H' for the use of acetic acid (template: VUH -acetoacetate,mine, r)- Poly(vinylogous
urethane/urea) networks are abbreviated with VU. The glass transition temperatures (T on-sec), thermal degradation temperatures at 5% mass loss
under an ambient atmosphere (Tos0,), Stress-relaxation times at 130 °C (7130 oc), activation energies (E,), storage moduli at 20 °C (G, @ = 10 rad
s7', y = 0.1%), rubbery plateaus at 150 °C (G';50 oc), average Young’s moduli (E; ), maximum tensile strengths (6,mg) and strains (em,g) at room

temperature are shown.

Moreover, the cross-linking agents JA and TREN, polymer-
ized with BPA (R = 0.5), were compared in terms of the
_ CF_VUH"-BPA, A 07 material properties. Interestingly, VU-BPArggn, o5 shows
=] significantly shorter stress-relaxation times of 0.7 s at 130 °C
‘% VUH+_BPAJA,0.9 i compared to VU-BPAj, o5 with 58 s at 130 °C, even if
é VU-BPA M VU-BPArgrgn, 0.5 showed a significantly higher T, (JA: 33 °C and
e} TREN, 0.5 b TREN: 68 °C) (Fig. 7). Reasons for this might be the closer
g P spatial arrangement of the functional groups regarding

& | VU-BPA, o5 JM i i i
' the network with the small molecule TREN in comparison to
E E the bulkier molecule JA as well as a higher nucleophilicity of
BPA, cetoacetate J\‘/\L.L\__J\_N the terminal primary amine groups of TREN in comparison to
T T — 1T T the sterically hindered isopropyl-terminated primary amine

2100 1950 1800 1650 1500

wavenumber [cm™]

Fig. 6 Exemplary ATR-FT-IR spectra of the vitrimers cured with BPA
and JA/TREN by different synthetic routes. The blue line marks the
characteristic C=O ester band of the vinylogous urethane bond
(1664 cm™), while the red line marks the characteristic C=0O amide
band of the vinylogous urea bond (1623 cm™). The vitrimers polymer-
ized with additional acetic acid show a significantly higher intensity of
the ester band (blue), while the vitrimers show a higher intensity of the
amide band (red).

ments showed maximum storage moduli (G’) of 0.10-0.81 GPA
at 20 °C and rubbery plateaus of 0.12-2.05 MPA at 150 °C,
measured within the linear viscoelastic regime, so that the
storage modulus G’ and the loss modulus G” were independent
of strain (w = 10 rad s™' and y = 0.1%) (Fig. S37, ESI{). In
addition, the materials displayed stress-relaxation times of
0.7-3193 s at 130 °C, measured by a torsional deformation of
1% (Fig. S38, ESIY).

This journal is © The Royal Society of Chemistry 2022

groups of JA. The activation energies were calculated by using
Maxwell’s model for viscoelastic fluids and an Arrhenius law
(eqn (S2), ESIt). Therefore, stress-relaxation curves at different
temperatures (110-150 °C) were measured and normalized
(Fig. S38, ESIY).

Next, the logarithm of the stress-relaxation time at 37% of
the normalized stress-relaxation was plotted against 1000/T to
calculate the activation energy from the slope. Even if the
stress-relaxation times and T, values differ significantly, the
calculated activation energies of the vitrimers BPArrgy, 0.5 and
VU-BPAj,, o5 showed comparable values, which were 50.2
k] mol™" and 52.2 k] mol™", respectively (Fig. 8). The different
acetoacetate monomers RE, NDO, BPA and THPE were equally
cured with JA and compared in terms of the stress relaxation
times and calculated activation energies (E,). The activation
energies were calculated in the range of 43.8-54.8 k] mol™,
while higher activation energies of 55.5-149.7 kJ mol™" were
determined when acetic acid was used during the synthesis.
This is reasonable because the catalyst shifts the ratio of

Polym. Chem., 2022,13, 946-958 | 951
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Fig. 7 Exemplary temperature-dependent DMA and stress-relaxation
measurements in comparison with the vitrimers VU-BPArren, 05 and
VU-BPA;a 05 Temperature-dependent DMA measurements show
cross-linked networks with the corresponding glass transition tempera-
tures and the characteristic rubbery plateaus (top). Stress-relaxation
measurements at 110, 130 and 150 °C show short stress-relaxation times
(TREN notably shorter than JA) with an Arrhenius dependence (bottom).

vinylogous urethane and vinylogous urea bonds towards the
side of the vinylogous urethanes, which show higher activation
energies (Fig. 8). Comparing these results with activation ener-
gies reported for pure vinylogous vitrimers
(68-149 kJ mol™") and pure vinylogous urea vitrimers (49-53

urethane

k] mol™"), the calculated activation energies in this work
reflect the results in good accordance.”>?”*”

For further investigations of the mechanical properties of
the materials, several stress-strain measurements have been
carried out at room temperature for each vitrimer and showed
significantly different resilience with averaged tensile strengths
(6mg) of 5.2-62.8 MPa, elongation in tensile strengths (&) of
0.5-340% and Young’s moduli of 5-1540 MPa (Table 1)
(Fig. S39, ESIt). For comparison, one representative curve of
each vitrimer is shown in Fig. 9. As expected, the elastomeric
vitrimer VU-RE, ; shows the highest elongation of 340%, with
a low tensile strength of 5.6 MPa and a Young’s modulus of 5
MPA. The vitrimer with the highest tensile strength turned out
to be VU-THPE,, 5 with a ¢, of 6.7%, a o4 Of 62.8 MPa and a

952 | Polym. Chem., 2022, 13, 946-958
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Fig. 8 Plot of Inz against 1000/T to calculate the activation energies
from the slope of the linear fit. The stress relaxation times 7 (37%) were
determined by different stress-relaxation experiments in the tempera-
ture range of 110-150 °C. The calculated activation energies of all 16
prepared vitrimers were calculated as summarized in Table 1.

Young’s modulus of 870 MPA. The highest Young’s modulus
was measured for VUH'-THPE, ., with a value of 1540 MPa.

Reprocessing and reshaping properties

Experiments were carried out to determine the reshaping,
reprocessing and self-healing properties of the vitrimers. Two
exemplary cycles of successive grinding and compression
molding of the elastomeric vitrimer VU-RE,; demonstrated a
good reprocessability of the material, proven by repetitively
measured ATR-FT-IR spectra and tensile tests. The reproces-
sing cycles produced always homogeneous, transparent, and
bubble-free specimens (Fig. 10). Besides, the ATR-FT-IR
spectra are rather similar (if not the same), while the stress-
strain measurements show comparable results with slightly
decreasing stress and strain at break after the first cycle
(Fig. S40, ESIY).

Furthermore, the materials present reshaping and shape-
memory properties using different temperature protocols
(Fig. 11). Polymers with shape-memory properties are smart
materials that are capable of memorizing their temporary
shape and recovering the permanent shape due to entropic
elasticity under an external stimulus,”"”> while traditionally,
the refinement of permanent shapes is limited by molding
and processing methods.”® However, the investigation of
dynamic bonds with polymer networks provides an elegant
solution to overcome this limitation. Vitrimers can be

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Stress—strain curves of the prepared vitrimers. For comparison,
one representative curve is shown for each vitrimer. The elastomeric
vitrimer VU-REq 7 shows the stress—strain curve of an elastomer, with a
high elongation at break of 340% strain. The most resilient vitrimer
turned out to be VU-THPEq s with a strain at break of 6.7%, a tensile
strength of 62.8 MPa and a Young's modulus of 866 MPA. The highest
Young's modulus was measured for VUH*-THPE 5 ¢.0 with 1540 MPa.

Fig. 10 Reprocessing cycles of the vitrimers by consecutive grinding
and compression molding (150 °C, 300 s), generating homogeneous,
transparent, and bubble-free films (specimen).

reshaped and reprocessed in the solid state due to the thermally
induced associative exchange mechanism in the network. Thus,
well defined shapes can be easily transformed into new defined

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Exemplary thermoadapt shape-memory properties
(VU-REj5, o.5) were investigated by twisting the original strip (a) at 80 °C
for 5 s, freezing the topology below the T, at room temperature (b) and
letting it relax back to the original shape at 80 °C for 30 s (c). Solid state
plasticity properties were explored by bending the permanent strip (c) at
150 °C for 300 s and reshaping the strip into a new shape (d). The speci-
mens for tensile tests (1 mm) were cut in half in the middle (0.5 mm) and
heated for 30 minutes at 150 °C. The cut and non-cut specimens were
compared using tensile tests and they show self-healing by almost full
recovery (e).

shapes without the intermediate step of a mold.”” The pre-
sented materials show both thermo-adaptive shape-memory
and solid state plasticity, depending on the applied temperature
and duration. Heating up above the respective T, for a short
time (80 °C, 5 s) and twisting the material led to topology freez-
ing with subsequent shape-memory when heating the material
again above the T,. Moreover, heating up at 150 °C for 5 min
and bending the material, the thermal-induced exchange reac-
tions enable a reorientation of the cross-linking points, leading
to a new defined and permanent shape of the material. In
addition, self-healing properties were observed by cutting the
tensile test specimen (1 mm) in half in the middle (0.5 mm)
and heating them for 30 minutes at 150 °C. Afterwards, the cut
and non-cut specimens were compared using tensile tests and
they show self-healing by almost full recovery and comparable
results (Fig. S41, ESIT).

Experimental
Materials

Acetic acid and chloroform were purchased from VWR chemi-
cals. Bisphenol-A (97%), 2,7-naphthalenediol (98%), and
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hexylamine (99%) were purchased from Sigma-Aldrich. 2,2,6-
Trimethyl-1,3-dioxin-4-one (95%), benzylamine (99%), aniline
(98%), tert-butylacetoacetate (98%) and 1,1,1-tris(4-hydroxy-
phenyl)ethane (98%) were obtained from TCI. Tris(2-amino-
ethyl)amine (97%) was purchased from Alfa Aesar. Phenol
(99.5%) was purchased from MERCK. Xylene (99%, isomeric
mixture) and resorcin (98%) were purchased from Griissing.
CDCl;, benzene-d6 and DMSO-d6 were purchased from
Deutero GmbH. Jeffamine T-403 was purchased from
Huntsman.

Instrumentation

Nuclear magnetic resonance ("H NMR, *C NMR) spec-
troscopy: the spectra (broadband decoupled, *C NMR
(DEPTQ135)) were recorded on a Bruker AVANCEII system
(Bruker BioSpin GmbH, Karlsruhe, Germany) at 300 MHz/
75 MHz with chloroform-d; (CDCl;) as a solvent and tetra-
methylsilane (TMS) as an internal standard. Sample concen-
trations were between 20 and 40 mg mL™" and measurements
were recorded at 298 K. Data processing was carried out using
MestReNova (Version 9.0.1, Mestrelab Research S.L., Santiago
de Compostela, Spain). Mass spectrometry (MS): electrospray
ionization (ESI) was measured using an Agilent 6224 ESI-TOF
device coupled with an Agilent HPLC 1200 Series and direct
injection (110-3200 m/z) system. Electron ionization (EI-DIP)
was measured using a Thermo ISQ LT EI device coupled with a
Thermo Trace 1300 and direct injection (40-800 m/z) system.
Data processing was carried out using MestReNova (Version
9.0.1, Mestrelab Research S.L., Santiago de Compostela,
Spain). Attenuated total reflection-Fourier transform Infrared
(ATR-FT-IR) spectroscopy: ATR-FT-IR spectra were recorded on
a Bruker FT-IR Vertex 70 spectrometer (Bruker, Ettlingen,
Germany) with a diamond ATR-probe. The measurement soft-
ware was Opus 8.1. All samples were measured in the range of
3600-600 cm™' with a resolution of 4 em™ and 32 scans.
Thermogravimetric analysis (TGA): for thermogravimetric ana-
lysis, a TGA 209 F1 Iris system (NETZSCH-Geritebau GmbH,
Selb, Germany) was used to determine the mass loss during
heat treatment. A temperature range of 25-600 °C with a
heating rate of 10 K min~" was chosen. About 5-10 mg of the
polymer was weighed into a ceramic crucible. A normal atmo-
sphere (with oxygen) was used with a flow rate of 20 mL min™".
Data processing was performed using Proteus analysis
(NETZSCH-Gerdtebau GmbH, Selb, Germany). Differential
scanning calorimetry (DSC): to determine the glass transition
temperature (Tg) of the vitrimers, a DSC 204 F1 Phoenix differ-
ential scanning calorimeter (NETZSCH-Gerdtebau GmbH,
Selb, Germany) was used. 5-10 mg of the polymer was weighed
into an aluminum crucible. The measurements were per-
formed at one bar under a nitrogen atmosphere (flow rate of
20 mL min™") in the temperature range between —50 and
150 °C. The heating and cooling rates were set to 10 K min~"
and the thermal properties were analyzed using the DSC data
of the second and third heating curves. Data processing was
performed by Proteus analysis (NETZSCH-Geridtebau GmbH,
Selb, Germany). Dynamic-mechanical analysis (DMA): for oscil-
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latory shear experiments, a rotational rheometer (MCR 502,
Anton Paar GmbH, Graz, Austria) with an 8 mm plate-plate
geometry and a heat chamber with a nitrogen atmosphere was
used. The temperature was controlled using a Peltier plate and
by a constant nitrogen flow into the chamber. The gap
between the lower and the upper plates was usually set to
1 mm. Amplitude sweeps between 0.01% and 1% shear strain
(y) at a constant angular frequency (w) of 10 rad per s were
carried out at 110 °C before each measurement. This should
ensure that the chosen strain amplitude y, was within the
linear viscoelastic regime, so that the storage modulus G’ and
the loss modulus G” were independent of strain. The tempera-
ture-dependent measurements were carried out at 10 rad s~
and a deformation of 0.1%. The temperature was first
increased from 110 to 150 °C at a rate of 2 K min™", and then,
after a waiting period of 5 min, it was decreased from 150 to
0 °C. Usually, one measuring point per 1 K was recorded. The
stress relaxation experiments were carried out with a defor-
mation of 1% and the relaxation modulus was recorded as a
function of time. The comparative measurements were carried
out in temperature ranges of 110-150 °C. Data processing was
performed using the RheoCompass software (version 1.19.266,
Anton Paar GmbH, Graz, Austria). The test specimens for the
dynamic-mechanical analysis and the relaxation tests were
pushed out with an 8 mm punch. The vitrimer films were pre-
viously placed in a drying chamber at 100 °C for a few seconds
in order to heat them above the glass transition temperature to
prevent splintering during processing. Tensile tests: tensile
tests were carried out at room temperature on a universal
testing machine type Z020 (Zwick Roell) using a 5 kN load cell.
The measurements were carried out in accordance with the
test standard DIN EN ISO 527-1. The initial force was 0.1 MPa
and the clamping length was 13.24 mm. The modulus of elas-
ticity was determined at a speed of 1 mm min~" and the rest
of the test was carried out at 10 mm min~". The test specimens
for the tensile test were punched out with a cutting press type
ZCP020 (Zwick Roell). The attachment was used for test speci-
mens of type 5B (according to DIN EN ISO 527-2). The vitrimer
films were placed in a drying cabinet at 100 °C for a few
minutes in order to heat them above the glass transition temp-
erature, to prevent splintering during processing

Synthetic procedures

Phenyl 3-oxobutanoate (PH). Phenol (4.21 g, 0.0448 mol)
and 2,2,6-trimethyl-1,3-dioxin-4-one (6.68 g, 0.0470 mol) were
dissolved in xylene (4 mL) in a 100 mL flask. The mixture was
heated at 135 °C for 45 min, while the byproduct acetone was
removed by distillation during the reaction. The temperature
in the still head was usually between 75 and 90 °C, and when
the temperature dropped to 35 °C, xylene, acetone, TMDO and
dehydroacetic acid were removed in vacuo (oil pump). The
residue represented the desired product in a high degree of
purity, appearing as a brownish liquid. §H (300 MHz, CDCl;,
Me,Si, 298 K): 7.43-7.35 (2H, m, Ph), 7.29-7.21 (1H, m, Ph),
7.15-7.09 (2H, m, Ph), 3.69 (2H, s, CH,), 2.36 (3H, s, CH3). 5C
(75 MHz, CDCl,;, Me,Si): 200.06 (q, C=0), 165.83 (q, COO),
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150.49 (q, Ph), 129.63 (t, Ph), 126.33 (t, Ph), 121.15 (t, Ph),
50.09 (s, CH,), 30.37 (p, CH;). 5H (300 MHz, DMSO-d6, 298 K):
7.47-7.39 (2H, m, Ph), 7.31-7.24 (1H, m, Ph), 7.16-7.10 (2H,
m, Ph), 3.89 (2H, s, CH,), 2.27 (3H, s, CH;). 6C (75 MHz,
DMSO-d6, 298 K): 201.46 (q, C=0), 166.17 (q, COO), 150.28 (q,
Ph), 129.58 (t, Ph), 126.02 (t, Ph), 121.65 (t, Ph), 49.47 (s, CH,),
30.19 (p, CH;). SH (300 MHz, benzene-d6, 298 K): 7.11-6.97
(4H, m, Ph), 6.92-6.85 (1H, m, Ph), 3.00 (2H, s, CH,), 1.62 (3H,
s, CH3). 6C (75 MHz, benzene-d6, 298 K): 198.77 (q, C=O0),
165.52 (q, COO), 151.23 (q, Ph), 129.62 (t, Ph), 126.08 (t, Ph),
121.89 (t, Ph), 49.55 (s, CH,), 29.43 (p, CHj;). EI-DIP: mj/z
179.152 (M" + 1, 2.73%) 178.113 (M', 24.72), 94.128 (90.19),
43.024 (100). Calculated for C;oH;00; (M") 178.063, found
178.113.

1,3-Phenylene bis(3-oxobutanoate) (RE). The crude, brown-
ish 2,2,6-trimethyl-1,3-dioxin-4-one was purified by vacuum
distillation to obtain a pure colorless product. Resorcin
(15.27 g, 0.139 mol) and the purified TMDO (41.45 g,
0.292 mol) were dissolved in xylene (25 mL) in a 250 mL flask.
The mixture was heated at 135 °C for 45 min, while the bypro-
duct acetone was removed by distillation during the reaction.
The temperature in the still head was usually between 75 and
90 °C, and when the temperature dropped to 35 °C, xylene,
acetone, TMDO and dehydroacetic acid were removed in vacuo
(oil pump). The residue represented the desired product in a
high degree of purity, appearing as a yellowish oil. The other
aromatic acetoacetate monomers were synthesized using the
same synthetic protocol. §H (300 MHz, CDCl;): 7.44-7.35 (1H,
m, Ph), 7.08-7.03 (2H, m, Ph), 7.00-6.98 (1H, m, Ph), 3.69 (4H,
s, CH,), 2.35 (6H, s, CH;). 6C (75 MHz, CDCl;, Me,Si): 199.97
(g, C=0), 165.38 (q, COO), 150.90 (q, Ph-0), 130.05 (t, Ph),
119.42 (t, Ph), 115.38 (t, Ph), 49.46 (s, CH,), 30.41 (p, CHj).
EI-DIP: m/z 278.146 (M", 0.37%), 194.118 (17.92), 110.066 (100)
43.014 (31.53). Calculated for C;,H;,0s (M') 278.079, found
278.146.

Naphthalene-2,7-diyl ~ bis(3-oxobutanoate) (NDO). &H
(300 MHz, CDCl;): 7.90-7.84 (2H, d, J = 11 Hz, Ph), 7.59-7.54
(2H, d, J = 2.2 Hz, Ph), 7.33-7.21 (2H, d, Ph), 3.75 (4H, s, CH,),
2.39 (6H, s, CH;). 6C (75 MHz, CDCl;, Me,Si): 200.03 (q,
C=0), 165.86 (q, COO), 148.89 (q, Ph-O), 134.25 (q, Ph),
129.86 (q, Ph), 129.63 (t, Ph), 121.08 (t, Ph), 118.53 (t, Ph),
50.13 (s, CH,), 30.47 (p, CH;). EI-DIP: m/z 328.064 (M,
0.03%), 160.087 (100.00), 131.086 (26.20), 43.002 (15.06).
Calculated for C;3H;506 (M") 328.094, found 328.064.

Propane-2,2-diylbis(4,1-phenylene)bis(3-oxobutanoate) (BPA).
SH (300 MHz, CDCl;): 7.25-7.20 (4H, m, Ph), 7.04-6.99 (4H, m,
Ph), 3.68 (4H, s, CH,), 2.35 (6H, s, CH;), 1.67 (6H, s, CH,). 6C
(75 MHz, CDCl;, Me,Si): 200.06 (g, C=0), 165.87 (q, COO),
148.37 (q, Ph), 148.28 (q, Ph-0), 127.96 (t, Ph), 120.86 (t, Ph),
50.06 (s, CH,), 42.57 (q, C-CH,), 30.95 (p, CH;), 30.31 (p,
0=C-CHj,). EI-DIP: m/z 396.210 (M", 0.05%), 228.162 (21.73),
213.154 (100.00), 119.081 (18.09), 43.020 (12.17). Calculated
for C,3H,,06 (M") 396.157, found 396.210.

Ethane-1,1,1-triyltris(benzene-4,1-diyl)tris(3-oxobutanoate)
(THPE). 5H (300 MHz, CDCl;): 7.2-7.06 (6H, m, Ph), 7.05-6.98
(6H, m, Ph) 3.67 (6H, s, CH,), 2.35 (9H, s, CH;), 2.15 (3H, s,
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CH3). 6C (75 MHz, CDCl;, Me,Si): 200.01 (q, C=0), 165.81 (q,
C00), 148.77 (q, Ph-0), 146.48 (q, Ph-C), 129.86 (t, Ph), 120.93
(t, Ph), 51.80 (q, C-CH,) 50.15 (s, CH,), 30.95 (p, C-CHj,),
30.40 (p, O—C-CHj;). EI-DIP: m/z 558.271 (0.01%) 306.146
(9.05), 291.136 (100.00), 197.105 (10.57) 43.038 (13.32).
Calculated for C3,H;00, (M") 558.189, found 558.271.

N-Hexyl-3-(hexylamino)but-2-enamide (Hex-VUA-Hex). The
crude, brownish 2,2,6-trimethyl-1,3-dioxin-4-one was purified
by vacuum distillation to obtain a pure colorless product.
Hexylamine (1.43 g, 0.0141 mol) and the purified TMDO
(1.00 g, 0.00707 mol) were mixed in a 10 mL flask. The mixture
was heated at 120 °C for 30 min, while the byproduct acetone
was removed by distillation during the reaction. The residue
represents the desired product in a high degree of purity,
appearing as an orange liquid. The other vinylogous urea refer-
ence compounds were synthesized using the same synthetic
protocol. 5H (300 MHz, CDCl;): 9.00 (1H, s, NH), 4.78 (1H, s,
NH), 4.22 (1H, s, CH), 3.18 (2H, d, CH,), 3.13 (2H, d, CH,),
1.85 (3H, s, CH3;), 1.60-1.42 (4H, m, CH,), 1.40-1.20 (12H, m,
CH,), 0.87 (3H, t, CH,), 0.86 (3H, t, CH;). 5C (75 MHz, CDCl,,
25 °C): 171.10 (q, C—=0), 158.61 (q, C-CHj;), 84.32 (t, CH),
43.04 (s, CH,), 31.07 (s, CH,), 30.73 (s, CH,), 30.31 (s, CH,),
26.83 (s, CH,), 26.75 (s, CH,), 22.72 (s, CH,), 22.66 (s, CH,),
19.53 (p, CHj). 14.15 (p, CH;). 6H (300 MHz, DMSO-d6.
298 K): 8.92 (1H, t, NH), 6.89 (1H, t, NH), 4.28 (1H, s, CH), 3.08
(2H, dd, CH,), 2.97 (2H, dd, CH,), 1.77 (3H, s, CH3), 1.51-1.05
(16H, m, CH,), 0.86 (3H, t, CH;), 0.85 (3H, t, CHj;). &C
(75 MHz, DMSO, 298 K): 170.56 (q, C=0), 156.94 (q, C-CHz),
85.90 (t, CH), 42.33 (s, CH,), 38.24 (s, CH,), 31.57 (s, CH,),
31.48 (s, CH,), 30.78 (s, CH,), 30.17 (s, CH,), 26.69 (s, CH,),
26.49 (s, CH,), 22.58 (s, CH,), 22.54 (s, CH,), 19.36 (p, CHj),
14.38 (p, CHj3), 14.35 (p, CH3). SH (300 MHz, benzene-d6,
298 K): 9.68 (1H, s, NH), 4.63 (1H, t, NH), 4.25 (1H, s, CH),
3.26 (2H, d, CH,), 2.77 (2H, dd, CH,), 1.61 (3H, s, CHj;),
1.42-1.02 (16H, m, CH,, 0.84 (3H, t, CH3), 0.83 (3H, t, CH;). 6C
(75 MHz, benzene-d6, 298 K): 171.04 (q, C=0), 157.40 (q,
C-CH3), 85.78 (t, CH), 42.90 (s, CH,), 32.02 (s, CH,), 31.89
(s, CH,), 31.08 (s, CH,), 30.81 (s, CH,), 27.09 (s, CH,), 26.89 (s,
CH,), 23.03 (s, CH,), 22.91 (s, CHy), 19.24 (p, CHj3). 14.29 (p,
CH3;), 14.26 (p, CH3). ESL: m/z 270.262 (M' + 2, 16.07%),
269.259 (M' + 1, 100.00). Calculated for C;¢H;,N,O (M)
268.251.

N-Phenyl-3-(phenylamino)but-2-enamide (Phe-VUA-Bz). S§H
(300 MHz, CDCl;): 11.06 (1H, s, NH), 7.43-7.34 (2H, d, Ph),
7.26-7.15 (4H, m, Ph), 7.08-6.91 (4H, m, Ph), 6.85 (1H, s, NH),
4.57 (1H, s, CH), 1.91 (3H, s, CH3). 6C (75 MHz, CDCl;): 168.85
(q, C=0), 157.38 (q, C-CHj3), 139.71 (q, Ph), 138.91 (q, Ph),
129.08 (t, Ph), 129.00 (t, Ph), 124.56 (t, Ph), 124.18 (t, Ph),
123.37 (t, Ph), 120.11 (t, Ph), 88.66 (t, CH), 20.57 (p, CHz).
EI-DIP: m/z 252.174 (M+, 13.25%), 160.134 (100.00), 132.109
(15.36), 118.105 (11.17). Calculated for C;eH;¢N,Os (M)
252.126, found 252.174. Hexylamine J6H (300 MHz, CDCl;,
25 °C): 2.62 (2H, t, N-CH,), 1.43-1.32 (2H, m, CH,), 1.32-1.17
(6H, m, CH,), 1.11 (2H, s, NH,), 0.83 (3H, t, CH3). 6C (75 MHz,
CDCl,): 42.35 (s, CH,), 33.93 (s, CH,), 31.78 (s, CH,), 26.63 (s,
CH,), 22.70 (s, CH,), 14.08 (s, CH;). Benzylamine &H
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(300 MHz, CDCl;, 25 °C): 7.31-7.15 (5H, m, Ph), 3.80 (2H, s,
CH,), 1.37 (2H, s, NH,). 6C (75 MHz, CDCl,): 143.42 (q, Ph),
128.56 (t, Ph), 127.08 (t, Ph), 126.79 (t, Ph), 46.56 (s, CHy).
Anilin §H (300 MHz, CDCl;, 25 °C): 7.06 (2H, t, Ph), 6.66 (1H,
t, Ph), 6.57 (2H, d, Ph), 3.52 (2H, s, NH,). 6C (75 MHz, CDCl,):
146.47 (q, Ph), 129.35 (t, Ph), 118.59 (t, Ph), 115.17 (t, Ph).

Phenyl-3-(hexylamino)but-2-enoate (Phe-VUT-Hex). Phenyl
3-oxobutanoate (PH) (0.043 g, 0.24 mmol) and hexylamine
(0.049 g, 0.48 mmol) were stirred for 24 h at room temperature
in deuterated chloroform, benzene or DMSO (0.1 M), while the
reaction was monitored by "H NMR spectroscopy. Different
amounts of acetic acid (0.03-1000 mol%) were added to the
PH solution in order to perform different kinetics. The pure
vinylogous urethane reference compounds were synthesized by
adding 100 mol% acetic acid and using the same synthetic
protocol. 6H (300 MHz, CDCl;, 298 K): 8.62 (1H, s, NH),
7.40-7.30 (2 H, m, Ph), 7.23-7.12 (1H, m, Ph), 7.11-7.05 (2H,
m, Ph), 4.65 (s, 1H; CH), 3.20 (2H, m, CH,) 1.98 (3H, s, CH3),
1.68-1.47 (2H, m, CH,), 1.40-1.18 (6H, m, CH,), 0.93-0.79 (3H,
t, CHs). 6C (75 MHz, CDCl;, Me,Si): 169.16 (q, COO), 164.08 (q,
C=C), 151.54 (q, Ph-0), 129.28 (t, Ph), 124.96 (t, Ph), 122.32 (t,
Ph), 80.82 (t, CH), 43.38 (s, CH,), 31.59 (s, CH,), 31.32 (s, CH,),
26.62 (s, CH,), 22.49 (s, CH,), 31.6 (p, C-CHj3) 14.11 (p, CH,~
CH;). 6H (300 MHz, DMSO-d6, 298 K): 8.52 (1H, s, NH),
7.19-7.06 (2 H, m, Ph), 6.79-6.66 (3H, m, Ph), 4.57 (s, 1H; CH),
3.23 (2H, m, CH,) 1.77 (3H, s, CH;), 1.57-1.40 (2H, m, CH,),
1.35-1.14 (6H, m, CH,), 0.90-0.78 (3H, t, CH;). 6H (300 MHz,
benzene-d6, 298 K): 8.90 (1H, s, NH), 4.90 (1H, s, CH), 2.54
(2H, dd, CH,) 1.41 (3H, s, CH;), 1.33-1.03 (8H, m, CH,),
0.89-0.78 (6H, t, CHj). ESI: m/z 263.184 (M' + 2, 17.15%),
262.181 (M' + 1, 100.00). Calculated for C;cH,3NO, (M)
261.172.

Phenyl-3-(benzylamino)but-2-enoate ~ (Phe-VUT-Bz).  6H
(300 MHz, CDCl;, 298 K): 8.98 (1H, t, NH), 7.33-7.03 (10H, m,
Ph), 4.72 (1H, s, CH), 4.36 (2H, d, CH,), 1.94 (s, 3H, CH;). 6C
(75 MHz, CDCl;, Me,Si): 168.69 (q, COO), 163.36 (q, C—C),
151.15 (q, Ph-0), 137.92 (q, Ph), 129.10 (t, Ph), 128.54 (t, Ph),
126.94 (t, Ph), 125.54 (t, Ph), 121.64 (t, Ph), 81.95 (t, CH), 46.86
(s, CH,), 19.34 (p, CHs). ESI-MS: m/z 269.138 (M" + 2, 17.16%),
268.36 (M" + 1, 100.00). Calculated for C;;H;,NO, (M) 267.126.

Phenyl-3-(phenylamino)but-2-enoate  (Phe-VUT-Phe). 6H
(300 MHz, CDCl;, 298 K): 10.33 (1H, t, NH), 7.50-6.97 (10H, m,
Ph), 4.87 (1H, s, CH), 2.02 (3H, s, CH;). 8C (75 MHz, CDCl;,
Me,Si): 169.04 (q, COO), 161.42 (q, C=C), 151.21 (q, Ph-0),
129.45 (t, Ph), 129.10 (t, Ph), 124.74 (t, Ph), 122.24 (t, Ph),
118.72 (t, Ph), 84.86 (t, CH), 20.74 (p, CH;). ESL: m/z 255.119
M" + 2, 4.41%), 254.116 (M' + 1, 24.44). Calculated for
C16H,5NO, (M) 253.111.

Model study - exchange reaction (E, calculation)

VUTaromatic: 4 equivalents of hexylamine were added to a
mixture of Phe-VUT-Bz (1 M) and stirred for 4 hours at 70, 90
and 110 °C in xylene, resulting in the formation of the trans-
amination product Phe-VUT-Hex. VUTyjiphatic: the reaction was
carried out under the same conditions for Me-VUT-Bz
(aliphatic vinylogous urethane). VUA: 4 equivalents of benzyl-

956 | Polym. Chem., 2022, 13, 946-958

View Article Online

Polymer Chemistry

amine were added to a mixture of Hex-VUA-Hex (0.0015 M) and
stirred for 30 minutes at 12, 22 and 32 °C in benzene, resulting
in the formation of the transamination product Hex-VUA-Bz.

Vitrimer synthesis

Bulk: All vitrimers were prepared by the following exemplary
synthesis route: propane-2,2-diylbis(4,1-phenylene)bis(3-oxo-
butanoate) (BPA) (1.38 g, 3.48 mmol) was provided in a rolled
rim glass and heated up in an oil bath at 80 °C. When the vitri-
mer was cured with additional acetic acid, the acid was added
to the acetoacetate monomer before the amine. Jeffamine-
T403 (2.05 g, 6.96 mmol) was added under constant stirring.
As soon as a homogeneous, opaque and cross-linked mass was
obtained, the vitrimer-gel was filled onto a Teflon sheet and
cured for 20 h at 100 °C in vacuo (oil pump). Afterwards, the
vitrimer was post-cured for 1 h at 150 °C in vacuo, in order to
ensure full conversion and the removal of the remaining reac-
tion water. Next, the samples were pressed for 5-10 min at
150 °C into a 1 mm thick film. Solvent-based: the acetoacetate
monomer was dissolved in chloroform (0.3 M) and acetic acid
was added to the solution (70 mol%). Afterwards, Jeffamine-
T403 was added to the solution and stirred until gelation. The
gel was filled onto a Teflon sheet and cured under the same
conditions as those used for the bulk reaction.

Recycling/reprocessing

The vitrimers were reprocessed by consecutive grinding and
remolding, cutting the films and specimens into small pieces
and pressing them at 150 °C for 5-10 min into 1 mm films. In
each cycle, ATR-FT-IR and tensile test measurements were
carried out repeatedly.

Shape-memory, solid state plasticity and self-healing
experiments

Exemplary thermoadapt shape-memory properties were inves-
tigated by twisting the original film at 80 °C for 5 s, freezing
the topology by cooling down to room temperature (22 °C)
(topology freezing) and letting it relax back to the original
shape at 80 °C for 30 s. Solid state plasticity was explored by
bending the film at 150 °C for 300 s, reshaping it into a new
shape due to the rearrangement of the cross-linking points.
The self-healing experiment is exemplarily described for
VU-RE},, 5. The DIN 5B specimens for tensile tests (1 mm)
were cut in half in the middle of the specimen (0.5 mm) and
heated for 30 minutes at 150 °C. Thecut and non-cut speci-
mens were compared using tensile tests.

Conclusions

A synthetic route for an easily feasible acetoacetylation of aro-
matic alcohols using 2,2,6-trimethyl-4H-1,3-dioxin-4-one
instead of the established tert-butylacetoacetate is introduced
and proceeds significantly more efficient by simple heating
for 45 minutes at 135 °C. With this, the widely used and
commercially relevant alcohols such as bisphenol-A, resorcin,
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2,7-naphthalenediol, and 1,1,1-tris(4-hydroxyphenyl)ethane are
introduced as raw materials for vinylogous urethane vitrimers
by easy acetoacetylation and curing with the commercially
available poly(propylene oxide)-based trifunctional amine
Jeffamine T-403 (JA) and tris(2-aminoethyl)amine (TREN).
Model studies with monofunctional compounds show that aro-
matic acetoacetates undergo fast condensation- and substi-
tution reactions with primary amines, leading to mixtures of
vinylogous urethane and vinylogous urea bonds, both repre-
senting dynamic covalent bonds for thermally induced trans-
amination reactions. Furthermore, this ratio can be adjusted
by the used solvent (DMSO, benzene, and chloroform) and/or
acetic acid as a catalyst, where the ratio can be completely
shifted either to vinylogous urethane or vinylogous urea
bonds. By transferring the findings from the model study to
the preparation of vitrimers, 16 different elastomeric and ther-
mosetting blended poly(vinylogous urethane/urea) networks
were synthesized, showing glass transition temperatures of
11-73 °C and thermal degradation temperatures of 222-290 °C
at ambient atmosphere. Dynamic mechanical analysis shows
short stress-relaxation times of up to 0.7 s at 130 °C, with cal-
culated activation energies of 43.8-149.7 kJ mol ", storage
moduli of 0.10-0.81 GPa at 20 °C and rubbery plateaus of
0.12-2.05 MPa at 150 °C. In addition, tensile tests showed
maximum tensile strengths of 5.2-62.8 MPa with elongations
of 0.5-340% (at break) and Young’s moduli of 5-1540 MPa.
Moreover, the prepared smart materials exhibit
remarkable reprocessing, reshaping, shape-memory and self-
healing properties, by undergoing two consecutive cycles of
grinding and remolding, showing thermoadapt shape-memory
and solid state plasticity. Notably, this work contributes
detailed model- and material studies for the use of aromatic
alcohols as an important class of raw materials for several
applications and introduces reprocessable alternatives to the
established materials, which offer potential for further investi-
gation of highly resilient, but reprocessable cross-linked
polymers.
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5.3 Publication 3: Starch-Reinforced Vinylogous Urethane Vitrimer
Composites

Starch-Reinforced Vinylogous Urethane Vitrimer Composites: An
Approach to Biobased, Reprocessable, and Biodegradable Materials

This work was conducted within a cooperation between the Chulalongkorn University in
Bangkok and the University of Hamburg. The project was started within a four months
stay in the working group of Prof. Suwabun Chirachanchai. The helpful advice and
supervision of professor Suwabun Chirachanchai and the group is gratefully

acknowledged.

In publication 3, polymer-polymer composites were synthesized with the motivation to
prepare bio-based, reprocessable and biodegradable composites with enhanced
mechanical properties. Combining the benefits of vitrimers and the use of renewable raw
material resources, the carbon footprint can be reduced, and new materials with distinct
properties and the ability for mechanical, chemical, and biological recycling/reprocessing
methods can be achieved. Starch-based polymers and starch-based blends like
thermoplastic starch are among the most utilized polymers for commercially fabricated
biodegradable materials.'*® 47 However, starch-based polymers and blends face some
disadvantages, e.g., high hydrophilicity leading to mechanical weakening, leaking out of
plasticizers like glycerol or sorbitol and/or poor mechanical properties.!*® Nevertheless,
starch shows unabated interest in polymer science and recently to the field of bio-based
vitrimers.

It has been shown that starch granules can be surface acetoacetylated without destroying
the inner semicrystalline, complex supramolecular structure and maintaining the densely
packed granules. The modification enabled the implementation of the polyfunctional
starch granules into the vitrimer network, which acted as an additional cross-linker and
filler. The matrix vitrimers were prepared by vinylogous urethane vitrimers polymerized
of fully acetoacetylated glycerol and different diamines. The cross-linked composites
show enhanced mechanical properties with increased E-moduli, low swelling ratios and
suppressing of the natural gelatinization of starch in contact with water even at high
temperatures. Moreover, suitable thermomechanical, chemical and enzymatic recycling

methods were developed for closed loop cycles, reusability and biodegradability. Seven

51



Results and Discussion — Published Works

matrix vitrimers were synthesized and compared in terms of their properties with and
without the modified starch. Reprocessable materials with up to 70 wt% of starch were
achieved. This work shows the development of hierarchical polymer-polymer composites
and the successful implementation of natural compounds as reinforcing filler and
cross-linking agent, providing the basis for future biodegradable, high-performance et

reprocessable materials.

Reprinted with permission from Sustain. Chem. Eng.,2023, 11, 22, 8350-8361
(DOI:10.1021/acssuschemeng.3¢01340). Copyright 2023 American Chemical Society.

The related supporting information is available in Section 9.4.
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ABSTRACT: Vitrimers represent permanent and dynamic polymer networks at the same time. The combination of dynamic
covalent bonds and widely available, biodegradable, and biobased raw materials enables new polymers with an excellent carbon
footprint, mechanical properties, and outstanding features in terms of multiple recycling methods, e.g., thermomechanical, chemical,
and biological reprocessing/reusability. Natural corn starch granules have been surface-modified by an acetoacetylation reaction
without using any additional solvent and maintaining the inner semicrystalline structure, giving a polyfunctional cross-linker for
starch-reinforced vitrimer composites. Vinylogous urethane vitrimer matrices were synthesized by the condensation reaction of fully
acetoacetylated glycerol and different diamines, while glycerol and the diamines were deliberately selected as potentially biobased
raw materials. Seven different matrix vitrimers were synthesized with a content of 0—70 wt % of modified starch and investigated in
terms of their thermal and mechanical properties. In total, 20 elastomeric and thermosetting materials have been prepared, exhibiting
high elastic moduli of 2 GPa with short stress relaxation times and a high content of modified starch up to 70 wt %. The composites
show low swelling ratios, suppressing the natural gelatinization of starch in water. Moreover, suitable thermomechanical, chemical,
and enzymatic recycling methods for closed-loop cycles, remolding, reusability, and biodegradability were developed.

