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General Introduction

Polymer networks, systems consisting of crosslinked polymer chains, are ubiquitous
in our daily life. Covalent adaptable networks (CANs) are polymeric networks contain-
ing covalent crosslinks that are dynamic under specific conditions. CANs feature a
unigue combination of physical properties, including adaptability, self-healing, shape-
memory, stimuli-responsiveness, and enhanced recyclability. The physical properties and
the service conditions of CANs are defined by the nature of their constituent dynamic
covalent bonds (DCBs). When the DCBs are dynamic, CANs can present the malleabil-
ity of thermoplastics, while they display the dimensional stability of thermosets when
their network is not dynamic. CANs that contain DCBs that proceed via a degenerate
mechanism are named vitrimers. Their bond exchange typically involves an associative
addition/elimination pathway, which essentially maintains constant the connectivity of the
system at all times and temperatures. The flow properties of vitrimers are thus mainly
dictated by the rate of exchange of the DCBs, and the evolution of the viscosity as a
function of temperature obeys the Arrhenius law.

The use of a single crosslinker within vitrimers sometimes does not allow designing
materials with a set of properties appropriate for a given application. In response to
the increasing demand for more sophisticated and adaptable materials, the scientific
community has identified dual dynamic networks (DDNs) as a promising new class of
polymeric materials that combine two (or more) distinct crosslinkers in one system. The
different crosslinks can be chosen from a vast variety of static covalent, dynamic covalent,
and physical bonds. By combining different crosslinking strategies, a precisely tailored
material can be designed. The choice of complementary chemistries provides access to
diversified material properties and can give rise to synergistic effects. The main challenge
in the design and characterization of such DDNs is to identify the adequate combination
of crosslinkers. Furthermore, simple and scalable synthetic strategies still need to be
developed to allow flexibility in combining different kinds of dynamic crosslinkers. The
characterization of DDNs is not trivial in regard to the differentiation between the individual
responses of the subnetworks.

Recently, a variety of DDNs have been reported in the literature, a few of them containing
vitrimers further crosslinked with supramolecular or static covalent bonds. There are very



few studies that investigate the combination of two different and orthogonal degenerate
exchange chemistries in one single system. The purpose of this thesis is to design and
characterize such elastomeric DDNs. More precisely, the targeted DDNs will consist of
two interpenetrated soft subnetworks, each crosslinked by a different dynamic chemistry.
The employed crosslinking strategies must be orthogonal and should allow a facile
implementation into the system. The orthogonality of the two bonds warrants that the two
networks interpenetrate each other, without being chemically connected. Boronic ester
metathesis and imine-aldehyde transimination have been identified as a combination of
exchange reactions that could fulfill these criteria. The two subnetworks were envisioned
so that they feature distinct properties in order to fulfill specific tasks. The boronic ester
network should present fast exchange reactions between the dynamic bonds in order
to dissipate energy and relax stress under service conditions. Previous studies have
shown that by introducing sacrificial bonds into a network, stiffness and toughness can
be enhanced and material failure can be postponed. Elastomers that are dynamic at
application temperature show poor to no creep resistance. The imine-aldehyde network
was designed to act at the structural component. It is supposed to compensate this
shortcoming by holding the dynamic network in place and imparting elasticity to the DDN
thanks to its slow dynamics.

The DDN was synthesized from functional thermoplastic precursors (TPs), which were
crosslinked simultaneously with the corresponding difunctional molecular crosslinkers.
To characterize the properties of this new material and uncover synergistic effects, an
intensive comparative study was conducted, which focused on the DDN as well as its
constituting single networks (SNs). The study encompasses the swelling and solubility
properties, the thermal properties (stability and thermal transitions), the mechanical
properties (mechanical strength and stretchability), and the rheological behavior (stress
relaxation, creep, modulus) of the different networks. The ability of the vitrimeric DDN to
be recycled mechanically and chemically was also assessed.