'S,((NH o
_ A,
[H N S
AN{NH © o HNH):!._"

x=4,6,8,10,12,18

KEYWORDS: covalent adaptable networks, biobased vitrimers, vinylogous urethane vitrimers, vitrimer-composites, biodegradable, starch

Bl INTRODUCTION

Vitrimers have attracted increasing interest in scientific
research and industry since their first introduction by Leibler’s
group,' and various polymers and applications were already

reprocessed and remolded, show self-healing and shape-
memory properties simultaneously.”*~” The unique properties
make them promising candidates to overcome the environ-
mental and waste disposal problems of classic, nonrecyclable

demonstrated since then.”” Due to their unique properties in
terms of the mechanical and chemical stability in combination
with available dynamic chemical bonds, the cross-linked
materials merge the favorable properties of classic thermosets
and thermoplastics. Vitrimers belong to the class of covalent
adaptable networks (CANs) and contain covalent dynamic
bonds, which proceed by a thermally induced, associative
exchange mechanism, making these networks permanent as
well as dynamic. Therefore, the innovative materials can be

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

thermosets. In this context, also biobased polymers show
highly increased research interest, with countless new
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publications every year, especially in the past decade.”’
Combining the benefits of vitrimers and the use of renewable
raw resources, the carbon footprint can be reduced, and new
materials with distinct properties and the ability for
mechanical, chemical, and biological recycling/reprocessing
can be implemented. Motivated by that, vitrimers based on
different exchange mechanisms, e.g., transesterification, trans-
amination, transimination, boronic-ester exchange, transcarba-
moylation, and thiol—disulfide exchanges, were fabricated on
the basis of countless biobased raw materials derived from
vegetable oils, terpenes, carbohydrates, lignin, and more.
Especially, widely available and inexpensive polysaccharides
like starch, cellulose, and chitin are of great interest.®!%!
Nowadays, starch-based polymers and starch blends like
thermoplastic starch are among the most utilized polymers
for commercially fabricated biodegradable materials."”~"*
However, starch-based polymers and blends face some
disadvantages, e.g., high hydrophilicity leading to mechanical
weakening, leaking out of plasticizers, and poor mechanical
properties.”> Nevertheless, starch shows unabated interest in
polymer science and recently to the field of biobased vitrimers.
The synthesis of a starch-based, elastomeric epoxy vitrimer
through the incorporation of garlic-based diallyl disulfide was
reported. Epoxidized amylopectin-rich starch and epoxidized
bisphenol A, diallyl disulfide, and thiol cross-linkers were
reacted via “click” reaction. After reprocessing, the fabricated
elastomeric vitrimer displayed self-strengthening properties
with increased glass transition temperature (25 °C), tensile
strengths (18.5 MPa), E-modulus (268 MPa), and elongation
at break (>900%).'® In another approach, oxidized starch with
57% carboxyl content (30 phr) was fabricated and served as a
cross-linking agent, reacting with epoxidized natural rubber
latex to form a soft, elastomeric polymer network with glass
transition temperatures below 0 °C. Consequently, the cross-
linking density determined the performance of the biobased
and biodegradable vitrimer and enabled it to achieve a high
elongation at break (1108%) and elastic recovery (90%)."
Moreover, catalyst-free, fully biobased hydroxyester vitrimers
were synthesized by cross-linking and plasticizing epoxidized
soybean oil and acetylated starch-succinate monoesters. The
vitrimers possessed a lower glass transition temperature, better
solvent resistance and reprocessin% 1performance compared to
traditional starch-based materials."”"” A summary of the state
of art, epoxy-based, soft, and elastomeric vitrimer composites
proceeded by catalyzed and noncatalyzed transesterification or
thiol—disulfide exchanges is presented, using starch as a
polyfunctional monomer, but not as the main compound with
more than 50 wt % of the material. Adding modified starch as a
cross-linker, an improvement of the mechanical properties
could be achieved while maintaining the reprocessability and
enabling partly biodegradability.'”*’

In this work, acetoacetylated starch granules were used as a
reinforcing cross-linking agent for elastomeric and thermoset-
ting vinylogous urethane vitrimer matrices synthesized by the
condensation reaction of acetoacetylated glycerol and
diamines. In the process, particular attention was paid to
maintain the semicrystalline structure of the starch granules
during the preparation of the materials. Moreover, glycerol and
seven diamines were deliberately selected as potentially
biobased raw materials, which can be produced by
biotechnological production methods, e.g., glycerol as a
byproduct from biodiesel production and other methods.”' ~**
With this, cross-linked, particulate-filled polymer—polymer

microcomposite vitrimers with a high content of up to 95 wt
% renewable raw materials were fabricated. To tune the
properties of the emerging composites, seven matrix vitrimers
were synthesized and compared in terms of their properties
and interaction with the acetoacetylated starch granules. A
focus was set on maximizing the amount of starch and the
improvement of the mechanical properties, while maintaining
the reprocessability. Giving a rough techno-economic
estimation, the cheap and widely available raw materials
starch, glycerol and some of the diamines (1,6-diaminohexane
and Priamine 1075) are already established for huge polymer
productions in industry and the omission of solvents and
relatively short heating periods opens up opportunities to use
this process in bigger scales as well.

B EXPERIMENTAL SECTION

Materials and methods sections are shown in the Supporting
Information (SI, S1—S4).

Synthetic Procedures. Propane-1,2,3-triyl tris(3-oxobutanoate)
(GlyAcAc): The synthesis route was adapted from Witzemann et al.
and customized in terms of reaction conditions and acetoacetylation
agent.24 The crude, brownish 2,2,6-trimethyl-1-3-dioxin-4-one
(TMDO) was purified by vacuum distillation at 60 °C and 0.1
mbar to obtain the pure colorless product. Glycerol (10.0 g, 0.108
mol) and the purified TMDO (48.6 g, 0.342 mol) were mixed in a
250 mL flask. The mixture was heated at 135 °C for 1 h, while the
byproduct acetone was removed by distillation during the reaction.
The remaining acetone, TMDO, and dehydroacetic acid were
removed in vacuo at 135 °C and 0.1 mbar. The residue represented
the desired product in a high degree of purity, appearing as a slightly
yellowish liquid. Yield: 98%. The synthetic routes of EgAcAc,
HexAcAc, and CsAcAc follow a similar protocol and are described
in SI (SI, SS and S6).

Vitrimer Synthesis. All vitrimers were prepared by the following
exemplary synthesis route: In ethanol dispersed CsAcAc (1.03 g
starch, 0.50 g mL™") was provided in a 10 mL beaker. GlyAcAc (1.42
g, 4.12 mmol) and a diamine, e.g., hexanediamine (0.98 g, 8.4 mmol)
were added and mixed. After a few minutes, a homogeneous, opaque,
and cross-linked gel was obtained. The obtained gel was cured for 18
h at 100 °C and postcured for 1 h at 150 °C in vacuo. Next, the
samples were pressed for 5—10 min at 160 °C with a pressure of 500—
1000 N cm™ into a 1 mm thick film. The acetoacetate to amine ratio
was set to R = 0.75 for 0 wt % CsAcAc, R = 0.73 for 30 wt %, R = 0.7
for 50 wt %, and R = 0.65 for 70 wt %. Mechanical recycling/
reprocessing: The vitrimers were reprocessed by consecutive grinding
and remolding, cutting the films and specimen into small pieces and
pressing 5—10 min at 160 °C with a pressure of 500—1000 N cm™
into a 1 mm thick film. Chemical recycling: The materials were
dissolved in an aqueous acetic acid (10 wt %, 25 mg g~') solution.
After 18 h at 20 °C, the degraded material was obtained, dried and
pressed 5—10 min at 160 °C with a pressure of 500—1000 N cm™
into a 1 mm thick film. Swelling ratio/gel content/soluble fraction:
The dried materials were weighed, put into water for 3 h at 100 °C or
tetrahydrofuran (THF) for 24 h at 20 °C, and weighed again in the
swollen and dried state. To determine the soluble fraction, the
remaining THF was removed and the residue weighed (equations, SI,
S6-T1). Enzymatic hydrolysis (biodegradability): To investigate the
enzymatic hydrolysis of corn starch and CsAcAc 20 mg powder were
dispersed aqueous iodine solution (1 wt %, 3 mL), which turned
purple due to the formation of triiodide-amylose complexes.
Afterward, a-amylase was added (20 mg, pH = 7, 25 °C, Aspergillus
oryzae) and a color change from purple to almost colorless was
observed. To investigate the vitrimer composites, VU-PA,, (40 mg)
was put into an aqueous iodine solution (1 wt %, 6 mL), which caused
the material to turn dark purple after 24 h at 20 °C The dark purple
material was cut into half and put into an aqueous solution (3 mL)
and in an aqueous a-amylase solution (0.05 g ¢!, 3 mL) for 30 min.
The color change from purple to colorless was monitored. The
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solution was filtered with 0.2 um PTFE filters and characterized by
ESI-MS. For an application-related experiment, the composites were
left for 6 weeks under nonspecific, wet conditions, observing a mold
growth of likewise raw starch conquering mold after a few days at
room temperature.

Bl RESULTS AND DISCUSSION

Acetoacetate Monomers. According to the literature, the
acetoacetylation of various alcohols as monomers for vinyl-
ogous urethane vitrimers is carried out in organic, high-boiling
solvents like xylene or dimethylformamide.”™>* In times of
increasing environmental pollution and the exploitation of
fossil resources, it is desirable to use renewable raw materials
and explore the expendability of (toxic) organic solvents. The
acetoacetylation of several alcohols likewise takes place without
using an additional organic solvent, only with the acetoacety-
lation agent, utilizing the same reaction conditions. In
comparison, it was found that the acetoacetylation agent
TMDO proceeds more efliciently than t-BuAcAc with faster
Glycerol, ethylene glycol, 1,6-hexanediol, or
starch were mixed with an excess of TMDO and heated for
45—60 min at 135 °C to obtain the liquid products GlyAcAc,
EgAcAc, and HexAcAc or the solid, modified starch granules
(CsAcAc; Figure la). ATR-FT-IR spectroscopy proved a
successful acetoacetylation by measuring the characteristic C=
O ester (1738—1742 cm™') and C=O ketone stretching
vibrations (1711 cm™"), as well as decreasing O—H stretching
vibrations (3000—3600 cm™; Figure 1b; all spectra, SI, S7-S1
and -S2). '"H NMR spectra showed the characteristic chemical
shifts, including the acetoacetate signals at 2.17 ppm (CH;)
and 3.62 ppm (CH,) (Figure 1c). *C NMR spectra and mass
spectrometry (MS, ESI/EI) likewise proved the formation (*H
NMR/"*C NMR, SI, $8-S1 and -S2, $9-S1 and -S2, $10-S1 and
-§2) (MS, SI, S11-S1 and -S2, S12-S1 and -S2). Starch granules
consist of a-p-glucose repeating units titled as anhydrous
glucose units (AGU), which form the linear polymer amylose
and the branched polymer amylopectin by 1,4- and 1,6-
glycosidic bonds. These polymers build supramolecular,
semicrystalline, and hydrogen-bonded granules in the micro-
meter range, while the amylose/amylopectin ratio, crystal
structure, size, and morphology vary in the different types of
starch (e.g., corn, tapioca, rice, wheat, and potato).‘?’o_‘?’2 It was
explored that TMDO-dispersed corn starch granules can be
surface-acetoacetylated by this synthetic route without destroy-
ing the inner semicrystalline structure, shape, or size of the
starch granules (Figure la). In contrast, Qi et al. reported an
acetoacetylation of starch dissolved in dimethyl sulfoxide,
leading to the degradation of the starch granules during the
synthesis.””** The surface modification works for wheat,
tapioca, and rice starch as well, plausibly working for any
type of starch. ATR-FT-IR spectra show the characteristic
acetoacetate C=0 ester (1746 cm™'), C=0 ketone (1713
cm™"), and C—O stretching vibrations (1140 cm™'; Figure 1b).
Furthermore, the O—H (3000—3600 cm™') and C-O
stretching vibrations of the AGU (995, 1078, and 1148
cm™") of native corn starch are represented.”> "H NMR spectra
show the characteristic chemical shifts of AGU and the
acetoacetate group at 2.17 ppm (CH,) and 3.62 ppm (CH,)
(Figure 1c).*® Integrating the OH-signals and the CH; group
(AcAc), about 2.0—2.5 mol % of the hydroxy groups were
acetoacetylated. ">*C NMR spectra confirmed the acetoacety-
lation by measuring the characteristic CHj signal at 30.1 ppm,
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Figure 1. (a) Scheme of the acetoacetylation reaction of glycerol and
corn starch granules using TMDO. (b) ATR-FT-IR spectra of
GlyAcAc, CsAcAc, and corn starch showing the characteristic bands
of the acetoacetate group with the C=0 ester (1742—1746 cm™!,
red), C=0 ketone (1711—1713 cm™?, red), and C—O (1140—1148
cm™!, blue) stretching vibration bands. The backbone AGU
represents the C—O (995—1148 cm™') and O—H (3000—3600
cm™") stretching vibration bands (green). (c) 'H NMR spectra of
GlyAcAc and CsAcAc, showing the characteristic chemical shifts of
the acetoacetate group at 2.17 ppm (CHj, red a) and 3.62 ppm (CH,,
red b), as well as the backbone signals of the AGU (green).

besides the typical chemical shifts of AGU (full "H NMR/"*C
NMR spectra, SI, S13-S1 and -52).>’

As another quantitative method, elemental analysis was
carried out. The raw corn starch and CsAcAc were reacted
with an excess of monofunctional isobutylamine to form
vinylogous urethane bonds. After removing the excess of free
amines through intensive washing with ethanol and evaporat-
ing the slightly volatile isobutylamine in vacuo, the results were
compared regarding the nitrogen content. Doing that, an initial
degree of acetoacetylation of 1.5—2 mol % of the hydroxy
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groups was calculated, confirming the results determined by 'H
NMR spectroscopy (SI, S14-T1). Furthermore, this result
showed that free amines do not undergo a significant amount
of side reactions under these conditions, e.g., Maillard reaction,
since the nitrogen content stays constant before and after the
treatment with isobutylamine when using raw starch. Scanning
electron microscope (SEM) and optical microscope (OM)
images were recorded to evaluate the particle morphology
before and after the modification. Corn starch consists of
irregular polyhedron-shaped granules with an average diameter
of 5-20 pum, while much smaller and bigger granules are
present sporadically.”***** The images indicate no significant
differences before and after the surface modification (Figure
2a) (different magnifications, SI, S14-S1, S15-S1). XRD
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Figure 2. (a) SEM (top) and OM (bottom) images of the raw corn
starch and CsAcAc, showing similar polyhedron-shaped granules with
a diameter of S—20 ym in all images. (b) XRD-powder diffractograms
of raw corn starch and CsAcAc.

measurements proved that the inner semicrystalline structure
of the starch granules is not affected by the modification
reaction, exhibiting the characteristic Bragg peaks of corn
starch before and after the modification (Figure 2b).*"*' DSC
measurements showed no significant difference in comparison
to raw corn starch and CsAcAc, exhibiting melting points
obove 200 °C (SI, S16-51).***

Matrix Vitrimers and Starch-Reinforced Vitrimer
Composites. For the preparation of the starch-vitrimer
composites GlyAcAc, CsAcAc, and 1,4-diaminobutane
(DAB), 1,5-diaminopentane (DAP) 1,6-diaminohexane
(DAH), 1,8-diaminooctane (DAOQO), 1,10-diaminodecane
(DAD), 1,12-diaminododecane (DADD), or Priamine 1075
(PA) were mixed at different ratios and compared in terms of
the properties of the materials. DAB and DAP are biogenic

diamines, mainly produced by fermentation, whole-cell
bioconversion, or enzymatic processes.”*** Especially for
DAP, many different production pathways have been
developed with first productions on an industrial scale.””***’
Biotechnological methods can also generate DAH, DAO,
DAD, and DADD from sugars with mostly the intermediate
product of the corresponding diol.*”***’ PA is a commercially
available, biobased diamine generated from terpenes.’’ The
monomers were mixed with a small amount of ethanol (1/3 of
the total monomer mass) until an opaque, homogeneous gel
was obtained. To obtain homogeneous materials, ethanol was
used as a green plasticizer, gelation retarder, and cosolvent
(Figure 3). Due to the high viscosity and poor mixing
performance, ethanol was especially essential for the synthesis
of materials with high amounts of CsAcAc (50—70 wt %),
while lower amounts (0—30 wt %), could also be prepared
without ethanol by bulk reaction. The materials were labeled as
VU-amine ycocac (€-g, VU-DAO;), and the used monomer
ratios are illustrated in SI (SI, S16-S2). It was found that
vitrimers with relatively long alkyl chains of the diamine
(DADD, PA) and a low cross-linking density allow the
synthesis of vitrimer composites with a high share of CsAcAc
up to 70 wt %. Regarding DAB, DAH, DAO, and DAD the
highest amount was 30—50 wt %, since reprocessing did not
work sufficiently well and led to brittle and cracked materials
without efficient reprocessing during heat compression.

To evidence that modified starch acts as a multifunctional
cross-linker, HexAcAc and DAH (R = 0.9) were mixed to
prepare a soft, linear, and thermoplastic reference polymer
without any cross-linker, which showed the characteristic
vinylogous urethane bands (ATR-FT-IR, S17-S1). Polymeriz-
ing the linear polymer with 50 wt % raw corn starch as a filler,
the prepared material still showed thermoplastic properties.
Polymerizing with 50 wt % of CsAcAc, a cross-linked material
was prepared, proven by temperature-dependent dynamic
mechanical analysis (DMTA; SI, S17-S1 and S18-S1).
Supporting this result, tensile tests showed a significant
increase in the elastic modulus from 0.5 to 26 MPa, and
increase in tensile strength from 0.7 to 3.1 MPa (SI, S18-S2).
To prepare resilient composite materials, the modified starch
granules were incorporated into a cross-linked vitrimer matrix
synthesized by the trifunctional GlyAcAc and different
diamines. ATR-FT-IR spectra showed the formation of the
characteristic C=C (1592—1604 cm™) and C=O ester
(1644—1654 cm™") bands of the vinylogous urethane bonds
(all spectra, SI, S19-S1 and -S2). Moreover, spectra of the
matrix vitrimer VU-PA; and composites with different amounts
of CsAcAc were compared, showing the characteristic
vinylogous urethane bands and an increase in O—H and C—
O stretching vibrations of the AGU with a rising amount of
CsAcAc in the materials (SI, S20-S1). XRD measurements
show the characteristic Bragg peaks of CsAcAc in the
composite material VU-PA,;, indicating that the inner
semicrystalline structure remained intact throughout the
process (SI, S20-S2).'° Differential scanning calorimetry
(DSC) measurements showed elastomeric and thermosetting
vitrimers with T's of (=26)—71 °C (VU-DAB,: 71 °C, VU-
DAP,: 63 °C, VU-DAH,: 54 °C, VU-DAO,: 47 °C, VU-
DAD,: 36 °C, VU-DADD,: 29 °C, VU-PA,: (—26) °C, o--set)
(ST, S21-S1). The T,s increased with a declined chain length of
the diamine and showed a linear dependency with a calculated
increase of S °C per additional CH, group (SI, S21-S2). PA is
excluded from this trend due to its different molecular
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Figure 3. Illustration of the used monomers CsAcAc, GlyAcAc, and diamines, polymerized by a condensation reaction, and processed to starch-
reinforced vinylogous urethane vitrimer composites. Vinylogous urethane vitrimers undergo thermal-induced transamination exchange reactions,
enabling a reorganization of the cross-linking points in the material (reprocessing/remolding). SEM images show the top view and cross-section of
the composite materials VU-DADDj, picturing the starch granules homogeneously distributed in the material.
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Figure 4. (a) DMTA measurements (G’ = dark color, G” = light color) of the matrix vitrimers (@ = 10 rad s™", y = 0.1%). (b) Loss factors
(DMTA) of the matrix vitrimers, showing the glass transition temperatures. (c) Frequency sweeps of the matrix vitrimers show cross-linked
materials in a broad frequency range (100 °C, y = 0.1%). (d) Stress relaxation measurements of the matrix vitrimers displaying stress-relaxation
times of 12—425 s (y = 1%). (e) Stress relaxation measurements in the temperature range of 110—150 °C, exemplified shown at VU-DADD,, (y =
1%). (f) Plot of In 7 vs the reciprocal temperature to calculate the activation energies from the slopes of the linear fits.

structure. Adding CsAcAc, the T,s of the composite materials
showed comparable values to the matrix vitrimers, exemplified
shown by the materials VU-DADD, with 30, 50, and 70 wt %
of CsAcAc, exhibiting values in the range of 21-29 °C (S],
$22-S1). Thermogravimetric analysis (TGA) from representa-
tive samples was carried out under an ambient atmosphere.
The degradation temperatures of the matrix vitrimers correlate
with the alkyl chain length of the diamine, exhibiting the most
susceptible vitrimer VU-DABy, and the most resilient vitrimer

VU-PA, with degradation temperatures of 231—273 °C (SI,
§22-S2). Corn starch and CsAcAc granules showed com-
parable degradation temperatures of 287 and 290 °C.
Consequently, the vitrimer composites showed similar
degradation temperatures of 250—255 °C to the respective
matrix vitrimer, exemplarily shown by the materials VU-
DADD, with 30 and 50 wt % of CsAcAc (SI, $23-S1).
Mechanical Properties. DMA measurements were carried
out to investigate the material's mechanical properties by
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Figure 5. (a, b) DMTA measurements of VU-DADD,, VU-DADD;,, VU-DADDy, and VU-PA,, VU-PA,, VU-PA,, and VU-PA,, (G’ = dark
color, G” = light color, @ = 10 rad s, ¥ = 0.1) (c) Loss factor (DMTA) of VU-DADD,,, VU-DADD;,, and VU-DADDj, pointing out similar glass
transition temperatures of the composites. (d) Frequency sweeps of VU-PA,, VU-PA,,, and VU-PAy, prove cross-linked materials (100 °C, y =
0.1%). (e) Stress-relaxation curves exemplified shown on the material VU-PA; in a temperature range of 90—160 °C. (f) Plot of In 7 vs the
reciprocal temperature to calculate the Es from the slopes of the linear fit.

oscillatory and step shear experiments. Five matrix vitrimers
without CsAcAc were compared (VU-DAB,, VU-DAH,, VU-
DAQ,, VU-DADD,, VU-PA;). The measurements were
carried out within the linear viscoelastic regime so that the
storage modulus G’ and the loss modulus G” were
independent of strain. Amplitude sweeps show yield points
of 1-20% at 100 °C (SI, S23-S2). DMTA measurements in
the range of 0—160 °C display maximal storage moduli of 1—
600 MPa and rubbery plateaus of 0.6—2.6 MPa, indicating
cross-linked materials (Figure 4a). Rubbery plateaus demon-
strate comparable values at elevated temperatures in case of
VU-DAB,, VU-DAP,, VU-DAD,, and VU-DADD,, while VU-
PA, displays a significantly lower value of 0.6 MPa. This can be
explained by the lower cross-linking density and the free alkyl
chains of PA, acting as a plasticizer. Figure 4b shows the loss
factors, pointing out the T,’s of the materials. Cross-linked
materials were likewise identified by measuring frequency
sweeps (Figure 4c). In addition, the materials displayed stress-
relaxation times of 12—425 s at 130 °C, with VU-PA, showing
the shortest and VU-DADD, the longest (Figure 4d). The
short stress-relaxation time of VU-PA, can be assigned to the
low cross-linking density, high soluble fraction, and chain
mobility in the material. VU-DAB,, VU-DAP;, VU-DAD,, and
VU-DADD,, follow the trend of a shorter stress-relaxation time
with shorter chain length of the diamine. This is probably due
to the effect of a higher concentration of the relevant
functional groups. The effect of a closer spatial arrangement
outweighs the slowing effect of a higher cross-linking density.
The soluble fractions of the materials were determined to
comparable values of 3.2—5.5% in case of the matrix vitrimers,
except for VU-PA,, showing 15% (soluble fractions, SI, S24-
T1). Activation energies (E,s) were determined by carrying out
stress relaxation measurements at different temperatures,
exemplified shown on VU-DADD, (Figure 4e; all stress-
relaxation measurements, SI, $24-S1, $25-S1 and -S2, S26-S1).
According to literature, the E,s were determined by an
Arrhenius-like behavior of the material and calculated by

plotting In 7 (37%) versus the reciprocal temperature to
calculate E,s of 62—107 kJ mol™" from the slopes of the linear
fits (Figure 4£) 293!

Next, the composite materials were investigated by DMA.
Comparing amplitude sweeps of VU-PA,, VU-PA;, and VU-
PA.,, a massive shift of the yield point from y =20 to 1 to 0.1%
shear strain was measured at 100 °C, which can be explained
by a rising cross-linking density of the composite materials (SI,
$26-S2). DMTA measurements show increased storage and
loss moduli in the glassy and especially in the rubbery state,
displayed by the materials VU-DADD,, VU-DADD;, VU-
DADDy, and VU-PA,, VU-PA,,, VU-PA,, and VU-PA,, with
0, 30, 50, and 70 wt % of CsAcAc (Figure Sa,b; G’ and G”, S],
$27-S1). In addition, DMTA measurements (loss factor) show
comparable T,s of the composite materials with and without
CsAcAc (Figure Sc). Frequency sweeps of VU-PA,, VU-PA,,
and VU-PA, prove cross-linked materials (Figure 5d). Stress-
relaxation curves were exemplified shown at the composite
material VU-PA;, in a temperature range of 90—160 °C
(Figure Se). Comparing VU-PA with different contents of
CsAcAc, stress-relaxation times of 22—38S s at 130 °C and E s
of 62—155 k] mol™' were calculated for the composite
materials (Figure Sf). In comparison, a trend toward higher
activation energies with an increasing proportion of CsAcAc
was observed. Furthermore, E,s of 81.4 + 3.5 k] mol™ (VU-
DADD,,), 84.4 + 2.9 kJ mol™ (VU-DADDy,), and 96.4 + 6.8
kJ mol™! (VU-DAB,,) were calculated (all stress-relaxation and
E_s, SI, S27-S2, S28-S1 and -S2, $29-S1 and -S2, S30-S1). The
determined values fit to reported values for vinylogous
urethane vitrimers and concluded that the transamination
reaction in the matrix and composite vitrimers mainly proceeds
by a proposed protic iminium pathway.”' ~>*

In order to investigate the mechanical properties of the
vitrimers, tensile tests have been carried out at 20 °C. First, the
matrix vitrimers without CsAcAc were compared, showing
averaged elastic modulus (E) in the range of 4—1100 MPa,
tensile strengths (0,,) of 0.2—65.9 MPa, and elongations at an
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Figure 6. (a) Stress—strain curves derived from the matrix vitrimers. (b) E-moduli of the matrix vitrimers. (c) Tensile strengths of the matrix
vitrimers. (d) Elongations at ultimate stress (&, 8y) of the matrix vitrimers.

ultimate stress (&) of 6.18—160% (Figure 6a—d). The results
indicate that, with a shorter aliphatic chain length, E, o, and
€., increase, with VU-DAB,, exhibiting the highest values. The
materials VU-DAB,, VU-DAP,, VU-DAH,, VU-DAO,, and
VU-DAD, showed no significant difference in terms of the
averaged toughness of 588—1129 N m™?, while VU-DADD,
showed a significantly higher value of 2549 N m ™2 and VU-PA,
a lower value of 69 N m™ (SI, S30-S2).

The stress—strain curves of the composite materials VU-
DADD, and VU-PA, with 0, 30, 50, and 70 wt % of CsAcAc
are shown in Figure 7a,b (all stress—strain curves, SI, S31-S1
and -S2, $32-S1 and -S2). With a rising propotion of CsAcAc
in the materials, increased E-moduli, and simultaniously
decreased elongations at ultimate stress were measured for
every composite. This can be explained by the higher cross-
linking density and the filler effect of CsAcAc. The composites
show averaged E-moduli of 6—2055 MPa, tensile strengths of
4.2—65.5 MPa, and elongations at ultimate stress of 2.8—85%
(Figure 7c—e; zoom for small elongations at ultimate stress, SI,
$33-S1). VU-DAB,, shows the highest E-modulus of all
composites with E = 2055 MPa. The composite VU-DAHj,
shows the highest tensile strength of o, = 65.5 MPa. The
toughness is exemplified shown by the materials VU-DADD,
with 30, 50, and 70 wt % of CsAcAc, pointing out a decreasing
toughness of 2552—65 N m™ caused by the higher cross-
linking density with a rising amount of CsAcAc (Figure 7f).

Swelling Ratio, Gel Content, and Soluble Fraction. A
typical problem of starch-based materials is the hydrophilic
nature, resulting in massive swelling ratios and gelatinization in
water. At low temperatures, corn starch is reported to show a
swelling ratio of 230% at 40 °C. Moreover, at temperatures
above 60 °C, starch undergoes gelatinization, which leads to
degradation of the hydrogen-bonded semicrystalline structure
associated with massive swelling of the starch granules of
1280% when heating for 1 h at 90 °C.>* To overcome this
problem, a cross-linked matrix can suppress the swelling even

at high temperatures. To investigate that, matrix vitrimers/
composites were kept at 100 °C in water for 3 h. For the
vitrimer matrices, low swelling ratios of 0.3% were determined
for the nonpolar VU-PA, and 4.2% for the most polar VU-
DAB, (VU-DAB,: 4.2%, VU-DAP,: 4.4%, VU-DAH,: 3.8%,
VU-DAO,;: 1.8%, VU-DAD,: 1.7%, VU-DADD,: 1.5%, VU-
PA,: 0.3%; SI, S33-S2). Adding CsAcAc, more water can
penetrate into the material, while the cross-linked matrix
suppresses a massive swelling even at high temperatures.
Following the trend, composites with a more polar matrix and
50 wt % of CsAcAc show higher swelling ratios than nonpolar
matrices (VU-DAHg,: 16.7%, VU-DADDq,: 11.7%, VU-PAg:
8.0%; SI, S34-S1). To determine the swelling ratios, gel
content and soluble fractions of the materials, samples were
put into THF at room temperature for 24 h. With rising chain
lengths of the diamine, the swelling ratios increased from 49—
325%, which can be explained by the lower cross-linking
density. With a rising content of CsAcAc in the composites,
the swelling ratios were lowered, mainly caused by the denser
cross-linking densities and insolubility of starch in THF (e.g,,
VU-DADD,: 148%, VU-DADD,,: 80%, VU-DADDs;: 55%).
Gel contents of 92—98% and soluble fractions of 3—6% were
calculated for all materials except for VU-PA, with a gel
content of 84% and a soluble fraction of 15% (SI, S24, T-1).

Mechanical and Chemical Recycling. In order to
investigate the reprocessability of the prepared vitrimer
composites, five cycles of successive grinding and compression
molding were carried out on the example of VU-DAB;,
(Figure 8a). Repetitively measured tensile tests and ATR-FT-
IR spectra show rather similar results in Figure 8b (pristine: o,
= 63.1 MPa, ¢, = 3.3%, E = 2055 MPa; 5X reprocessed: o, =
59.2 MPa, ¢, = 3.3%, E = 2000 MPa; ATR-FT-IR, SI, S34-S2).
Chemical recycling was investigated by treating the materials
with an aqueous acetic acid solution (10 wt %, pH ~ 2).
Vinylogous urethane bonds readily undergo acid-catalyzed
hydrolysis, leading to a dissolution of the materials after 18 h at
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Figure 7. (a, b) Stress—strain curves derived from the vitrimer composite VU-DADD, and VU-PA, with 30, 50, 70 wt % CsAcAc. (c) Plot of the E-
modulus vs the content of CsAcAc in the composite materials with values of 6—2055 MPa. (d) Plot of the tensile strengths vs the share of CsAcAc
with values of 4—65.9 MPa. (e) Plot of the elongations at ultimate stress or break against the share of CsAcAc with values of 2.8—85%. (f) The
toughness of the composites is exemplary shown by the materials VU-DADD, with 30, 50, and 70 wt % of CsAcAc.

20 °C and enabling closed-loop cycles by removing water/
acetic acid or adding additional monomers for repolymeriza-
tion as reported in literature (Figure 8c).> Moreover, the
composites were treated in the same way and showed
separation of the vinylogous urethane matrix and starch.
After removing the aqueous acetic acid solution the received
material was characterized. ATR-FT-IR measurements show a
complete regeneration of the characteristic vinylogous
urethane bands, while likewise a small increase in OH-bands
has been noted, indicating acetic hydrolysis of the starch.
Tensile tests showed increased brittleness by measuring a
higher E-modulus and lower tensile strength after chemical
recycling (SI, $35-S1).The acidic degradation of starch was

intensively investigated in literature and depends on factors
like pH, temperature, and time, allowing either an extensive
destruction of the starch to smaller building blocks (nano-
crystals, oligosaccharides) or only a slight superficial change,
regenerating the starch granules and easily separate them from
the soluble vitrimer matrix.”™>" Therefore, further inves-
tigations on chemical recycling routes of starch-based
composites can be conducted, offering several ways for
mechanical and chemical reprocessing.

Biodegradability. Enzymatic hydrolysis of starch is well-
known and can also be performed on starch-based materi-
als.'”®°7% In order to make a statement about the
biodegradability, enzymatic hydrolysis of the prepared
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composite materials was investigated by using a-amylase,
which is a class of enzymes utilized by bacteria, molds, and
higher organisms in order to degrade the natural energy
storage starch to smaller building blocks.”” The enzyme
depolymerizes 1,4-glycosidic bonds of a-1,4-glucan polysac-
charides like starch to smaller blocks, e.g., oligosaccharides and
disaccharides.* Corn starch and CsAcAc were mixed with an
aqueous iodine-solution to form the characteristic purple
triiodide-amylose complex.”>™®" Afterward a-amylase was
added, and the decrease in purple color was monitored as an
indicator for the enzymatic hydrolysis of the starch granules.
After S min, a significant decrease in color was observed, while
after 180 min, the mixtures were almost colorless, proving that
both corn starch and CsAcAc undergo enzymatic hydrolysis.
Next, the composite materials were investigated for this
behavior. VU-PA,, swelled in aqueous iodine solution and
turned dark purple, indicating starch in the material. After that,
the dark purple sample was placed partly in a pure aqueous
solution and partly in an aqueous a-amylase solution. With
amylase, the material turned yellow again, proving the
enzymatic degradation, while the sample in water still showed
intact starch—triiodide complexes (SI, $35-S2). The solution
was filtered and analyzed in terms of the specific, water-soluble
degradation products. ESI-MS showed the formation of
glucose, maltose, and oligosaccharides (SI, $36-S1). Moreover,
an application-related test was carried out. Raw corn starch was

wetted and conquered by nonspecific mold/bacteria from the
air after a few days, known for degrading starch as an energy
supplier. Interestingly, the modified starch CsAcAc and the
composite materials were likewise conquered under humid
conditions. Following the weight loss of the composites after 6
weeks at room temperature, a loss of 21—39 wt % was weighed,
accompanied by optical deformation, crumbling and shrinking
of the material (SI, S35-S1). ATR-FT-IR spectra of VU-
DADDq, before and after the treatment show a dramatic
change of the material by measuring the monomer
acetoacetate, while the vinylogous urethane bands almost
disappeared (SI, $36-S2). Moreover, the characteristic bands
of the AGU backbone are highly represented, indicating a
predominant share of yet unmetabolized starch and a massive
loss of the matrix vitrimer. Obviously, the biofilm is able to
fragment or degrade both the vinylogous urethane matrix and
the modified starch, while the exact mechanism is unclear. As
mentioned, vinylogous urethane bonds can depolymerize by
acidic hydrolysis, likewise found in mold crops. DAB and DAH
are known to be metabolized in nature, which gives the
outlook that one or more presented vinylogous urethane
vitrimers/composites might be fully biodegradable as well.**%’
However, for a detailed investigation, long time studies under
normalized/certified conditions have to be carried out in order
to give a detailed insight into the biodegradability and
comparisons to established materials.

B CONCLUSIONS

An easy pathway for preparing biobased, reprocessable and
biodegradable elastomeric and thermosetting starch-based
vitrimer composites with outstanding mechanical properties
(e.g., E-modulus > 2 GPa) and a high content of up to 70 wt %
of modified starch is presented. The acetoacetylation reaction
was adjusted to the effect that typically used solvents can be
avoided by performing an easy, one-step bulk reaction. The
polymerization of the acetoacetates with diamines was carried
out by a bulk reaction without or a minimum quantity of
ethanol to lower the viscosity of the mixtures. Twenty matrix
vitrimers and composite materials have been synthesized and
compared in terms of their mechanical properties, showing
elastic moduli of 4—2055 MPa, tensile strengths of 0.2—65.9
MPa, and elongations at maximum stress of 2.8—160% at 20
°C. Short stress relaxation times of 12—425 s at 130 °C and
activation energies of 62—155 kJ mol™' were calculated,
exhibiting typical values for vinylogous urethane vitrimers and
pointing out the remarkable catalyst-free reprocessability of the
materials. Besides, the composites show excellent resistance
against massive swelling and gelatinization of starch in water at
100 °C, caused by the suppressing effect of the cross-linked
matrix vitrimers. In addition, the composites enable
thermomechanical reprocessing by grinding and remolding,
chemical reprocessing by acidic hydrolysis, and degradation/
reusage by enzymatic hydrolysis using a-amylase. With this,
several pathways for closed-loop cycles, repolymerization, and
separate reusage of the monomers for various recycling
methods were developed. Since mainly soft, elastomeric
starch-based vitrimers were reported before, this work
contributes to the development of biobased and biodegradable
thermosetting vitrimer composites and offers new insights and
future prospectives into recyclable polymer—polymer compo-
sites.
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6  Unpublished Results

6.1 Monomer Syntheses — Reactants and Conditions

This subchapter describes the used raw materials as suitable reactants for the
acetoacetylation reaction and further usage as monomers for vinylogous urethane
vitrimers. The respective reaction conditions for the acetoacetylation are shown in
Table 5 of the experimental section (chapter 6.5.1.2). Tert-butylacetoacetate (TBA) and
2,2,6-trimethyl-1,3-dioxin-4-one (TMDO) are readily known as acetoacetylation agents
for various alcohols and other nucleophiles in organic chemistry.”*76At elevated
temperatures above 110 °C the agents split into a reactive acetylketene and fert-butanol
or acetone as a byproduct. The highly electrophilic acetylketene undergoes fast addition
reactions with almost any available nucleophile. In this work, mainly alcohols have been
converted into acetoacetates, while incidentally, amines have been reacted to
acetoacetamides. The reaction scheme is shown in Figure 31 and likewise described in

the introduction (chapter 3.3.1.).

( Acetylketene t-BuOH )
™A ©O o o
(o) OH
o —_— \)k +
- >110 °C
H H NuH Acetoacetate or
acidic protons Acetoacetamide
(o) (o]
Nu%
H H
o) Acetylketene Acetone
TMDO retro- o
o Diels Alder o \)]\ (o)
_— +
I /|< >110 °C \ )]\
o L NuH
NuH = OH, NH,, NH

- J

Figure 31: Acetoacetylation agents TBA and TMDO splitting into a reactive acetylketene at
elevated temperatures. Nucleophiles, e.g. alcohols or amines attack the electrophilic acetylketene

and undergo an addition reaction to form acetoacetates or acetoacetamides.
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In the scope of this work, several alcohols have been partly or entirely acetoacetylated,
while the reaction conditions were set by using one of the acetoacetylation agents, suitable
solvents, temperatures, and reaction times. The used conditions strongly depended on the
physical and chemical properties of the used alcohols, e.g. melting point, boiling point,
solubility, reactivity of the nucleophiles, and the desired grade of acetoacetylation.
Moreover, it was investigated that the acetoacetylation of several alcohols likewise works
without using an additional solvent, utilizing similar reaction conditions. For example,
ethylene glycol or glycerol could be easily acetoacetylated without an additional solvent.
If a solvent was needed, high boiling solvents like xylene, mesitylene, or
dimethylformamide (DMF) were used to reach typical reaction temperatures of
130—-140 °C.

Moreover, it was investigated that the acetoacetylation using TMDO works faster than
using TBA. Monitoring the conversion of glycerol, a complete conversion was measured
already after 1 h at 135 °C when using TMDO, but 4 h at 135 °C when using TBA.
Obviously, the retro-Diels-Alder reaction of TMDO proceeds more efficiently, the
reaction mechanism is different and/or the backward reaction proceeds slower. This
behavior is also discussed in publication 2.7 In both cases, the remaining acetylketenes
can dimerize into dehydracetic acid. Usually, all solvents and byproducts of the reaction
can efficiently be removed in vacuo at 130 °C.

In the following, as an example, the characterization of the acetoacetate products is shown
on the raw material ethylene glycol (EG), while the analyses for the other alcohols are
shown in the appendix (Figure Al and Figure A2). The characterization was carried out
by ATR-FT-IR spectroscopy, 'H/'*C NMR spectroscopy, and ESI-MS spectrometry. The
acetoacetylated products were titled as Alcoholacac (e.g. EGacac). Since the reaction is
robust and reliably supplied the desired products, not all products were additionally
analyzed by MS measurements. Moreover, the synthetic routes and the analysis of the
used acetoacetate monomers are described in publications 1, 2, and 3. ATR-FT-IR spectra
of the acetoacetylated ethylene glycol EGacac and the raw ethylene glycol show the
disappearance of the O-H bands in the area of 3000—3600 cm™! and the appearance of the
characteristic acetoacetate ester (1740 cm™) and ketone (1711 cm!) stretching vibrations
as well as the C-O stretching vibration (1742 cm™) in Figure 32 a/b. The bands can shift

in the range of a few wavenumbers in case another alcohol is used.
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Figure 32: (a) ATR-FT-IR spectra of the acetoacetylated ethylene glycol (EGacac) and the raw
alcohol ethylene glycol showing the disappearance of the O-H band in the area of
3000—3600 cm™ and the characteristic acetoacetate ester (1740 cm™) and ketone stretching
vibrations (1711 cm™) as well as the C-O stretching vibration (1142 cm™). (b) Cutout of the

characteristic acetoacetate bands area.

a o oY b o 0 C C, C
c c d =] CC Cd
)Jvu\/\/o H MO/\/O
H, H, 0 W a Ca Gy \[!/\Ic]/
H C C,
T [ B . i
Ce

1110 9 8 7 6 5 4 3 2 1 0210 180 150 120 90 60 30 O

o [ppm] 0 [ppm]
Figure 33: (a) '"HNMR spectrum of the acetoacetylated ethylene glycol monomer EGacac,
showing the characteristic CH, and CH; acetoacetate signals and intensities.
"H NMR (300 MHz, DMSO-d6, 298 K): 4.27 (2H, s, CH>), 3.61 (2H, s, CH»), 2.18 (3H, s, CH3).
(b) C NMR DEPTQ-135 spectrum of EGacac, showing the characteristic CH, and CH;
acetoacetate signals. >*C NMR (75 MHz, DMSO-d6, 298 K): 201.38 (q, C=0), 167.14 (q, CO0),
62.36 (s, CHy), 49.42 (s, CH>), 29.97 (p, CHa3).

"H NMR spectra proved the formation of the acetoacetate by measuring the characteristic
chemical shifts (DMSO-d6), including the acetoacetate signals at 2.18 ppm (CH3) and
3.61 ppm (CH2) shown in Figure 33a. 3*C NMR spectra likewise proved the successful
synthesis by measuring the characteristic signal of the acetoacetate group at 29.97 ppm

(CH3) and 49.42 ppm (CHb»), as shown in Figure 33b. The spectra for the other alcohols
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are shown in the appendix Figure A2. Supportive to this, mass spectrometry (ESI")
measured the correct m/z value with the sodium adduct m/z =253.067 (100%) for EGacac

as shown in Figure 34.
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Figure 34: Mass spectrometry (ESI*) measured the correct m/z value with the sodium adduct m/z

=253.067 (100%) for the acetoacetylated ethylene glycol monomer EGacac.
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Since the backbone structure defines the polymers properties, several bio-based and

petroleum-based alcohols were acetoacetylated as suitable monomers for vinylogous

urethane vitrimers. Table 1 shows the abbreviations and structures of the alcohols and

the acetoacetates.

Table 1: Abbreviations and structures of the raw alcohols and the acetoacetylated monomers

described in this work.

Aromatic Alcohols

Acetoacetates
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Polysaccharides represent one of the most natural resources on earth and build several
biopolymers and supramolecular structures (Introduction, chapter 3.4). This part
investigated whether bio-based polymers, e.g.,, starch (amylose and amylopectin),
chitosan, chitin, and cellulose, can be modified by the described acetoacetylation reaction.
It was shown that the functionalization works for dissolved homopolymers (e.g., chitosan)
and supramolecular structures (e.g., starch or cellulose nanoparticles). In the scope of
publication 3 the modification of starch granules is shown in detail. Moreover, cellulose
nanofibers (100 x 7 nm) from bacteria (Acetobacter aceti subspecies xylinum) were

acetoacetylated and showed a huge grade of acetoacetylation, caused by the large surface
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area of the nanoparticles.'*> 1> Moreover, even larger supramolecular structures like
common cotton linters (fibers, 10 um) or milkweed fibers (fibers, 20 um x 1 cm), mainly

consisting of cellulose, could be acetoacetylated.'>! 1>

Table 2: Abbreviations and structures of the raw polysaccharides and the acetoacetylated

products (n = repeating units).

Polysaccharides and macromolecular
structures

OH
NH,
. o - e
Chitosan o o 77> | Chsacac o M‘D
NH,

Acetoacetates
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OH n ‘<—<

[o}
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e
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0
1 OH o} n
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o:
(<]

CLMWAcAc
Cellulose —
Milkweed
Fibers

A crucial factor is the used solvent since it should not break the intra- and intermolecular
interactions at high temperatures and, thus, the supramolecular structure of the networks
during the reaction. For this reason, the reaction was carried out as a bulk reaction or in
non-polar solvents like xylene. Afterward, the mixture was washed with xylene or ethanol

to remove excess TMDO and byproducts. SEM images show the intact hollow structure
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of acetoacetylated milkweed fibers (appendix, Figure A3). Table 2 shows the structure
of the raw polysaccharides and the acetoacetylated monomers. ATR-FT-IR spectra of the
acetoacetylated products showed the appearance of the characteristic acetoacetate ester
(1740 cm™) and ketone (1711 cm™) stretching vibrations (appendix, Figure A4). Detailed

NMR analyses are shown exemplified on corn starch in publication 3.

Keto-Enol tautomerism

Furthermore, it is known from literature for many decades that acetoacetates undergo
keto-enol tautomerism, forming a 6-membered cyclic structure that is stabilized by
intramolecular hydrogen bonds. Usually, the keto form is thermodynamically preferred,
while the equilibrium is determined by the surround protic/aprotic polarity (solvent,

monomer), temperature and time.”’-3
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Figure 35: '"H NMR spectra of the acetoacetate monomer BPAacac (top) and HMacac (bottom)

showing keto-enol tautomerism and especially the signals of the few available enol tautomers.

A comparison of acetoacetate monomers derived from aliphatic and aromatic alcohols is
shown in Figure 35. HMacac derived from the aliphatic 1,6-hexanediol showed 7 mol%
enol-tautomer after 1 months, while BPAacac, derived from bisphenol-A showed

13 mol% enol-tautomer after 1 month at room temperature. These results confirm the
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formation of the enol-tautomer in both monomers, while the aromatic monomers show a
higher preference for the enol-tautomer. Nevertheless, the amount of keto and enol form
is not a crucial factor since both tautomers reacted after adding primary amines due to the
continued transformation of the tautomers. For this reason, this behavior, already studied
in detail, was not further focused in this work but is mentioned for the sake of

completeness.

Acetoacetamidation of amines

In 2015 Gama et al. reported the acetoacetamidation of anilin derivates in boiling water
by using TMDO. 33 Adapting this finding, it was investigated if the acetoacetylation
could likewise take place in hot water, which turned out is not possible. This finding
offers a selective acetoacetamidation even in the presence of hydroxy groups. The natural
biopolymer chitosan was used as a raw material in this reaction to explore that. Chitosan
contains hydroxy and amine groups and is a linear polysaccharide made of randomly
distributed deacylated p-(1-4)-linked D-glucosamine and acetylated N-acetyl-D-
glucosamine. The polymer is mainly produced by treating the chitin shells of shrimp and
other crustaceans with an alkaline substance, such as sodium hydroxide. Nevertheless,
chitosan can also be produced directly from mushrooms and also extracted from
mushroom waste.!>*

Chitosan has several commercial and possible biomedical uses. It can be used in
agriculture as a seed treatment and biopesticide, helping plants to fight off fungal
infections. In winemaking, it can be used as a fining agent, helping prevent spoilage. In
industry, it can be used in a self-healing polyurethane paint coating.'*® In medicine, it is
helpful in bandages to reduce bleeding and as an antibacterial agent; it can also be used
to help deliver drugs through the skin.'*>

First, the reaction was carried out on low molecular chitosan oligomers, which are soluble
in water or DMF. When the reaction was carried out in DMF, an acetoacetylation and
acetoacetamidation were observed, while in water, only the acetoacetamidation
proceeded. This behavior allows a selective reaction by the choice of solvent and enables
water as a green and preferable solvent. During the reaction, the highly reactive
acetylketene can rarely react with the weak nucleophile water, but the emerging

3-oxobutanoic acid directly splits into acetone and CO; at elevated temperatures, which
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can be easily removed by distillation.!>* As a reference, an acetoacetamide based on
piperazine was prepared according to Denissen et al..?!

Chitosan, with a high molecular weight, is not soluble in water anymore. Nevertheless, it
is soluble in aqueous acetic acid solution (1 wt% AA, 1 wt%). For this reason, it was
investigated if the acetoacetamidation likewise proceeds in the acidic medium.
Experiments proved that the reaction also works in an acidic aqueous solution, allowing
the modification of high molecular weights chitosan chains up to 200 kDa. The possible
reaction of acetic acid and the reactive acetylketene leads to the formation of
3-oxobutanoic propionic anhydride, which likewise dissociates into acetic acid, acetone,
and CO; at elevated temperatures.'

With this, a robust, selective, and water-based method for the preparation of monomers
for vinylogous urethane vitrimers was explored. The grade of acetoacetamidation and
further reaction to the vinylogous urea can be set by the amount of TMDO. ATR-FT-IR
spectra of the acetoacetylated polysaccharides show the appearance of the characteristic
acetoacetate ester (1740 cm™) and ketone (1711 cm™) and the acetoacetamide amide
(1623 cm™) and ketone (1710 cm™) stretching vibrations (Figure 36). 'H NMR spectra
are shown in the appendix (Figure A2).
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Figure 36: ATR-FT-IR spectra of acetoacetylated (AcAc) and acetoacetamidated (AcAm)
chitosan oligomers and chitosan polymers, showing the characteristic ester, amide and C=C
bands.
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In the following chapters, the monomers were used for polymerizations in specific
subprojects. Other monomers were used in the scope of the published publications or

outsourced to other cooperation projects or theses and are not part of this work.
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6.2 Polymerization — Gelation Times

The condensation reaction of acetoacetates with primary amines is an exothermic reaction
and can proceed very fast, even at room temperature. In this chapter, a comparison of
different amines cured with the trifunctional acetoacetate GLacac is shown in terms of the
gelation times and polymerization temperature. The acetoacetate to amine ratio R was set
to 0.75 in the case of diamines and R = 0.6 for triamines to obtain fast relaxing networks
with a sufficient amount of free amines. Moreover, ethanol (1/4 of the total monomer
mass) was used to enable solid amines for the condensation reaction. Most amines can
easily be mixed and polymerized with GLacac by a bulk reaction. Nevertheless, for the
comparison, ethanol was added for all polymerizations. Figure 37 shows an overview of
the gelation times, the applied temperatures, and the used di- and trifunctional amines
cured with GLacac. The results showed that the rate of the exothermic condensation
reaction depends on various factors, and the gelation times vary from a few seconds up
to several hours. Moreover, some amines did not lead to gelation at all. The concentration
of the relevant functional group (amine) in relation to the backbone, the functionality, and
nucleophilicity of the amine were identified as the decisive factors for the polymerization
rate. The nucleophilicity of primary amines is known to be lowered with aliphatic chains
in alpha-position to the amine group, which sterically hinder nucleophilic attacks on
electrophiles.'®® The trifunctional amine TREN exhibits a functionality of 3, a small
backbone, and sterically not hindered amine groups. For these reasons, the gelation
occured readily after a few seconds at room temperature with an extensive heat evolution.
Difunctional amines, e.g. DAE, DAB, CHDA, m-X and many more, have likewise a
relatively small backbone and sterically not hindered amine groups. These vitrimer
compositions showed gelation times of a few minutes, while a rising chain length/mass
of the diamine increased the gelation times. Therefore, the small DAB gelated after
1 minute, while the priamines® PA1075 and PA1074 gelated after 20 minutes. The
poly(oxypropylene)-based amines JD200, JD400, JD2000, JT403 and JT3000 contain
primary amine groups with a methyl group in alpha-position, which lengthened the
gelation times. For example, JD200 gelates 2—3 times slower than DADD or DCM with

a comparable molecular mass and chain length.
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Figure 37: Overview of the gelation times, curing temperatures, and the used di-and trifunctional

amines cured with the trifunctional Acetoacetate GLacac in a condensation reaction to form a

vinylogous urethane vitrimer.

Moreover, the trifunctional amine JT403 gelated slower than PA1075 even if it shows a

higher functionality, concentration of amine groups, and a comparable viscosity.
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Comparing JT3000 and JD2000, the gelation times were about 3—4 hours even when
heating to 80 °C, which the large backbone and the low concentration of amine groups
can explain. The low nucleophilicity and concentration of the amines slowed down the
reaction by a multiple. Comparing DP and MD, the nucleophilicity of the amines is very
low, and no gelation occurred even after heating for 24 h at 80 °C. This is reasonable
because the amines are sterically hindered through phenyl-groups or 1-2 methyl groups
in alpha-position.

This chapter shows that the gelation times vary a lot depending on the monomers.
Nevertheless, this offers the potential to adjust the gelation time by choosing suitable
monomer compositions for specific processes or applications. Moreover, the speed of the
condensation reaction often gives a good impression of the exchange reaction rate in the
final vitrimer materials. This is because the vitrimers exchange reaction likewise depends
on the nucleophilicity of the amine and the concentration of the relevant functional groups
(vinylogous urethane groups and amine groups) compared to the overall monomer
backbones. However, other factors also play a major role, and no exact correlation or
prediction can be given in general.

Aromatic and secondary di- and trifunctional amines, e.g. m-phenylendiamine,
4,4'-diaminodiphenylmethane, parafuchsin base, melamine, 3-aminobenzylamine,
piperazin, 4,4'-trimethylenedipiperidine and acetalydehyd trimer were also tested as
possible reactants for vinylogous urethanes. Unfortunately, the use of secondary amines
showed a partial bonding to acetoacetates, but the nucleophilicity and conversion rates
were too low to obtain cross-linked materials. Moreover, the low nucleophilicity most
likely hinders efficient transamination reactions in the materials at elevated temperatures.
Even catalysts like p-toluenesulfonic acid could not accelerate the condensation reaction
and enable vinylogous urethane vitrimers. Aromatic amines likewise showed low
reactivity due to their low nucleophilicity but generated cross-linked materials when
using p-toluenesulfonic acid as a catalyst. Unfortunately, the materials showed thermal
degradation at temperatures above 100 °C. These findings are probably the reasons why
there have been almost no publications about secondary or aromatic amines as monomers.
Only one publication about photoactivated healable vitrimeric copolymers using
aminoantracen and 1,12-diaminododecane for the synthesis of vinylogous urethane
vitrimers is reported. However, the authors also stated that the aromatic amines did not

bind very well and aromatic amines, therefore are not very suitable.®’
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6.3  Vinylogous Urethane Vitrimers

In this chapter, several different vinylogous urethane vitrimers and vinylogous urea
vitrimers are compared in terms of their spectroscopic and thermomechanical properties
by using different synthetic routes, monomers, or compositions. The focus was on
investigating the thermomechanical properties and, particularly, the reprocessability of
the networks. Several factors are explored, summarized and discussed in this chapter. The

results are separated into different subchapters, with a short summary given in each.

6.3.1 Impact of Different Amine Monomers

Glycerol was used as a suitable raw material for vinylogous urethane vitrimers, since it is
cheap and widely available as a residual byproduct from the continuously growing
biodiesel production. Transesterification reactions were used to break the triglyceride
structure of oils and fats and release fatty acids and glycerol as residuals. However, for
every 100 kg of biodiesel production, approximately 10 kg of crude glycerol is generated,
for which use should subsequently be found.!3’-1>

As described in detail in publication 3, glycerol can undergo fast and efficient
bulk-acetoacetylation reactions with TMDO, producing a trifunctional acetoacetate. The
acetoacetate acts as a suitable cross-linker for vinylogous urethane networks and can be
cured with various available di- and trifunctional amines, as shown in the chapter
“Polymerization” (6.2). This chapter investigated the influence of different amines and
their backbones in terms of their thermomechanical properties. For comparison, the

trifunctional acetoacetate and an R-value of 0.75 were kept constant.

6.3.1.1 Comparison of Five Diamines with Comparable Molar Mass

In this subchapter five different diamines with a C-8 (N,O) backbone, comparable
molecular weights of 136-148 g mol! and partly containing heteroatoms were
investigated in terms of the thermomechanical properties of the corresponding vitrimers
with the triacetoacetate of glycerol. Since the molecular weights, R-values, acetoacetate
monomer, chain lengths and the cross-linking density (mass ratios) of the prepared

materials were quite similar, different properties can be related to backbone effects
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regarding heteroatoms and cyclic backbones. The used monomers are shown in

Figure 38.
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Figure 38: Structure of the acetoacetylated glycerol GLacac and different diamines with a C-8
(N, O) backbone and comparable molecular weights of 136—148 g mol™! used for the synthesis of

vinylogous urethane vitrimers.

ATR-FT-IR spectra proved the formation of the characteristic C=C band (1595-—
1597 cm™) and C=0 ester band (1647—-1649 cm™') of the vinylogous urethane groups as
shown in Figure 39. The vitrimers are abbreviated as VU-Acetoacetateamine (e.g.
VU-GLbao).

At this point, it must be addressed that vinylogous urethane vitrimers always contain
intramolecular hydrogen bonds, stabilized in a 6-membered cyclic ring of the vinylogous
urethane group (Figure 40). Consequently, the materials contain a significant amount of
free primary amines and secondary amines (vinylogous urethane group). To investigate
the behavior of the intra- and inter molecular hydrogen bonds, temperature-dependent
FT-IR measurements were carried out on the vitrimer VU-GLpao. Moreover, the
transamination reaction proceeds at elevated temperatures and shows aminal structures
as an intermediate state (chapter 3.3.4). Nevertheless, it is not clear if IR-measurements

can monitor the intermediate states of the exchange reaction itself.
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Figure 39: ATR-FT-IR spectra show the formation of the characteristic C=C band (1595—
1597 em) and C=0 ester band (1647-1649 cm™) in the prepared vinylogous urethane vitrimers.
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Figure 40: Illustration of the 6-membered ring structure of the vinylogous urethane bond

stabilized by intramolecular hydrogen bonds.

The material was heated at 40-160 °C in 20 K steps with a waiting period of 30 minutes.
Figure 41a shows the heating curves, while Figure 41b shows the cooling curves.
Figure 41c shows a cutout of the amine stretching vibration bands in the area of 2800—
3550 cm™! and Figure 41d the NH bending, C=C and C=0O bands in the area of 1300
1900 cm!. Comparing the heating and cooling curves, an almost complete,
thermoreversible behavior was observed. Moreover, NH/NH, symmetric (3293 cm™) and

asymmetric stretching vibrations (3357 cm™!) are lowered with rising temperatures and
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shift towards higher wavenumbers (3378 cm!), which indicates the debonding of
hydrogen bonds to free amines. In addition, the in-plane bending vibrations of the NH
group shift from 1538 to 1516 cm’, likewise indicating the weakening of the
intramolecular hydrogen bond. A shift of the C=O band at 1653 cm™ to higher
wavenumbers of 1683 cm™! proves the weakening of the C=0-H hydrogen bond. The
results show an expected weakening of the intramolecular hydrogen bonds with rising
temperature. Since the shifts already appear at relatively low temperatures below 100 °C,
it is questionable if they are related to the transamination reaction, which typically only
proceeds at higher temperatures. Nevertheless, the formation of the intermediate states
(imine, aminal) should also shift the NH bond vibrations, with the restriction that these

intermediates are hardly visible in IR measurements due to their short existence.
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Figure 41: (a) Heating cycle of the temperature-dependent FT-IR measurements of VU-GLpao.
(b) The cooling cycle of the temperature-dependent FT-IR measurements of VU-GLpao. (c)
Cutout of the heating cycle showing the amine stretching vibration bands in the area of 2800—
3550 cm™ (d) Cutout of the heating cycle showing the NH bending, C=C and C=0 bands in the
area of 1300—1900 cm™'. The spectra were recorded via transmission-IR of a thin vitrimer film

and transferred into ATR spectra for better comparison to other spectra in this work.

To investigate the thermomechanical properties of a vitrimer, oscillatory and step shear
experiments have been carried out. The measurements were carried out within the linear
viscoelastic regime. DMTA measurements show cross-linked vitrimers with a
characteristic rubbery plateau and different 7gs. In Figure 42a only the storage moduli
are shown for a better overview, while in Figure 42b the storage and loss moduli are
shown. Comparing the results, the cyclohexane-based vitrimer VU-GLcupa showed the
highest stiffness above the glass transition temperature, while the vitrimer VU-GLpao,
containing the aliphatic C8-chain, showed the lowest. Comparing the 7,s by plotting the
loss factor versus the temperature, the vitrimers with a linear chain (DAO, OE, N-Me)
exhibited comparable T,s in the range of 48-55 °C, while the vitrimers with a cyclic
backbone (CHDA and m-X) showed 7gs of 104-105 °C (maximum loss factor,
Figure 42c¢). Using diamines with a linear chain led to lower Tgs than cyclic diamines.
The existence of heteroatoms in the chain or the type of cyclic backbone were surprisingly
not decisive factors. In fact, the comparable cross-linking density and weight ratio of the
acetoacetate to the amine monomers seem to be the essential factors. The differences in
using linear or cyclic diamines are caused by the highly different spatial arrangement and

mobility of the structural units. Noticeably, VU-GLn.me shows two transition states in the
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DMTA curve, which is discussed later in detail. Frequency sweeps likewise proved the

formation of cross-linked materials at 100 °C (Figure 42d).
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Figure 42: (a) DMTA measurements of the five compared vitrimers (only storage modulus, y=
0.1%, o= 10 rad s™). (b) DMTA measurements of the compared vitrimers (G' = dark color and
G"= light color). (¢) Plot of the loss factor versus the temperatures of the compared vitrimers (d)
Frequency sweeps of the compared vitrimers (G'= dark color and G"= light color, y=0.1%, o=

0.000628-628 rad s™).

To prove the reprocessability of the networks, stress-relaxation measurements in the
temperature range of 110-180 °C were carried out. In Figure 43a a comparison of the
stress-relaxation curves at 150 °C is shown. The curves show that the polyether-based
vitrimer VU-GLog exhibited the fastest stress-relaxation of 19 s, followed by the
N-methyl-based vitrimer VU-GLn.me with 32 s. In comparison, the vitrimer with the
aliphatic carbon chain (VU-GLpao) shows a stress-relaxation time of 63 s, which is more
than three times longer than the one measured for VU-GLog. VU-GLcHpa and VU-GLi-x

showed much slower stress-relaxation times of 115 and 103 s. These results show that
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heteroatoms accelerate the transamination reaction in the vitrimer, with the polar
polyether-backbone showing the strongest effect. In Figure 43b/44c, the stress-relaxation
curves of VU-GLog and VU-GLpao are shown at 110-160 °C, while the curves of the
other vitrimers are shown in the appendix (Figure A5-A7). This behavior can also be
attributed to a neighboring group participation (NGP) of the heteroatoms. Nishimura et al.
described that a secondary amine, which is located three CH> groups next to the reactive
center, accelerated the stress-relaxation times and lowered the activation energies. The
diamines OE and N-Me exhibit the heteroatoms in a similar position and can possibly
show the same effect. Nevertheless, this was observed for silyl ethers and therefore
represent another covalent dynamic chemistry.®® Moreover, Cromwell et al. described a
similar behavior for a tertiary amine in boronic esters.®> NGP is decribed in the
introduction (chapter 3.2.3, Figure 18) and was not subject for an in-depth investigation
on vinylogous urethane vitrimers so far, while accelerating effects have been measured

for poly(propylene glycol) vitrimers.”®

Next, the activation energies of the transamination reaction were determined by plotting
the stress-relaxation time at 37% of the normalized stress-relaxation modulus versus the
reciprocal temperature to calculate the £, from the slope of the linear fit. Doing that, Eas
of 78-120 kJ mol™! were calculated (Figure 43d). The vitrimer VU-GLpao, which showed
the shortest stress-relaxtion time, showed also the lowest E, of 78 kJ mol'. Next,
VU-GLx-me followed with 86 kJ mol! and the second fastest stress-relaxation. The
vitrimer VU-GLcupa showed a relatively slow stress-relaxation but showed a surprisingly
low E,0f 86 kJ mol ™. The vitrimers VU-GLpao and VU-GLn-x exhibited relatively high
activation energies of 114 and 120 kJmol!. As known from the literature, short
stress-relaxation times are not generally accompanied by low activation energies.
Spiesschaert et al. presented a comparison between vinylogous urethane vitrimers
synthesized by fourteen different diol-derived materials with backbones ranging from
silicones (poly(dimethylsiloxane), PDMS), to polyethers (poly(tetrahydrofuran) (PTHF),
poly(ethylene glycol) (PEG) and poly(propylene glycol) (PPG)) as well as more
hydrophobic backbone spacers (1,10-decanediol, pripol® 2033).” To investigate the
influence of the cross-linking density on the stress-relaxation times, the focus was on two
different polyethers used with different molecular weights: PTHF (M,: 250, 650, 1000,
2000, and 2900 g mol') and PPG (M,: 400, 725 and 2000 g mol"). The trifunctional
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amine TREN was used as a cross-linker. The materials showed activation energies in the
range of 68—117 kJ mol’!, stress-relaxation times of 2-345 s at 140 °C and Ts of -120—
31 °C. The results show that the influences are very complex, and precise correlations
and trends are difficult to identify. Nevertheless, a trend of a lower activation energy with
faster stress relaxation was observed, especially when comparing the vitrimers with linear

diamines VU-GLog, VU-GLn-me and VU-GLpao.
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Figure 43: (a) Comparison of the stress-relaxation curves of the five compared vitrimers at
150 °C (y=1%). (b/c) Stress-relaxation curves of VU-GLpao and VU-GLok in the range of 110—

160 °C (y= 1%). (d) Plot of In t versus the reciprocal temperature to determine the activation

energy from the slope of the linear fit.
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DSC measurement proved DMA results by measuring similar 7gs of 41, 48, and 53 °C
for VU-GLn-me, VU-GLoE and VU-GLpao as well as 92 and 100 °C for VU-GLcupa and
VU-GLn-x (mid) as shown in Figure 44.
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Figure 44: DSC measurements of the vitrimers VU-GLxme, VU-GLog, VU-GLpao, VU-GLcrpA

and VU-GLn.x showing the glass transition temperatures.

Tensile tests were carried out in order to investigate the mechanical properties.
Figure 45a/b show the stress-strain curves of the five compared vitrimers, measured with
3—4 specimen each. Thermosetting vitrimers with averaged E-moduli of 815-1410 MPa
(Figure 45c¢), tensile strengths of 40—65 MPa (Figure 45d), and elongations at break of
3.3-6.4% (Figure 45¢) were measured. The results show that the vitrimers with cyclic
backbone show a significantly higher stiffness than the vitrimers based on linear
diamines. Accordingly, the latter vitrimers appeared much softer and showed a large
plastic deformation, especially in the case of VU-GLn.ve, With ultimate strains of
averaged 102%. VU-GLn-me also showed a significantly higher toughness than the other
vitrimers (Figure 45f).
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Figure 45: (a/b) Stress-strain curves of the vitrimers VU-GLpao, VU-GLog, VU-GLxMe,
VU-GLcupa and VU-GLy.x with a cutout from 0—1% and 0-140% strain. (¢) E-Moduli of the five

compared vitrimers with error bars. (d) Tensile strengths of the five compared vitrimers with error

bars. (e) Elongations at ultimate strength of the five compared vitrimers with error bars. (f)

Toughness of the five compared vitrimers with error bars.
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Dual temperature response of VU-GLN-Me

The vitrimer VU-GLn.me (Figure 46a) showed a dual temperature response with two
reversible transitions in the DMTA measurements. The first one is located at 49 °C and
attributed to the normal glass-transition of the vitrimer. However, a second, smaller one
was observed at a higher temperature of 115 °C (Figure 46b/c). This behavior is quite
unusual and was not observed for countless other synthesized vitrimers with different
backbones. At this point, it must be noted that the vitrimers were measured a few weeks
after the synthesis, which may cause relaxation, crystallization, aging, or other effects.
Nevertheless, the only difference in this composition is the tertiary N-methyl group in the
middle of the diamine chain. Obviously, the tertiary amine is responsible for a stabilized
rubbery plateau in the area of 75-100 °C. At higher temperatures, the effect is no longer
present and resulted in another slightly lower rubbery plateau in the range of 130-160 °C.
The storage modulus in the glassy state was measured with 955 MPa, the first rubbery
plateau with 3.6 MPa and the second rubbery plateau with 1.9 MPa. The glass transition
shows a decrease of 951 MPa, while the second transition only shows a low decrease of
1.7 MPa. Nevertheless, the first rubbery plateau exhibits almost double the value of the
second. Repeatedly measured DSC measurements showed only the glass transition and
no other transition in the range of 100-130°C (Figure 46d). The results from the tensile
test were already presented and compared to the other vitrimers in the previous chapter.
As an outstanding result, the vitrimer VU-GLn.me showed higher ultimate strains than the
other vitrimers with a similar 7,. This additional stability might be caused by another

contributing interaction (e.g., non-covalent bonds).
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Figure 46: (a) Structure of the used monomers for the synthesis of VU-GLn-me (b) DMTA
measurements of the vitrimer VU-GLn.me showing two temperature transitions (G' = dark color
and G" = light color, y = 0.1%, ® = 10 rad s™). (¢) Plot of the loss factor versus the temperatures
of the vitrimer VU-GLN-Me (d) DSC heating and cooling curves of the vitrimer VU-GLN-Me

showing the glass transition temperature. (e) Stress-strain curves of the vitrimer VU-GLN-Me.

An explanation for this phenomenon could be intermolecular hydrogen bonds between
the tertiary amines and primary or secondary amines in the network, which have a
strengthened effect up to 100 °C (Figure 47). This behavior is already described for
several thermoreversible polymer systems in the literature.'®® The vitrimer VU-GLn-me
shows a significantly higher toughness than the other vitrimers. Hydrogen bonds can

provide additional toughness to the network when the chains align through tensile stress.
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Figure 47: Structure of the vinylogous urethane bond stabilized by intramolecular hydrogen
bonds, which can also be considered as 6-membered ring. Moreover, the vitrimer VU-GLx.me
contains tertiary amines, which may undergo intermolecular hydrogen bonding with primary or

secondary amines (hydrogen bonds marked in red).

Temperature-dependent IR measurements were carried out to evaluate this hypothesis
according to the same procedure as shown for VU-GLpao (Figure 48). Comparing the
spectra of the temperature-dependent measurements, which contain an additional
N-methyl group, the characteristic C-H vibration of the CH3 group can be identified at a
wavenumber of 2796 cm™!. The spectra likewise showed the thermoreversible weakening
of the intramolecular hydrogen bonds, but no further differences to the spectra of
VU-GLpao could be observed. The C-N bond of tertiary amines is very weak and cannot
be identified in the fingerprint area. No additional N-H>N hydrogen bonds can be
identified from these spectra, which the other intramolecular hydrogen bonds might
cover. No evidence for a different behavior was found in the spectra, while the
measurements at least confirm a similar behavior of the different vitrimers. In here, only

the heating curves are shown.
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Figure 48: Heating cycle of the temperature-dependent FT-IR measurements of VU-GLn.Me.

The unique behavior of VU-GLn.me was unexpectedly found while testing various amine
monomers, but it could not completely be clarified what causes this effect. Possible
reasons could be the formation of non-covalent interactions, e.g. hydrogen bonds or ionic
interactions as well as aging reactions or side reactions initiated by the tertiary amines.
Nevertheless, it was already clear that this behavior only appeared a few weeks after the
synthesis, while the other vitrimers stayed constant. However, the results showed that, as
known for many polymers, the networks can rearrange themselves over time and thus
change their properties. Since vitrimers are dynamic polymers, effects similar to those of
classic thermoplastics could occur over time (creep, crystallization). Unfortunately, this

result was generated at the end of the Ph.D. period and could not be studied further.
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6.3.1.2 Impact of Different Triamine Backbones

In this subchapter, three different amines were cured with GLacac and compared in terms
of their properties. J403 with a molecular weight of 440 g mol™!, J3000 with a molecular
weight of 3000 g mol! and the small TREN with a molecular weight of 146 g mol’!

(Figure 49). Similar R-values of 0.6 were set for the vitrimers.

y 2
o o
H,N NH,
X z

J403

-

x+y+z=56

o) o o
)j\/lLo Glacac \/tNHz
(o] (o}
WO\)\/OW + HZN P\/ x \)tNFb

A A oy ez=50 J3000

K\ TREN

N
H;N/\/ \/\NH2

. J

Figure 49: Structure of the acetoacetylated GLacac and different trifunctional amines J403, J3000
and TREN.

DMTA measurements proved cross-linked materials with different rubbery plateaus. The
vitrimer VU-GLj3000 shows the lowest cross-linking density, while GLtren shows the
highest with more than one magnitude higher (Figure 50a). The Tgs of the materials were
measured by DMTA and DSC measurements and were determined in the range of -58—
82 °C (Figure 50b). DSC measured the 7g of VU-GLj3000 and the measurement is shown
in the appendix (Figure AS8). Comparing the stress-relaxation times at 160 °C,
VU-GLtren showed very short stress-relaxation times of 4.8 s, followed by VU-GLj3z000
(42 s) and VU-GLj403 (632 s) (Figure 50c¢). This is remarkable since VU-GLtrgn exhibits
the highest cross-linking density with the highest storage modulus at the rubbery plateau
and the highest 7, of the materials. This behavior can be explained by the higher
nucleophilicity of the amine-groups and the higher concentration of the relevant

functional groups (vinylogous urethane bonds and amines), which lead to fast
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transamination reactions. As already described in the chapter “Polymerization” (6.2), the
nucleophilicity of sterically hindered primary amines with a methyl group in
alpha-position is lowered compared to terminal amines. Comparing VU-GLj403 and
VU-GLj3000, VU-GLj3000 showed much shorter stress-relaxation times because of the low
cross-linking density. The chain mobility is very high in this material, and the very low
cross-linking density outweighs the higher concentration of amine groups in the vitrimer
VU-GLj403. Stress-relaxation measurements were carried out at 110-160 °C to determine

the activation energies. The stress-relaxation curves are shown in the appendix
(Figure A9 and A10).

a 10"
10%1
1081
107
10 _ .
102' ' = | S 0.6
1041 S : :
1031 0.34
0, 1 e r—rm—

0 30 60 90 120 150 0 30 60 90 120 150

Temperature [°C] Temperature [°C]

J3000 | d -
J403
TREN

12°C J3000
A J403
s TREN

82°C

G’ and G" [Pa]

Ci100] s

1 J3000

- 6| 82.0:08

G(t)/Gy [

TREN
0_' 160 °C 78.0+0.6

0.1' 1I 1IO 1(|)O 10|00 L 2i3 2I.4 2:5 2:6
Stress-relaxation time [s] 1000/T [K

Figure 50: (a) DMTA measurements of the vitrimers VU-GLj403, VU-GLj3000 and VU-GL1rEN (G'=
dark color and G"= light color, y= 0.1%, @= 10 rad s™). (b) Plot of the loss factor versus the
temperature of the vitrimers. (¢) Comparison of the stress-relaxation curves of the vitrimers at
160 °C. (d) Plot of In T versus the reciprocal temperature. The activation energies were calculated

from the slope of the linear fit (unit in kJ mol™).
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The activation energies were calculated to 78.0+0.6 kJ mol ™! for VU-GLrren and 82.0+0.8
kJ mol! for VU-GLj3000 (Figure 50d). For VU-GLj403 a calculation was not reasonable
since the stress-relaxation time at 160 °C was already very long. Comparing the activation

energies, somewhat similar values were obtained.

This subchapter impressively shows that the ability for complete and fast stress-relaxation
(reprocessibility) is not compulsory related to a low 7 or a low cross-linking density.
Other factors, like a high nucleophilicity and a high concentration of the functional
groups, can accelerate the relaxation rate and proceed much faster than a low Ty, slightly
cross-linked and flexible vitrimer-elastomer. This behavior was likewise investigated in

the scope of publication 2 with different monomers.
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6.3.2 Impact of Different Acetoacetate Monomers

As shown in chapter 6.1 several alcohols can be used as raw materials for vinylogous
urethane vitrimers. The monomers were prepared according to the synthetic procedures
described in the experimental section 6.5.1.2. This chapter presents and discusses the

influence of using different acetoacetate monomers on the thermomechanical properties.

6.3.2.1 Impact of Trifunctional Acetoacetate Backbones

Different vitrimers derived from trifunctional acetoacetates, cured with the same
diamines, were compared in terms of their properties. Glacac, HT acac and 3aPEGacac were
cured with CHDA and DCM (R = 0.75). The structures are shown in Figure 51.
ATR-FT-IR spectra showed the formation of the characteristic C=C band (1595-—
1597 cm™) and C=0 ester band (1647-1649 cm™) of the vinylogous urethane bonds (all
spectra in appendix, Figure A11).
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Figure 51: Structure of acetoacetylated, trifunctional monomers GLacac, HT acac and 3aPEGacac

and the diamines CHDA and DCM utilized for the synthesis of vinylogous urethane vitrimers.

DMTA measurements show cross-linked materials with a characteristic rubbery plateau
and different glass transition temperatures. VU-GLcupa and VU-HTcnpa showed high
storage moduli of 1 GPa in the glassy state (20 °C), while VU-3aPEGcupa showed no
glassy state in the measured temperature range (Figure 52a/c). Comparing the differences

between the monocyclic diamine CHDA and the dicyclic diamine DCM, higher 7T,s were
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observed when using DCM. VU-HTpcm showed a storage modulus of 1 GPa, while
VU-GLpcwm and 3aPEGpem showed lower values. Comparing the maximum loss factors,
Tys of 5-147 °C were measured, exhibiting a broad range when using different
monomers. The use of DCM leads to higher 7,s than CHDA, while long polyether chains
of the triacetoacetate 3aPEGacac lowered the 7, (Figure 52b/d).

1084 }__‘___y VU-HT¢ipa
& 1071 \ 61°C  VU-Glgpa
T R
o 10°; 104 °C
-c% 10°4
ED 104, VU_HTCHDA
103_ VU'GLCHDA
VU-3aPEG
1021 . . CHIDA . . : 0.0 : . ‘ . .
0 30 60 90 120 150 0 30 60 90 120 150
Temperature [°C] Temperature [°C]
C 10% VU-3aPEGpy,
— 108; \‘ \ VU-HTpepm
i 1077 ‘\ 3 VU'GLDCM
o 8 147 °C
T 10° - N
©
VU-3aPEG, 06
0 30 60 90 120 150 T 0 30 60 90 120 150 180
Temperature [°C] Temperature [°C]

Figure 52: (a/c) DMTA measurements of the vitrimers VU-GLjs03, VU-GLj3000 and
VU-GL1rEN (G'= dark color and G"= light color, = 0.1%, @= 10 rad s™*). (b/d) Plot of the loss

factor versus the temperature of the vitrimers, showing the glass transition temperatures.

Stress-relaxation measurements at 160 °C were carried out to compare the
reprocessability of the networks. Comparing the different amines CHDA and DCM cured
with the same acetoacetate, significantly longer stress-relaxation times were observed in
case of DCM (Figure 53a). This behavior can be attributed to the sterical hindrance of
the amine, which lowers its nucleophilicity. Moreover, the bulky dicyclohexane backbone
may hinder the mobility of the chains. Furthermore, the vitrimers cured with 3aPEGacac

showed always shorter stress-relaxation times than HT acac. This behavior is probably due
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to the lower cross-linking density and the polarity of the ether-chains of the PEG-based
vitrimers. As explored in chapter 6.3.1, ether bridges accelerate the exchange reaction in
the vitrimers. Nevertheless, comparing the three acetoacetates cured with CHDA showed
comparable short stress-relaxation times, while 3aPEG showed the shortest
stress-relaxation time. The low 7§, in combination with a low cross-linking density and
additional ether groups, enables high chain mobility and fast stress-relaxation
(Figure 53b). In this comparison, the stress-relaxation times increase with a theoretically
lower cross-linking density of the low molecular acetoacetates. Comparing the activation
energies of the vitrimers, the acetoacetates cured with CHDA show comparable activation

energies of 67—76 kJ mol™!, which are typical values for VUs (Figure 53c).
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Figure 53: (a) Comparison of the stress-relaxation curves of the vitrimers VU-HTcupa,
VU-HTocem, VU-3aPEGenpa and VU-3aPEGpem at 160 °C. (b) Comparison of the
stress-relaxation curves of the vitrimers VU-GLcupa, VU-HT cupa and VU-3aPEGcenpa at 160 °C.
Plot of In rversus the reciprocal temperature. The activation energies were calculated from the

slope of the linear fit (unit in kJ mol™).
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The vitrimer VU-3aPEGpcm showed very slow stress-relaxation and higher activation
energies of 103 kJ mol™!, while exhibiting a low T of 28 °C. The higher activation energy
might be attributed to the different intermediate states of the sterically hindered amine
DCM. Moreover, longer chain lengths of e.g., PPG increase the E. according to

literature.”®

6.3.2.2 Impact of difunctional acetoacetate backbones

For another comparison, different difunctional acetoacetates were polymerized with the
trifunctional J403. This amine is typically used as a hardener for conventional polymers,
e.g., epoxy resins. Moreover, most available trifunctional amines are highly toxic (e.g.,
TREN) and, therefore, not necessarily preferred as reactants for plastics. J403 represents
a less toxic alternative. In this comparison, the nucleophilicity of the amine and the
content of free amines stays constant, while the mass ratio and backbone change due to

the influence of the different acetoacetates.
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Figure 54: Structure of acetoacetylated, trifunctional monomers DCHacac, BZacac, EGacac and

PEG300acac as well as J403 utilized for the synthesis of vinylogous urethane vitrimers.

ATR-FT-IR spectra proved the formation of the characteristic C=C band (1595-
1597 cm™) and C=0 ester band (1647-1649 cm™) of the vinylogous urethane bonds (all
spectra in appendix, Figure A11). DMTA measurements show cross-linked materials with
a stable rubbery plateau, while the plateaus of the cyclic backbones (DCH and Bz) appear
a little higher (Figure 55a). The poly(oxypropylen)-based backbone of J403 produces
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materials with a relatively low 7y of -26—45 °C (maximum loss factor). The 7y of
VU-PEG300403 was measured by DSC measurements (appendix, Figure A12). The
PEG-based vitrimer showed the lowest 7, followed by the EG-based vitrimer, the
BZ-based vitrimer and the DCH-based vitrimer (Figure 55b). Comparing the
stress-relaxation times, the VU-PEGi03 and VU-DCHjs show relatively short
stress-relaxation times, while VU-EGuo3 and VU-BZjs03 showed much longer times
(Figure 55c¢). This effect is most likely attributed to the lower cross-linking density of the
materials with the bigger PEG and DCH-backbone, but especially surprising for the
DCH-backbone. As discussed earlier in chapter 6.3.1, the polyether-backbone shows the
fastest stress-relaxation, while the effect is not that pronounced due to the
poly(oxypropylen)-backbone of the amine in each of the vitrimers. Comparing the
activation energies, VU-PEGj40; showed the lowest with 74 kJ mol!, followed by
VU-BZ03 with 83 kJ mol! and VU-DCHyso3 with 105 kJ mol™! (Figure 55d). This trend
proved a lower activation energy when using the PEG-based monomer, while likewise
the low cross-linking density might influence this behavior. Remarkably, VU-BZj403
showed a relatively high activation energy, which might be caused by the aromatic
backbone. Effects like m—m stacking might change the structural arrangement of the

vitrimer. This could also explain the long stress-relaxation times.
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Figure 55: (a) DMTA measurements of the vitrimers VU-DCHjo3, VU-Bz403, VU-EGya03 and
VU-PEG300;403 (G'= dark color and G"= light color, y=0.1%, @= 10 rad s™'). (b) Plot of the loss
factors versus the temperature of the vitrimers, showing the glass transition temperatures. (c)
Comparison of the stress-relaxation curves of the vitrimers at 160 °C (y= 1%). (d) Plot of

In 7 versus the reciprocal temperature. The activation energies were calculated from the slope of

the linear fit (unit in kJ mol™).
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6.3.2.3 Comparison of a similar backbone with amine or acetoacetate

This subchapter compared vitrimers with a similiar backbone structure based on a
dicyclohexane and poly(oxypropylen) or poly(oxyethylene) backbone. The key is that in
VU-DCHj403 the acetoacetate carried the dicyclic backbone, while in VU-3aPEGpcwm the

amine carried the dicyclic backbone (Figure 56).
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Figure 56: Structure of acetoacetate monomers DCHacac and 3aPEGacac as well as the amines

DCM and J403.

Both vitrimers were already described in previous chapters, while the focus is only on a
direct comparison and differences. The rubbery plateau of VU-DCHjs03 is higher than
VU-3aPEGpcwm. Correlating this with a potential cross-linking density, this finding is
reasonable, since the molecular mass of the repeating unit is a little higher in the case of
VU-3aPEGpcm. Moreover, the non-stoichiometric cross-linking with an R-value of 0.75
led to a higher cross-linking density in case of using a trifunctional amine instead of a
trifunctional acetoacetate (Figure 57a). The T,s of the materials were measured by
DMTA measurements and determined by the maximum loss factor at 28 °C and 45 °C
(Figure 57b). Comparing the stress-relaxation times, the network with the higher
nucleophilicity of the amine shows shorter stress-relaxation times (VU-DCHja03). As
described in previous chapters, this is a crucial factor that outweighed other influences,
e.g., the polyether backbone or the cross-linking density (Figure 57c). Comparing the
activation energies, VU-DCHj403 shows a lower value, which might also be attributed to
the sterically hindered type of amine (Figure 57d). This chapter shows that the vitrimers

represent polymers with a relatively low T, which differ not too much in terms of their
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properties, except for the stress-relaxation times. Due to the different monomers,

VU-DCHj403 almost ten times faster stress-relaxation than VU-3aPEGj403.
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Figure 57: (a) DMTA measurements of the vitrimers VU-DCHjs03 and VU-3aPEG300pcm (G'=
dark color and G"= light color, y=0.1%, @= 10 rad s™). (b) The plot of the loss factors versus
the temperature shows the glass transition temperatures. (¢) Comparison of the stress-relaxation
curves of the vitrimers at 160 °C (y= 1%). (d) Plot of In 7 versus the reciprocal temperature. The

activation energies were calculated from the slope of the linear fit (unit in kJ mol™).

6.3.3 Vinylogous Urethane Vitrimers — Properties, Correlations and
Trends

In summary, this chapter shows the influence of the different monomers and monomer
backbones on the thermomechanical properties. In particular, the stress-relaxation times,
activation energies, oscillatory shear experiment, glass transition temperatures and
mechanical properties (tensile tests) are compared and discussed. The results are shown

in Table 3.
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Table 3: The following table shows the prepared vitrimer compositions and their properties. The
shown properties include the glass transition temperature (maximum loss factor), the
stress-relaxation times at 150 and 160 °C, the activation energies, the storage moduli at 20 and
150 °C as well as the E-moduli, tensile strengths and strains at maximum stress. The highest value

in a row is always marked in green, while the lowest value is marked in red.

Vitrimer Ty 7150 7160 Eq G’20°c  G'150°c Eigre Om@rt. Empr.
[°C] [s] [s] [kJ mol'] [GPa] [MPa] [MPa] [MPa] [%]

VU-GLbao 55 63 25 113.6+2.2 0.52 2.81 870+75 40.0£1.3 6.4+0.1
VU-GLor 48 19 11 77.9+0.8 0.86 3.18 1140+105 51.0£2.1 5.9+0.4
VU-GLN-Me 49 32 17 85.743.0 0.78 1.97 815+131 40.0+£2.9 6.1+0.2
VU-GLmx 105 103 49  120.1£5.9 092! 3.00 1410+182 43.142.2 3.3+0.4
VU-GLcHpA 104 115 76  88.5+6.0 1.19 1.89 138026 65.2+12.4 5.0£0.9
VU-GL1reN 82 78 48 78.0+£0.6 0.592 5.4 1467+58 63.34£2.6  5.83%0.3
VU-GLu4o03 12 5500 632 - 0.003 1.32 - - -
VU-GLt3000 -58% - 42 82.0+0.8 0.090 0.097 - - -
VU-HTchHpa 61 50 33.8 67.0+1.0 1.1 0.71 1466+95 524452 420.5
VU-HTpem 101 - 331 - 0.673 0.27 1148+136 15.8+6.8 1.5£0.4
VU-3aPEGbpem 28 531 282 104.2+1.7  0.089 0.43 14.8+3.6 4.3£1.0 216£25
VU-3aPEGcupa 5 39 237  76.1+12  0.0026 1.78 4.9+0.4 3.6£0.8 14028
VU-DCHuuo3 45 69 50 83.243.3 0.75 0.7 1187+29 40.6+5.8 4.3+1.0
VU-Bzo3 9 2409 115 74.3+03  0.0014 0.66 - - -

VU-PEG3005403  -26* 56 34 105.3+£3.5 | 0.0003 0.37 - - -

VU-EGyu03 -2 - 948 - 0.0043 03 - _ _
VU-GLbas 85 30 - 83.9+2.4 0.64 2.6 1100+46 65.9+1.6 7.83+0.2
VU-GLpar 67* - - - - - 1050+17 56.6+1.6 7.36+0.2
VU-GLpaH 55% 51 - 74.5£5.0 0.62 1.9 961+124 50.8+2.7 6.83+0.2
VU-GLpap 41* - - - - - 548+35 25.8+1.2 6.18+0.1
VU-GLbaDD 33 108 - 101.3£2.2 0.23 24 300+14 15.5+1.8 6.82+0.2
VU-GLpa -18* |49 4.0 62.1£1.5 0.007 0.63 42426 0.16£0.01 ~ 134+8.50
VU-GLobp 11 136 79  78.3+0.62  0.004 2.44 4.6+1.1 3.6x1.1 124428
VU-GLbem 147 - - - 0.13 3.23 - - -
VU-HTN-Me 21 296 153 90.1£1.6 0.026 1.95 52.5+30.4 8.35+2.1 16020
VU-GLBAP 56 54 - 71.7£2.6 0.59 1.36 1263+34.0 54.7£1.8 5.83+0.05
# extrapolated foe | 155°C mIFC MTC 445°C 596°C
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Activation energies: The calculated activation energies differ in the range of 62—
120 kJ mol! for all investigated vinylogous urethane vitrimers (composites excluded).
Comparing the results to reported values for vinylogous urethane vitrimers, the values
were in between the reported values of 60—150 kJ mol™.>% 3% 70 Nevertheless, it was
already shown in the literature that the activation energies were often not that accurate
and can also vary quite a lot, even when using the identical monomers. For this reason, it
is hard to identify significant trends. One reason is that a bit of change in the stress-
relaxation time has a massive influence on the linear fit of the slope to calculate the
activation energies.’® ° For these reasons, trends and discussions are only described in
the context of hypotheses and should be considered critically in the literature as well as

in this work.

Stress relaxation (Reprocessability): Since this work explores the behavior of vitrimers,
the ability for reprocessing is of major interest and influencing factors were investigated
and discussed. It was shown that heteroatoms (O, N) in aliphatic chains accelerate the
transamination reaction. Moreover, aliphatic chains led to faster stress-relaxation than
cyclic backbones due to lower sterical hindrance. The nucleophilicity of the amines plays
amajor role in the exchange reaction, since the amines initiate the transamination reaction
by a nucleophilic attack. The nucleophilicity is determined by the sterical hindrance in
alpha-position of the amine and/or the electronic configuration. The cross-linking density
and concentration of the relevant functional groups often generate an opposite effect. On
the one hand, a lower cross-linking density facilitates exchange reactions because a less
amount of cross-linking points have to be reacted, but on the other hand, a low
crosslinking density means a low concentration of the reacting functional groups, which
is necessary for the exchange reaction to proceed. Depending on the used monomers,
these factors can outweigh each other, as shown in publications 2 and 3 or chapter 6.3.1.
and 6.3.2. In addition, it was shown in publication 1 and several other publications that a
higher amount of excess amines or the use of a catalyst accelerates the exchange

reaction.’® The identified effects are shown schematically in Figure 58.
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Figure 58: Factors influencing the stress-relaxation times. Heteroatoms in the backbone (O, N),
the structure of the backbone (aliphatic or cyclic), the amines nucleophilicity in terms of the
sterical hindrance (alpha-position), the amines nucleophilicity in terms of the electron
configuration (aliphatic, aromatic), the amount of free amine groups, the concentration of the
relevant functional groups, the cross-linking density and the amount of catalyst were identified as

relevant factors.
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Tensile test: Tensile test measurements show the formation of elastomeric and
thermosetting vitrimers with E-moduli of 5-1466 MPa, tensile strengths of 0.2-66 MPa
and elongations and maximum stress of 3-216% (Table 3). The combination of flexible
or rigid and stiff monomer backbones determines the mechanical properties and can be
chosen according to various available monomers. With this, a toolbox was enabled to
prepare suitable vitrimers with a broad range of mechanical properties. Moreover,
polymers like VU-GLpapp and VU-Gin-me showed a high toughness of 2549 N m™ and
2624 N m™, which may be caused by their specific glass transition temperature or
intermolecular interactions, e.g., hydrogen bonds or non-covalent interactions causing

strain-hardening.

Storage modulus and cross-linking density

One standard analysis method for the characterization of cross-linked materials are DMA
measurements. From the classic rubber elasticity theory, the rubbery area's storage
modulus can be used to evaluate network parameters like the molecular weight between
cross-links. It is assumed that the elastic modulus is independent of the network structure
and mainly depends on the tightness of the network. This approach can be used to
determine the cross-link density, the molecular weight between the cross-linking points
and the number of repeating units between cross-linking points.

Equation 1a describes the calculation of molecular weight in between cross-links (Mc)
by multiplying the gas constant Rg, the absolute temperature and the density of the
polymer at that temperature divided through the storage modulus of the rubbery plateau
at 150 °C. Since the exact Poisson ratio and the densities were unavailable, the Poisson
ratio was considered 0.5 and the density 1 g cm™. Moreover, the cross-linking density q
was calculated by dividing the average mass of the repeating unit (Mru) through the

average molecular mass between the cross-links (Equation 1b).!6!-163

R,Td
Me = —— (la)
G Rubbery
_ Mgy
9= (1b)
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Equation 1: (a) Equation to calculate the molecular weight between cross-links by the
rubbery plateau of the storage modulus at 150 °C (M. = molecular weight between cross-
links, Rg = gas constant, T = temperature, d = density, G’ = rubbery plateau). (b) The
cross-linking density q was calculated by dividing the average mass of the monomers

repeating unit (Mru) through the average mass between the cross-links (Mc).

Figure 59a shows a plot of the calculated molecular weights between the cross-linking
points versus the rubbery plateau calculated with equation 1a. Higher average molecular
weights between the cross-links were obtained from lower rubbery plateaus, with the
vitrimer VU-GLj3000 showing the highest value of 36 260 g mol! and VU-GL1ren the
lowest with 650 g mol™!. Since the networks were synthesized in non-stoichiometric ratios
with an R-value of 0.75, it is reasonable that the masses are higher than the respective
repeating units. Nevertheless, the ratio of chains within the network and dangling, free
side chains is unknown but plays a significant role for the average molecular mass and
cross-linking density. Figure 59b shows a plot of the cross-linking density versus the
rubbery plateau and exhibits a vague linear trend of a higher cross-linking density with a
higher rubbery plateau, which was expected due to the used theoretical model. Figure 59c,
Figure 59d and Figure 59¢ show different plots of the cross-linking density versus the
glass transition temperature, the stress relaxation time versus the glass transition
temperature, and the stress-relaxation time versus the cross-linking density. As shown for
the individual vitrimers in the previous chapters there a no trends or correlations in respect
to these properties. The stress-relaxation is not dependent on the cross-linking density,
the rubbery plateau, or the glass transition temperature. Figure 59f plots the number of
repeating units between cross-links (NRU) versus the rubbery plateau, which shows a
trend to a higher number of repeating units with a lower rubbery plateau. The values in

the graphics are additionally shown in Table 4.

96



Unpublished Results

w
(42
(=]
(=]
o

Molecular mass M, [g/mol]Q)

30000 -
25000 -
20000 ~
15000
10000 -
5000 -

Ol e imp g
G' Rubbery 150 °C [MPa]

O

.50 50 100 150

Glass transition temperature [°C]

[ ] ] u fl ] ]

02 04 06 08
Cross-linking density q [-]

bio

q
= =
» o

density

<
~

9

<
o
1

&
o

Cross-linkin

1
G' Rubbery 150 °C [MPa]

500+

[s] &

e

n
o
[an]

= 300
200

100 -

Stress relaxation

50 0 50 100 150
Glass transition temperature [°C]

18 4
16 4
14 4
124

-
N B O OO

Number of repeating units [-]™h

0o 1 2 3 4 &

G' Rubbery 150 °C [MPa]

Figure 59: (a) Plot of the molecular weight between cross-links versus the storage modulus

(rubbery plateau). (b) Plot of the cross-linking density versus the storage modulus (rubbery

plateau). (¢) Plot of the cross-linking density versus the glass transition temperature. (d) Plot of

the stress relaxation time at 150 °C versus the glass transition temperature. () Plot of the stress

relaxation time at 150 °C versus the cross-linking density. (f) Plot of the repeating units versus

the storage modulus of the rubbery plateau at 150°C. Each point represents one individual vitrimer

from Table 3.
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Table 4: The table shows the prepared vitrimer compositions and their properties. The shown
properties include the glass transition temperature (7,, maximum loss factor), the stress-relaxation
times at 150 °C (7is0), the storage moduli at 150 °C (G’1s0 °c), the mass of the average repeating
unit (Mru), the calculated molecular weight in between the cross-links (M.), the cross-linking

density (g), the number of repeating units (NRU) and the R-value.

Vitrimer Ty 7150 G’150°c Mru Mc q NRU R
[°C] [s] [MPa] [gmol']  [gmol] [-] [-] [-]

VU-GLbao 55 63 2.81 578 1251 0.46 4.1 0.75
VU-GLoE 48 19 3.18 586 1105 0.53 4.7 0.75
VU-GLN-Me 49 32 1.97 580 1785 0.32 7.3 0.75
VU-GLm-x 105 103 3.00 562 1172 0.48 11.1 0.75
VU-GLcrHpA 104 115 1.89 574 1860 0.31 2.9 0.75
VU-GLtreN 82 7.8 5.4 485 651 0.75 - 0.75
VU-GLj403 12 5500 1.32 876 2664 0.33 35 0.75
VU-GLr3000 -58 - 0.097 4290 36254 0.12 - 0.75
VU-HTchpa 61 50 0.71 616 4953 0.12 2.1 0.75
VU-HTbcm 101 - 0.27 812 13024 0.06 4.1 0.75
VU-3aPEGpcm 28 531 0.43 1128 8178 0.14 2.1 0.75
VU-3aPEGcupa 5 39 1.78 932 1975 0.47 1.4 0.75
VU-DCHi403 45 69 0.7 1234 5023 0.25 2.9 0.75
VU-Bzjy403 9 2409 0.66 1132 5328 0.21 3.7 0.75
VU-PEG300i403 -26 56 0.37 1294 9504 0.14 4.1 0.75
VU-EGi403 -2 - 0.3 1056 11722 0.09 4.7 0.75
VU-GLpaB 85 30 2.6 466 1352 0.34 7.3 0.75
VU-GLpar 67 - - 494 - - 11.1 0.75
VU-GLpan 55 51 1.9 522 1850 0.28 2.9 0.75
VU-GLbap 41 - - 634 - - - 0.75
VU-GLpabp 33 108 2.4 690 1465 0.47 35 0.75
VU-GLpa -18 4.9 0.63 1370 5582 0.25 - 0.75
VU-GLobp 11 136 2.44 698 1441 0.48 2.1 0.75
VU-GLpcm 147 - 3.23 770 1088 0.71 4.1 0.75
VU-HTN-Me 21 296 1.95 622 1803 0.34 2.1 0.75
VU-GLBAP 56 54 1.36 690 2585 0.27 1.4 0.75
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Glass transition temperature: This chapter shows that the 7, of the vitrimers can be
easily set from -58—147 °C by choosing the monomers in terms of their backbone.
Aliphatic chains with ether bonds lead to low Tgs, followed by aliphatic carbon chains,
monocyclic backbones and dicyclic backbones (Figure 60). One decisive factor is the
mass ratio of these compounds, while it did not matter if the acetoacetate or amine carried
the respective backbone. If both monomers, the acetoacetate and the amine carry, e.g. a
polyether backbone, the factors can overlap or average out. In addition, it was shown that
the 7y is generally not correlated to the stress-relaxation or the activation energies.
Nevertheless, when the Ty is very high and appears in the temperature range where the
exchange reaction typically proceeds (>100 °C), it hindered the stress-relaxation ability.
At Tgs above 100 °C, the rubbery plateau is usually not reached and the movement of the
chains is hindered. In this case, a measurement of the stress-relaxation or the calculation

of the activation energies at different temperatures should not be considered.

Influence on the glass transition temperature
< < <
O NN \/O\/ \/O\/O\/

Figure 60: Influence of the backbone on the glass transition temperatures of the vitrimers.

Aliphatic chains with ether bonds lead to low 7,s, followed by aliphatic carbon chains,

monocyclic backbones and dicyclic backbones.
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6.3.4 Vipoxy — Epoxy-Vitrimers Derived from Aromatic Alcohols

Epoxy resins belong to the class of thermosetting polymers which are used for many
applications, e.g. wind turbine blades, various other fiber-reinforced composites,
construction-adhesives, insulation of electronics, fabrication of components in casting
processes, coatings and many more. The resins are used due to their simple handling by
easily mixing the liquid monomers in an addition reaction, outstanding thermomechanical
properties, chemical resistance, and long-time stability. Various different
epoxy-monomers and hardeners (amines, carboxylic acids, thiols) are used nowadays and
represent their own subclasses of thermosetting polymers.!®* However, typical epoxy
resins are not recyclable/reprocessable due to their permanent cross-linked nature. In
publication 2 it was shown that aromatic alcohols, e.g. bisphenol-A, which are typically
used as raw material for epoxy resins, undergo an actoacetylation reaction and act as a
suitable monomer for vinylogous urethane vitrimers. Moreover, Jeffamine® T403 (J403
or JA) was used as a commercially established, trifunctional amine-cross-linker for epoxy
resins. In this chapter, a comparison between the vitrimers derived from aromatic
acetoacetates, a reference epoxy resin and an epoxy-vitrimer network is shown. The
objectives were to show the miscibility of the permanent and the dynamic networks on
the one hand and to mimic the desirable properties of epoxy resins by using a similar
backbone (BPA, JA) at the other hand. The overall goal was always to maintain the
reprocessability of the materials.

The epoxy resin, prepared by the addition reaction of bisphenol-A diglycidylether
(BADGE) derivates, and JA was investigated for almost 50 years.'®> However, the
chemical reactions of epoxy- and acetoacetate groups with primary amines differ
significantly, while the backbone structures, the stoichiometric ratio of the functional

groups, and the mass ratio of the used monomers are pretty similar (Figure 61).
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Figure 61: Structure and molecular mass of the used monomers J403/JA, BPAcac and BADGE.

Primary amines react with epoxy groups in an addition reaction. The nucleophilic amine
attacks the electrophilic epoxy group (mainly the terminal end) and generates a secondary
amine and a hydroxy group. The generated secondary amines and hydroxy groups can
likewise undergo an addition reaction with remaining epoxy groups, while the amount of
this reaction depends on the used stoichiometric ratio of the monomers. Depending on the
desired mechanical properties, epoxy resins are mostly cured with a specific,
non-stoichiometric ratio, which can also represent an excess of amines.'® In this work,
an excess of amine groups was used for all materials. The condensation reaction of
aromatic acetoacetates and primary amines to form vinylogous urethane vitrimers was
explained in detail in the introduction and publication 2. Figure 62 shows the major

reactions in the investigated epoxy resin and the vitrimer.
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Figure 62: (a) Addition reaction of epoxy groups with primary amines. (b) Condensation
reaction of acetoacetate groups with primary amines to prepare vinylogous urethanes. Secondary
amines and hydroxy groups can likewise undergo an addition reaction with epoxy groups (R =

residue).

In this work, polymer networks with R-values of 0.7 and 0.9 were synthesized, which
makes the first addition reaction the major reaction for the epoxy resin. The R-value is
determined by the ratio of epoxy groups and/or acetoacetate groups to amine groups. For
a comparison, a similar R-value was set for all materials. Comparing the final structure
of the polymers, Figure 63 shows that most of the backbone structure stays the same,

while only the small linkage-part (marked in red) is different.

Vinylogous urethane bond

*f“c

VJVWAAE

Figure 63: Structure of the resulting epoxy resin bonds and the vinylogous urethane bond marked

in black in case of similarities and in red for differences. Only the main products derived from the
condensation reaction of the acetoacetates and the first addition reaction of the epoxy groups with

the primary amine are shown.
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In the following, the vitrimer BPAja, 0.9 and the epoxy resin BADGEj4, 0.9 (abbreviation:
Acetoacetate/epoxideamine, R-value) are compared. To investigate the mechanical properties
of the materials, oscillatory and step shear experiments were carried out. DMTA
measurements show cross-linked polymers with the typical rubbery plateau (Figure 64a).
In comparison to the epoxy resin, the storage and loss moduli of BPAja 0.9 show higher
values obove the Ty and lower values below the 7§, indicating a higher stiffness in the
glassy state and a lower stiffness and cross-linking density in the rubbery state. However,

the Tgs of the materials appear in quite the same range of 30 °C (epoxy resin) and 37 °C

(vitrimer) (Figure 64b).
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Figure 64: DMTA and tensile test measurements of the epoxy resin BADGE;ja 09 and vitrimer
BPAjap9. (a) DMTA measurements show cross-linked materials with a rubbery plateau up to
150 °C. (b) The glass transition temperatures (tan J) appear in a similar range of 30 °C and 37 °C.
(¢) Stress-relaxation measurements at 130 °C show fast stress-relaxation in case of the vitrimer,

while the epoxy resin shows no stress-relaxation. (d) Stress-strain curves of the materials (20 °C).
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To confirm the reprocessability of the networks, stress-relaxation measurements were
carried out at 130 °C. The vitrimer shows a short stress-relaxation time of 20 s, while the
cross-linked epoxy resin shows no stress-relaxation (Figure 64c¢). Tensile tests (20 °C) of
BADGE]4, 0.0 and BPAja, 0.9 show soft materials with averaged E-moduli of 914 and 678
MPa, tensile strengths of 36.2 and 21.4 MPa, elongations and maximum stress of 5.6 and

5.8% as well as ultimate strains of 122 and 197% (Figure 64d).

Another objective of this work was to explore if epoxy-vitrimer networks with particular
implemented covalent dynamic bonds can be synthesized and adjusted to show
reprocessability, while maintaining a large part of the original epoxy network. Therefore,
BADGE was mixed with BPAacac in a ratio of 67 wt% BADGE and 33 wt% BPAacac,
representing an epoxide to acetoacetate ratio of 70:30 mol%. Afterward, JA was added
(R =0.7) and mixed until a homogeneous mass was obtained. The reaction rate (gelation)
was significantly slower than using only acetoacetates since the addition reaction of
epoxides and amines is typically slower. After curing for 20 h at 100 °C and 1 h at 150 °C
(in vacuo), the material was heat pressed at 150 °C to a 1 mm thick film. The
epoxy-vitrimer was named as Vipoxyja, o.7.

ATR-FT-IR spectra of BPAja0.7 (publication 2), BADGEja,07 and Vipoxyia.7 were
measured to prove the formation of the characteristic bonds of the materials. After curing,
the characteristic asymmetric C-O-C stretching vibration bands of the epoxy group
(910 cm™) was no longer present and the N-H/O-H stretching vibration bands of
secondary amines/hydroxy groups appeared (3000-3600 cm™). The vitrimer shows the
characteristic C=C and C=0 ester stretching vibration bands (1593 cm™ and 1664 cm™)
as well as C=C and C=0 amide stretching vibration bands (1580 cm™! and 1614 cm™) of
the vinylogous urethane/urea co-networks (VUT/VUA) in the area of 1560-1690 cm.
Moreover, several other bands, e.g. primary amines (1590 cm™) and C=C bands or the
aromatic backbone of bisphenol-A (1580 cmand 1606 cm™) are present as shown in
Figure 65. Detailed information are also shown in publication 2. Comparing the
epoxy-vitrimer (vipoxy) with the other networks, the characteristic bands of both

materials were observed, proving the formation of the co-network.
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Figure 65: ATR-FT-IR spectra of BPAja 0.7, BADGE;a 0.7 and Vipoxyja,0.7 with full spectra (left)
and cut out spectra (right).

DMTA measurements show cross-linked polymers with the typical rubbery plateaus and
comparable storage and loss moduli (Figure 65a). Surprisingly, Vipoxy showed a higher
storage modulus in the glassy state and in the rubbery state, which is a promising result.
Nevertheless, this result is hard to explain and can be caused by the complex combination
of the undergoing reactions of two different polymer types. The materials show low T&s
in the area of 14-37 °C, with the epoxy-vitrimer exhibiting a value of 21 °C within the
middle of that range (Figure 66b). Since epoxy resins are typically not reprocessable,
stress-relaxation measurements were carried out to compare the dynamic behavior of the
epoxy resin, Vipoxy and the vitrimer at elevated temperatures. As expected, the epoxy
resin showed no stress-relaxation, while the pure vitrimer and Vipoxy showed full stress-
relaxation. Vipoxy shows longer stress-relaxation times than the pure vitrimer, which can
be explained by the lower amount of dynamic cross-links (Figure 66¢). Tensile tests at
20 °C show soft materials with the epoxy-vitrimer exhibiting averaged values in between
the pure networks, according to a rule of mixture (Figure 66d). The stress-strain curves
show E-moduli of 12422 MPa, tensile strengths of 15.5-17.6 MPa, elongations at
maximum stress of 5.2%, and ultimate strains of 155-305%. All materials appear soft and

flexible, which is caused by the low Tgs in the transition to the rubbery state.
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Figure 66: (a) DMTA measurements of the epoxy resin BADGE;ja 0.7, Vipoxysa 0.7 and BPAja, o.7.
The measurements show cross-linked materials with a rubbery plateau up to 150 °C. (b) The glass
transition temperatures appear in a similar range of 14—37 °C (loss factor). (¢) Stress relaxation
measurements at 130 °C, showing stress-relaxation in case of the vitrimers and no
stress-relaxation in terms of the epoxy resin. (d) Stress-strain curves show soft materials with
E-moduli of 12-422 MPa, tensile strengths of 15.5-17.6 MPa, elongations at maximum stress of
5.2% and ultimate strains of 155-305%.

This chapter shows that vinylogous urethane/urea vitrimers derived from aromatic
alcohols show not the same but comparable properties to epoxy resins derived from
similar backbones, with the benefit that vitrimers are fully recyclable. Moreover, it was
shown that epoxy-monomers and acetoacetate monomers could be easily mixed and cured
with amines to give epoxy-vitrimer co-networks with 70 mol% (67 wt%) initial epoxy
groups. Comparing the mechanical properties, the vipoxy exhibits properties by mainly
following a rule of mixtures and showing values between the range of the pure networks
(T, stress-relaxation, tensile test). Nevertheless, the overall thermomechanical properties

of all the compared materials were quite comparable, with the benefit that the vitrimer
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and the vipoxy networks showed full stress-relaxation and are, therefore, reprocessable.
Further experiments can clarify the limits regarding the cross-linking density, the
maximum amount of epoxy resin, and the excess of amines. These findings offer future
potential for the use of vitrimers, or the partly implementation of covalent dynamic bonds
into established thermosetting materials, e.g. epoxy resins, and turn them into
recyclable/reprocessable materials, while maintaining their excellent thermomechanical
and physical properties. Nevertheless, it has to be noted that the prepared materials
showed a low glass transition temperature. Usually, mixtures or prepolymerized epoxy
monomers derived from aromatic alcohols are used and the resulting epoxy resins exhibit
thermosetting materials with a high glass transition temperature above 70 °C. However,
for commercial epoxy resins, the exact composition of the mixtures is often unknown and
consists of different types of epoxy monomers and different purities. Moreover, the
course of hydrolysis reactions has not been definitively clarified and might be a major
problem for high-end applications.

Just recently, a publication from Xu et al. showed epoxy-vitrimers with the
implementation of the diglycidylether of bisphenol-F (DGEBF) cured with EGacac or
Glacac and the diamine m-X. Obviously, the published work and this work were
performed simultaneously. The study proved the discussed findings of this chapter and
underlined the scientific interest in the effort to make established thermosets
reprocessable.?’

Initially, the development of vinylogous urethane vitrimers and epoxy-vitrimers derived
from aromatic alcohols was related to a cooperation project with subproject A6. Within
the project, A6 developed hierarchical composites made of super-crystalline iron-oxide
particles, a commercial phosphonic acid ligand and a commercial epoxy resin. The super-
crystalline particles were modified by ligand exchange, and the epoxy resin was
incorporated into the sedimented, compressed inorganic via the infiltration method. By
this method, a liquid is sucked into a porous material by applying a vacuum. With this
method, high inorganic contents can be achieved in composite materials. After curing the
epoxy resin within the composite, the material showed a high bending strength and
fracture toughness due to a multi-hierarchical arrangement of self-similar, hard
filler particles connected by soft organic interfaces.'®

After developing the individual methods and materials in both projects, the goal was to

combine the findings to create a thermoreversible hierarchical composite. The
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tailor-made phosphonic acid ligand (chapter 6.4.1) and the vinylogous urethane/urea
co-networks described in this chapter should be used instead of the commercial
alternatives. Using the vitrimers instead of a rigid epoxy network should enable a
hierarchical, thermoreversible composite that might be postmodificated by heat
compression to a nacre-like brick-and-mortar structure with outstanding properties,
according to the overall goal of project area A (SFB986). Unfortunately, the project could

not be continued within the given time frame of this thesis.

6.3.5 Porous and Dense Vitrimer Films Based on Sugars

In another project, sugars were used as green, cheap, and widely available raw materials
for the synthesis of vinylogous urethane vitrimers. It was found that glucose, lactose,
sucrose and sorbitol can be partly and fully acetoacetylated with TMDO by bulk reaction.
The acetoacetylation reaction is described in detail in chapter 6.1. In the course of the
bachelor thesis of Jannik Winter, the objective of the work was to investigate D-glucose
as a suitable reactant for vinylogous urethane vitrimers and explore the condensation
reaction of acetoacetylated glucose with different bio-based and fossil-based amines.
Moreover, different synthetic routes should be investigated, enabling the synthesis of
vinylogous urethanes in water and exploring the possibility of producing porous vitrimer
films by sintering precipitated vinylogous urethane fragments. This work was inspired by
a publication of Loos ef al., where a super amphiphilic membrane with a closed-loop life
cycle was explored. A porous membrane was prepared by grinding and sintering an
epoxy/carboxylic acid-based vitrimer, which could be used for oil/water separation.?®
Porous, water-permeable materials offer possible applications to separate/clean water
from oil, dirt, bacteria, capturing metals (e.g., lithium), and many more. The benefit of
using vitrimers for such applications is that the porous structure can be achieved by simple
sintering of cross-linked polymer fragments, which is not possible with common
thermosets or elastomers. The fragments will slowly react at the touching points and react
to a cross-linked, porous network. Moreover, vitrimers offer mechanical and chemical
recycling routes, which enable reprocessing, purifying, or re-usage of the dense films and

porous materials (e.g. when pores are filled).
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Depending on the gelation rate, solubility and viscosity of the used monomers, different
synthetic routes for the condensation reaction were investigated. The stabilization as
enamine-one tautomer allows the synthesis of vinylogous urethanes even in water
because the equilibrium of the condensation reaction is shifted widely to the products.
This behavior is different from regular polyimine networks, which are stabilized in the
electrophilic imine form and significantly more affected by the backward reaction
(hydrolysis). In the first part of the chapter, two vitrimers are compared. It is shown that
acetoacetylated glucose can likewise be polymerized in a bulk reaction with the low
viscous amine J403 or by precipitation in water at room temperature. The first vitrimer
VUI-GlusJAos (VinylogousUrethane-GlucosefunctionalityAcAcAMINER-value) Was prepared
with an acetoacetate functionality of 4—5 and mixed with the trifunctional amine J403 in
a bulk reaction. An excess of amines (R = 0.5) was chosen to ensure a sufficient amount
of amines in the network for reprocessing. To prove that the polymerization also works
in water at room temperature, the vitrimer VU2-Glu2JAos was synthesized. In this case,
only a partly acetoacetylated glucose monomer (average f = 2) was used to ensure
solubility in water at room temperature through the remaining OH groups. The amine was
added to the aqueous solution, and the vitrimer started to precipitate after a few minutes.
The mixture was continued stirred for another 24 h and afterward washed with water.
Both vitrimers were dried for 20 h at 100 °C in vacuo and heat-pressed for 10 minutes at

150 °C to a 1 mm thick film.

ATR-FTR-IR spectra proved the formation of the characteristic vinylogous urethane
bands in both materials, proving that the reaction works as a bulk reaction and in water
(Figure 67a). DMTA measurements showed cross-linked materials with a rubbery
plateau at elevated temperatures (Figure 67b/c). VU1-GlusJAo.s shows a low 7 of 32 °C
and, compared to VU2-GluxJAo s, higher storage and loss moduli above the glassy and
rubbery states. VU2 shows a higher 7;; of 67 °C and exhibits a softer material with a lower
stiffness in the glassy state. The higher weight ratio of the flexible monomer J403 can
explain the lower 7 of VU1. VUI contains 72 wt% of J403, while VU2 contains only
61 wt%, determined by the R-value. Stress-relaxation measurements at 110-150 °C
showed shorter stress-relaxation times for the less cross-linked VU2 with comparable
activation energies of 73—-81 kJ mol™! (Figure 67d/e). Tensile tests were carried out at

20 °C to investigate the mechanical properties of the materials.
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Figure 67: Measurements of the vinylogous urethane vitrimers, synthesized by bulk reaction or
in aqueous solution. (a) ATR-FT-IR spectra of VU1 and VU2. (b) DMTA measurements of the
vitrimers show cross-linked materials with a rubbery plateau (G'= dark color and G"= light color,
(w =10 rad s, y = 0.1%). (¢) Plot of the loss factors showing the T, of the vitrimers. (d)
Stress-relaxation measurements of the vitrimers at different temperatures proved their
reprocessability. (e) Activation energies of the vitrimers exhibiting comparable values of 70—
80 kJ mol! (f) Stress-strain curves of the vitrimers show a soft vitrimer in case of VU1 and hard

vitrimer in case of VU2.
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The vitrimer VU2 showed an averaged E-modulus of 1567 MPa, an averaged tensile
strength of 56.5 MPa, and an averaged elongation at maximum stress of 5%. VU1 showed
an averaged E-modulus of 104 MPa, a tensile strength of 8.2 MPa, and an elongation at
maximum stress of 22% (Figure 67f). The results show that VU1 appears as a soft
material, since the glass transition temperature is below 20 °C. VU2 shows a higher 7,

and already reached the glassy state at 20 °C.

This subchapter shows that D-glucose is a suitable raw material for vinylogous urethane
vitrimers and can be cured with the poly(oxypropylene)-based triamine J403. Moreover,
the synthesis can be carried out at room temperature in water since the partly
acetoacetylated D-glucose with remaining OH groups and J403 are water-soluble.
Nevertheless, a sintering process to obtain porous materials was not possible with these
vitrimers. For an efficient sintering process, the temperature has to be in a suitable range
for the exchange reaction to proceed, which is usually above 100 °C for vinylogous
urethane vitrimers. Moreover, sintering works better if the materials are not yet in the
rubbery state at the sintering temperature, which means a high 7§ is usually beneficial.
For these reasons, a vitrimer cured with fully acetoacetylated glucose and cadaverine
(DAP) was developed. Cadaverine is a bio-based/biogenic amine and is generated from
the amino acid lysine by an enzymatic decarboxylation reaction.'®” Unfortunately, the
reaction could not be carried out as a bulk reaction because the condensation reaction
with the small diamine proceeds very fast and no homogeneous materials could be
obtained. However, it was explored that fully acetoacetylated D-glucose is partly soluble
in water at 80 °C. Moreover, when adding amines to the aqueous acetoacetate solution,
the condensation starts, and the mixture turns into a clear and transparent solution before
cross-linked vitrimer fragments start to precipitate. The reaction temperature was lowered
after 30 minutes to room temperature and stirred for another 24 hours. The precipitated
fragments were washed several times and isolated as white powder. The unique, dynamic
behavior of vitrimers allows the materials to be compressed as a film again under heat
compression. With this, either a porous material or a dense vitrimer film could be
synthesized (VU3). Figure 68 shows pictures of the bulk reaction as gel and film as well

as the solvent-based route.
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Figure 69: Pictures of the bulk reaction of vinylogous urethane, showing the gelation and the
compressed film (left). Pictures of the water-based synthetic route showing the clear solution, the

precipitated vitrimer in the solvent, the dried powder, and the compressed porous and dense films
(right).

SEM images show the porous material sintered for 10 minutes at 130 °C and 20 kN, while
compressing at 160 °C at 40 kN led to dense films, as shown in Figure 69a. ATR-FT-IR
spectra show similar results in the case of the dense and porous films by measuring the

characteristic vinylogous urethane bands as shown in Figure 69b.
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Figure 69: (a) SEM images showing the porous film with worm-like structures compared to a
dense film. (b) ATR-FT-IR spectra of the dense film and a porous film show the characteristic

vinylogous urethane bands and similar spectra in both cases.

At this point, it must be noted that a high glass transition temperature is crucial for
sintering porous films because it prevents the material from melting directly into a dense
film. The vitrimer made of acetoacetylated D-glucose and cadaverine exhibited a high
glass transition temperature above 120 °C, as shown by DSC measurements (Figure 70).
Compared to the previous vitrimers VU1 and VU2 the use of cadaverin led to a lot higher

T, than using the poly(oxypropylene)-based J403.
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Figure 70: DSC measurements of the dense and porous films show comparable 7,s of 115-

120 °C (on-set).

To determine the thermomechanical properties, oscillatory and step shear experiments
were carried out. Amplitude sweeps showed yield points below 0.1% at 150 °C, proving
both material's high-crosslinking density and stiffness, even at high temperatures
(Figure 71a). Frequency sweeps at 150 °C proved the formation of cross-linked materials
in a broad frequency range (Figure 71b). The dense film always showed a slightly higher
storage modulus, while the trend was not very pronounced. Stress-relaxation
measurements were carried out at 160 °C and proved the reprocessability of both
networks (Figure 71c). Nevertheless, it must be addressed that the low yield points and
the high stiffness of materials gave problems for the DMA measurements. These
properties often led to measurement errors and reached the limits of the device. For these
reasons, DMTA measurements and the determination of the activation energies were not
possible. Tensile tests were carried out to compare the dense vitrimer films and the porous
materials (Figure 72). The results show brittle materials in both cases, while the dense
film shows a higher mechanical stability and stiffness than the porous film (E-modulus:
~1800 MPa and 800 MPa). This result was expected due to the porous network structure.
Moreover, the vitrimer powder was compressed at room temperature in another
experiment. The compressed material disintegrated immediately when applying any

force, indicating that the fragments were not connected.
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Figure 71: (a) Amplitude sweeps of the dense and the porous vitrimer films (G'= dark color and
G" = light color, = 10rad s, 150 °C) (b) Frequency sweeps of the dense and the porous vitrimer
films (G'= dark color and G" = light color, y= 0.01, 150 °C). (¢) Stress-relaxation measurements

of the dense and the porous vitrimer films (y=0.1).

This is reasonable because the exchange reaction to connect the particles cannot proceed
at room temperature and prevents the fragments to connect to each other. First
experiments showed that water can slowly penetrate through the porous film, while this
behavior was not observed for the dense film. This behavior is necessary to allow the
application of a rough filter membrane. For a detailed picture, further investigations

regarding the pore size and the polarity of the surface have to be carried out.
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Figure 72: Stress-strain curves of the dense and porous vitrimers films.

This chapter showed, that D-glucose can be used to prepare acetoacetate monomer for
vinylogous urethane vitrimers in a water-born polymerization. The cross-linked
vinylogous urethane fragments precipitate in water and could be sintered into porous
films with a worm-like structure. The unique nature of vitrimers enables a fusion of the
vitrimer fragments at the touching points. These networks can possibly be used for
applications, e.g., water/oil separation or the implementation of other functional units,
e.g., crown ethers for lithium filtration, silver particles for antiviral and antibacterial
filtering or many other functional modifications. To also contribute critical thoughts, it is
questionable whether energy-intensive chemical and physical recycling methods can
reprocess the membranes/pores sufficiently well and techno-economical calculations
must show whether such applications are possible.

The research on this subject was continued in the scope of the master thesis of Gloria

Signorato.!%®
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6.3.6 Vinylogous Urea Vitrimers — One-pot Pulk Polymerization

Since the first introduction of vinylogous urethane vitrimers (VU) by Du Prez and
coworkers in 2015, countless works have been published based on various alcohols as
basis for acetoacetate monomers and a broad band of mechanical properties have been
developed.” 7 However, vinylogous urea vitrimers (V-UREA) have attracted less
attention withonly one reported publication in 2018. In this work, V-UREAs based on
different acetoacetamide monomers derived from primary aliphatic, primary aromatic and
secondary amines were cured with trifunctional TREN and DAH (Figure 73). The
vitrimers were discovered in terms of their mechanical properties, exchange mechanism,
and their application in fiber-reinforced composites. Comparing the results to VUs,
slightly lower activation energies of 49—54 kJ mol™! were calculated, with remarkably

2 Moreover, V-UREAs with comparable mechanical

short stress-relaxation times.
properties were reported, showing that vinylogous urea vitrimers can compete with

reported VU-vitrimers properties.>
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Figure 73: Acetoacetamide monomer structures for the synthesis of vinylogous urea vitrimers
based on aliphatic ethylendiamine, 1,4-benzenediamine and piperazin according to Denissen

etal.?

Nevertheless, this type of vitrimer did not receive much attention afterward, with only
one further publication, which is included in this thesis, reporting about “blended
vinylogous urethane/urea vitrimers derived from aromatic alcohols” (publication 2).

Reasons for that might be the enormous availability and interest in alcohol-based raw
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materials for vinylogous urethane vitrimers, the higher affinity to hydrolysis, or the more
complex synthetic route to acetoacetamide monomers. Nevertheless, vinylogous urea
vitrimers show similar reaction behavior to vinylogous urethanes with fast, catalyst-free
exchange reactions. Moreover, the availability of countless different di- and trifunctional
primary and secondary amines offers the potential for a variety of material properties. As
established for vinylogous urethanes, the acetoacetamide monomers for vinylogous urea
vitrimers were typically synthesized by the reactant TBA at 135 °C.?! The reactive
acetylketene undergoes a fast addition reaction with the nucleophilic amine to form the
acetoacetamide. A disadvantage, in contrast to acetoacetates, is that amines likewise react
with the TBA or acetoacetamides during the reaction, giving a mixture of different
compounds, which have to be extensively separated and purified.

To turn this weakness into a strength, the acetoacetamidation agent TBA was substituted
with TMDO. Furthermore, the usually two step synthetic route, with the monomer
synthesis first and the polymerization step second, was combined to a simple one-pot
polymerization.

With this, a new synthetic route of vinylogous urea vitrimers was developed. As example,
the trifunctional amine J403 was mixed in a stoichiometric ratio with TMDO
(Figure 74a). The stoichiometric ratio was set to two amine groups per TMDO unit plus
an excess of amines in the network. This ratio is equal to a R-value of 0.7 in the final
material (R = acetoacetamide to amine ratio). After stirring for 20 minutes at 135 °C a
homogeneous gel was obtained and post cured for 40 minutes at 135 °C, followed by 20 h
at 100 °C and 1 h at 150 °C in vacuo. At elevated temperatures, the amines react fastly
with the electrophilic acetylketene to form the acetoacetamide, followed by a fast
condensation reaction to form a vinylogous urea bond (Figure 74b). For the network
formation the use of a trifunctional amine and a suitable R-value is crucial in order to
obtain a cross-linked polymer network. Two materials were synthesized by this synthetic

route and named as V-UREA1 and V-UREA2
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Figure 74: (a) Used monomers for the one-pot bulk reaction of TMDO, T403 and m-X. (b)

TMDO dissociated into a reactive acetylketene, which undergoes a fast addition reaction with a
primary amine, followed by the condensation reaction of the emerged acetoacetamide to form the

vinylogous urea vitrimer.

V-UREAI was only synthesized with J403 and TMDO (R = 0.7), while V-UREA2 was
synthesized with a mixture of J403 (40 mol% NH: groups) and m-X (60 mol% NH:
groups) (R = 0.95). After curing, the dried gels were heat pressed at 150 °C to a 1 mm

thick films as shown in Figure 75.

Compressed .
Gel film Specimen

Figure 75: Pictures of the synthesized gel, the compressed film and the specimen of the

synthesized vinylogous urea vitrimers.
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ATR-FT-IR spectra show the formation of the characteristic vinylogous urea bonds
compared to vinylogous urethane bonds (Figure 76). The C=C band in VU and V-UREA
appears at a similar wavenumber of 1590-1600 cm™', while the C=0 amide bands appear
at 1622-1624 cm™ and the C=0 ester bands at higher wavenumbers around 1650 cm™'.
As shown in publications 2 and 3, these bands can shift up to 9 cm™ for different VU
networks depending on the used monomers backbones. Nevertheless, the conjugated

amide bands of V-UREA appear at significantly lower wavenumbers than the conjugated

ester bands of VU.
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Figure 76: ATR-FT-IR spectra of a reference vinylogous urethane vitrimer showing the
characteristic C=0 ester (blue) and C=C (red) bands (VU-DADD, publication 3). Besides, the
synthesized vinylogous urea vitrimers V-UREA1 and V-UREA2, show the characteristic C=C
(red), C=0 amide (green) and C=0 bands.

To investigate the mechanical properties of the vitrimers, oscillatory and step shear
experiments were carried out. The measurements were carried out within the viscoelastic
regime so that the storage and loss modulus were independent of strain. Amplitude
sweeps were measured at 100 °C and showed yield stresses >20% (Figure 77a). DMTA
measurements show cross-linked polymers with a characteristic rubbery plateau, while

the plateau of V-UREA2 is lower than V-UREAT1. This can be explained by the lower
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cross-linking density when the linear diamine m-X was implemented (Figure 77b). The
loss factors indicate a low Ty of the poly(oxypropylen)-based V-UREA1 (1 °C) and a
higher 7 (45 °C) in the case of the mixed V-UREA?2 (Figure 77c). Frequency sweeps
likewise prove the formation of cross-linked materials at 100 °C (Figure 77d). To prove
the reprocessability of the networks, stress-relaxation measurements in the temperature
range of 100-160 °C were carried out (Figure 77¢) (stress-relaxation curves of V-UREA2
are shown in appendix Figure A13). Next, the activation energies of the chemical
exchange reaction (transamination) were determined by plotting the stress-relaxation time
at 37% of the normalized stress-relaxation modulus versus the reciprocal temperature to
calculate the E. from the slope of the linear fit. Doing that, similar activation energies of
6668 kJ mol™! were calculated for both materials (Figure 77f). Comparing this result to
reported values of 49-54 kJmol! for vinylogous urea vitrimers, the values are
significantly higher. This can be attributed to the different molecular structure of the
networks or a more accurate determination. Inhere 7 measurement points were used in a
broad temperature range, while in the publication described at the beginning only 3 points
were used in a shorter temperature range.”?! However, also for vinylogous urethane
vitrimers, a broad range of activation energies between 68—149 kJ mol™! have been
reported for different polymers, which leads to the assumption that this can also be the

case for vinylogous urea vitrimers.”

Tensile tests were carried out at 20 °C to investigate the mechanical properties of the
materials. The elastomeric V-UREAI1 shows an averaged low E-modulus of 2 MPa, a
tensile strength of 0.9 MPa and a tensile strain of 136%. V-UREA2 shows an averaged
E-modulus of 850 MPa, a tensile strength of 33 MPa and a tensile strain of 4.3%
(Figure 78). The results show that the use of m-X with the aromatic backbone enhance
the stiffness and 7, of the vitrimer. Moreover, it proves that the developed one-pot
polymerization also works for V-UREAs with different amines and likewise linear

diamines can be implemented.
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Figure 77: (a) Amplitude sweeps of V-UREA1 and V-UREA2 (G' = dark color and G" = light
color). (b) DMTA measurements of V-UREA1 and V-UREAZ2. (¢) Plot of the loss factor versus
the temperatures of V-UREA1 and V-UREA2. (d) Frequency sweeps of V-UREA1 and
V-UREAZ2 (e) Stress-relaxation measurements of V-UREAL. (f) Plot of In t versus the reciprocal

temperature to determine the activation energy from the slope of the linear fit.
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Figure 78: Stress-strain curves of the vitrimers V-UREA1 and V-UREA?2 at 20 °C.

This chapter introduced an easy pathway for the one-pot bulk synthesis of vinylogous
urethane vitrimers networks, exemplified shown by mixing TMDO with J403 and using
the diamine m-X as a hardener due to its aromatic backbone. The synthetic route implies
the acetoacetamidation and condensation reaction simultaneously, which lowers the effort
and energetic costs for the fabrication of this type of vitrimer. As described in chapter
6.1, acetoacetamides and vinylogous urea vitrimers can likewise be synthesized in water,
which offers another green synthetic route and expands the choice of possible monomers.
As an outlook, the method can possibly be expanded by various other di- and trifunctional
aliphatic, aromatic and secondary amines, as well as mixtures of these and different R-
values. With this, the materials dynamic behavior and the thermomechanical properties

can be tuned and various tailor-made vitrimers can be synthesized.
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6.4 Composites

6.4.1 Iron-oxide Nanocomposites

This chapter describes the synthesis and characterization of different vitrimer-composites
made of iron-oxide nanoparticles and a vitrimer matrix. Furthermore, a phosphonic acid
ligand/linker was developed to bind the iron-oxide surface to the vinylogous urethane

vitrimers.

6.4.1.1 Synthesis of a phosphonic acid ligand with an acetoacetate endgroup

Phosphonic acid ligands are known to bind very well to iron-oxides surfaces, e.g., iron-
oxide nanoparticles. In order to prepare thermoreversible vitrimer nanocomposites, a
ligand was synthesized to connect the interface of the nanoparticles to the polymer

matrices. #0171

11-Hydroxyundecylphosphonic acid (HUPA) was modified by an
acetoacetylation reaction using TMDO to form the corresponding acetoacetate ligand
HUPAAacac (Figure 79a). ATR-FT-IR spectra proved the formation of HUPAAacac by
measuring the characteristic acetoacetate C=0 ester (1739 cm™) and C=0O ketone
(1714 cm™) bands, while the O-H band (3000-3500 cm™) of HUPA disappeared.
Furthermore, the spectra showed the typical P-OH (2200-2450 cm™ and 1000-1070 cm'™")
and P=0O (1253 cm™!) bands of the phosphonic acid moiety (Figure 79b). 'H NMR
spectroscopy confirmed the results by measuring the characteristic CHz (2.16 ppm) and
CH> (3.58 ppm) signals of the acetoacetate group together with the typical signals and
intensities of HUPAacac (Figure 79¢). 3C NMR spectroscopy likewise proves the
structure by measuring the characteristic CH3 (30.1 ppm), CHz (49.6 ppm) and the
emerging quaternary signals (167.3 ppm, 201.6 ppm) of the acetoacetate group together
with the corresponding CH: groups of the backbone (Figure 79d). ESI-MS confirmed the
formation by measuring m/z values of M= 337.177 and MN** = 359.158 (My=336.176 g

mol™) (Figure 79e).
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Figure 79: (a) Scheme of the acetoacetylation reaction of HUPA. (b) ATR-FT-IR spectra of the
raw ligand HUPA and the acetoacetylated ligand HUPAacac (¢) '"H NMR spectra of HUPA and
HUPA Acac, showing the characteristic CH; (2.16 ppm) and CH, (3.58 ppm) signals of the
acetoacetate group (d) '*C NMR spectra of HUPA and HUPAacac proving the formation by
measuring the characteristic CHz (30.1 ppm) and CH: (49.6 ppm) signals (e) ESI*-MS

measurement of HUPA Acac.
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6.4.1.2 Ligand exchange on cubic and spherical iron-oxide nanoparticles

In order to bind the ligands to the surface of the particles, a ligand exchange was carried
out, where oleic acid was substituted with HUPAacac. Michael Kampferbeck and Lea
Klauke developed and carried out the particle syntheses and the ligand exchanges in the
scope of the SFB986 project Al. Cubic and spherical nanoparticles with a diameter of
12-18 nm were synthesized. Subproject A2 developed and delivered the ligand to
subproject Al and returned modified nanoparticles solutions, which were used by A2 for
the synthesis of composite materials. ATR-FT-IR proved the ligand exchange by
measuring the characteristic C=0 ester (1739 cm™!), C=0 ketone (1714 cm™') stretching
vibration bands and the P-O stretching vibration band in the area of 920-1100 cm™. In
addition, monofunctional hexylamine was added to the modified particles, proving the
formation of the characteristic vinylogous urethane bonds prepared by the condensation
reaction of the acetoacetate group and hexylamine. The vinylogous urethane bands show
the characteristic C=0 ester (1650 cm™) and C=C (1605 cm™) stretching vibrations

together with decreasing acetoacetate bands (Figure 80).
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Figure 80: (a) ATR-FT-IR spectra of the iron-oxide nanoparticles (NP) with oleic acid (OA), the
nanoparticles with HUPAaca. after the ligand exchange (marked in red) and after adding
hexylamineto form the characteristic vinylogous urethane bonds (marked in blue). The P-O
vibration of HUPA sca. is marked in purple. (b) ATR-FT-IR spectra showing spherical, cubic and
clustered iron-oxide nanoparticles after the ligand exchange with HUPAAxcac, showing the
characteristic carbonyl bands of the acetoacetate (marked in red). The P-O vibration of HUPA acac

is marked in purple.
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6.4.1.3 Magneto-responsive elastomeric composites

In this chapter, the synthesis and characterization of magneto-responsive elastomers is
described. As mentioned earlier, the SFB986 area-A aims for the development of
hierarchical, thermoreversible composite materials. As a milestone, it was investigated if
the modified particles could be homogeneously distributed into a vitrimer matrix with a
relatively low amount of particles. Besides this test, the synthesis of magneto-responsive
elastomers offers potential applications in the field of robotics and sensors by using the
unique, self-healing, and shape-memory properties of vitrimers, combined with the
magnetic properties of iron-oxide. Properties such as the deformation of soft materials in
a magnetic field via contraction or deflection, orientation and alignment of particles in a
magnetic field, or a magnetic field-induced shape memory are just a few interresting
properties for smart materials. Even medical applications, e.g., nanoparticle guidance,
cell guidance, molecular separation, or controlled drug delivery, are possible.!”? In
combination with vitrimers, possible properties such as reprocessing, self-healing, or
solid-state alignment of the particles in a magnetic field are conceivable. One example of
a magneto-responsive elastomeric vitrimer doped with iron-oxide microparticles was
already published. The elastomeric vitrimer was synthesized by a thioplast with the
epoxy-terminated monomer (EPS25), which were mixed in a stoichiometric ratio of two
sulthydryls (2,2'-(ethylenedioxy)diethanethiol (EDDET) and pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP)). (Dimethylamino)pyridine (DMAP) was chosen as a
catalyst and iron-oxide particles in the micrometer range were added. The vitrimer
showed viscoelastic properties under thermal treatment/UV-light by disulfide metathesis.
The material exhibited shape-memory, remolding, reprocessing, and self-healing
properties, while the focus was on various options of weldability and malleability. The
material could be moved by magnetic fields and pass through small tunnels due to the
flexibility of the elastomeric network. Also, precise reprogramming of the shape by lasers
was shown. !

In this work, the vitrimer VU-EGys03 (R = 0.75) was used and the composite synthesized
with additional 10 wt% of functionalized, 18 nm cubic iron-oxide nanoparticles with a
surface density of 1.65 ligands nm™' and 42 mol% of exchanged HUPA scac (provided and
measured by subproject Al). The average functionality of one nanoparticle was

calculated to 1700 acetoacetate groups. The prepared composite was named as
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VUC-EGy403. The use of the ligand HUPA acac stabilized the nanoparticles in chloroform
very well, since the polarity of the aprotic, polar acetoacetate group interacts very well
with the solvent. The use of J403 enabled slow gelation, which hindered early
agglomeration and precipitation of the material. Pictures show the gelation process and
the resulting black material as well as SEM images, showing a homogenous distribution

of the particles in the vitrimer composite (Figure 81).
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Figure 81: (a) Pictures of the gelation process of the elastomeric, magneto-responsive composite
material. (b) SEM images of the composite VUC-EGyo3, showing a homogeneous particle

distribution in different magnifications and detectors (cross-fracture).

ATR-FT-IR spectra proved the formation of the characteristic C=C band (1597 cm™") and
C=O0 ester band (1650 cm™) of the vinylogous urethane bonds, as shown in the appendix
(Figure A14). Since the mass content of the inorganic particles is only 10 wt%, the matrix
and composite spectra appear pretty similar, while the particle bands can barely be
identified. DMTA measurements of the composite and the matrix vitrimer without
particles show cross-linked materials with a characteristic rubbery plateau (Figure 82a).

The rubbery plateau of the composite appears slightly higher than the matrix, which is
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caused by the addition of the multifunctional cross-linker (nanoparticles). Nevertheless,
it is reasonable that the curves do not differ significantly since the load of particles is only
10 wt%. The loss factors showed elastomers with 7,s of 0 °C in the matrix and 2 °C in
the composite (loss factor maximum, Figure 82b). Stress relaxation experiments were
carried out in order to investigate the reprocessability of the networks. Interestingly, the
composite showed five times shorter stress-relaxation times at 160 °C (Figure 82c). Since
the particle load is quite low, similar relaxation times are generally expected but the
experimental results showed huge differences. Exploring the differences, a phosphonic
acid ligand was added to the composite. Brensted acids are known to efficiently catalyze
the transamination reaction, which can explain the shorter relaxation times. The
phosphonic acid provides additional protons and acted not only as a cross-linker but also
as a catalyst. With this, the relatively slowly relaxating VU-EGjs03 matrix vitrimer,
became a fastly relaxating vitrimer as a composite VUC-EGy403. This behavior is quite
unusual since composites usually show longer relaxation times than the pure matrix
vitrimer. For the composite, stress-relaxation measurements at 130-160 °C were carried
out (Figure 82d). An activation energy of 104+0.4 kJ mol! was determined (Figure 82e).
Since the matrix vitrimer relaxated very slowly, no activation energy could be
determined.

The stress-relaxation experiments show that the composites are fully reprocessable and
can be remolded and reshaped several times by heat compression. Furthermore, it was
investigated if the functional vitrimers could be combined with other vitrimers by adding
defined shapes and fusing the materials. As shown in Figure 83, a zig-zag shape and a
dot were put onto a vitrimer film and were slowly compressed at 150 °C until the
composite was embedded into the pure vitrimer matrix. This experiment showed that
vitrimer units and films could be easily fused, and even defined shapes of functional,

modified vitrimers could be implemented.
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Figure 82: (a) DMTA measurements of VU-EGiso3 and the composite VUC-EGjaoz with 10 wt%

nanoparticles (G' = dark color and G" = light color, @ = 10 rad s, y = 0.01%). (b) DMTA

measurements showing the loss factor and 7,s of the materials. (c¢) Stress-relaxation

measurements of the matrix vitrimer and the composite at 160 °C. (d) Stress-relaxation

measurements of the composite at 130, 140, 150 and 160 °C (e) Plot of In 7 versus the reciprocal

temperature to determine the activation energy of the composite from the slope of the linear fit.
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Figure 83: Pictures of the matrix vitrimer VU-EGys03 and the composite material VUC-EGyao3 in

different shapes before and after fusion through heat compression at 150 °C.

Moreover, the material showed magnetic field-induced deflection of the fused material,
while the small dot is enough to bend the whole material (Figure 84). Especially in the
case of magneto-responsive composites, this behavior can offer the potential for specific
applications in terms of thermoresponsive or mechanical-responsive materials, as
mentioned in the introduction of this chapter. Moreover, benefits are the lower amount of
needed functional material and the ability to control the shape and pathway of the

functional layer/unit.

Magnetic
field

Figure 84: Bending of the fused elastomeric vitrimer-composite in a magnetic field.

This chapter shows that iron-oxide nanoparticles can be easily implemented into a
vitrimer matrix. Moreover, the catalyzing effect of the phosphonic acid ligand HUPAacac
on the exchange reaction was described. At least, the fusion of different vitrimers was
explored together with a deflecting effect in a magnetic field, which offers possible

applications and research fields for the prepared magneto-responsive vitrimers.
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6.4.1.4 Composites with a high load of inorganic particles

In this subchapter, a composite with a high load of 70 wt% of inorganic iron-oxide
nanoparticles was prepared. HUPAacac-modified, 12 nm cubic nanoparticles were
dispersed in chloroform and mixed with GLacac and DAO. Since the desired composite
materials with a high load of inorganic particles should exhibit a rigid material with a
high elastic modulus, a thermosetting matrix vitrimer was chosen. Figure 85a/b show the
resulting black material and SEM images show a highly packed material with a partly
ordered and random distribution of the cubic nanoparticles. Because of the particle's
different packing, the composite showed different phases and was not totally
homogeneous. The main goal was to investigate if composites with such a high load of
particles were still reprocessable because the close packing of the nanoparticle cross-

linkers may hinder an efficient stress-relaxation process.

a

Figure 85: (a) Picture of the composite material (b) SEM images of the composite VUC-GLpao,

showing a homogeneous particle distribution in different magnifications (cross-fracture).
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ATR-FT-IR spectra proved the formation of the characteristic C=C band (1597 cm™') and
C=0 ester band (1650 cm™) of the vinylogous urethane bonds (appendix, Figure A14).
DMTA measurements show a significant change in the properties in comparison of the
pure matrix vitrimer VU-GLpao and the composite material VUC-GLpao with 70 wt%
modified nanoparticle load. Both materials exhibit cross-linked materials with a
characteristic rubbery plateau, while the rubbery plateau of the composite is more than
one magnitude higher (Figure 86a). In addition, the 7, of the composite is significantly
higher than the matrix vitrimer. Plotting the loss factor versus the temperature 7gs of
33 °C for the matrix and 65 °C for the composite were measured (Figure 86b). These
results show the reinforcing effect of the nanoparticles, which act as an additional
polyfunctional cross-linker due to the HUPAacac bearing ligand with a functionality of
approximately 1600 acetoacetate groups per nanoparticle (f = 1600). Moreover, the
relatively low amount of vitrimer between the particles can no longer be considered an
actual polymer since the number of repeating units is theoretically in the range of

oligomers.

Stress-relaxation experiments were carried out in the range of 90-130 °C to explore the
composites reprocessing ability. This was especially interesting since the high load of
particles may hinder efficient stress-relaxation, which is a typical label for vitrimers.
Figure 86¢ shows the normalized stress-relaxation curves and complete stress relaxation
of the composite VUC-GLpao. Remarkably, the stress-relaxation times of the composite
were much shorter than the pure matrix vitrimer. This behavior was already investigated
for the magneto-responsive elastomers in the previous chapter and can be attributed to
the presence of the HUPAcac ligand, which acted as a Bronsted catalyst. Moreover, a
comparison of the activation energies shows comparable values of 107 (matrix) and
102 kJ mol™!' (composite), with the composite even showing a slightly lower activation
energy (Figure 86d). This behavior is also quite unusual since the activation energies of
composites are usually higher than the pure matrix.?? Since the amounts of material were
consistently low for composites with high loads of particles, nanoindentation
measurements were carried out to gain results about the mechanical properties. For
VU-GLbpao, an averaged E-modulus and an averaged hardness of 1.1 +0.1 GPa and
0.05+0.01 GPa were measured. For VUC-GLpao, an averaged E-modulus and an averaged

hardness of 2.2 +0.2 GPa and 0.16+0.02 GPa were measured, doubling the E-modulus
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and a tripling of the hardness. The results pointed out that implementing the particles can
greatly strengthen the material while simultaneously improving the reprocessability due

to the phosphonic acid catalyst.
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Figure 86: (a) DMTA measurements of VU-GLpao and the composite VUC-GLpao with 70wt%
nanoparticles (G'= dark color and G"= light color, @ = 10 rad s, y = 0.01%). (b) DMTA
measurements show the loss factor and 7,s of the materials. (¢) Stress-relaxation measurements
of the composite at 90—130 °C (y = 1%). (d) Plot of In 1 versus the reciprocal temperature to

determine the activation energy of the matrix vitrimer and composite from the slope of the linear
fit.
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6.4.1.5 Hierarchical composites

In the scope of the project SFB986 area A, the goal was to develop hierarchical materials
with different length scales, a high content of inorganic particles and a thermoreversible
polymer matrix (Figure 87). Several milestones had to be reached to achieve this goal,
from the development of the nanoparticles, the nanoparticle clustering, the ligand/linker,
the vitrimers, and a route to combine everything (project Al and A2). This subchapter
shows a first trial in which clustered spherical nanoparticles (15 nm) were functionalized
with HUPAacac and incorporated into a vitrimer matrix (VU-EGja403), followed by a heat
compression step. The vitrimer was chosen since it usually stabilized the nanoparticles
very well and prevented agglomeration and sedimentation. A weight ratio of
approximately 50 wt% polymer was used. SEM images show intact nanoparticle clusters
of 200400 nm embedded in a vitrimer matrix of VUHC-EG; (Figure 87). Heat
compression at 150 °C showed that the composite can be remolded without destroying
the clusters, which showed a reasonably good stability of the clusters. Nevertheless, the
process has to be improved since the composite showed inhomogeneities due to relatively
fast agglomeration and sedimentation of the large and not well dispersible clusters in
toluene. Further research has to be done to stabilize the clusters and embed them into a
vitrimer matrix. Mechanical tests were not conducted on this material since the

synthesized amount was very low.

This chapter describes that a simple acetoacetylation reaction can synthesize a suitable
phosphonic acid ligand with an acetoacetate-bearing group. Moreover, it was investigated
that the ligand can easily substitute oleic acid ligands and formate stable solutions in
chloroform. The modified nanoparticles can be used for magneto-responsive elastomers
and acted as an additional polyfunctional cross-linker in the material.
Magneto-responsive elastomers are attractive for applications such as robotics or sensors.
In the scope of SFB986 it was also shown that the particles could be used in high amounts
to prepare highly loaded composites with 70 wt% of particles, which significantly
changed the thermomechanical properties. Remarkably, it was found that adding the
ligand HUPAcac provided additional protons to the material and acted as a Bronsted

catalyst, which accelerates the transamination reaction.
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Figure 87: SEM images of the hierarchical composite VUHC-EGj403, showing 200—400 nm
nanoparticle clusters prepared of 15 nm spherical nanoparticles embedded into a vitrimer matrix

at different magnifications. Reproduced with permission of SFB986.

As an outlook, it is shown that nanoparticle clusters could be modified by the ligand
HUPAcac and implemented into a vitrimer matrix to form a hierarchical composite on

different length scales.
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6.4.2 Nacre-inspired, Polymer-ceramic Vitrimer Composites

In this chapter, a nacre-inspired, thermoreversible polymer-ceramic vitrimer composite
based on surface-modified aluminaoxide platelets, acetoacetylated glycerol and a
poly(ethylene glycol)-based diamine (2,2'-(ethylendioxy)diethylamino, OE) is explored.
The project was carried out in collaboration with subproject A6 (TUHH). The central part
of the results was published by Winhard ef al. in Elsevier — Additive Manufacturing with

the title “Direct write 4D-printing of smart, nacre-inspired, organic-ceramic composites”
(DOI:10.1016/j.addma.2023.103776). Benedikt Winhard and co-workers (A6) prepared

the modified aluminaoxide platelets, developed, processed and optimized the in-situ
polymerization via 3D-printing and characterized the polymers/composites. This work
focused on a single-step printing process, in which micron-sized alumina-platelets were
printed as suspensions with a trifunctional acetoacetate and an amine. After printing, the
solvent evaporates quickly, which enables a fast polycondensation reaction of the

acetoacetates and the amines to align the platelets and form the composite material.

(8) Stable suspension (A) (c) Shear induced alignment
T

Rt

Mo~ O

k:ﬂ

(D) Solventevaporahon c(Monomers)?t

-H0

Figure 88: (a) Scheme of the direct write 4D-printing process. (b) Scheme of the used monomers:
APTMS-functionalized alumina platelets, trifunctional acetoacetates, diamines and ethanol as
solvent. (¢) The platelets align after extrusion due to shear flow induced by suspension spreading.
(d) The solvent evaporation induces the polycondensation reaction of the acetoacetates and
diamines to form a vinylogous urethane vitrimer. (e) Scheme of the synthesized

173

polymer-inorganic composite material. Reprinted from Winhard et al.'” with permission of

Elsevier, ©2023, licensed under CC-BY-4.0
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The unique properties of vitrimers enable self-healing, reprocessing, reshaping, and
rearrangement of the alumina platelets within the cross-linked composite material.
Detailed information is shown in the publication, while the overall process is shown
schematically in Figure 88.!"3

Besides 4D-printing, the used materials were also synthesized by simple bulk reaction
and investigated in terms of their thermomechanical properties. This project was
conducted in the scope of this thesis and the results are shown in the following part. The
goal was to implement the alumina-platelets homogeneously into a vitrimer matrix and
enable a thermal- and pressure-induced alignment of the anisotropic platelets in the final,
cross-linked composites. The ethanolic aluminaoxide-aminopropyltrimethoxysilane
(Al203-APTMS) solution was provided by subproject A6. Ethanol was slowly evaporated
until the mixture became highly viscous. The ratio of inorganic particles to vitrimer
matrix was also set to 40:60 wt%, as carried out for the 4d-printing project. The
acetoacetate monomer GLacac and the diamine OE were added and mixed until gelation
occurred (R = 0.8). Afterward, the composite was post-cured to ensure complete
conversion and remove excess water and ethanol. ATR-FT-IR spectra proved the
formation of the vinylogous urethane vitrimer by measuring the characteristic C=C (1592
cm™) and C=0 ester stretching vibration bands (1646 cm™) of the vinylogous urethane
bonds. Moreover, N-H bands (3000-3700 cm™), C-N (1230 cm™), and C-O (1164 cm™)
bands were measured and characterized the vinylogous urethane vitrimer matrix in the

pure reference vitrimer and the vitrimer composite (Figure 89).
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Figure 89: ATR-FT-IR of the reference matrix vitrimer VU-GLog and VU-NACRE showing the
characteristic C=C band (1592 cm™) and C=0 ester band (1646 cm™) of the vinylogous urethane
bonds together with N-H bands (3000-3700 ¢cm™), C-N (1230 cm™) and C-O (1164 cm™) bands.
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DMA measurements were carried out to investigate the material's mechanical properties
and reprocessability by oscillatory and step shear experiments. Amplitude sweeps of the
matrix vitrimer at 100 °C show a high yield point at 30%, while for the composite
material, 1% was measured. Due to the additional amine-bearing surface, the AlO3
particles acted as a filler and polyfunctional cross-linker and increased the cross-linking
density, which led to a decrease in flexibility with a higher stiffness of the composite
(Figure 90a). Frequency sweeps of the matrix vitrimer and composite material at 100 °C
indicate cross-linked materials in a broad frequency range (Figure 90b). DMTA
measurements in the range of 0—150 °C displayed maximal storage moduli of 810 MPa
(VU-GLog) and 1180 MPa (VUC-NACRE) and rubbery plateaus of 0.3 MPa (VU-GLoE)
and 1.5 MPa (VUC-NACRE), indicating cross-linked materials and a higher stiffness of
the composite material (Figure 90c). The loss factors (maximum) indicate rather similar
glass transition temperatures of 32 °C (VU-GLoE) and 34 °C (VUC-NACRE). This is
reasonable since the composite consists mainly of the matrix vitrimer (60 wt%)

(Figure 90d).
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Figure 90: (a) Amplitude sweeps of the matrix vitrimer and composite material at 100 °C (@ =
10 rad s™). (b) Frequency sweep of the materials at 100 °C (@ = 0.00062—620 rad s™', y = 0.1%).
(¢) DMTA measurements of the matrix vitrimer and composite material at 0—150 °C, showing the
storage and loss moduli (@ = 10 rad s, ¥ = 0.01%). (d) DMTA measurements show the loss

factors and the glass transition temperatures of the materials (w= 10 rad s, y=0.1%).

Stress relaxation measurements were carried out at different temperatures of 90—150 °C,
with the matrix vitrimer showing shorter stress relaxation times than the composite. The
vitrimer shows a fast stress-relaxation time of 1.3 s at 150 °C, while the composite shows
10 s (Figure 91a/b). Comparing the activation energies, the composite material shows a
higher activation energy of 86.0+6.9 kJ mol’! than the matrix vitrimer with 66.2+1.5 kJ

mol!, which fit reported values for vinylogous urethane vitrimers (Figure 91c).%> 7
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Figure 91: (a) Stress-relaxation measurements of the matrix vitrimer VU-GLog in the temperature
range of 90-150 °C (3= 1%). (b) Stress relaxation measurements of VUC-NACRE in the
temperature range of 110—-150 °C (y=1%). (¢) Plot of In 7 against the reciprocal temperature. The

slope of the linear fit determines the activation energies of the materials VU-GLor and

VUC-NACRE.
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Typically, composites show higher activation energies than pure matrix vitrimers, which

is also shown in publication 3.2?

In order to investigate the mechanical properties of the materials, tensile tests have been
carried out at room temperature (20 °C). The comparison of the matrix vitrimer and the
composite material shows a dramatic increase in the elastic modulus (£5) from 130 to
1725 MPa and tensile strengths (omg) from 5.8 to 29.9 MPa, while the elongations at
maximum stress (emg) decreased from 7.5 to 2.5% (Figure 92). The aluminaoxide
platelets increase the stiffness of the materials by a multiple and lead to a resilient yet

reprocessable composite material.
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Figure 92: Stress-strain curves of the materials VU-GLor and VUC-NACRE derived from tensile
test measurements at 20 °C, showing the averaged E-modulus (£yp), tensile strength (6.mg) and

strain at break (e.p and enpp).

Pictures and SEM images of the composite material before and after compression
molding showed homogeneously distributed particles within the composite material.
Most interestingly, before heat compression, the orientation of the anisotropic
aluminaoxide platelets was not ordered, while after heat compression, the platelets were
ordered to a nacre-like, layered structure (Figure 93). This behavior showed that the
thermoreversible vitrimer enables the reorganization and the alignment of the hard and
inorganic platelets within the polymer matrix. This outstanding property allows a
postmodification of the composite structure by heat and pressure. Showing this property

was a major goal of SFB 986, as it shows the possibility of subsequently rearranging
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particle clusters in the composite and thus generating defined structures such as brick and

mortar structures.

compression

SR

Figure 93: Pictures of the composite material VUC-NACRE before and after heat compression
at 150 °C for 2 minutes and 10 kN pressure. The composite was pressed into a 1 mm thick film.
SEM pictures of the composite material before and after heat compression with different
magnifications show a random distribution of the platelets before compression and a layered,

more ordered structure afterward.
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Comparing the results to the composites obtained by 4d-printing, the properties were
comparable and showed the same trends but were not precisely the same. Both composites
show low glass transition temperatures of 20-35 °C (on-set) and cross-linked materials.
Moreover, tensile tests show comparable trends. The E-moduli and tensile strengths of
the composited were always increased in both processing methods, while the elongation
at break was decreased dramatically due to the higher cross-linking density. Nevertheless,
a direct comparison is not shown here because the measurement devices, sample

preparation, and measurement parameters were different.
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6.5 Experimental Section

6.5.1.1 Materials

This chapter shows the used raw materials, their purities and the suppliers.

Hexylamine (99%), para-toluene sulfonic acid monohydrate (99%), trifluoroacetic acid
(99%), tert-butyl-acetoacetate (>98%), 2,2’-(ethylenedioxy)diethylamine (98%),
m-Xylylendiamine (98%), 3.,3-N-methyl propyl diamine (98%), Bispenol-A
diglycidylether, PEG 300 (98%), PEG 4000 (98%), 3-armPEG (98%), 1,2,6-Hexantriol
(98%), 1,4-Cyclohexandimethanol  (98%), 1,12 Dodecanediol (98%),
1,3-Benzoldimethanol (98%), Mentane diamine (98%), Ethylenediamine (98%),
11-hydroxyundecylphosphonic acid (95%), and Cellulose cotton linters or fibers were
purchased from Sigma-Aldrich. Benzylamine (>99%) and benzylacetoacetate (>95%),
D-Fructose (98%), D-Glucose (98%), D-Sorbitol (98%), D-Laktose (98%) and
D-Saccharose (98%), Chitosan (95-98%) different molecular weights, Chitin particles
(98%), Cellulose were obtained from TCI. Methylacetoacetate (>99%), and Tris(2-
aminoethyl)amine (97%) were purchased from Alfa Aesar. Ethylacetoacetate (98%) and
1,6-hexanediol (>97%) were purchased from MERCK KG aA. Acetic acid (95%) was
obtained by VWR and dodecylamine (>98%) was purchased from Fluka. Sodiumacetate
(99%) was purchased from pro analysis. Xylene (99%, isomeric mixture) and MgSO4
(99%) were purchased from Griissing. Benzene-d6, DMSO-d6, methanol-d4, and CDCl;
were purchased from Deutero GmbH. Acetic acid and chloroform were purchased from
VWR chemicals. Bisphenol-A (97%), 2,7-naphthalenediol (98%), and hexylamine (99%)
were purchased from Sigma-Aldrich. 2,2,6-Trimethyl-1,3-dioxin-4-one (95%),
benzylamine (99%), aniline (98%), tert-butylacetoacetate (98%) and 1,1,1-tris(4-
hydroxyphenyl)ethane (98%) were obtained from TCI. Tris(2-aminoethyl)amine (97%)
was purchased from Alfa Aesar. Phenol (99.5%) was purchased from MERCK. Xylene
(99%, isomeric mixture) and resorcin (98%) were purchased from Griissing. CDCl3,
benzene-d6 and DMSO-d6 were purchased from Deutero GmbH. Jeffamine® T-403
Jeffamine® D230, Jeffamine® D400, Jeffamine® D2000, Jeffamine® T403, Jeffamine®
T3000 were purchased from Huntsman. Starch (corn), starch (wheat), starch (rice),

hexylamine (99%), alpha-amylase (aspergillus oryzae, 30 U mg-1), iodine (99.5%) and
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ethanol (99%) were purchased from Sigma-Aldrich. 2,2,6-trimethyl-1,3-dioxin-4-one
(95%), tert-butylacetoacetate (98%), 1,5-diaminopentane (98%), 1,4-diaminobutane
(98%), 1,6-diaminohexane (98%), 1,8-diaminooctane (98%), 1,10-diaminodecan (98%),
1,12-diaminododecane (98%) and 1,6-hexanediol (98%) were obtained from TCI.
Ethylene glycol (99.5%) was purchased from Honeywell. Acetic acid (100%) and
tetrahydrofuran (HPLC-grade) were purchased from VWR. Glycerol (99.5%) was
purchased from ROTH. Isobutylamine (99%) was purchased from Alfa Aesar. DMSO-46
was purchased from Deutero GmbH. Priamine® 1075 and Priamine® 1074 were provided
from Croda International. a-alumina platelets were purchased from Kinsei Matec
Co.,LTD (Japan). (3-aminopropyl)trimethoxysilane (APTMS) was purchased from
Merck KGaA.

6.5.1.2 Monomer Syntheses — Acetoacetylation and Acetoacetamidation

Acetoacetylation

Propane-1,2,3-triyl ~ tris(3-oxobutanoate)  (GLacac): The  crude,  brownish
2,2,6-trimethyl-1-3-dioxin-4-one (TMDO) was purified by vacuum distillation at 60 °C
and 0.1 mbar to obtain the pure colorless product. Glycerol (10.0 g, 0.108 mol) and the
purified TMDO (or TBA) (48.6 g, 0.342 mol) were mixed in a 250 mL flask. The mixture
was heated at 135 °C for 3 h, while the byproduct acetone was removed by distillation
during the reaction. The temperature in the distill head was usually between 75-90 °C.
When the temperature dropped to 35 °C in the still head, the remaining acetone, TMDO,
and dehydroacetic acid were removed in vacuo at 130 °C and 0.1 mbar. The residue
represented the desired product in a high degree of purity (99%), appearing as a slightly
yellowish liquid. The reaction was carried out as a bulk reaction or in the high boiling
solvents xylene or DMF, depending on the solubility and viscosity of the reactants. The
following Table 5 shows the reaction conditions from the respective monomer syntheses.
Usually, an excess of 5% TMDO (in relation to OH groups) was used. The syntheses of
the used monomers in the publications 1, 2 and 3 may differ a little and are described in

the experimental section of the respective publication.
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Acetoacetamidation

The crude, brownish 2,2,6-trimethyl-1-3-dioxin-4-one (TMDO) was purified by vacuum
distillation at 60 °C and 0.1 mbar to obtain the pure colorless product. Chitosan
(10.0 g, 0.108 mol) and the purified TMDO (48.6 g, 0.342 mol) were mixed in a 250 mL
flask with water (concentration = 3M, all compounds). The mixture was refluxed for 3 h
and the remaining mixture was washed with water and precipitated in ethanol. Table 5

shows the reaction conditions from the respective monomer syntheses.

Table 5: Conditions for the acetoacetylation reaction of the different acetoacetate monomers.

Monomer Agent Solvent Temp [°C] | Time [h] | Purification
Oil pump,
EGacac TMDO . 135 2 3000
Oil pump,
GLacAc TMDO . 135 2 3one
HMcac TBA | Xylene (3M) 135 3 | Oil pump,
130°C
DODcac TBA | Xylene (3M) 135 3 %h},’gmp’
PEG300acac | TBA | Xylene (3M) 135 3 %h},’gmp’
PEG40004cac | TBA | Xylene (3M) 135 3 %h},’gmp’
3aPEGacac | TBA | Xylene 3M) 135 3 %h},’gmp’
Oil pump,
BZAcAc TBA Xylene (3M) 135 3 130°C
HT Ache TBA | Xylene (3M) 135 3 | Oilpump,
130°C
CHachc TBA | Xylene (3M) 135 3 | Oilpump,
130°C
DCHacac TBA | Xylene (3M) 135 3 %ngmp,
Oil pump,
FRUcAc TMDO . 135 1 3000
Oil pump,
GLU AcAc TMDO . 135 1 3000
Oil pump,
SOacac TMDO . 135 1 3000
Oil pump,
LACAcac TMDO . 135 1 3one
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Oil pump,
SACacac TMDO - 135 130°C
Chiacac TBA - 135 Washing EtOH,
H>O
Starchacac TMDO - 135 Washing EtOH
CLBacacac | TBA i 135 Washing EtOH,
H>O
CLLintacse | TMDO | Xylene (IM) 135 %g}?gmp’
CLMW acac TMDO | Xylene (1M) 135 Washing Xylene
Chitosan Oil pump,
(Oligomer) TMDO DMF (3M) 130 130°C
Chitosan Washing EtOH,
(Oligomer) TMDO H>O (3M) 100 H,0
Chitosan H>O (AA) Washing EtOH,
200 kDa TMDO (3M) 100 H,0

6.5.1.3 Polymerization — Condensation Reaction and Gelation Times

All vitrimers were prepared by the following exemplary synthesis route: GLacac

(1.42 g, 4.12 mmol) and 1/4 of the total monomers mass of ethanol (0.6 g) were mixed

with a diamine/triamine, e.g., DAH (0.960.6 g, 8.4 mmol) and stirred with a spatula. The

acetoacetate (GLacac) to amine ratio was set to R = 0.75 when using a diamine and R =

0.6 when using a triamine. After a few minutes, a homogeneous, opaque, and cross-linked

gel was obtained and the gelation times were monitored for each amine. The gel was filled

onto a PTFE (poly(tetrafluoroethylene)) sheet and cured for 18 h at 100 °C in a vacuum

oven (oil pump). Afterward, the vitrimer was postcured for 1 h at 150 °C in vacuo to

ensure complete conversion and removal of remaining reaction water. Next, the samples

were pressed for 5-10 min at 160 °C with a pressure of 500—1000 N cm? into a 1 mm

thick film. The products were obtained as yellowish films.
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6.5.1.4 Polymerization — Impact of Different Acetoacetate Backbones

All vitrimers were prepared by the following exemplary synthesis route: HTacac
(2.45 g, 6.34 mmol) or another acetoacetate was mixed with a diamine/triamine, e.g.,
CHDA (1.802 g, 12.68 mmol) and stirred with a spatula. The acetoacetate to amine ratio
was set to R = 0.75. After a few minutes, a homogeneous, opaque, and cross-linked gel
was obtained. The gel was filled onto a PTFE (poly(tetrafluoroethylene)) sheet and cured
for 18 h at 100 °C in a vacuum oven (oil pump). Afterward, the vitrimer was post-cured
for 1 hat 150 °C in vacuo to ensure complete conversion and removal of remaining
reaction water. Next, the samples were pressed for 5—10 min at 160 °C with a pressure of

500—1000 N cm™into a 1 mm thick film. The products were obtained as yellowish films.

6.5.1.5 Vipoxy — Epoxy-vitrimers

All materials were prepared by the following exemplary synthetic route: Propane-2,2-
diylbis(4,1-phenylene)bis(3-oxobutanoate) (BPAacac) (1.38 g, 3.48 mmol) was provided
in a rolled rim glass and heated up in an oil bath at 100 °C. JT403 (2.05 g, 6.96 mmol)
was added under constant stirring. As soon as a homogeneous, opaque gel was obtained,
the vitrimer-gel was filled onto a Teflon sheet and cured for 20 h at 100 °C in vacuo (oil
pump). Afterward, the vitrimer was post-cured for 1 h at 150 °C in vacuo, in order to
ensure full conversion and the removal of the remaining reaction water. Next, the samples
were pressed for 5—10 min at 150 °C with a pressure of 500—1000 N cm™ into a 1 mm
thick film. The synthetic route follows the same protocol for the synthesis of the epoxy
resins and the epoxy-vitrimer materials. BPAacac and BADGE were mixed at 100 °C to
a homogeneous mass. The amine was added, according to the described synthetic

procedure. The products were obtained as yellowish films.

6.5.1.6 Water-based Polymerization — Porous and Dense Vitrimer Films

The acetoacetylated D-glucose-based monomers were dissolved in demineralized water
at room temperature (water-soluble, partly acetoacetylated monomers) or at 80 °C (fully
acetoacetylated monomers) with a concentration of 5 g/L. The amines were calculated
through the determined acetoacetate to amine value R and dissolved in demineralized
water with a concentration of 20 g/L (e.g. Glyzq: 1.00 g, 0.0029; J403: 1.68 g,

0.0038 mol). Afterward, the solutions were combined and stirred. After 30—60 seconds,
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the mixtures became cloudy, and the cross-linked polymer fragments began to precipitate.
The condensation reaction of amines also assists the desolvation of the acetoacetate
monomers by adding polar amine groups to the molecule. After 30 minutes, the
temperature was set to room temperature and the mixture was then stirred for about 24
hours to allow the complete formation and precipitation of the vinylogous urethane
vitrimer fragments. The product was filtered and washed with demineralized water three
times using a Buchner funnel. The resulting product was stored in a drying oven at 50 °C

for about 24 hours. The product was obtained as a white powder.

6.5.1.7 Vinylogous Urea Vitrimers — One-pot Bulk Polymerization

The crude, brownish 2,2,6-trimethyl-1-3-dioxin-4-one (TMDO) was purified by vacuum
distillation at 60 °C and 0.1 mbar to obtain the pure colorless product. TMDO (3.20 g,
0.0225 mol) and JT403 (7,69 g, 0.0174 mol) were mixed in a 100 mL flask. The mixture
was stirred and heated to 135 °C. After 20 minutes a gel was formed, which was postcured
for another 40 minutes at 135 °C. The gel was filled onto a PTFE
(poly(tetrafluoroethylene)) sheet and cured for 20 h at 100 °C in a vacuum oven (oil
pump). Afterwards, the vitrimer was postcured for 1 hat 150 °C in vacuo to ensure
complete conversion and removal of remaining reaction water. Next, the samples were
pressed for 5—10 min at 150 °C with a pressure of 500-1000 N cm™ into a 1 mm thick

film. The products were obtained as yellowish films.

6.5.1.8 Iron-oxide Nanocomposites

Synthesis of (11-((3-oxobutanoyl)oxyundecyl)phosphonic acid (HUPAAcAc)

(11-((3-oxobutanoyl)oxyundecyl)phosphonic acid (HUPAacac): The crude, brownish
2,2,6-trimethyl-1,3-dioxin-4-one (TMDO) was purified by vacuum distillation at 60 °C
and 0.1 mbar to obtain the purified colorless product. (11-hydroxyundecyl) phosphonic
acid (1.96 g, 7.8 mmol), the purified TMDO (1.18 g, 8.3 mmol), and 11 mL xylene were
mixed in a 50 mL flask. The mixture was heated at 130 °C for 1 h, while the byproduct
acetone was removed by distillation during the reaction. The temperature in the distill
head was usually between 75-90 °C. When the temperature dropped to 35 °C in the still
head, the remaining acetone, TMDO, and dehydroacetic acid were removed in vacuo at

130 °C and 0.1 mbar. The residue represented the desired product in a high degree of
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purity,  appearing as a  slightly yellowish  solid after  cooling.
"H NMR (600 MHz, DMSO-d6, 298 K): 4.03 (2H, m, CHz), 3.57 (2H, s, CH>), 2.16 (3H,
s, CH3), 1.58 —1.40 (6H, m, CHz), 1.34 —1.20 (14H, m, CH>). '*C NMR (DEPTQ-135,
75 MHz, DMSO-d6, 298 K): 201.5 (g, C=0), 169.3 (q, COO), 64.4 (s, CH2), 49.6 (s,
CH>), 30.1 (s, CHz), 30.1 (p, CH3) 30.0 (s, CHz), 29.0 (s, CH»), 28.9 (s, CH>), 28.7 (s,
CH>), 28.6 (s, CH>), 28.0 (s, CH2), 27.9 (s, CH2), 27.0 (s, CH2) 25.3 (s, CH»). ESI-MS:
m/z = 359.158 [MN*"].

Synthesis of iron oxide nanoparticles

The syntheses of iron-oxide particles were conducted by Lea Klauke or Michael
Kampferbeck (SFB986-Al). Spherical iron oxide nanoparticles were synthesized
according to the approach by Yu et al.!” Iron oxide hydroxide (2.09 g, goethite) was
dispersed in oleic acid (47.1 g) and 1-octadecene (100 mL). The reaction mixture was
heated to 320 °C for three hours, before cooling the dispersion to room temperature. The
obtained nanoparticles were precipitated with acetone, centrifugated and redispersed in
toluene several times. The procedure was repeated until the grafting density of the oleic
acid ligand was close to a monolayer. The synthesis of cubic iron oxide nanoparticles was
carried out according to the method of Kampferbeck et al.. '’ The protocol is based on
the synthesis of spherical iron oxide nanoparticles. Parts of oleic acid were substituted
with sodium oleate to achieve shape control. The mixture was heated to 325 °C and after
the nucleation, the dispersion was cooled to room temperature and diluted with toluene
(1:1 vol.). Afterward, the particles were precipitated with acetone and after centrifugation,
the nanocubes were dispersed in toluene. The washing procedure was repeated two times
with methanol/acetone (3:1 vol.). and than with pure acetone. The procedure was repeated
until the grafting density of the oleic acid ligand was close to a monolayer. Detailed

masses, volumes of the reactants and the synthesis time are shown in Table 6.
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Table 6: Masses and volumes of reactants used for the synthesis of differently sized

cubic iron oxide nanoparticles.

Size FeOOH [g] | OA[g] | NaOL [g] ODE Time
[nm] [mL] [min]
12 2.00 19.1 6.90 75 145
18 3.00 38.2 10.3 75 230

All iron oxide nanoparticle samples were characterized via dynamic light scattering,
transmission electron microscopy, TGA and IR measurements by the cooperation partner

of subproject Al (Lea Klauke and Michael Kampferbeck).

Ligand exchange

The ligand exchange of the oleic acid substituted with PAacac was carried out by Lea
Klauke (subproject Al) and conducted in chloroform. The nanoparticles were
precipitated with acetone (1:1 vol.), centrifugated (10000 G, 8 min), and redispersed in
chloroform to form a colloidal solution (10-20 mg mL™). A solution of PAacac ligand in
chloroform was prepared, and the amount was calculated to a 5 to 6 times excess of the
amount, which is necessary to form a monolayer of PAacac on iron oxide nanoparticles
(size depending). The weight in masses and volumes are shown in Table 7. Afterward,

the prepared nanoparticle dispersion and the e PAacac solution were mixed overnight.

Table 7: Masses and volumes used for the ligand exchange of PA acac.

Nanoparticle Nanoparticle Desired PAacac PAAcAc Total solvent
size [nm], shape mass [mg] excess [mg] volume [mL]
12, cubes 1100 6 966.7 120

18, cubes 230 1 39.3 11

After the exchange, the nanoparticles were precipitated with methanol, centrifugated

(12000 G, 10 min), and redispersed in chloroform to remove the excess ligands. The
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washing steps were repeated several times until the organic fraction of the ligand was

constant in TGA measurements.

Synthesis of the iron-oxide nanocomposites

The iron-oxide nanoparticles were obtained in chloroform solutions with a concentration
of 14-16 mg mL!. The solution was dried until a concentration of 100 mg mL"! was
reached, and the vitrimer monomers were added to the solution. The ratio of inorganic
particles to vitrimer and the respective R-value changed according to the synthesized

composites and is shown in Table 8.

Table 8: Masses and volumes used for the composite materials.

Nanoparticle Vitrimer R-value Wt%
size [nm], shape Inorganic
12, cubes VU-EGi03 0.75 70
18, cubes VU-GLpao 0.75 10

15 nm spheres,
200—400 nm VU-EGi03 0.75 50
cluster

As soon as a homogeneous, vitrimer-composite-gel was obtained, the gel was filled onto
a Teflon sheet and cured for 24 h at 100 °C in vacuo (oil pump) to ensure complete
conversion and the removal of the remaining reaction water. Next, the samples were

pressed for 5—10 min at 130 °C into a I mm thick film.

6.5.1.9 Nacre-inspired Polymer-ceramic Composites

a-alumina platelets with d50 =2 pm and thickness of ~0.04 um (determined by supplier),
resulting in an aspect ratio of ~50, were purchased from Kinsei Matec Co., LTD (Japan).
The functionalization of the alumina platelets with the APTMS-ligand was carried out
according to the procedure of G. Pandey et al.'’® and A. Yamaguchi et al.'’” and delivered
by subproject A6. The provided ethanolic APTMS-alumina solution was dried until a

viscous mass was obtained (1/3 of the total monomer mass ethanol). The ratio of inorganic
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particles to polymer was set to 40:60 wt%, as carried out in 4d printing as well. GLacac
was prepared according to the synthesis route in chapter 6.5.1.1 with a conversion
of 90%. GLAcac (2.0 g, 5.8 mmol) and OE (1.61 g, 10.9 mmol) were added to the solution
under constant stirring (R = 0.8). As soon as a homogeneous, opaque and cross-linked
mass was obtained, the vitrimer-composite-gel was filled onto a Teflon sheet and cured
for 24 h at 100 °C in vacuo (oil pump) in order to ensure complete conversion and the
removal of the remaining reaction water. Next, the samples were pressed for 5-10 min at
150 °C into a 1 mm thick film. The pure matrix vitrimer was synthesized by the same

synthetic route.

6.5.1.10 Instrumentation

Nuclear magnetic resonance: 'H NMR and C NMR (DEPTQ-135) spectra were
recorded on a Bruker AVANCEII (Bruker BioSpin GmbH, Ettlingen, Germany) at 300
or 600 MHz with deuterated dimethylsulfoxide (DMSO-d6) as a solvent. Sample
concentrations were between 20-40 mg mL™!, and measurements were recorded at 298 K.
Data processing was carried out with MestReNova (Version 14.1.0, Mestrelab Research

S.L., Santiago de Compostela, Spain).

Mass spectrometry (MS): Electrospray ionization (ESI) was measured on an Agilent
6224 ESI-TOF device coupled with an Agilent HPLC 1200 Series and direct injection
(110-3200 m/z). Electron ionization (EI-DIP) was measured on a Thermo ISQ LT EI
device coupled with a Thermo Trace 1300 and direct injection (40—-800 m/z). Data
processing was carried out by MestReNova (Version 14.1.0, Mestrelab Research S.L.,
Santiago de Compostela, Spain).

Attenuated Total Reflection-Fourier Transformation Infrared (ATR-FT-IR):
Spectra were recorded on a Bruker FT-IR Vertex 70 (Bruker BioSpin GmbH, Ettlingen,
Germany) with a diamond ATR-probe. All samples were measured in the range of 4000—
600 cm™! with a resolution of 2 cm™ and 32 scans. Measurements and data processing was

carried out with Opus 8.7.
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Thermogravimetric analysis (TGA): A TG 209 F1 Libra (NETZSCH-Geritebau
GmbH, Selb, Germany) was used to determine the mass loss during heat treatment. A
temperature range of 25—-600 °C with a heating rate of 10 K min' under ambient
atmosphere (oxygen) was used with a flow rate of 20 mL min™!. About 510 mg of
polymer was weighed into a ceramic crucible. Data processing was performed with

Proteus analysis 8.0.3 (NETZSCH-Gerdtebau GmbH, Selb, Germany).

Differential scanning calorimetry (DSC): A differential scanning calorimeter
DSC 204 F1 Phoenix (NETZSCH-Gerdtebau GmbH, Selb, Germany) was used. 5—10 mg
polymer was weighed into an aluminum crucible. The measurements were performed in
nitrogen atmosphere with a flow rate of 20 mL min™! in the temperature range between (-
50)—180 °C. The heating and cooling rates were set to 10 K min™ and the thermal
properties were analyzed using the DSC data of the second and third heating curve. Data
processing was performed by Proteus analysis 8.0.3 (NETZSCH-Gerédtebau GmbH, Selb,

Germany).

Dynamic-mechanical analysis (DMA): For oscillatory and step shear experiments, a
rotational rheometer MCR 502 (Anton Paar GmbH, Graz, Austria) with an 8§ mm
plate-plate geometry and a heat chamber with a flooded nitrogen atmosphere was used.
The temperature was controlled by a Peltier plate. The gap between the lower and the
upper plate was usually set to 1 mm, and a normal force of 1 N was applied. Amplitude
sweeps were carried out between 0.001% and 30% shear strain () at a constant angular
frequency () of 10 rad s! at 100 °C. This should ensure that the chosen strain amplitude
yo was within the linear viscoelastic regime, so that the storage modulus G’ and the loss
modulus G~ were independent of strain. Frequency sweeps were carried out between
0.001 Hz and 100 Hz angular frequency (w) at a constant shear strain (») of 0.1% at
100 °C. Temperature-dependent measurements were usually carried out with an angular
frequency of 10 rad s! at a constant shear strain of 0.1% in the temperature range of 0—
160 °C. Stress relaxation experiments were carried out with a shear strain of 1%, and the
relaxation modulus was recorded as a function of time in the temperature range of 90—
160 °C. Data processing was performed by RheoCompass 1.30 (Anton Paar GmbH, Graz,

Austria). Specimens for the DMA were pushed out with an 8 mm punch. The vitrimer
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films were previously placed in a drying chamber at 100 °C for 1 minute in order to heat

them above the glass transition temperature to prevent splintering during processing.

Tensile test: Stress-strain curves were recorded at room temperature (20 °C) on a
universal testing machine type 2020 (Zwick Roell GmbH & Co. KG, Ulm, Germany)
using a 5 kN load cell. The measurements were carried out in accordance with the test
standard DIN EN ISO 527-1. The initial force was 0.1 MPa, and the clamping length was
13.24 mm. The elastic modulus was determined at a speed of 1 mm min! (0.025-0.2%)
and the test speed was carried out at 10 mm min’!. Data processing was performed by
TestXpert I1 V3.71. The test specimens for the tensile test were punched out with a cutting
press type ZCP020 (Zwick Roell). The attachment was used for test specimens of type
5B (according to DIN EN ISO 527-2). The vitrimer films were placed in a drying cabinet
at 100 °C for one minute in order to heat them above the glass transition temperature, to

prevent splintering during processing.

Powder X-Ray diffraction (XRD) measurements were conducted on a Panalytical MPD
X Pert Pro (Malvern Panalytical, Malvern, Great Britain) with Cu Ka radiation (41 =
1.5405980 A, 1, = 1.5444260 A) at a scan step size of 0.0131°.

Scanning electron microscopy (SEM) images were recorded on a LEO Gemini 1550
(Carl Zeiss, Oberkochen, Germany). Secondary electrons were detected with an Everhart-

Thornley detector, operating with 1-5 kV and 50-100 pA.
Optical microscope images were recorded with a Zeiss AX10 Observer Al (Carl Zeiss,
Oberkochen, Germany) microscope with EC EPIPLAN 10x/0.2 HD and EC EPIPLAN

20x/0.2 HD lenses.

Elemental analysis was carried out on a CHN-Element analyzer Vario EL III (Fa.

Elementar Analysensysteme GmbH, Langenselbold, Germany).
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Nanoindentation was performed in an Agilent Nano Indenter G200 (Agilent, USA)
system using the continuous stiffness measurement method, with a constant strain target
of 0.05 s™!, a harmonic displacement target of 2 nm, and a harmonic frequency of 45 Hz.
The system was equipped with a Berkovich tip. A number of 30 indents per sample were
performed. The nanoindenter conducted the measurements in displacement-control
mode. After the desired indentation depth was reached, the load was held constant for

10 s before withdrawing the tip from the sample.
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7 Discussion

This work presents several approaches in terms of the base reaction behavior and the
thermomechanical properties of vinylogous urethane vitrimers and composites. The goal
was to build an in-depth understanding of this type of vitrimer and further optimize it for
the usage of smart, recyclable materials.

Various influences on the polymerization and exchange rate were investigated and gave
a detailed insight for the development of the next vitrimer generations. Within three
publications and unpublished results, numerous different vitrimers were explored to
determine the influence of synthetic parameters on the cross-linking chemistry, the
mechanical properties and, in particular, the reprocessability of the vitrimers. Factors such
as the stereoisomerism of the vinylogous urethane bond in different solvents, the use of
different acetoacetate to amine ratios, catalysts, different monomers with respect to the
backbone and the nucleophilicity of the amine, cross-linking densities and additional
heteroatoms in the network were explored (publication 1, chapter 6.3). Through in-depth
characterization of these networks, crucial trends and correlations were identified. In
particular, heteroatoms in the monomer backbone, a high excess of amines, highly
nucleophilic amines, a high concentration of functional groups, low cross-linking
densities, the use of long-chained monomers and the use of catalysts were identified as
accelerating factors for the transamination exchange reaction. Especially the choice of the
amine is a crucial factor since sterically hindered primary amines (e.g., Jeffamines® or
1,8-diamino-p-menthan) demonstrated a lower nucleophilicity and, therefore, lower
exchange rates than terminal primary amines.

In addition, a one-pot bulk polymerization to obtain vinylogous urea vitrimers derived
from only amines was developed and offered a great alternative to the widely used and
researched vinylogous urethane vitrimers by showing similar properties (chapter 6.3.6).
The choice of solvents and raw materials was led by a strong focus on utilizing bio-based,
non-toxic alternative substances to improve and simplify the established synthetic routes
to reduce the carbon footprint and enhance the applicability.

To mention some disadvantages of vitrimers, it has to be noted that vinylogous urethane
vitrimers contain a high amount of free primary amine groups. Primary amines undergo

oxidation reactions at elevated temperatures, which is the main reason for the yellowish
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color of the materials and may limit the infinite reprocessability due to this side reaction.
Moreover, many amines are toxic, and truly bio-based and non-toxic amines can rarely
be found, limiting the range of green and price-compatible applications. However, the
advantages of this type of vitrimer are the catalyst-free, fast proceeding exchange
reactions, the large availability of (bio-based) alcohols for acetoacetate monomers, and
the prospect of a growing field of industrial, bio-based production methods of amines,

e.g. cadaverine and putrescin.

Epoxy resins are used for many applications due to their easy handling and outstanding
properties in terms of chemical resistance and mechanical properties. Moreover, epoxy
resins are often used in combination with fibers to obtain composite materials such as
wind turbine blades, boats, airplanes, constructions, and many more. The benefit of
composites is their lightweight in combination with good flexibility and fracture
toughness while maintaining high strength. However, the many advantages cannot
outweigh the fact that these highly cross-linked, epoxy resins cannot be recycled very
well. Therefore, recyclable alternatives that maintain the unique properties and handling
of epoxy resins are of great importance in achieving a circular economy.

This work showed that typical raw alcohols used for epoxy resins could be likewise
acetoacetylated and cured with primary amines to give vinylogous urethane/urea
vitrimers (Publication 2). The materials exhibited not the same but comparable properties
to epoxy resins derived from similar backbones, with the benefit that vitrimers are fully
recyclable. Moreover, it was shown that these acetoacetylated monomers could be
likewise implemented into epoxy resins. The liquid acetoacetate and epoxy monomers
were easily mixed to a homogeneous blend and then cured with amines, while the curing
occurred in a reasonable time frame at room temperature, as known from typical epoxy
resins. With this, epoxy-vitrimer co-networks with 70 mol% (67 wt%) initial epoxy
groups were prepared (chapter 6.5.1.5). Comparing the mechanical properties, the vipoxy
exhibited properties by mainly following a rule of mixtures and showed values between
the range of the pure networks (7, stress-relaxation, tensile test). Nevertheless, the
overall thermomechanical properties of all the compared materials were quite
comparable, with the benefit that the vitrimer and the vipoxy networks showed full stress-
relaxation and were, therefore, reprocessable. Further experiments can clarify the limits

regarding the cross-linking density, the maximum amount of epoxy resin, and the excess
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of amines. These findings offer future potential for the use of vitrimers, or the partly
implementation of covalent dynamic bonds into established thermosetting materials, e.g.
epoxy resins, and turn them into recyclable/reprocessable materials while maintaining

their excellent thermomechanical and physical properties.

The preparation of porous vitrimer films aimed to investigate D-glucose as a suitable
reactant for green vinylogous urethane vitrimers and explore the condensation reaction of
acetoacetylated glucose with different bio-based and fossil amines (Chapter 6.3.5).
Moreover, different synthetic routes were established, enabling the synthesis of
vinylogous urethanes in water and exploring the possibility of producing porous vitrimer
films by sintering precipitated vinylogous urethane fragments. Porous, water-permeable
materials offer possible applications to separate/clean water from oil, dirt, bacteria,
capturing metals (e.g., lithium), and many more. The benefit of using vitrimers for such
applications is that the porous structure can be achieved by simple sintering of cross-
linked polymer fragments, which is not possible with common thermosets or elastomers.
The fragments slowly react at the touching points and form a cross-linked, porous
network. Moreover, vitrimers offer mechanical and chemical recycling routes, which
enable reprocessing, purifying, or re-usage of the dense films and porous materials (e.g.

when pores are filled).

Composites represent an important class of materials used in many fields requiring high-
performance materials. These composites are by no means only man-made, but nature
also produces incredibly strong composites, which researchers are using as a guide
nowadays. Examples are natural hybrid materials like nacre, cuttlebone, or bones.
Moreover, composites are used in numerous future-oriented applications, e.g., rotor
blades consisting of glass fiber-reinforced epoxy resins, balsa wood, copper, iron and
lacquers. The benefit of composites is their lightweight in combination with good
flexibility and fracture toughness while maintaining a high strength. However, the many
advantages cannot outweigh the fact that these highly cross-linked, artificial materials
cannot be recycled very well, which is increasingly causing environmental problems,
leading to wasted resources and scarcity. Using vitrimers represents one possible solution
and offers several chemical or mechanical recycling methods. Nevertheless, complicated

and costly separation methods cannot be totally excluded. Moreover, most of the recent
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studies only face small scales and did not take into consideration the challenges of bigger
scales in applied materials and industry. Properties such as impact resistance, correction
of gauche defects, polymerization and gelation rates, or standard production methods
were rarely investigated. Studies in these fields will follow up soon and can show the real
potential of vitrimers for widespread and large-scale high-performance materials and their
possible use in a circular economy.

This work shows several approaches in terms of combining vitrimers with organic and
inorganic fillers, some of which represent hierarchical, supramolecular structures. The
final goal was to mimic nature's complex structures, while the focus was first to take
partial steps in the development and combination of individual hierarchical levels of the
complex, hierarchical composite.

Vitrimer-composites of biodegradable polymer-polymer composites with starch
(publication 3), nacreous inorganic-organic composites with alumina oxide (chapter
6.4.2), and magnetic inorganic-organic nanocomposites with iron-oxide particles (chapter
6.4.1) were prepared. Moreover, a phosphonic acid ligand, bearing an acetoacetate group,
was developed and used to bind the interface of iron-oxide nanoparticles to the vitrimers.
It was found that the mechanical properties of the composites, e.g. the elastic moduli and
tensile strengths, significantly increased while maintaining the characteristic
reprocessability of the vitrimers. Furthermore, it was shown that the particles could be
aligned within the material by heat compression, enabling a solid-state postmodification
within the anisotropic material. Magnetic, elastomeric or thermosetting composites, on
the other hand, offer potential opportunities in the fields of high-performance sensors or
robotic technologies. Furthermore, the first hierarchical vitrimer composites were
successfully synthesized by using iron-oxide nanoparticle clusters.

Nevertheless, it must be noted that the preparation of a hierarchical structure with a well-
defined periodic structure on several hierarchical levels from the nano to the microscale
is a very demanding task and was not ultimately achieved in this work. The in here
presented composite materials showed hierarchical elements, but the particles, cluster or
supramolecular structures were mostly randomly distributed in a vitrimer matrix and
more work must be done to embed the fillers in a very defined manner. However, several
steps from the synthesis of the linker-ligand, the matrix vitrimers, nanoparticles,

nanoparticle clusters and homogeneous composite materials with a high load of single
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nanoparticles were achieved. The materials showed astonishing properties in terms of

mechanical properties, high cross-linking densities combined with fast reprocessing rates.
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7.1  Outlook

For an overview, this chapter describes further research topics, applications, and
cooperations in a dense format. The publications and unpublished results increased the
understanding of various influences on the properties of vitrimer networks. Especially,
the knowledge about polymerization rates, reprocessability, and thermomechanical
properties can be adapted to prepare second-generation, fast reprocessable materials using
the provided toolbox. Nevertheless, the desired properties are strongly dependent on the
aspired application. For a robust, rigid and reprocessable network, the amine should show
a high nucleophilicity and the amine groups should appear in a close spatial arrangement
of 2—4 CH; groups, which enables fast transamination reaction. Using a di- and triamine
with short chains leads to a high cross-linking density and usually a high brittleness. For
this reason, the acetoacetate monomer should be flexible, soft and contain linear chains.
In addition, heteroatoms, e.g., ether or tertiary amines in the backbone, accelerate the
exchange rates and can lower the activation energy. For an application where a slow
polymerization rate is necessary (e.g., infiltration, spouted bed) the acetoacetate should
be adjusted by a longer linear chain length, which slows down the polymerization by
simply lowering the concentration of the functional groups. Moreover, adding a weak
base can also slow down the reaction, while the amount should be well controlled to
prevent side reactions. The glass transition temperature and the mechanical properties can
be chosen in a broad range and adjusted for several synthetic procedures and processing
routes like 3D-printing, infiltration method, and spouted bed granulation. Cooperations
in this field have been already started and can be continued in a promising manner. In this
context, the use of epoxy-vitrimers (vipoxy), as a substitute for conventional resins is a
highly relevant topic for current challenges in research and industry. Especially, the
recyclability of fiber composites such as rotor blades is of major interest to the industry

due to the enormous recycling problems with these cross-linked composites.

In addition, this work showed promising green protocols by using bio-based raw materials
and water as a solvent, which reduce the carbon footprint and lead to materials with good
thermomechanical properties. Starch was used as a reinforcing, cross-linking agent, while
likewise the acetoacetylation of other biopolymers and supramolecular networks has been
shown. Implementing these structures into a bio-based, metabolizable vitrimer matrix

gives the perspective for further resilient and strong bio-based and/or biodegradable
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materials. Likewise, porous vitrimers films were developed in this scope, which can carry
functional units like crown ethers, silver particles, magnetic particles, or other units as a
functional filter for different applications. The benefit is the reprocessability to regain and

reactivate blocked pores of the films.

Magnetic composites can be used for sensors, robotics or highly resilient performance
materials with outstanding strength and toughness. Using vitrimers enabled a thermally
induced solid-state rearrangement of the particles inside the matrix, allowing an
alignment as postmodification. Moreover, aligning magnetic nano-particles in a magnetic
field might be possible, which gives the basis for magneto-mechanical responsive
composites. Anisotropic particles, e.g. alumina oxide platelets or nanoparticle clusters,
can be aligned to nacre-like structures and the properties investigated in terms of the
resulting anisotropic composite material. The layered structure mimics natural solid
materials and can enable outstanding composites with high mechanical strength and

fracture toughness.
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Figure S 1: 'H NMR spectra (CDCls) of the condensation reaction of hexylamine (a) and
ethylacetoacetate (b), yielding the cis- and trans-enamine-ones, with the cis-enamine-one
representing the predominant stereoisomer (c). Ethyl(cis)-3-(hexylamino)but-2-enoate:
'HNMR (500 MHz, CDCl; 8): 850 (t,1H:NH), 4.36 (s, 1H;CH), 4.14
(9, J=6.62 Hz, 2H; CH,), 3.12 (q,J=6.41Hz,2H; CH,), 1.84 (s,3H; CH3), 1.53-1.43
(m,2H; CH,), 1.33-1.13 (m,6H;CH,;), 118 (t,J=7.08Hz,3H;CH3), 0.82
(t, J =7.50 Hz, 3H; CHj).

Ethyl(trans)-3-(hexylamino)but-2-enoate: *H NMR (500 MHz, CDCls, 8): 5.35 (t, 1H; NH),
452 (s,1H; CH), 4.01 (q,J=7.24Hz, 2H; CH,), 2.93 (q,J=5.00 Hz, 2H; CH,), 2.20
(s, 3H; CHjy), 1.53—-1.42 (m, 2H; CH,), 1.33-1.13 (m, 6H; CH,), 1.18
(t, J=7.08 Hz, 3H; CH3), 0.82 (t, J = 7.50 Hz, 3H; CHj).
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Figure S 2: 'H NMR spectra (DMSO-ds) of the cis- and trans-enamine-ones, with the
cis-enamine-one representing the predominant stereoisomer. Ethyl(cis)-3-(hexylamino)but-2-
enoate: *H NMR (600 MHz, DMSO-ds, ): 8.50 (t, J = 5.37 Hz, 1H; CH), 4.32 (s, 1H), 3.95
(9,J=7.10 Hz, 2H; CH,), 3.18 (q,J=6.92 Hz, 2H; CH;), 1.88 (s, 3H; CH3), 1.52-1.43
(m, 2H, CHy), 1.33—1.22 (m, 6H; CH,), 1.13 (tJ = 7.54 Hz, 3H; CH3), 0.87 (t, J =7.10 Hz,
3H; CHs).

ethyl(trans)-3-(hexylamino)but-2-enoate: 'H NMR (600 MHz, DMSO-dg, d): 6.64
(t, J=5.37Hz, 1H; NH), 4.34 (s,1H;CH), 390 (q,J=7.02Hz 2H;CH,), 2.87
(9,J=6.71Hz, 2H; CH,), 2.16 (s,3H;CHs3), 1.52-1.42 (m,2H;CHy), 1.33-1.22
(m, 6H; CHy), 1.12 (t, J = 7.54 Hz, 3H; CH3), 0.87 (t, J = 7.10 Hz, 3H; CHy).
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Figure S 3: 3C NMR (DEPTQ) spectrum of the stereoisomeric mixture of the cis-en and
trans-en measured in DMSO-ds.

ethyl(cis)-3-(hexylamino)but-2-enoate: *C NMR (600 MHz, DMSO-ds, 5): 169.9 (C=0),
162.6 (C4), 81.5(C3), 57.9 (C2), 42.7 (C2), 31.5(C2), 30.5 (HNC2), 26.9 (C2), 22.6 (C2),
19.4 (C1), 15.1 (C1), 14.4 (C1). ethyl(trans)-3-(hexylamino)but-2-enoate:
3C NMR (600 MHz, DMSO-ds , 8): 168.4 (C=0), 162.6 (C4), 80.5(C3), 57.5(C2), 43.
1(C2), 31.5(C2), 28.2 (NC2), 26.9 (C2), 22.6 (C2), 19.4 (C1), 15.1 (C1), 14.4 (C1).
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Figure S 4: COSY-NMR spectrum of the stereoisomeric mixture of the cis-en and trans-en
measured in DMSO-ds.
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Figure S 5: HSQC-NMR spectrum of the stereoisomeric mixture of the cis-en and trans-en
measured in DMSO-ds.
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Figure S 6: HMBC-NMR spectrum of the stereocisomeric mixture with the cis-en and trans-
en measured in DMSO-dg.
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Figure S 7: NOESY-NMR spectrum of the stereocisomeric mixture with the cis-en and
trans-en measured in DMSO-ds.
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Figure S 8: ATR-FT-IR spectra of ethylacetoacetate (a) and the resulting enamine-one (b).
The spectra show the characteristic absorption bands of ethylacetoacetate with the C=0 ester
(1738 cm™) and C=0 ketone (1712 cm™) as well as the C=0 ester (1650 cm™) and C=C band
(1603 cm™) of the enamine-one product.
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Figure S 9: *H NMR spectra of the cis- and trans-enamine-one stereoisomers measured in
benzene-dg, chloroform-d;, DMSO-dg and without solvent.
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Figure S 10: Temperature dependent *H NMR spectra of the cis- and trans-enamine-one
stereoisomers measured in DMSO-dg in the range of 20-100 °C.
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Table S1: Cis-trans stereoisomerism determined by temperature dependent ‘H NMR
measurements in deuterated benzene, DMSO and without solvent in a temperature range of
20-110 °C. With increasing temperature, the preference for the cis-enamine-one slowly
disappears through equilibration.

20 25 30 35 40 45 50 55 60 70 80 90 100 110 [°C]

Benzene-ds _
cis-en 99 99 99 99 98 98 98 98 98 - - - - - ?:;:
trans-en 1 11 2 2 2 2 3 3 - - - - -
No Solvent _
cis-en 91 - 91 - 91 - 91 - 90 90 89 89 - - %\;
trans-en 9 - 9 - 9 - 9 - 10 10 11 12 - -
DMSO-ds —_
cis-en 87 - 87 - 86 - 8 - 8 83 74 69 65 60 %\;
trans-en 13 - 13 - 14 - 14 - 15 17 26 31 35 40
(@) Ho _R' HOR (@ R* R? R*

(b)

oM R o nF R%ﬁ R*
| -~ |
R\ )\/\ R\ )J\)\ 1J_N\ 3
@] (0] R R
(c) @R 0 L
. Spm R%@ R4 Rz\ R4
0 HNlm i N— - ”

R\OM " /N O /H—N _N@

R R’ “R3 R! R3

Figure S11: (a) Protonation of the enamine-one. (b) Structures of the imine/enamine
tautomerism. (c) Assumed mechanism of the polar imine metathesis (d) Polar mechanism of
the acid catalysed imine metathesis (literature).
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Figure S 12: 'H NMR-spectra of the model compound experiment of the acid-mediated
autocatalysis in vinylogous urethanes. Spectra of the two reactants 6 and 7 before heating
(start), the equilibrium state (6, 7, 8, 9) and the reference mixture (6, 7, 8, 9).
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Figure S 13: Addition of a mixture of enamine-ones to an excess of trifluoracetic acid. All
enamine-ones were instantly protonated as iminium-ones and remaining water as oxonium-
ion , thus quenching the exchange reactions.
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Figure S 14: 'H NMR spectra of the model compound reaction to determine the backward

reaction of enamine-ones with water. The signal (CH) of the benzyl compound appeared at
4.44 ppm.
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Figure S 15: Model compound reaction to investigate the backward reaction of protonated
iminium-ones and water with and without acetic acid as catalyst.
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Figure S 16: Sigmoidal conversion curves in comparison of the enamine-one exchange
(Figure 3) and experiment to directly determine the dissociation of enamine-one with water

(Figure 6) under almost dry conditions. The curves show the autocatalysed reactions, which
lead to renewed condensation reactions and dynamic transimination reactions.
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Figure S 17: First order plot of the conversions of compound 6 during the enamine-one
exchange model reaction (Figure 3). A linear decay is observed for at least 100 minutes
reaction time. Afterwards the backward reaction of the equilibrium has a significant influence

on the reaction order.
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Calculation of the activation energy (E,) via an Arrhenius law:

The decrease of the reactant concentration as a function of time is described by:!**!

—kt
[Rl=1—cp+cprecr

[R] concentration reactant

cp equilibrium ratio of the
4
products (E)

k initial rate (fitted)
t reaction time [s]

Equation S1: Exponential fit for the conversion of the reactant to determine the initial rate k.

The activation energy was calculated by plotting In k versus 1000/T.
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Figure S 18: Investigation of the activation energy for the imine metathesis reaction by
plotting In k versus 1000/T and fitting the gradient. An activation energy of 54 kJ mol™ was
calculated.
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Figure S 19: *H NMR-spectra of the transimination model compound reaction in vinylogous
urethanes. Spectra of the two reactants 11 and 12 before heating and the equilibrium state
after stirring for 2 h (11, 12, 13, 14).
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Figure S20: (a) Schematic representation of the transimination model reaction of compounds
11 and 12 with an excess of primary amines measured in xylene. (b) Conversion of 11
(yielding 14) at 100 °C, 120 °C and 140 °C plotted versus the reaction time.
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Figure S 21: First order plots of the compound 11 conversions at different temperatures. A
linear decay can be observed for 60 minutes at 100°C, 40 minutes at 120 °C and 20 minutes at

140 °C reaction time. At higher conversions the backward reaction of the equilibrium has a
significant influence on the reaction order.
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Figure S 22: Investigation of the activation energy for the transimination reaction by plotting

In k against 1000/T and fitting the gradient. An activation energy of 60 kJ mol™ was
calculated.
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Calculation of the activation energy (E,) by stress relaxation experiments:

The stress relaxation times as a function of temperature can be described by an Arrhenius law:

Eq
T(T) = Ty eRT

Equation S2: Arrhenius law for calculating the activation energy by stress-relaxation times
according to Maxwell law for visoelastic fluids (37%, 1/e)) as a function of temperature.

T

To

Ea

stress relaxation time (37 %)

Stress relaxation time
(normalized 0,1)
activation energy

gas constant

temperature

14

[s]
[s]

[kJ mol™]
[J K* mol™]

[K]
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Figure S23: ATR-FT-IR measurements of the vinylogous urethane vitrimers VU-A, VU-Ays.,
VU-Eps, VU-NA, VU-NA.. The measurements show the respective C=0 (1650 cm™) ester
and C=C band (1602 cm™) of the vinylogous urethanes as well as the C=0 (1650 cm™) ester
and C=0 ketone band of the acetoacetate monomer in networks with an excess of
acetoacetates
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Figure S24: Differential scanning calorimetry (DSC) measurements to determine the glass
transition temperatures T, of the vinylogous urethane vitrimers VU-A (13 °C), VU-NA
(-8 °C), VU-Ay: (17 °C), VU-NAL: (29 °C).and VU-Eps (51 °C) (on-set).
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Figure 25: Thermal gravimetric analysis (DMA) measurements to determine the thermal
degradation points of the vinylogous urethane vitrimers with degradation points of 281 °C
(VU-A), 226 °C (VU-Any), 222 °C (VU-Ens), 251 °C (VU-NA) and 220 °C (VU-NA4.)
under oxygen atmosphere with no significant change by measuring under nitrogen

atmosphere. Until the degradation point the full cured vitrimer VU-Eg. (R =1.0) is the most
stable.
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Figure S26: Temperature dependent dynamical-mechanical analysis (DMA) measurement of
VU-A. A storage modulus of 0.25 GPa and a rubbery plateau of 0.7 MPa was obtained using

G'. In addition, the loss modulus G™" and tan 6 are shown in the diagram.

108 3 1
7 ]
Elo 3
T - 0,1
© 108 - L
- 5
5 :
10 E “I‘ . :-"', :_ 0101
10* § VU-NA,,, Attt
3 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1

10 30 50 70 90 110 130 150 170 190

Temperature [°C]
Figure S27: Temperature dependent dynamical-mechanical analysis (DMA) measurement of
VU-NAy.. A storage modulus of 0.5 GPa and a rubbery plateau of 0.4 MPa was obtained
using G'. In addition, the loss modulus G and tan & are shown in the diagram.
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Figure S28: Temperature dependent dynamical-mechanical analysis (DMA) measurement of
VU-NA. A storage modulus of 0.3 GPa and a rubbery plateau of 1.5 MPa was obtained using
G'. In addition, the loss modulus G™" and tan & are shown in the diagram.
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Figure S29: Temperature dependent dynamical-mechanical analysis (DMA) measurement of
VU-Ey.. A storage modulus of 0.3 GPa and a rubbery plateau of 4 MPa was obtained using
G'. In addition, the loss modulus G™" and tan & are shown in the diagram.
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Figure S30: Temperature dependent dynamical-mechanical analysis (DMA) measurement of
VU-Ay.. A storage modulus of 0.7 GPa was obtained using G'. In addition, the loss modulus
G and tan 6 are shown in the diagram.
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Figure S31: Normalized stress relaxation curves of VU-Ey., measured at 90 °C-150 °C with
a torsional deformation of 1%.
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Figure S32: Normalized stress relaxation curves of VU-NA., measured at 80 °C-150 °C
with a torsional deformation of 1%.
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Figure S33: Normalized stress relaxation curves of VU-Ay. measured at 70 °C-120 °C with
a torsional deformation of 1%.
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Figure S34: Normalized stress relaxation curves of VU-A measured at 70 °C-170 °C with a

torsional deformation of 1%.
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Figure S35: Normalized stress relaxation curves of VU-NAy., measured at 110 °C-150 °C

with a torsional deformation of 1%.
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Fig. S1 Schematic representation of the synthesis route for the acetoacetylation of aromatic
alcohols using TMDO (1). TMDO undergoes a retro-Diels Alder reaction at temperatures above
110 °C, releasing a reactive acetylketene (2) and acetone (3), while the acetylketene
undergoes a fast addition reaction with the aromatic alcohol (4) to give the desired aromatic
acetoacetate (5).
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Fig. S2a Full ATR-FT-IR spectra of the synthesized acetoacetate monomers
pheny-3-oxobutanoate (PH)(1), 1,3-phenylene bis(3-oxobutanoate) (RE)(2), naphthalene-2,7-
diyl bis(3-oxobutanoate) (NDO)(3), propane-2,2-diylbis(4,1-phenylene) bis(3-oxobutanoate)
(BPA)(4) and ethane-1,1,1-triyltris(benzene-4,1-diyl) tris(3-oxobutanoate) (THPE)(5).
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Fig. S2b ATR-FT-IR spectra of the synthesized acetoacetate-monomers PH (1), RE (2), NDO (3),
BPA (4) and THPE (5) with the focus on the characteristic C=0 ester (1757-1759 cm™) and C=0
ketone bands (1716-1717 cm™1).
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Fig. S3a 'H NMR (CDCls, 25 °C) spectra of the synthesized acetoacetate monomers PH, RE,
NDO, BPA and THPE (from top to bottom). The characteristic CH, and CHj; signals appear at
similar chemical shifts. A detailed list of all signals is provided in the experimental section.
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Fig. S3b 3C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
acetoacetate monomer phenyl-3-oxobutanoate (PH). 6C (75 MHz, CDCl;, Me,Si): 200.06 (q,
C=0), 165.83 (g, CO0), 150.49 (q, Ph), 129.63 (t, Ph), 126.33 (t, Ph), 121.15 (t, Ph), 50.09 (s,
CH,), 30.37 (p, CH3).
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Fig. S3c¢ 3C NMR (DEPTQ-135, CDCl;, 25 °C) spectrum of the synthesized acetoacetate
monomer phenyl-3-oxobutanoate (PH). 6C (75 MHz, CDCl;, Me,Si): 200.06 (g, C=0), 165.83 (q,
C00), 150.49 (q, Ph), 129.63 (t, Ph), 126.33 (t, Ph), 121.15 (t, Ph), 50.09 (s, CH,), 30.37 (p, CHs).
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Fig. S3d 3CNMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
acetoacetate monomer 1,3-phenylene bis(3-oxobutanoate) (RE). 6C (75 MHz, CDCls, Me,Si):
199.97 (g, C=0), 165.38 (g, COO), 150.90 (g, Ph-0), 130.05 (t, Ph), 119.42 (t, Ph), 115.38 (t,
Ph), 49.46 (s, CH,), 30.41 (p, CHs).
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Fig. S3e 13C NMR (DEPTQ-135, CDCl3, 25 °C) spectrum of the synthesized acetoacetate
monomer 1,3-phenylene bis(3-oxobutanoate) (RE). 6C (75 MHz, CDCl;, Me,Si): 199.97 (q,
C=0), 165.38 (g, CO0), 150.90 (g, Ph-0), 130.05 (t, Ph), 119.42 (t, Ph), 115.38 (t, Ph), 49.46 (s,
CH,), 30.41 (p, CHs).
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Fig. S3f 13C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
acetoacetate monomer naphthalene 2,7 diyl bis(3 oxobutanoate) (NDO). 6C (75 MHz, CDCls,
Me,Si): 200.03 (g, C=0), 165.86 (q, CO0), 148.89 (g, Ph-0), 134.25 (q, Ph), 129.86 (q, Ph),
129.63 (t, Ph), 121.08 (t, Ph), 118.53 (t, Ph), 50.13 (s, CH,), 30.47 (p, CHs).
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Fig. S3g 13C NMR (DEPTQ-135, CDCl3, 25 °C) spectrum of the synthesized acetoacetate
monomer naphthalene 2,7 diyl bis(3 oxobutanoate) (NDO). 6C (75 MHz, CDCl3;, Me,Si): 200.03

(g, C=0), 165.86 (g, COO), 148.89 (q, Ph-0), 134.25 (q, Ph), 129.86 (q, Ph), 129.63 (t, Ph),
121.08 (t, Ph), 118.53 (t, Ph), 50.13 (s, CH,), 30.47 (p, CHs).
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Fig. S3h 3CNMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
acetoacetate monomer propane-2,2-diylbis(4,1-phenylene)bis(3-oxobutanoate) (BPA). 6C (75
MHz, CDCl, Me,Si): 200.06 (g, C=0), 165.87 (g, COO), 148.37 (q, Ph), 148.28 (g, Ph-0), 127.96
(t, Ph), 120.86 (t, Ph), 50.06 (s, CH,), 42.57 (q, C-CH3), 30.95 (p, CHs), 30.31 (p, O=C-CH;).
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Fig. S3i 13CNMR (DEPTQ-135, CDCl;, 25 °C) spectrum of the synthesized acetoacetate
monomer propane-2,2-diylbis(4,1-phenylene)bis(3-oxobutanoate) (BPA). 6C (75 MHz, CDCl,,

Me,Si): 200.06 (g, C=0), 165.87 (q, COO), 148.37 (q, Ph), 148.28 (g, Ph-0), 127.96 (t, Ph), 120.86 (t, Ph),
50.06 (s, CH,), 42.57 (g, C-CHs), 30.95 (p, CHs), 30.31 (p, 0=C-CHs).
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Fig. S3j 3CNMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
acetoacetate monomer ethane-1,1,1-triyltris(benzene-4,1-diyl) tris(3-oxobutanoate) (THPE).
8C (75 MHz, CDCls, Me,Si): 200.01 (g, C=0), 165.81 (g, COO), 148.77 (q, Ph-0), 146.48 (q, Ph-
C), 129.86 (t, Ph), 120.93 (t, Ph), 51.80 (q, C-CHs) 50.15 (s, CH,), 30.95 (p, C-CHs), 30.40 (p, O=C-
CHs).
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Fig. S3k 3C NMR (DEPTQ-135, CDCl;, 25 °C) spectrum of the synthesized acetoacetate
monomer ethane-1,1,1-triyltris(benzene-4,1-diyl) tris(3-oxobutanoate) (THPE).
6C (75 MHz, CDCl3, Me,Si): 200.01 (q, C=0), 165.81 (g, COO0), 148.77 (q, Ph-0), 146.48 (q, Ph-
C), 129.86 (t, Ph), 120.93 (t, Ph), 51.80 (q, C-CH3) 50.15 (s, CH;), 30.95 (p, C-CH3), 30.40 (p, O=C-
CHs).
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Fig. S4a EI-DIP measurement of phenyl-3-oxobutanoate (PH), showing the characteristic
molecule-ion peak and fragmentations. EI-DIP: m/z 179.152 (M* + 1, 2.73 %) 178.113 (M",
24.72), 94.128 (90.19), 43.024 (100). Calculated for C1oH1403 (M*) 178.063, found 178.113.
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Fig. S4b EI-DIP measurement of 1,3-phenylene bis(3-oxobutanoate) (RE), showing the
characteristic molecule-ion peak and fragmentations. EI-DIP: m/z 278.146 (M*, 0.37%),
194.118 (17.92), 110.066 (100) 43.014 (31.53). Calculated for Cy,H;406 (M*) 278.079, found

278.146.
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Fig. S4c EI-DIP measurement of naphthalene 2,7 diylbis(3 oxobutanoate)(NDO), showing the
characteristic molecule-ion peak and fragmentations. EI-DIP: m/z 178.113 (M, 24.72 %),
94.128 (90.19), 43.024 (100). EI-DIP: m/z 328.064 (M*, 0.03%), 160.087 (100.00), 131.086 (26.20),
43.002 (15.06). Calculated for C;gH1505 (M*) 328.094, found 328.064.
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Fig. S4d EI-DIP measurement of propane-2,2-diylbis(4,1-phenylene)bis(3-oxobutanoate)
(BPA), showing the characteristic molecule-ion peak and fragmentations. EI-DIP: m/z 396.210
(M*, 0.05%), 228.162 (21.73), 213.154 (100.00), 119.081 (18.09), 43.020 (12.17). Calculated
for CysH,406 (M*) 396.157, found 396.210.
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Fig. S4e EI-DIP measurement of ethane-1,1,1-triyltris(benzene-4,1-diyl) tris(3-oxobutanoate)
(THPE), showing the characteristic molecule-ion peak and fragmentations. EI-DIP: m/z 558.271
(0.01 %) 306.146 (9.05), 291.136 (100.00), 197.105 (10.57) 43.038 (13.32) (O=C-CHs*).
Calculated for C3,H304 (M*) 558.189, found 558.271.
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Fig. S5a 'H NMR spectra (CDCls, 25 °C) of spectrum of the synthesized vinylogous urethane
reference compound Phe-VUT-Hex. 6H (300 MHz, CDCl3, 298 K): 8.62 (1H, s, NH), 7.40-7.30 (2
H, m, Ph), 7.23-7.12 (1H, m, Ph), 7.11-7.05 (2H, m, Ph), 4.65 (s, 1H; CH), 3.20 (2H, m, CH,) 1.98
(3H, s, CHs), 1.68-1.47 (2H, m, CH,), 1.40-1.18 (6H, m, CH,), 0.93-0.79 (3H, t, CH5). Acetic acid:
1.97 (3H, s, CHs)
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Fig. S5b 13C NMR (broadband decoupled, CDCls, 25 °C) spectrum of the synthesized vinylogous
urethane reference compound Phe-VUT-Hex. 86C (75 MHz, CDCl;, Me,Si, 298 K): 169.16 (q,
COO0), 164.08 (g, C=C), 151.54 (g, Ph-0), 129.28 (t, Ph), 124.96 (t, Ph), 122.32 (t, Ph), 80.82 (t,
CH), 43.38 (s, CH,), 31.59 (s, CH,), 31.32 (s, CH,), 26.62 (s, CH,), 22.49 (s, CH,), 31.6 (p, C-CHs)
14.11 (p, CH,-CH3). Acetic acid: 177.74 (g, COOH), 22.99 (p, CH3).
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Fig. S5¢ 13C NMR (DEPTQ-135, CDCls, 25 °C) spectrum of the synthesized vinylogous urethane
reference compound Phe-VUT-Hex. 6C (75 MHz, CDCl;, Me,Si, 298 K): 169.16 (g, CO0), 164.08
(g, C=C), 151.54 (g, Ph-0), 129.28 (t, Ph), 124.96 (t, Ph), 122.32 (t, Ph), 80.82 (t, CH), 43.38 (s,
CH,), 31.59 (s, CH,), 31.32 (s, CH,), 26.62 (s, CH,), 22.49 (s, CH,), 31.6 (p, C-CH3) 14.11 (p, CH,-
CHs). Acetic acid: 177.74 (g, COOH), 22.99 (p, CHs).
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Fig. S6a ATR-FT-IR spectrum of the vinylogous urethane reference compound Phe-VUT-Hex
with the characteristic C=0 ester band at 1663 cml, C=C band at 1606 cm® and C=C at
1589 cm ! stretching vibrations of the phenylic unit.
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Fig. S6b ATR-FT-IR spectrum of the vinylogous urethane reference compound Phe-VUT-Hex
with the characteristic C=0 ester band at 1663 cm, C=C band at 1606 cm and C=C at 1589

cm stretching vibrations of the phenylic unit proved by measuring ATR-FT-IR-spectra of
Phenol (C=C at 1591 cm).
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Fig. S7 ESI-MS spectrum of the synthesized vinylogous urethane reference Phe-VUT-Hex
showing the characteristic molecule ion peaks 262.181 (M* + 1) and 263.184 (M* + 2).
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Fig. S8 'H NMR spectra (CDCls, 25 °C) of the reference Phe-VUT-Hex (top), Hex-VUA-Hex
(middle) and the mixture of both compounds during the synthesis in chloroform (bottom).
Hex-VUA-Hex: 6H (300 MHz, CDCl3): 9.00 (1H, s, NH), 4.78 (1H, s, NH), 4.22 (1H, s, CH),
3.18 (2H, d, CH,), 3.13 (2H, d, CH,), 1.85 (3H, s, CH5), 1.60-1.42 (4H, m, CH,), 1.40-1.20 (12H,
m, CH,), 0.87 (3H, t, CH3), 0.86 (3H, t, CH3). Phe-VUT-Hex: 6H (300 MHz, CDCl3, 298 K): 8.62
(1H, s, NH), 7.40-7.30 (2 H, m, Ph), 7.23-7.12 (1H, m, Ph), 7.11-7.05 (2H, m, Ph), 4.65
(s, 1H; CH), 3.20 (2H, m, CH,) 1.98 (3H, s, CHs), 1.68-1.47 (2H, m, CH,), 1.40-1.18 (6H, m, CH,),
0.93-0.79 (3H, t, CHs).
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Fig. S9 ESI-MS spectrum of the synthesized mixture of vinylogous urethane Phe-VUT-Hex and

Hex-VUA-Hex showing the characteristic molecule ion peaks 269.264 (M* + 1) and 262.185
(M*+1).
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Fig. S10 ATR-FT-IR spectra of the vinylogous urethane and vinylogous urea reference
compounds in comparison to the mixture resulted from the condensation/substitution
reaction of PH and hexylamine in chloroform. The spectra show the characteristic C=0 ester
band (1663 cm), C=Cyyr band (1606 cm™), C=0 amide band (1623 cm™) and C=Cyy band
(1590 cm™?
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Fig. 11a 'H NMR spectra (CDCl;, 25 °C) of spectrum of the synthesized vinylogous urea
reference compound N-hexyl-3-(hexylamino)but-2-enamide (Hex-VUA-Hex). 6H (300 MHz,
CDCl3): 9.00 (1H, s, NH), 4.78 (1H, s, NH), 4.22 (1H, s, CH), 3.18 (2H, d, CH;), 3.13 (2H, d, CH,),
1.85 (3H, s, CHs), 1.60-1.42 (4H, m, CH,), 1.40-1.20 (12H, m, CH,), 0.87 (3H, t, CHs), 0.86 (3H,
t, CHs).
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Fig. S11b 3C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
vinylogous urea reference compound N-hexyl-3-(hexyllamino)but-2-enamide (Hex-VUA-Hex).
8C (75 MHz, CDCI3, 25°C): 171.10 (g, C=0), 158.61 (g, C-CHs), 84.32 (t, CH), 43.04 (s, CH,),
31.07 (s, CH,), 30.73 (s, CH,), 30.31 (s, CH,), 26.83 (s, CH,), 26.75 (s, CH,), 22.72 (s, CH,), 22.66
(s, CH,), 19.53 (p, CHs). 14.15 (p, CHs).
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Fig. S11c 3C NMR (DEPTQ-135, CDCl3, 25 °C) spectrum of the synthesized vinylogous urea
reference compound N-hexyl-3-(hexylamino)but-2-enamide (Hex-VUA-Hex). 6C (75 MHz,
CDCI3, 25°C): 171.10 (g, C=0), 158.61 (q, C-CH3), 84.32 (t, CH), 43.04 (s, CH,), 31.07 (s, CH,),
30.73 (s, CH,), 30.31 (s, CH,), 26.83 (s, CH;), 26.75 (s, CH,), 22.72 (s, CH;), 22.66 (s, CH,), 19.53
(p, CH3). 14.15 (p, CHs).
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Fig. S12 ATR-FT-IR spectrum of the vinylogous urea reference compound Hex-VUA-Hex with
the characteristic C=0 amid band at 1623 cm™ and C=C band at 1593 cm™®.
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Fig. S13 ESI-MS spectrum of the synthesized vinylogous urea reference compound Hex-VUA-
Hex showing the characteristic molecule ion peaks 269.264 (M* + 1) and 270.262 (M* + 2).
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Fig. S14a 'H NMR spectra (CDCls, 25 °C) of spectrum of hexylamine. 8H (300 MHz, CDCls): 6H
(300 MHz, CDCls, 25°C): 2.62 (2H, t, N-CH,), 1.43-1.32 (2H, m, CH,), 1.32-1.17 (6H, m, CH,),
1.11 (2H, s, NH,), 0.83 (3H, t, CHs).
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Fig. S14b '3C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of hexylamine.
6C (75 MHz, CDCl3): 42.35 (s, CH,), 33.93 (s, CH;), 31.78 (s, CH,), 26.63 (s, CH;), 22.70 (s, CH,),
14.08 (s, CHs).
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Fig. S14c 3C NMR (DEPTQ-135, CDCl;, 25 °C) spectrum of hexylamine. 6C (75 MHz, CDCls):
42.35 (s, CH,), 33.93 (s, CH,), 31.78 (s, CH,), 26.63 (s, CH,), 22.70 (s, CH,), 14.08 (s, CHs).
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Fig. S15 'H NMR spectra (CDCl3, 25 °C) of the condensation reaction product Phenyl-3-
(phenylamino)but-2-enoate (Phe-VUT-Phe) synthesized by mixing phenylacetoacetate and
aniline, producing mainly the vinylogous urethane product (67%) (top). 'H NMR reference
spectra of the vinylogous urea compound N-phenyl-3-(phenylamino)but-2-enamide Phe-VUA-
Phe, showing the vinylogous urea compound and the acetoacetamide intermediate product
(bottom). Phe-VUA-Phe: &H (300 MHz, CDCl5): 11.06 (1H, s, NH), 7.43-7.34 (2H, d, Ph),
7.26-7.15 (4H, m, Ph), 7.08-6.91 (4H, m, Ph), 6.85 (1H, s, NH), 4.57 (1H, s, CH), 1.91 (3H, s,



CHs). Phe-VUT-Phe: 8H (300 MHz, CDCls, 298 K): 10.33 (1H, t, NH), 7.50-6.97 (10H, m, Ph),
4.87 (1H, s, CH), 2.02 (3H, s, CHs).
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Fig. S16a 'H NMR spectra (CDCls, 25 °C) of spectrum of the synthesized vinylogous urethane
mixture of Phe-VUT-Phe and Phe-VUA-Phe. Phe-VUA-Phe: §H (300 MHz, CDCl5): 11.06 (1H, s,
NH), 7.43-7.34 (2H, d, Ph), 7.26-7.15 (4H, m, Ph), 7.08-6.91 (4H, m, Ph), 6.85 (1H, s, NH),
4.57 (1H, s, CH), 1.91 (3H, s, CHs). Phe-VUT-Phe: 8H (300 MHz, CDCls, 298 K): 10.33 (1H, t, NH),
7.50-6.97 (10H, m, Ph), 4.87 (1H, s, CH), 2.02 (3H, s, CHs).
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Fig. S16b '3C NMR (broadband decoupled, CDCl;, 25 °C) of the synthesized vinylogous
urethane mixture of Phe-VUT-Phe and Phe-VUA-Phe. Phe-VUT-Phe: 6C (75 MHz, CDCl;,
Me,Si): 169.04 (g, COO0), 161.42 (g, C=C), 151.21 (q, Ph-0), 129.45 (t, Ph), 129.10 (t, Ph), 124.74
(t, Ph), 122.24 (t, Ph), 118.72 (t, Ph), 84.86 (t, CH), 20.74 (p, CHs). Phe-VUA-Phe:
6C (75 MHz, CDCls): 168.85 (q, C=0), 157.38 (q, C-CHs), 139.71 (q, Ph), 138.91 (q, Ph), 129.08
(t, Ph), 129.00 (t, Ph), 124.56 (t, Ph), 124.18 (t, Ph), 123.37 (t, Ph), 120.11 (t, Ph), 88.66 (t, CH),
20.57 (p, CHs).
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Fig. S16¢ 3C NMR (DEPTQ-135, CDCls, 25 °C) of the synthesized vinylogous urethane mixture
of Phe-VUT-Phe and Phe-VUA-Phe. Phe-VUT-Phe: 6C (75 MHz, CDCls, Me,Si): 169.04 (g, COO),
161.42 (g, C=C), 151.21 (q, Ph-0), 129.45 (t, Ph), 129.10 (t, Ph), 124.74 (t, Ph), 122.24 (t, Ph),
118.72 (t, Ph), 84.86 (t, CH), 20.74 (p, CHs). Phe-VUA-Phe: 6C (75 MHz, CDCls): 168.85 (g, C=0),
157.38 (q, C-CH3), 139.71 (q, Ph), 138.91 (q, Ph), 129.08 (t, Ph), 129.00 (t, Ph), 124.56 (t, Ph),
124.18 (t, Ph), 123.37 (t, Ph), 120.11 (t, Ph), 88.66 (t, CH), 20.57 (p, CH3).
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Fig. S17 ESI-MS spectrum of the synthesized vinylogous urethane compound Phe-VUT-Phe
showing the characteristic molecule ion peak 254.116 (M* + 1).
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Fig. S18a 'H NMR spectra (CDCl;, 25 °C) of spectrum of the synthesized vinylogous urea
reference  compound N-phenyl-3-(phenylamino)but-2-enamide  (Phe-VUA-Phe). &H
(300 MHz, CDCl5): 11.06 (1H, s, NH), 7.43-7.34 (2H, d, Ph), 7.26-7.15 (4H, m, Ph), 7.08-6.91
(4H, m, Ph), 6.85 (1H, s, NH), 4.57 (1H, s, CH), 1.91 (3H, s, CH).
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Fig. S18b 3C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
vinylogous urea reference compound N-phenyl-3-(phenylamino)but-2-enamide (Phe-VUA-
Phe). 6C (75 MHz, CDCl5): 168.85 (g, C=0), 157.38 (g, C-CHs), 139.71 (g, Ph), 138.91 (g, Ph),
129.08 (t, Ph), 129.00 (t, Ph), 124.56 (t, Ph), 124.18 (t, Ph), 123.37 (t, Ph), 120.11 (t, Ph), 88.66
(t, CH), 20.57 (p, CHs).
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Fig. S18c 3C NMR (DEPTQ-135, CDCls, 25 °C) spectrum of the synthesized vinylogous urea
reference compound N-phenyl-3-(phenylamino)but-2-enamide (Phe-VUA-Phe).
8C (75 MHz, CDCl5): 168.85 (g, C=0), 157.38 (q, C-CHs), 139.71 (g, Ph), 138.91 (q, Ph), 129.08
(t, Ph), 129.00 (t, Ph), 124.56 (t, Ph), 124.18 (t, Ph), 123.37 (t, Ph), 120.11 (t, Ph), 88.66 (t, CH),
20.57 (p, CHs).
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Fig. S19 EI-DIP measurement of N-phenyl-3-(phenylamino)but-2-enamide (Phe-VUA-Phe),
showing the characteristic molecule-ion peak and fragmentations. EI-DIP: m/z 252.174 (M*,
13.25 %), 160.134 (100.00), 132.109 (15.36), 118.105 (11.17). Calculated for C;H16N,0g (M+)
252.126, found 252.174.
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Fig. S20 ATR-FT-IR spectrum of the vinylogous urea compound Phe-VUA-Phe showing the
characteristic C=0 amid band at 1628 cm! and C=C band at 1591 cm™.
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Fig. S21a H NMR spectra (CDCl;, 25 °C) of spectrum of aniline. 8H (300 MHz, CDCls, 25°C):
7.06 (2H, t, Ph), 6.66 (1H, t, Ph), 6.57 (2H, d, Ph), 3.52 (2H, s, NH,).
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Fig. S21b 3CNMR (broadband decoupled, CDCl;, 25 °C) spectrum of aniline.
8C (75 MHz, CDCl5): 146.47 (g, Ph), 129.35 (t, Ph), 118.59 (t, Ph), 115.17 (t, Ph).
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Fig. S21c 3C NMR (DEPTQ-135, CDCl3, 25 °C) spectrum of aniline.
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Fig. S22a 'H NMR spectra (benzene-d6, 25 °C) of spectrum of the synthesized mixture of Phe-
VUT-Hex and Hex-VUA-Hex. Phenyl-3-(hexylamino)but-2-enoate (Phe-VUT-Hex) 6H (300 MHz,
benzene-d6, 298 K): 8.90 (1H, s, NH), 4.90 (1H, s, CH), 2.54 (2H, dd, CH,) 1.41 (3H, s, CHs),
1.33-1.03 (8H, m, CH,), 0.89-0.78 (6H, t, CHs). N-hexyl-3-(hexylamino)but-2-enamide (Hex-
VUA-Hex) 6H (300 MHz, benzene-d6, 298 K): 9.68 (1H, s, NH), 4.63 (1H, t, NH), 4.25 (1H, s, CH),
3.26 (2H, d, CH,), 2.77 (2H, dd, CH,), 1.61 (3H, s, CH3), 1.42-1.02 (16H, m, CH,, 0.84 (3H,
t, CHs), 0.83 (3H, t, CHs).
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Fig. S22b 'H NMR spectra (DMSO-d6, 25 °C) of spectrum of the synthesized mixture of Phe-
VUT-Hex and Hex-VUA-Hex. Hex-VUA-Hex: O6H (300 MHz, DMSO-d6, 298 K): &H
(300 MHz, DMSO-d6. 298 K): 8.92 (1H, t, NH), 6.89 (1H, t, NH), 4.28 (1H, s, CH), 3.08 (2H,
dd, CH,), 2.97 (2H, dd, CH,), 1.77 (3H, s, CHs), 1.51-1.05 (16H, m, CH,), 0.86 (3H, t, CHs), 0.85
(3H, t, CHs). Phe-VUT-Hex: 8H (300 MHz, DMSO-d6, 298 K): 8.52 (1H, s, NH), 7.19-7.06 (2 H,
m, Ph), 6.79-6.66 (3H, m, Ph), 4.57 (s, 1H; CH), 3.23 (2H, m, CH,) 1.77 (3H, s, CHs), 1.57-1.40
(2H, m, CH,), 1.35-1.14 (6H, m, CH,), 0.90-0.78 (3H, t, CHs). Acetic acid: 8.8 (COOH), 1.77 (3H,
s, CHs).
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Fig. S22¢c 'H NMR spectra (benzene-d6, 25 °C) of spectrum of the synthesized monomer PH.

8H (300 MHz, benzene-d6, 298 K): 7.11-6.97 (4H, m, Ph), 6.92-6.85 (1H, m, Ph), 3.00 (2H,
s, CH,), 1.62 (3H, s, CHs).
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Fig. S22d 'H NMR spectra (DMSO-d6, 25 °C) of spectrum of the synthesized monomer PH.

6H (300 MHz, DMSO-d6, 298K): 7.47-7.39 (2H, m, Ph), 7.31-7.24 (1H, m, Ph), 7.16-7.10 (2H, m, Ph),
3.89 (2H, s, CH,), 2.27 (3H, s, CHa).

0 [ppm]

Fig. S22e 'H NMR spectra (benzene-d6, 25 °C) of spectrum of the synthesized vinylogous urea
reference  compound N-hexyl-3-(hexylamino)but-2-enamide  (Hex-VUA-Hex).  &H
(300 MHz, benzene-d6, 298 K): 9.68 (1H, s, NH), 4.63 (1H, t, NH), 4.25 (1H, s, CH), 3.26 (2H,
d, CH,), 2.77 (2H, dd, CH,), 1.61 (3H, s, CHs), 1.42-1.02 (16H, m, CH,, 0.84 (3H, t, CH), 0.83
(3H, t, CHs).
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Fig. S22f 'H NMR spectra (DMSO-d6, 25 °C) of spectrum of the synthesized vinylogous urea
reference  compound N-hexyl-3-(hexylamino)but-2-enamide  (Hex-VUA-Hex).  &H
(300 MHz, DMSO-d6, 298 K): 6H (300 MHz, DMSO-d6. 298 K): 8.92 (1H, t, NH), 6.89 (1H,
t, NH), 4.28 (1H, s, CH), 3.08 (2H, dd, CH,), 2.97 (2H, dd, CH,), 1.77 (3H, s, CH3), 1.51-1.05
(16H, m, CH,), 0.86 (3H, t, CHs), 0.85 (3H, t, CHs).

0 [ppm]

Fig. $22g 'H NMR spectra (benzene-d6, 25 °C) of spectrum of the synthesized vinylogous
urethane reference compound Phe-VUT-Hex. 6H (300 MHz, benzene-d6, 298 K): 8.90 (1H,
s, NH), 4.90 (1H, s, CH), 2.54 (2H, dd, CH,) 1.41 (3H, s, CHs), 1.33-1.03 (8H, m, CH,), 0.89-0.78
(6H, t, CHs).
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Fig. S22h 'H NMR spectra (DMSO-d6, 25 °C) of spectrum of the synthesized vinylogous
urethane reference compound (Phe-VUT-Hex). 6H (300 MHz, DMSO-d6, 298 K): 8.52 (1H,
s, NH), 7.19-7.06 (2 H, m, Ph), 6.79-6.66 (3H, m, Ph), 4.57 (s, 1H; CH), 3.23 (2H, m, CH,) 1.77
(3H, s, CHs3), 1.57-1.40 (2H, m, CH,), 1.35-1.14 (6H, m, CH,), 0.90-0.78 (3H, t, CH3). Acetic acid:
8.8 (COOH), 1.77 (3H, s, CHs).
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Fig. S23a 'H NMR spectra (CDCl;, 25 °C) showing the final ratio of the VUA und VUT
compounds by using different amounts of acetic acid (mol %). The ratio was determined by
the characteristic NH chemical shifts at 8.98 (VUA) and 8.62 ppm (VUT).
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Fig. $23b 'H NMR spectra (CDCl;, 25 °C) showing the final ratio of the VUA und VUT
compounds by using different amounts of acetic acid (mol %).
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Fig. S24 Conversions of the reaction of phenylacetoacetate (PH) and 2 equivalents of
hexylamine in chloroform with different amounts of acetic acid (mol %). The conversion rates
are highly increased by using the catalyst, while with higher amount the reaction is slowed
down and finally totally inhibited due to protonation of all nucleophilic amines in pure acetic
acid.
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Fig. S25 Overview of the conducted exchange reactions. The transamination reaction of the
aromatic vinylogous urethane compounds (top), the aliphatic vinylogous urethane
compounds (middle) and the vinylogous urea compounds were investigated (bottom).
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Fig. S26a 'H NMR spectra (CDCl;, 25 °C) showing the characteristic vinylic protons of the
reference compounds Phe-VUT-Hex and Phe-VUT-Bz in comparison to the spectrum after the
exchange reaction. The signals clearly show the appearance of both signals.

Phe-VUT-Hex
Hex-VUA-Hex Jek ‘ Jl A

Phe-VUT-Bz

Bz-VUA-Bz MU ]
Lk .

Exchange

reaction JL ) N

VUT reference M A |

VUA reference

10 8 6 4 2 0
ppm [9]

Fig. S26b 'H NMR spectra (CDCl;, 25 °C) showing the signals of the vinylogous urethane
compounds Phe-VUT-Hex and Phe-VUT-Bz and the resulting spectra after the exchange
reaction, proving the exchange reaction by showing the presence of both signals. *H NMR
spectra of the characteristic NH protons before and after the exchange reaction in comparison
to the vinylogous urethane and urea compounds Phe-VUT-Hex, Phe-VUT-Bz, Hex-VUA-Hex
and Hex-VUA-Bz, proving the exchange reaction of the vinylogous urea compounds.

Exchange reaction VAN N\ A~
VUA reference (both) A A
10.5 10.0 9.5 9.0 8.5

ppm [8]



Fig. S27 'H NMR spectra (CDCls, 25 °C) of the characteristic NH protons before and after the
exchange reaction in comparison to the vinylogous urethane and urea compounds Phe-VUT-
Hex, Phe-VUT-Bz, Hex-VUA-Hex and Hex-VUA-Bz, proving the exchange reaction of the
vinylogous urea compounds.
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Fig. 28 ATR-FT-IR spectra did not show a visible significant shift in the C=0 ester or C=C bands
after the exchange reaction.

Calculation of the activation energy (£,) via an Arrhenius law:

The decrease of the reactant concentration as a function of time is described by:[33]

-kt

c

[Rl=1-cp+cpre ©

[R] concentration reactant
Cp equilibrium ratio of the
4
products (E)
k initial rate (fitted)
t reaction time [s]

Equation S1: Exponential fit for the conversion of the reactant to determine the initial rate k.
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Fig. S29a Monitoring the decay of the vinylogous urethane compound Phe-VUT-Bz at 70, 90
and 110 °C during the exchange reaction with hexylamine.

Reaction time [Min]

Fig. S29b Monitoring the decay of the vinylogous urea compound Hex-VUA-Hex at 12, 22 and
32 °C during the exchange reaction with benzylamine.
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Fig. S29c Monitoring the decay of the vinylogous urethane compound Methyl-VUT-Bz at 70,
90 and 110 °C during the exchange reaction with hexylamine.
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Fig. S30a 'H NMR spectra (CDCls, 25 °C) of spectrum of the synthesized vinylogous urethane
reference compound (Phe-VUT-Bz). 6H (300 MHz, CDCl3, 298 K): 8.98 (1H, t, NH), 7.33-7.03

(10H, m, Ph), 4.72 (1H, s, CH), 4.36 (2H, d, CH,), 1.94 (s, 3H, CHs).
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Fig. S30b 3C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of the synthesized
vinylogous urethane reference compound Phe-VUT-Bz. 6C (75 MHz, CDCl;, Me,Si): 169.16 (q,
C00), 164.08 (q, C=C), 151.54 (g, Ph-0), 129.28 (t, Ph), 124.96 (t, Ph), 122.32 (t, Ph), 80.82 (t,
CH), 43.38 (s, CH,), 31.59 (s, CH;), 31.32 (s, CH,), 26.62 (s, CH,), 22.49 (s, CH;), 31.6 (p, C-CHs3)
14.11 (p, CH,-CHs).
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Fig. S30c 13C NMR (DEPTQ-135, CDCls, 25 °C) spectrum of the synthesized vinylogous urethane
reference compound Phe-VUT-Bz. 6C (75 MHz, CDCl;, Me,Si): 169.16 (g, COO), 164.08 (q,
C=C), 151.54 (g, Ph-0), 129.28 (t, Ph), 124.96 (t, Ph), 122.32 (t, Ph), 80.82 (t, CH), 43.38 (s, CH,),
31.59 (s, CH,), 31.32 (s, CH,), 26.62 (s, CH,), 22.49 (s, CH,), 31.6 (p, C-CHs) 14.11 (p, CH,-CHs).
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Fig. S30d H NMR spectra (CDCls, 25 °C) of spectrum of benzylamine. §H (300 MHz, CDCls): 6H
(300 MHz, CDCls, 25°C): 7.31-7.15 (5H, m, Ph), 3.80 (2H, s, CH,), 1.37 (2H, s, NH,).
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ppm [3]
Fig. S30e 3C NMR (broadband decoupled, CDCl;, 25 °C) spectrum of benzylamine.
8C (75 MHz, CDCl5): 143.42 (g, Ph), 128.56 (t, Ph), 127.08 (t, Ph), 126.79 (t, Ph), 46.56 (s, CH,).
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Fig. S30f 3C NMR (DEPTQ-135, CDCls, 25 °C) spectrum of benzylamine. 6C (75 MHz, CDCls):
143.42 (q, Ph), 128.56 (t, Ph), 127.08 (t, Ph), 126.79 (t, Ph), 46.56 (s, CH,).
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Fig. S31 ATR-FT-IR spectrum of the vinylogous vinylogous urethane reference compound Phe-
VUT-Bz with the characteristic C=0 ester band at 1662 cm™ and C=C band at 1602 cm?.
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Fig. S32 ESI-MS spectrum of the synthesized vinylogous urethane compound Phe-VUT-Bz
showing the characteristic molecule ion peak m/z = 268.136 (M* + 1) and m/z = 269.138 (M*

+2).
Jeffamine-T403
1,1,1-Tris(4-hydroxyphenyl)ethane
3
S,
@
O
[
©
£ THPE scaiscatae W%W
n
o]
©
VU-THPE j, 5
N-hexyl-3-(hexylamino)but-2-enamide
T I T I T T I T I T I T I 1
3200 2800 2400 2000 1600 1200 800
wavenumber [cm™]
Fig. S33 ATR-FT-IR spectra of the reactants Jeffamine-T403, 1,1,1-

Tris(4-hydroxyphenyl)ethane, the acetoacetate monomer THPEa., the vinylogous urea
reference N-hexyl-3-(hexylamine)but-2-enamide and the product VU-THPE 5 ¢3s.
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Fig. S34a ATR-FT-IR spectra of all synthesized blended poly (vinylogous urethane/urea)
vitrimer networks derived from RE, NDO, BPA and THPE cured with JA or TREN with and
without acetic acid in a bulk or solvent-based polymerization. The blue line marks the



characteristic VUT C=0 ester band, while the red line marks the characteristic VUA C=0 amid
band.
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Fig. S34b ATR-FT-IR spectra of all synthesized blended poly (vinylogous urethane/urea)
vitrimer networks derived from RE, NDO, BPA and THPE cured with JA or TREN with and
without acetic acid in a bulk or solvent-based polymerization. The blue line marks the



characteristic VUT C=0 ester band, while the red line marks the characteristic VUA C=0 amid
band. The black line marks the are of C=C stretching bands.
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Fig. S35a Thermogravimetric analysis (TGA) measurements of the vitrimers cured without
additional catalyst and acetoacetate to amine ratios of 0.5 and 0.7. The thermal degradation
points were determined at 5 % mass loss.
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Fig. S35b Details of the thermogravimetric analysis (TGA) measurements of the vitrimers
cured without additional catalyst and acetoacetate to amine ratios of 0.5 and 0.7. The thermal
degradation points were determined at 5 % mass loss.
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Fig. S35c Details of the thermogravimetric analysis (TGA) measurements of the vitrimers cured
with additional acetic acid and/or chloroform as solvent. The thermal degradation points were
determined at 5 % mass loss.
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Fig. S36a Differential scanning calorimetrie (DSC) measurements of the vitrimers polymerized
with JA or TREN and acetoacetate to amine ratios of 0.5 or 0.7 and without catalyst.
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Fig. S36b Differential scanning calorimetrie (DSC) measurements of the vitrimers polymerized
with JA and an acetoacetate to amine ratios of 0.7 or 0.9 with acetic acid as catalyst.

Calculation of the activation energy (E,) by stress relaxation experiments:[!!



The stress relaxation times as a function of temperature can be described by an Arrhenius

law:

o(T) = 14e kT

T

stress relaxation time (37 %)
Stress relaxation time
(normalized 0,1)

activation energy

gas constant

temperature

[s]
[s]

[kJ mol?]
[J K1 mol1]

[K]

Equation S2: Arrhenius law for calculating the activation energy by stress-relaxation times
according to Maxwell law for viscoelastic fluids (37%, 1/e)) as a function of temperature.

The activation energy was calculated by plotting In k versus 1000/T.
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Fig. S37a Temperature-dependent DMA measurement (o =10rad/s, y=0.1 %) of VUH*-
BPA 0.0 in the temperature range of 0-150 °C, showing the storage- and loss modulus (G” and
G”) with the characteristic rubbery plateau of the cross-linked material at elevated
temperatures up to 150 °C.
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Fig. S37b Temperature-dependent DMA measurement (® = 10 rad/s, y = 0.1 %) of CFVUH*-
BPAja 09 in the temperature range of 20-150 °C, showing the storage- and loss modulus (G’
and G”) with the characteristic rubbery plateau of the cross-linked material at elevated
temperatures up to 150 °C.
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Fig. S37c Temperature-dependent DMA measurement (o =10rad/s, y=0.1%) of
VUH*-NDOj, o9 in the temperature range of 0-150 °C, showing the storage- and loss modulus
(G’ and G”) with the characteristic rubbery plateau of the cross-linked material at elevated
temperatures up to 150 °C.
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Fig. S37d Temperature-dependent DMA measurement (w=10rad/s, y=0.1%) of
VUH*-RE 5, 09 in the temperature range of 0-150 °C, showing the storage- and loss modulus
(G’ and G”) with the characteristic rubbery plateau of the cross-linked material at elevated
temperatures up to 150 °C.
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Fig. S37e Temperature-dependent DMA measurement (o =10rad/s, y=0.1%) of
VUH*-THPEs 09 in the temperature range of 20-150 °C, showing the storage- and loss
modulus (G’ and G”’) with the characteristic rubbery plateau of the cross-linked material at
elevated temperatures up to 150 °C.
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Fig. S37f Temperature-dependent DMA measurement (ow=10rad/s, y=0.1%) of
VUH*-BPA,, o7 in the temperature range of 0-150 °C, showing the storage- and loss modulus
(G’ and G”) with the characteristic rubbery plateau of the cross-linked material at elevated
temperatures up to 150 °C.
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Fig. S37g Temperature-dependent DMA measurement (o = 10 rad/s, y = 0.1 %) of VU-REj, o5
in the temperature range of 0—150 °C, showing the storage- and loss modulus (G’ and G”’) with
the characteristic rubbery plateau of the cross-linked material at elevated temperatures up to
150 °C.
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Fig. S37h Temperature-dependent DMA measurement (o = 10 rad/s, y = 0.1 %) of VU-RE} o7
in the temperature range of 0—150 °C, showing the storage- and loss modulus (G’ and G”’) with
the characteristic rubbery plateau of the cross-linked material at elevated temperatures up to

150 °C.
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Fig. S37k Temperature-dependent DMA measurement (@ =10 rad/s, y = 0.1 %) of VU-NDOy,,
osin the temperature range of 30-150 °C, showing the storage- and loss modulus (G” and G”)
with the characteristic rubbery plateau of the cross-linked material at elevated temperatures
up to 150 °C.
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Fig. S37m Temperature-dependent DMA measurement (w=10rad/s, y=0.1%) of
VU-BPA) o5in the temperature range of 0-150 °C, showing the storage- and loss modulus (G’
and G”) with the characteristic rubbery plateau of the cross-linked material at elevated
temperatures up to 150 °C.
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Fig. S38a Stress relaxation experiment of VU-THPE,s s, plotting the normalized stress
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150 °C.



100 4« b sz,

80

60 -

G(t)/G, [1]

40 -

20

o 1/ RE7

1 o TR TR ot
0.1 1 10 100 1000
stress-relaxation time [s]

Fig. S38b Stress relaxation experiment of VU-RE,, ¢ 7, plotting the normalized stress relaxation
against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and 150 °C.

100 = R L L T _ 110 OC

GG, []

0 ~——rrrrrem
0.1 1 10 100 1000

stress-relaxation time [s]

Fig. S38c Stress relaxation experiment of VU-RE,, o5, plotting the normalized stress relaxation
against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and 150 °C.
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Fig. S38d Stress relaxation experiment of VU-NDO,, o7, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and
150 °C.
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Fig. S38e Stress relaxation experiment of VU-NDO,s o5, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110,130 and
150 °C.
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Fig. S38f Stress relaxation experiment of VU-THPE,s o7 plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110, 130,
140 and 150 °C.
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Fig. S38g Stress relaxation experiment of VU-BPA;x o5, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and
150 °C.
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Fig. S38h Stress relaxation experiment of VU-BPA,, o7 plotting the normalized stress
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Fig. S38i Stress relaxation experiment of VU-BPArgen o5, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and
150 °C.
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Fig. S38j Stress relaxation experiment of VU-BPArgen, 07, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and
150 °C.
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Fig. S38k Stress relaxation experiment of VUH*-BPAs o9, plotting the normalized stress
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150 °C.
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Fig. S38m Stress relaxation experiment of CFVUH*-BPA,, 7, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110, 130 and
150 °C.
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Fig. S38n Stress relaxation experiment of VUH*-NDO,, o9, plotting the normalized stress
relaxation against the stress-relaxation time (DMA) measured at temperatures of 110,130 and
150 °C.
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Fig. S39a Stress-strain measurements of the vitrimers VU-RE,5 o5, VU-NDOjp, 05, VU-BPAj4 05
and VU-THPE, o5 with an acetoacetate to amine ratio of 0.5 at room temperature (the test
was carried out at 10 mm min1).
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Fig. S39b Stress-strain measurements of the vitrimers VU-RE 5 o5, VU-NDOjp o5, VU-BPAja 05
and VU-THPE 5 o5 with an acetoacetate to amine ratio of 0.7 at room temperature (the test
was carried out at 10 mm min1).
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Fig. S39c Stress-strain measurements of the vitrimers VU-BPA cured with JA or TREN and
acetoacetate to amine ratio of 0.5 or 0.7 at room temperature (the test was carried out at
10 mm minl).
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Fig. S40 Reprocessing cycles of the vitrimers by consecutive grinding and compression molding
(150 °C, 3005s), generating homogeneous, transparent, and bubble-free films (specimen)
(top). Repetitive ATR-FT-IR spectra of the exemplary reprocessing cycles of the elastomeric
vitrimer VU-REy 7, showing similar spectra after each cycle (middle). Repetitive stress-strain
measurements of the exemplary reprocessing cycles of the elastomeric vitrimer VU-REg,
showing a stable stress and strain behavior after a slight decrease after the first cycle (bottom).
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Fig. S41 Self-healing, exemplary showed for VU-RE5 o5. The DIN 5B bones were cut half and
put into the oven for 30 minutes at 150 °C. Tensile tests show almost full recovery after the
self-healing process (black: original, red: self-healed). The blue curve represents a sample
which was not cured after cutting, showing significantly lower stress resistant.
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Materials: Starch (corn), starch (wheat), starch (rice), hexylamine (99%), alpha-amylase
(aspergillus oryzae, 30 U mg'), iodine (99.5%) and ethanol (99%) were purchased from Sigma -
Aldrich. 2.2,6-trimethyl-1,3-dioxin-4-one (95%), tert-butylacetoacetate (98%),
1,5-diaminopentane  (98%), 14-diaminobutane  (98%), 1,6-diaminohexane  (98%),
1,8-diaminooctane  (98%), 1,10-diaminodecan (98%), 1,12-diaminododecane (98%) and
1,6-hexanediol (98%) were obtained from TCI. Ethylene glycol (99.5%) was purchased from
Honeywell. Acetic acid (100%) and tetrahydrofuran (HPLC-grade) were purchased from VWR.
Glycerol (99.5%) was purchased from ROTH. Isobutylamine (99%) was purchased from Alfa
Aesar. DMSO-d6 was purchased from Deutero GmbH. Priamine 1075 was provided from

Croda International.

Methods:Nuclearmagnetic resonance : 'H NMR and 1*C NMR (DEPTQ-135) spectra were
recorded on a Bruker AVANCEII (Bruker BioSpin GmbH, Ettlingen, Germany) at 300 or
600 MHz with deuterated dimethylsulfoxide (DMSO-d6) as a solvent. Sample concentrations
were between 2040 mg mL-!, and measurements were recorded at 298 K. Data processing was
carried out with MestReNova (Version 14.1.0, Mestrelab Research S.L., Santiago de
Compostela, Spain). Mass spectrometry (MS): Electrospray ionization (ESI) was measured
on an Agilent 6224 ESI-TOF device coupled with an Agilent HPLC 1200 Series and direct
mjection (110-3200 m/z). Electron ionization (EI-DIP)was measured on a Thermo ISQ LT EI
device coupled with a Thermo Trace 1300 and direct mjection (40-800 m/z). Data processing
was carried out by MestReNova (Version 14.1.0, Mestrelab Research S.L., Santiago de
Compostela, Spain). Attenuated Total Reflection-Fourier Transformation Infrared (ATR-
FT-IR): Spectra were recorded on a Bruker FT-IR Vertex 70 (Bruker BioSpin GmbH,
Ettlingen, Germany) with a diamond ATR-probe. All samples were measured in the range of
4000-600 cm! with a resolution of 2 cm! and 32 scans. Measurements and data processing

was carried out with Opus 8.7. Thermogravimetric analysis (TGA): A TG 209 F1 Libra
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(NETZSCH-Geritebau GmbH, Selb, Germany) was used to determine the mass loss during
heat treatment. A temperature range of 25—600 °C with a heating rate of 10 K min"' under

ambient atmosphere (oxygen) was used with a flow rate of 20 mL min'. About 5-10 mg of

polymer was weighed into a ceramic crucible. Data processing was performed with Proteus
analysis 8.0.3 (NETZSCH-Gerdtebau GmbH, Selb, Germany).

Differential scanning calorimetry (DSC): A differential scanning calorimeter
DSC 204 F1 Phoenix (NETZSCH-Gerédtebau GmbH, Selb, Germany) was used. 5—10 mg
polymer was weighed into an aluminum crucible. The measurements were performed in
nitrogen atmosphere with a flow rate of 20 mL min'! in the temperature range between (-50)—
180 °C. The heating and cooling rates were set to 10 K min! and the thermal properties were
analyzed using the DSC data of the second and third heating curve. Data processing was
performed by Proteus analysis 8.0.3 (NETZSCH-Gerdtebau GmbH, Selb, Germany).
Dynamic-mechanical analysis (DMA): For oscillatory and step shear experiments, a
rotational rheometer MCR 502 (Anton Paar GmbH, Graz, Austria) with an 8 mm plate-plate
geometry and a heat chamber with a flooded nitrogen atmosphere was used. The temperature
was controlled by a Peltier plate. The gap between the lower and the upper plate was usually
setto 1 mm, and anormal force of 1 N was applied. Amplitude sweeps were carried out between
0.001% and 30% shear strain () at a constant angular frequency (@) of 10 rad s at 100 °C.
This should ensure that the chosen strain amplitude y, was within the linear viscoelastic regime,
so that the storage modulus G’ and the loss modulus G were independent of strain. Frequency
sweeps were carried out between 0.001 Hz and 100 Hz angular frequency (@) at a constant
shear strain () of 0.1% at 100 °C. Temperature-dependent measurements were usually carried
out with an angular frequency of 10 rad s*! ata constant shear strain of 0.1% in the temperature
range of 0—160 °C. Stress relaxation experiments were carried out with a shear strain of 1%,

and the relaxation modulus was recorded as a function of time in the temperature range of 90—
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160 °C. Data processing was performed by RheoCompass 1.30 (Anton Paar GmbH, Graz,
Austria). Specimens for the DMA were pushed out with an 8 mm punch. The vitrimer films
were previously placed in a drying chamber at 100 °C for 1 minute in order to heat them above
the glass transition temperature to prevent splintering during processing. Tensile test: Stress-
strain curves were recorded at room temperature (20 °C) on a universal testing machine type
7020 (Zwick Roell GmbH & Co. KG, Ulm, Germany) using a 5 kN load cell. The
measurements were carried out in accordance with the test standard DIN EN ISO 527-1. The
mitial force was 0.1 MPa, and the clamping length was 13.24 mm. The elastic modulus was
determined at a speed of 1 mm min! (0.025-0.2%) and the test speed was carried out at
10 mm min!. Data processing was performed by TestXpert I/ VV3.71. The test specimens for
the tensile test were punched out with a cutting press type ZCP020 (Zwick Roell). The
attachment was used for test specimens of type 5B (according to DIN EN ISO 527-2). The
vitrimer films were placed in a drying cabinet at 100 °C for one minute in order to heat them
above the glass transition temperature, to prevent splintering during processing. Powder X-
Ray diffraction (XRD) measurements were conducted on a Panalytical MPD X'Pert Pro
(Malvern Panalytical, Malvern, Great Britain) with Cu Ka radiation (1,=1.5405980 A,
2,=1.5444260 A)ata scanstepsize of 0.0131 °. Scanning electron microscopy (SEM) images
were recorded on a LEO Gemini 1550 (Carl Zeiss, Oberkochen, Germany). Secondary electrons
were detected with an Everhart-Thornley detector, operating with 1-5 kV and 50-100 pA.
Optical microscope images were recorded with a Zeiss AX10 Observer Al (Carl Zeiss,
Oberkochen, Germany) microscope with EC EPIPLAN 10x/0.2 HD and EC EPIPLAN 20x/0.2
HD lenses. Elemental analysis was carried out on a CHN-Element analyser Vario EL III (Fa.

Elementar Analysensysteme GmbH, Langenselbold, Germany).
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Synthetic procedures:
The synthesis route was adapted from Witzemann et al. and customized in terms of reaction
conditions and acetoacetylation agent.! Propane-1,2,3-triyl tris(3-oxobutanoate) (GlyAcAc):
The crude, brownish 22.,6-trimethyl-1-3-dioxin-4-one (TMDQO) was purified by vacuum
distillation at 60 °C and 0.1 mbar to obtain the pure colorless product. Glycerol
(10.0 g, 0.108 mol) and the purified TMDO (48.6 g, 0.342 mol) were mixed in a 250 mL flask.
The mixture was heated at 135 °C for 1h, while the byproduct acetone was removed by
distillation during the reaction. The temperature in the distill head was usually between 75—
90 °C. When the temperature dropped to 35 °C in the still head, the remaining acetone, TMDO,
and dehydroacetic acid were removed in vacuo at 135 °C and 0.1 mbar. The residue represented
the desired product in a high degree of purity, appearing as a slightly yellowish liquid. Yield =
98%. '"H NMR (300 MHz, DMSO-d6, 298 K): 5.23 (1H, m, CH), 4.26 (2H, s, CH>), 4.24 (2H,
s, CH,), 3.63 (2H, s, CH,), 3.61 (2H, s, CHy), 2.17 (3H, s, CH3). 3C NMR (DEPTQ-135,
75 MHz, DMSO-d6, 298 K): 201.32 (q, C=0), 201.10 (g, C=0), 166.92 (q, COO), 166.62 (q,
C00), 69.22 (t, CH), 62.20 (s, CH»), 49.44 (s, CH»), 49.30 (s, CH»), 30.03 (p, CH3), 29.95 (p,
CHs;). EI-DIP: m/z = 344.107 (M*, 0.05%), 43.033 ([O=C-CH;]*, 100%). Calculated for
Ci5sH2009 344.110, found 344.107. ESI-MS: m/z = 367.101 (MNa*; 100%). Ethane-1,2-diyl
bis(3-oxobutanoate) (EgAcAc): The synthetic route follows the same conditions for the
acetoacetylation as the synthesis of GlyAcAc. Yield = 99%. 'H NMR (300 MHz, DMSO-d6,
298 K): 4.27 (2H, s, CHy), 3.61 (2H, s, CH,), 2.18 (3H, s, CHj). 13C NMR (DEPTQ-135,
75 MHz, DMSO-d6, 298 K): 201.38 (q, C=0), 167.14 (q, COO0), 62.36 (s, CH;),49.42 (s,CH,),
29.97 (p, CHj). ESI-MS: m/z = 53.067 (MNa*, 100%). Hexane-1,6-diyl bis(3-oxobutanoate)
(HexAcAc): The synthetic route follows the same conditions for the acetoacetylation as the
synthesis of GlyAcAc. Yield = 99%. 'H NMR (300 MHz, DMSO-d6, 298 K): 4.05 (2H,
s, CHy), 3.58 (2H, s,CH,), 2.17 (3H, s, CH3), 1.64-1.48 (2H, m, CH;), 1.36-1.26 (2H,

m, CH,). 1*C NMR (75 MHz, DMSO-d6, 298 K): 201.55 (g, C=0), 167.29 (q, COO), 64.33 (s,
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CH,), 49.56 (s, CH»), 30.02 (p, CHj3), 28.01 (s, CH»), 24.88 (s, CH,). ESI-MS: m/z =309.113
(MNat " 100%), 287.148 (M*, 1.22%). Acetoacetylated corn starch (CsAcAc): Corn starch
(15.00 g, 0.093 mol) and the purified TMDO (31.55 g, 0.222 mol) were mixed in a 250 mL
flask until a homogeneous dispersion was obtained. The mixture was heated at 135 °C for
45 min, while the byproduct acetone was removed by distillation during the reaction. The
brownish residue was decanted and washed 5 times with 200 mL ethanol until a colorless
dispersion with white powder was obtained. The residue represented the desired product in a
high degree of purity, appearing as a white powder. Alternatively, tert-butylacetoacetate
(t-BuAcAc) can be used for the acetoacetylation instead of TMDO, but a higher temperature of
160 °C for 2 h is required for an equal conversion. The synthetic procedure works also for other
types of starch. Acetoacetylated anhydrous glucose unit (CsAcAc): Yield = 76%. 'H NMR
(300 MHz, DMSO-d6, 298 K): 5.50 (OH-3), 5.40 (OH-2), 5.11 (H-1), 4.59 (OH-6), 3.80-3.2
(H-2,3,4,5,6) 3.62 (s, CHy), 2.17 (p, CH3). 3C NMR (75 MHz, DMSO-d6, 298 K): 100.21 (C-
1), 78.86 (C-4), 73.36 (C-3), 71.08 (C-2), 71.71 (C-5), 60.60 (C-6), 49.42 (s, CH>), 30.11 (p,

CH3).

Table S6-T1: Equations to determine the swelling ratio, gel fraction and soluble fractions of
the materials.

Swelllng ratio (SR) = (stollen(g)'sdry before(g)/ So|ry before (g))*loO%
Gel fraction :(Sdry after(8)/ Sdry before(8))* 100%

Soluble fraction =(Sso1(8)/ Sary before(g))* 100%

S =sample
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Figure S7-S1. ATR-FT-IR spectra of the acetoacetylated glycerol (GlyAcAc), ethylene glycol
(EgAcAc), 1,6-hexanediol (HexAcAc) and the raw alcohols, showing the disappearance of the
O-H band in the area of 3000—3600 cm! and the characteristic acetoacetate bands (ester

(1740 cm!), ketone (1711 cm!)).
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Figure S7-S2. Cutout ATR-FT-IR spectra of GlyAcAc, EgAcAc and HexAcAc, showing the
characteristic acetoacetate bands of the ester (1738-1742 c¢m'!) and ketone bands (1711 cm!).
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Figure S8-S1. 'H NMR spectrum of the acetoacetylated glycerol monomer GlyAcAc, showing
the characteristic signals and intensitics. 'HNMR (300 MHz, DMSO-d6, 298 K):
5.23 (1H, m, CH), 4.26 (2H, s, CH»), 4.24 (2H, s, CH;), 3.63 (2H, s, CH,), 3.61 (2H, s, CH,),
2.17 (3H, s, CHj).
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Figure S8-S2. 13C NMR DEPTQ-135 spectrum of the acetoacetylated glycerol monomer
GlyAcAc, showing the characteristic signals and intensities. '3C NMR (75 MHz, DMSO-d6,

298K): 201.32 (g, C=0), 201.10 (g, C=0), 166.92 (q, CO0), 166.62 (q, CO0), 69.22 (t, CH),
62.20 (s, CHa), 49.44 (s, CH,), 49.30 (s, CH,), 30.03 (p, CH3), 29.95 (p, CH3).
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Figure S9-S1. 'H NMR spectrum of the acetoacetylated ethylene glycol monomer EgAcAc,

showing the characteristic signals and intensities. 'H NMR (300 MHz, DMSO-d6, 298 K): 4.27
(2H, s, CH,), 3.61 (2H, s, CH;), 2.18 (3H, s, CH3).
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Figure S9-S2. BC NMR DEPTQ-135 spectrum of the acetoacetylated ethylene glycol
monomer EgAcAc, showing the  characteristic signals and  intensities.

13C NMR (75 MHz, DMSO-d6, 298 K): 201.38 (g, C=0), 167.14 (q, COO), 62.36 (s, CH»),
49.42 (s, CHa), 29.97 (p, CHs).
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Figure S10-S1. '"H NMR spectrum of the acetoacetylated 1,6-hexanediol monomer HexAcAc,
showing the characteristic signals and intensities. 'H NMR (300 MHz, DMSO-d6, 298 K): 4.05
(2H, s, CH>), 3.58 (2H, s, CH»), 2.17 (3H, s, CH3), 1.64—1.48 (2H, m, CH,), 1.36—1.26 (2H,
m, CH»).
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Figure S10-S2. 13C NMR DEPTQ-135 spectrum of the acetoacetylated 1,6-hexanediol
monomer  HexAcAc, showing the characteristic signals and intensities.
13C NMR (75 MHz, DMSO-d6, 298K): 201.55 (q, C=0), 167.29 (q, CO0), 64.33 (s, CH2), 49.56 (s,
CH,), 30.02 (p, CHs), 28.01 (s, CH2), 24.88 (s, CH>).
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Figure S11-S1. ESI-MS (+) spectrum showing the characteristic peak of MNat with
m/z =367.101.
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Figure S11-S2. EI-MS spectrum showing the molecule-ion peak of m/z =344.107 (GlyAcAc)
and the characteristic fragmentation of the ketone group ([CH3-C=0], m/z = 43).
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Figure S12-S1. ESI-MS (+) spectrum showing the characteristic peak of MNet with m/z =
253.067 (GlyAcAc).
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Figure S12-S2. ESI-MS (+) spectrum showing the characteristic peak of MNa* with m/z =
309.133.
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Figure S13-S1. 'H NMR spectra of the acetoacetylated starch monomer (CsAcAc), showing
the characteristic signals and intensities at 2.17 ppm (CH3) and 3.62 ppm (CH;) in comparison
to raw corn starch and the reactant TMDO. CsAcAc: 'H NMR (300 MHz, DMSO-d6, 298 K):
5.50 (OH-3), 5.40 (OH-2), 5.11 (H-1), 4.59 (OH-6), 3.80 - 3.2 (H-2,3,4,5,6), 3.62 (2H, s, CH»),
2.17 (3H, s, CH3). AGU (corn starch): 'TH NMR (300 MHz, DMSO-d6, 298 K): 5.50 (OH-3),
540 (OH-2), 5.11 (H-1), 4.59 (OH-6), 3.80 - 3.2 (H-23456). TMDO:
'H NMR (300 MHz, DMSO-d6, 298K): 5.36 (l1H, s,CH), 1.97 (3H, s,CHj), 1.63
(6H, S, CH3)

AGU (starch)

180 180 140 120 100 80 &0 40 20 D
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Figure S13-S2. BC-NMR DEPTQ-135 spectrum of CsAcAc, showing the characteristic CHj
and CHj; signals of the acetoacetate group. Due to the low concentration of the acetoacetate
group, the signal-to-noise ratio is bad. 3C NMR (75 MHz, DMSO-d6, 298 K): 100.21 (C-1),
78.86 (C-4), 73.36 (C-3), 71.08 (C-2), 71.71 (C-5), 60.60 (C-6), 49.42 (s, CH;), 30.11 (p, CHj).
Marked in green, the typical 13C signals of the AGU of corn starch.
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Table S14-T1. Results of elementary analysis (NCHS) in comparison of pure corn starch, corn
starch treated with isobutylamine and CsAcAc treated with isobutylamine.

Sample N C H S
wt% | wt% | wt% | wt%
Corn starch 0.15 | 44.43 | 6.71 | 0.00
Corn starch 0.17 | 44.63 | 6.79 | 0.00

Corn starch + Isobutylamine | 0.12 | 44.26 | 6.61 | 0.00
Corn starch + Isobutylamine | 0.13 | 44.51 | 6.62 | 0.00

CsAcAc + Isobutylamine 0.56 | 45.03 | 6.61 | 0.00
CsAcAc + Isobutylamine 0.57 | 44.62 | 6.66 | 0.00
CsAcAc + Isobutylamine 0.58 | 44.83 | 6.71 | 0.00

Corn starch CsAcAc

Figure S14-S1. Optical microscope (OM) images of the raw corn starch and the modified corn
starch CsAcAc, showing polyhedron-shaped granules with a diameter of 5-20 um without any
significant difference of the granules.
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Corn starch CsAcAc

Figure S15-S1. SEM images of the raw corn starch and CsAcAc, showing polyhedron-shaped
granules with a diameter of 5-20 um with a magnification of 1-10 pm and no significant
difference before and after the modification.
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Figure S16-S1. DSC measurements showed no significant difference in comparison of the pure
corn starch and CsAcAc. Since the measurements were carried out with dried samples, the

melting points were identified at temperatures above 200 °C, indicating the low amount of
water according to literature.?
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Figure S16-S2. Acronyms and monomer ratios (wt%) of the fabricated material compositions,
pointing out that with increasing chain length of the diamine and constant R value, the monomer
ratios shift notably. The materials were labelled as VU-Amineyocsacac (e.2., VU-DAO3).

It was found that vitrimers with relatively long alkyl chains of the diamine (VU-DADD,
VU-PA) and low cross-linking density allow the synthesis of vitrimer composites with a high
share of CsAcAc up to 70 wt%. Regarding VU-DAB, VU-DAH, VU-DAO, and VU-DAD the
highest amount was 30—50 wt%, since reprocessing did not work sufficientty well and led to
brittle and cracked materials without efficient reprocessing during heat compression. The
acetoacetate (GlyAcAc) to amine ratio was set to R = 0.75 for 0 wt% CsAcAc,R =0.73 for
30 wt%, R =0.7 for 50 wt% and R = 0.65 for 70 wt%.
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Figure S17-S1. Full ATR-FT-IR spectra of the acetoacetylated HexAcAc before and after the
conversion with DAH, showing the disappearance of the characteristic acetoacetate bands of
the ester (1740 cm!') and ketone stretching vibrations (1711 c¢cm!) as well as the formation of
the conjugated C=C (1593 cm!) and C=0 ester (1644 cm!) stretching vibrations bands of the
vinylogous urethane.
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Figure S17-S2. Temperature-dependent DMA measurement of the linear, thermoplastic
polymer synthesized by HexAcAc and DAH (G' = dark blue, G" = light blue), a composite
synthesized by the linear polymer and 50 wt% of native corn starch (G' = dark red, G" = light

red) and the cross-linked polymer synthesized by the linear polymer and 50 wt% CsAcAc (G
= dark green, G" = light green).

S17



25 | Corn starch + Ref
CsAcAc + Ref
| Ref

Tan &[]

20 40 60 80 100 120 140
Temperature [*C]

Figure S18-S1. Temperature-dependent DMA measurement (tan 6)of a composite synthesized
by the linear polymer and 50 wt% of native corn starch (red), the cross-linked polymer
synthesized by the linear polymer and 50 wt% CsAcAc (green) and only the linear reference
vitrimer (blue). The device had problems to measure the storage modulus of the linear reference
at high temperatures. Therefore, the loss modulus is only shown up to temperatures of 85 °C.
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Figure S18-S2. Comparing the measured stress-strain curves of the thermoplastic composite
material synthesized by natural corn starch and the thermosetting composite synthesized with
the modified corn starch CsAcAc.
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Figure S19-S1. ATR-FT-IR spectra show the characteristic C=C (1592—-1604 c¢m)and C=0

ester (1644-1654 cm') bands of the vinylogous urethane bonds, comparing the seven matrix
vitrimers synthesized by GlyAcAc and different diamines.
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Figure S19-S2. Close up ATR-FT-IR spectra show the characteristic C=C (1592-1604 cm!)
and C=0 ester (16441654 cm') bands of the vinylogous urethane bonds, showing a declining
wavenumber with increasing length of the alkyl chain of the diamine.
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Figure S20-S1 ATR-FT-IR spectra show the disappearance of the C=O ester and C=O ketone
stretching vibrations bands of the acetoacetate monomer CsAcAc (red), the formation of the
characteristic C=C (1598 cm!) and C=0 ester bands (1650 cm™) of the vinylogous urethane
bonds (blue). Furthermore, the characteristic O-H (3000-3600 cm!) and C-O stretching
vibrations of the AGU (995 cm’!, 1078 cm!- and 1148 cm) are pronounced with a rising
amount of CsAcAc in the materials VU-PA( VU-PAs,and VU-PA, (green).
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Figure S20-S2 ATR-FT-IR spectra show the disappearance of the C=0 ester and C=0 ketone
stretching vibrations bands of the acetoacetate monomer CsAcAc (red), the formation of the
characteristic C=C (1598 cm1) and C=0 ester bands (1650 cm1) of the vinylogous urethane
bonds (blue). Furthermore, the characteristic O-H (3000-3600 cm) and C-O stretching
vibrations of the AGU (995 cm, 1078 cml and 1148 cml) are pronounced with a rising
amount of CsACAc in the materials VU-PA, VU-PAs, and VU-PA; (green). XRD
diffractograms of CsAcAc (black), the composite VU-PA;,with CsAcAc embedded into a
vitrimer matrix (red) and the amorphous matrix vitrimer VU-PA, without any starch (blue).
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Figure S21-S1. DSC-heating curves of the seven matrix vitrimers.
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temperatures of (-26)—70 °C (on-set) have been measured (VU-DAB: 71 °C, VU-DAP: 63 °C,
VU-DAH: 54 °C, VU-DAO: 47 °C, VU-DAD: 36 °C, VU-DADD: 30 °C, VU-PA:(-26) °C).
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Figure S21-S2. The glass transition temperatures increase with a declining chain length of the
diamine and show a linear dependency of CH,-groups (molecular weight of the aliphatic
diamines) and the corresponding 7,, with a calculated value of 5 °C per CH»-group (slope).
Consequently, VU-DAB, shows the highest 7, while VU-PA exhibits the lowest (VU-DABq:

71 °C, VU-DAPy:

63 °C, VU-DAH:

54 °C, VU-DAO,: 47°C, VU-DAD,: 36 °C,

VU-DADDy: 29 °C, VU-PAy: (-26) °C).
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Figure S22-S1. DSC-heating curves of VU-DADD, with 30, 50 and 70 wt% of CsAcAc.
Glass transition temperatures of 20-29 °C (on-set) have been measured.
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Figure S22-S2. Thermogravimetric analysis measurements of the seven matrix vitrimers
carried out under ambient atmosphere. The thermal degradation temperatures were measured
to 231-273 °C (on-set) and increase with a rising length of the alkyl chain of the diamine.
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Figure S23-S1. TGA measurements of pure corn starch and CsAcAc, showing degradation
temperatures of 287 °C and 290 °C (on-set) under ambient atmosphere. The thermal
degradation temperatures of the composite materials were measured within the same range as
the corresponding vitrimer matrix and are exemplified shown on the materials VU-DADD,,
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Figure S23-S2. Amplitude sweeps of the matrix vitrimers VU-DAB,, VU-DAO,, VU-DADD
and VU-PA,, showing yield points of 1-20%, increasing with rising length of the alkyl chain
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of the diamine (100 °C, w= 10 rad s!) (G' = dark color, G"= light color).
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Table S24-T1. Results of the swelling experiments in THF, determining the swelling ratio, gel
content and soluble fraction of the materials.

Sample Swelling ratio Gel content [%] | Sol. fraction [%]
[%] THF THF THF
VU-DAB, 49 97.1 3.2
VU-DAB:3y 16 96.3 3.4
VU-DAB:s 3 97.8 3.5
VU-DAP, 79 96.8 3.2
VU-DAH, 80 94.7 4.7
VU-DAO, 94 97.2 4.1
VU-DAD 112 92.9 5.0
VU-DADD, 148 91.9 5.5
VU-DADD3 80 97.1 2.6
VU-DADDs 55 93.6 4.2
VU-PAy 325 84.0 15.0
VU-PA3 122 93.2 4.9
VU-PAs 43 95.3 1.5
VU-PA7 42 92.9 2.8
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Figure S24-S1. Normalized stress relaxation measurements of the vitrimer VU-DAQO, in the
temperature range of 110—150 °C (y= 1%).
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Figure S25-S1. Normalized stress relaxation measurements of the vitrimer VU-PAj in the
temperature range of 90—170 °C (y = 1%).
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Figure S25-S2. Normalized stress relaxation measurements of the vitrimer VU-DABj in the
temperature range of 120-150 °C (y = 1%).
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Figure S26-S1. Normalized stress relaxation measurements of the vitrimer VU-DAH, in the
temperature range of 110—150 °C (y = 1%).
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Figure S26-S2. Amplitude sweeps of VU-PA, VU-PAsy and VU-PA7, showing a massive
shift of the yield pont from y=20% to y=1% to y = 0.1% shear

(w=10 rad s, 100 °C).
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Figure S27-S1. Temperature-dependent DMA measurements of exemplary matrix and
composite vitrimers VU-PA,, VU-PAj3, VU-PAs5, and VU-PA7, carried out at 0-160 °C
( =0.1%, o =10rad s1), showing cross-linked materials (because of a low yield point
VU-PA7y was measured with a different shear stramn y =0.01%)
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Figure S27-S2. Normalized stress relaxation measurements of the vitrimer VU-PAs, in the
temperature range of 110-150 °C (y= 1%).
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Figure S28-S1. Normalized stress relaxation measurements of the vitrimer VU-DADDj3, in the
temperature range of 110-150 °C (y = 1%).
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Figure S28-S2. Normalized stress relaxation measurements of the vitrimer VU-DADDs in the
temperature range of 100—160 °C (y = 1%).
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Figure S29-S1. Normalized stress relaxation measurements of the vitrimer VU-DAB5; in the
temperature range of 110—150 °C (y= 1%).
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Figure S29-S2. Normalized stress relaxation measurements of the vitrimer VU-PA7, in the
temperature range of 120-150 °C (y = 1%).
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Figure S30-S1. Activation energies of 81.443.5 kJ mol! (VU-DADD3y), 84.4+2.9 kJ mol-!

(VU-DADDsg) and 96.4+6.8 kJ mol! (VU-DAB;,) were calculated from the slope of the linear
fits.
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Figure S30-S2. The materials VU-DAB,, VU-DAP,, VU-DAHO, VU-DAO, and VU-DAD
show a of 588-1129 N m?2, while VU-DADD, shows a significant higher value of 2549 N m.
The elastomeric VU-PA displays a low toughness of 69 N m=2.
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Figure S31-S1. Stress-strain curves of the vitrimers VU-DAD, and VU-DAD3.
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Figure S31-S2. Stress-strain curves of the vitrimers VU-DAQO,, VU-DAOQO3; and VU-DADs.
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Figure S32-S1. Stress-strain curves of the vitrimers VU-DAH,, VU-DAH;3yand VU-DAHj .
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Figure S32-S2. Stress-strain curves of the vitrimers VU-DAByand VU-DAB3.
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Figure S33-S1. Elongations at maximum stress or break versus the share of CsAcAc.
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Figure S33-S2. Swelling ratio of the seven matrix vitrimers, showing swelling ratios of 0.3—
4.5% in water after 3h at 100 °C, with the polar VU-DAB,, VU-DAP,and VU-DAH, showing
the highest ratio and the non-polar VU-P A the lowest.
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Figure S34-S1. Swelling ratio of exemplary composite vitrimers VU-DAH, VU-DADD and
VU-PA with different amounts of starch (0, 30, 50, 70wt%), showing higher swelling ratios
with increasing amount of starch, while a massive swelling is still suppressed by the cross-

linked matrix.
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Figure S34-S2. Repetitively measured ATR-FT-IR spectra show rather similar curve shapes of
the pristme and after 5 reprocessing cycles, measuring the characteristic conjugated C=C
(1592 cm!) and C=0 (1646 cm!) ester stretching vibrations of the vinylogous urethane bond.
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Figure S35-S1. Stress-strain curves of the vitrimer VU-DAB3, in comparison of the pristine
specimens and specimen after chemical rescycling, showing an increase in brittleness by
measuring a higher E-modulus and lower tensile strength.
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Figure S35-S2. (a) The decrease of purple color (triiodine amylose complex) was monitored as
indicator for the enzymatic hydrolysis of starch by amylase. The reaction was monitored for pure com
starch, CsAc Ac and the material VU PA70. (b) Pictures of the composite material VU DADDS50 before
and after 6 weeks under high moisture conditions, showing mold growth and shrinking of the material
likewise taking place on native corn starch after a few days.
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Figure S36-S1. ESI-MS showed the formation of glucose, maltose and oligosaccharides,
proving that the enzymatic reaction takes place in the swollen composite materials. m/z =
[GlucoseNa+] 200.054 (100.00%), [MaltoseNa+] 365.107 (39.37%) [OligosaccharideNa+]
527.159 (9.25%), 689.211 (2.18%), 851.260(1.20%), 1013.319(0.64%), 1175.368 (0.62%)

WVU-DADD 5
Degraded
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Figure S36-S2. ATR-FT-IR measurements of VU-DADDsbefore and after 6 weeks under wet
conditions show a dramatic decrease of the characteristic vinylogous urethane bands (C=C
(1598 cm!) and C=0 esterband (1658 cm!)) and the appearance of the monomers acetoacetate

bands (C=0 ester (1742 cm’'), C=0 ketone (1711 cm')) as well as the starch-typical AGU
bands (CO (995 cm!, 1078 cm!, and 1148 cm!), OH (3000-3600 cm)).

(1) Witzeman, J. S.; Nottingham, W. D. Transacetoacetylation with tert-butyl acetoacetate: synthetic
applications. The Journal of Organic Chemistry 1991, 56 (5), 1713-1718. DOI: 10.1021/jo00005a013.
(2) Regazzi, A.; Dumont, P.J. J.; Harthong, B.; Imbault, D.; Peyroux, R.; Putaux, J.-L. Effectiveness of
Thermo-Compression for Manufacturing Native Starch Bulk Materials. Journal of Materials Science
2016, 51 (11), 5146-5159. DOI: 10.1007/s10853-016-9817-7.
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9.5 Unpublished Results — Supporting Information
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Figure Al: ATR-FT-IR spectra of the acetoacetylated alcohols showing the characteristic
acetoacetate C=0 stretching vibrations (red). The spectra of the acetoacetylated aromatic alcohols

are exclusively shown in publication 2.
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Figure A2: '"H NMR spectra of several acetoacetate monomers showing the characteristic CH»
and CHj3 groups of the acetoacetate group. The spectra were recorded in deuterated chloroform

(300 MHz, 298 K). CSacac was recorded in deuterated DMSO.

Figure A3: SEM images of hollow and intact acetoacetylated milkweed fibers. The

supramolecular structure stays intact even after the modification reaction.
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Figure A4: ATR-FT-IR spectra of the acetoacetylated biopolymers, showing the characteristic

acetoacetate C=0 stretching vibrations (red).
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Figure AS: Stress-relaxation curves of VU-GL.x in the range of 150—170 °C (y = 1%).

180



Appendix

1000 T 130 °C
.

GG, [-]

20+

Figure A6: Stress-relaxation curves of VU-GLx.me in the range of 130—-160 °C (y = 1%).
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Figure A7: Stress-relaxation curves of VU-GLcupa in the range of 140—180 °C (y = 1%).
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Figure A8: DSC measurement of the vitrimer VU-GLj3000 showing a glass transition temperature

of -62 °C (on-set) and -58 °C (mid) in the second heating curve.
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Figure A9: Stress-relaxation curves of VU-GLrgren in the range of 120—160 °C.
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Figure A10: Stress-relaxation curves of VU-GLj3000 in the range of 110—-160 °C.
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Figure Al11l: ATR-FT-IR spectra of the prepared vinylogous urethane vitrimers show the

formation of the characteristic C=C bands (1595-1597 cm!) and C=0 ester bands (1647—

1649 cm™) of the vinylogous urethane bonds.
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Figure A12: DSC measurements of the vitrimers VU-PEG300y43; showing a glass transition

temperature of -30 °C (on-set) and -26 °C (mid).
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Figure A13: Stress-relaxation curves of V-UREA2.
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Figure A14: ATR-FT-IR spectra of the matrix vitrimer VU-EGyj403, VUC-EGy3 and VUC-
EGpao.
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9.6  Safety and Disposal

The chemicals that were used in this work are listed in Table 9 together with their GHS-

Pictograms, Hazard- and Precautionary-Statements.

Table 9: Used substances with their GHS symbols and their Hazard- and Precautionary-
Statements.

Substance Symbol Hazard- Precautionary-
Statements Statements
(1R,2R)-(+)-1,2- P261, P271, P280, P302
Diphenyl- @ ggég’ H319, + P352, P305 + P351 +
ethylendiamin P338
1,1,1-tris(4- P501, P273, P264,
hydroxyphenyl)etha <X> H320, H411 P391, P337 + P313,
ne P305 + P351 + P338
1,12-Dodecanediol - - -
1,2,6-Hexantriol - - -
1,3-Benzol- P264, P270, P280, P301
dimethanol @ H302, H319 +P312, P305 + P351 +
P338, P337 + P313
. P261, P271, P280, P303
1,4-Bis-(3- ) : :
a;ninopr(opyloxy)- @ H314,H332 o P301%P353, P304~
butan ’ P340 + P310, P305 +
P351 + P338
1,4-Cyclohexane- P280, P305 + P351 +
dimethanol H318 P338 + P310
| 4-Dioxane @@ H225, H319, P210, P261, P281,
’ @ H335, H351 P305+P351+P338
1,6-Hexanediol - - -
P260, P280, P303 +
. P361 + P353, P301 +
1.10-Diaminobutane H314 P330 + P331. P304 +
P340 + P310
P206, P280,
P301+P330+P331,
1.12-Diaminobutane @ H302, H314, P303+P361+P353,
H317 P305+P351+P338,
P310, P362+P364,
P501
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Substance Symbol Hazard- Precautionary-
Statements Statements
| 4-Diaminobutanc @ H228, H302, P210, P261, P280,
(Putroscin) H312, H314, P305+P351+P338,
H331 P310
. P280,
(lc';gi’;il;‘;"pemane H314 P305+P351+P338,
P310
P261, P280,
1.6-Hexanediamine @ H302, H312, P305+P351+P338,
H314, H335
P310
P260, P270, P280, P301
| 8 Diaminooctanc @ H302, H314,  +P312, P303 + P361 +
: H317 P353, P305 + P351 +
P338
1 1-hydroxyundecyl- P261, P264, P271,
phosphonic acid @ g;;g’ H319, P280, P302 + P352,
P305 + P351 + P338
2.2,6-
Trimethyl-1,3- @@ H225-H319 P210-P305+P351+P338
dioxin-4-one
20 @@ P261, P280, P301 +
(Ethylenedioxy)- H302, H314, Lo l%PI03HPI6LH
diethylamine H317.H334 L0393, P304+ P340+
@ ’ P310, P305 + P351 +
‘ P338
P261 - P264 - P271 -
9. Nehitaleneiial @ gg;g -H319 - pog0 - P302 + P352 -
P305 + P351 + P338
P260, P280,
P301+P330+P331,
flﬁﬁ;gethyl propyl H302, H311,  P303+P361+P353,
H314 P305+P351+P338,
P310, P361+P364,
P501
@ P260, P273, P280, P301
3-Aminobenzylamin H302, H314,  +P330+P331, P303 +
H410 P361 + P353, P305 +
<¥.> P351 + P338
3-aminopropyl)trime P261, P270, P280, P301
osysiline @ H302,H314,  +P312, P303 + P361 +
H318, H317 P353, P305 + P351 +
P338
3armpeg - - -
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Substance Symbol Hazard- Precautionary-
Statements Statements
4,4'-(Propane-2,2-
diyl)dicyclohexanol @ H319 P305 + P351 +P338
(isomeric mixture)
434’-Diamino- @@ gg;g: gg;‘éz P201, P260, P273,
diphenylmethane @ H373. H411 P280, P308+P313
, ) @ H302-H314- P280-P301+P330+P331
iyilOMh:;};}llﬁ:’lllr?ls H317-H373- -P303+P361+P353-
@ H412 P305+P351+P338-P310
R . P261, P271, P280, P302
b Trmetlencdi (T, HSIS.H3I9, 'pd) pags + pasi +
P338
P261, P304+P340,
P305+P351+P338,
) H315, H319, P312, P321,
Acetalydehyd trimer @ 1335 P3324P313.
P337+P313, P362,
P403+P233, P405
P280,
Acetic acid @ H226, H314 P305+P351+P338,
P310
P210,
Acetone @ @ H225,H319,  P305+P351+P338,
H336 P370+P378,
P403+P235
P261, P264, P270,
?;f}fe‘i‘gﬁﬁzlgf;zae @@ H302,H334  P284, P301 + P312,
P304 + P340 +P312
P201, P202, P260,
P261, P264, P270,
P271, P272, P273,
P280, P281,
P301+P310,
H301, H311, P302+P352,
H317, H318, P304+P340,
Aniline @ H331, H341, P305+P351+P338,
H351, H372, P308+P313, P310,
H400 P311, P312, P314,

P321, P322, P330,
P333+P313, P361,
P363, P391,
P403+P233, P405,
P501
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Substance

Symbol

Hazard-
Statements

Precautionary-
Statements

Benzylacetoacetate @

Benzylamine

Bispenol-A
diglycidylether

Bisphenol-A

Cellulose
Chitin
Chitosan

Chloroform

OO

HL

%
O©

H315, H319,
H412

H302, H312,
H314

H315, H317,
H319, H411

H317, H318,
H335, H360,
H411

H302, H315,
H319, H331,
H336, H351,
H361d, H372

P264, P264+P265,
P273, P280,
P302+P352,
P305+P351+P338,
P321, P332+P317,
P337+P317,
P362+P364, P501
P260, P264, P270,
P280, P301+P312,
P301+P330+P331,
P302+P352,
P303+P361+P353,
P304+P340,
P305+P351+P338,
P310, P312, P321,
P322, P330, P363,
P405, P501

P261, P264, P273,
P280, P302 + P352,
P305 +P351 + P338
P201, P202, P261,
P273, P302+P352,
P304+P340,
P305+P351+P338,
P308+P313,
P333+P313, P363,
P403+P233

P201, P202, P235,
P260, P264, P270,
P271, P280, P281,
P301+P330+P331,
P302+P352,
P304+P340,
P305+P351+P338,
P308+P313, P310,
P311, P314,
P332+P313,
P337+P313, P362,
P403+P233, P405,
P501
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Substance

Symbol

Hazard-
Statements

Precautionary-
Statements

Deuterated
chloroform

Deuterated benzene

Deuterated
dimethylsulfoxide

Deuterated methanol

D-Fructose
D-Glucose

Dichloro-methane

D-Laktose
D-Saccharose
D-Sorbitol

O

O®

O®

H302, H315,
H319, H331,
H351, H361d,
H372

H225, H304,
H315, H319,
H340, H350,
H372

H225, H301,
H311, H331,
H370

315,319, 335,
336, 351, 373

P260, P280,
P301+P312+P330,
P304+P340+P311,
P305+P351+P338,
P403+P233

P201, P202, P210,
P233, P240, P241,
P242, P243, P260,
P264, P270, P280,
P281, P301+P310,
P302+P352,
P303+P361+P353,
P305+P351+P338,
P308+P313, P314,
P321, P331,
P332+P313,
P337+P313, P362,
P370+P378,
P403+P235, P405,
P501

P210, P233, P240,
P241, P242, P243,
P260, P261, P264,
P270, P271, P280,
P301+P310,
P302+P352,
P303+P361+P353,
P304+P340,
P307+P311, P311,
P312, P321, P322,
P330, P361, P363,
P370+P378,
P403+P233,
P403+P235, P405,
P501

261, 281, 305+351+338
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H - P ti -
Substance Symbol azard recautionary
Statements Statements
P210, P233, P240,
Ethanol @@ H225,H319  P241,P242,
P305+P351+P338
Ethylacetoacetate @ H319 P305+P351+P338
P260, P264, P270,
Ethylene glycol @ H302, H373 P301+P312, P302,
P314, P330, P501
Ethylenediamine Qﬁ: H226, H302, P101, P102, P260,
H311, H314 P273, P280,
’ ’ P305+P351+P338,
@ H317, H332, P308+P313, P405
H334, H412 P01
Glycerol - - -
H,O - - -
‘<:> P210, P273,P280
Hexylamine Tﬁé?,llﬁm S S Leslol Salesi
Y 314, HAll P304 + P340 + P310
’ P305 + P351 + P338
H302+H312+
H332 P273, P302+P352,
Iodine H315, H319, P304+P340,
@ H335, H372, P305+P351+P338
H400
Iron-oxide P261, P264, P271,
nanoparticles @ LEEIC, LSRR P280, P304+P340
@ P210, P280,
Isobutvlamine H225, H301, P301+P310,
4 2 H314 P305+P351+P338,
P310
P260, P261, P264,
P270, P272, P273,
P280, P301+P312,
P301+P330+P331,
H302, H312, P302+P352,
.. P303+P361+P353,
Isophorene diamine H314, H317,
HA12 P304+P340,
P305+P351+P338,
P310, P312, P321,
P322, P330,
P333+P313, P363,
P405, P501
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H - P ti -
Substance Symbol azard recautionary
Statements Statements
Jeffamine® D2000 H318 P264, P270, P273
<§> H411
DED e
Jeffamine® D-230 H318 P264, P270, P273
@ H411
Jeffamine® D400 H318 P264, P270, P273
<§> H411
DED e
Jeffamine® T-3000 H318 P264, P270, P273
@ H411
Jeffamine® T-403 H318 P264, P270, P273
<§> H411
Magnesiumsulfate - - -
Melamine H351, H361f, P202, P260, P280, P308
H373 + P313, P405, P501

Menthane diamine

Mesitylene

Methylacetoacetate

H301 + H311 +
H331, H314

H226, H304,
H315, H332,
H335, H411

H318

P261, P271, P280, P303
+ P361 + P353, P304 +
P340 +P310, P305 +
P351 + P338

P210, P273, P301 +
P310, P303 + P361 +
P353, P304 + P340 +
P312

P280
P305+P351+P338
P310
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Substance Symbol Hazard- Precautionary-
Statements Statements
P201, P202, P261,
P264, P270, P271,
P272, P273, P280,
P281, P301+P310,
P302+P352,
m-Phenylen- @@ H301,H311,  P304+P340,
diamine H317, H319, P305+P351+P338,
’ <i> H331, H341, P308+P313, P311,
J H410 P312, P321, P322,
P330, P333+P313,
P337+P313, P361,
P363, P391,
P403+P233, P405,
P501
P273, P280, P301 +
m-Xylylendiamine H3024H332,  boiz 0o T PI6LY
SENL P353, P304 + P340 +
g P310, P305 + P351 +
P338
N,N Bis(3- P280, P303 + P361 +
aminopropylpiperazi H314 P353, P304 + P340 +
n) P310, P305 + P351 +
P338, P363, P405
. <C><:> H226, P201, P280,
]f\(’)r]:’n Slilrirfghyl' H312+H332,  P305+P351+P338,
@ H319, H360D  P308+P313
Oleic acid - - -
Parafuchsin base @ H350 P201-P308+P313
’s’l‘l’(f‘énTlgl;celge @ H315, H319, P302+P352,
H335 P305+P351+P338
monohydrate
PEG300 - - -
PEG4000 - - -
@ a0l ma1l,  P261P28O,
H341, H373 310 ’
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Substance Symbol Hazard- Precautionary-
Statements Statements
P201, P202, P210,
P240, P241, P260,
P264, P270, P272,
P280, P284,
@@ H228, H334,  P301+P312,
Piperazin H361, H314, P301+P330+P331,
H318, H302, P303+P361+P353,
@ H317 P304+P340,
P305+P351+P338,
P310, P308+P313,
P321,P333+P313
P273, P280,
Priamine® 1074 <i> gi} (5)’ BB, P305+P351+P338,
P310, P391, P501
P273, P280,
Priamine® 1075 @ gi} (5)’ H318, P305+P351+P338,
P310, P391, P501
< : > ‘@ H302, H313
Resorcin H315;H318: ggggfﬁ§22+P338
<1> H400
Sodiumacetate - - -
Starch - - -
tert-Butyl-
acetoacetate ) ) )
P210, P280,
@ H225, H302, P301+P312+P330,
Tetrahydrofurane H319, H335, P305+P351+P338,
@ H351 P370+P378,
P403+P235
P210, P240,
H225, H304, P301+P310,
Toluene H315, H336, P302+P352,
@ H361d, H373  P308+P313, P314,
P403+P233
P260, P261, P264,
P271, P273, P280,
P301+P330+P331,
P303+P361+P353,
Trifluoroacetic acid @ gi}g’ I5552; P304+P312,
P304+P340,
P305+P351+P338,

P310, P312, P321,
P363, P405, P501
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Substance Symbol Hazard- Precautionary-
Statements Statements
) P280, P302+P350,
Tris(2- . @ @ H301, H310, 305 p3s1+p33s,
aminoethyl)amine H314 P310
P210, P233, P240,
P241, P242, P243,
P261, P264, P271,
P273, P280,
P301+P310,
P302+P352,
H225, H226, P303+P361+P353,
@ H304, H312, P304+P312,
Xylene H315, H319, P304+P340,
@ H332, H335,  P305+P351+P338,
H412 P312, P321, P322,

a-Alumina platelets

P331, P332+P313,
P337+P313, P362,
P363, P370+P378,
P403+P233,
P403+P235, P405,
P501

Table 10: Used carcinogenic, mutagenic and toxic for reproduction substances according to the
CLP regulations of CMR chemicals.

Subst Hazard- CMR- A ¢
ubstance Statements Classification CLP moun
Deuterated H302, H315, H319,
chloroform H331, H351, 2 2000 x 0.7 mL
H361d, H372
Parafuchsin base H350 1B 100 g
H225, H304, H315,
Deuterated benzene H319, H340, H350, 1B 100 x 0.7 mL
H372
4,4'-Diamino- H317, H341, H350, ) 100 g
diphenylmethane H370, H373, H411
N,N-Dimethyl- H226, H312+H332, 1B 1L
formamide H319, H360D
) H317, H318, H335,
Bisphenol-A H360. H411 1B 1 kg
H302, H315, H319,
Chloroform H331, H336, H351, 2 3L
H361d, H372
Melamine H351, H361f, H373 2 100 g
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Substance

Hazard-
Statements

CMR-

A t
Classification CLP moun

Piperazin

Toluene

H228, H334, H361,
H314, H318, H302,
H317

H225, H304, H315,
H336, H361d,
H373

2 400 g

2 1L
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