In Chapter 1, an extensive literature review is given on dually crosslinked polymer net-
works incorporating DCBs. It includes an overview about the nature and the properties
of DCBs and the CANs they form. Subsequently, representative CANs featuring at least
two different dynamic modes are discussed. In the Chapters 2 to 4, the respective SNs
are synthesized and characterized. The SNs were tailored individually to fulfill their
specific needs in terms of dynamic behavior, processability and dimensional stability.
These properties were adjusted by changing the molar mass of the TPs, their degree of
functionality, their crosslinking density, or the lifetime of the dynamic bonds. In Chapter 5,
the components were tested for orthogonality and united to form the DDN. The results of



the comparative study of the DDN with the SNs are presented and discussed. In the end,
the DDN is tested for mechanical and chemical recyclability.
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1.1 Introduction

Introductory Remarks

The content of this chapter is an adapted version of the literature review “Dually Crosslinked
Polymer Networks Incorporating Dynamic Covalent Bonds” by Larissa Hammer, Nathan
J. Van Zee and Renaud Nicolay (Reference [1]) published in Polymers in 2021. Author
Contributions: Writing-original draft preparation, L.H. Writing-review and editing, L.H.,
N.J.V.Z., and R.N.

Abstract

CANs are polymeric networks containing covalent crosslinks that are dynamic under
specific conditions. In addition to possessing the malleability of thermoplastics and the
dimensional stability of thermosets, CANs exhibit a unique combination of physical prop-
erties, including adaptability, self-healing, shape-memory, stimuli-responsiveness, and
enhanced recyclability. The physical properties and the service conditions (such as tem-
perature, pH, and humidity) of CANs are defined by the nature of their constituent dynamic
covalent bonds DCBs. In response to the increasing demand for more sophisticated
and adaptable materials, the scientific community has identified DDNs as a promising
new class of polymeric materials. By combining two (or more) distinct crosslinkers in
one system, a material with tailored thermal, rheological, and mechanical properties can
be designed. One remarkable ability of DDNs is their capacity to combine dimensional
stability, bond dynamicity, and multi-responsiveness. This review aims to give an overview
of the advances in the emerging field of DDNs with a special emphasis on their design,
structure-property relationships, and applications. This review illustrates how DDNs
offer many prospects that single (dynamic) networks cannot provide and highlights the
challenges associated with their synthesis and characterization.

1.1 Introduction

Synthetic organic polymers have found use in an incredibly broad range of applica-
tions, spanning single-use packaging materials to specialized medical devices. This
versatility is realized at a global scale of production, which is a testament to the capa-
bilities of modern polymer chemistry. In discussing such a diverse body of materials,
a practical approach is to categorize polymers as either thermoplastics or thermosets,
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which essentially distinguishes polymers on the basis of their temperature-dependent
flow properties. Thermoplastics are characterized by a thermal phase transition that
results in a viscoelastic fluid. Amorphous thermoplastics behave like brittle solids at
temperatures below the glass transition temperature (Tg4) and, like viscoelastic liquids,
upon heating above the melting temperature (T,). Semi-crystalline thermoplastics are
like ductile solids between the T4 and the T, and heating above the T, causes the
crystalline domains to melt and the material to flow. Typical commercial amorphous and
semi-crystalline thermoplastics have an average molecular weight that is significantly
larger than the associated entanglement molecular weight, but these transient physical
crosslinks are weak and do not prevent viscous flow. Thus, upon heating to a suitably
high temperature (and excluding the impact of side reactions), thermoplastics can be
processed and reprocessed by industrial techniques, such as extrusion, injection molding,
melt spinning, and 3D-printing. For these reasons, thermoplastics represent about 80 %
of global polymer consumption.? In contrast, thermosets do not flow at any temperature
owing to the presence of chemical crosslinks that are permanent and static. When an
amorphous thermoset is heated above its Ty, it becomes rubbery and behaves like a
viscoelastic solid. Narrow-meshed networks that are glassy solids at service temperature
are typically called structural thermosets, while wide-meshed thermosets that exhibit a
rubbery elastic behavior at low temperatures (i.e., below 0 °C) are elastomers. In contrast
to structural thermosets, elastomers undergo large deformation at service temperatures
because of the segmental movement of the chains between the sparsely-distributed
crosslinking points. Although thermosets tend to exhibit thermomechanical properties,
chemical resistance, and dimensional stability superior to those of their thermoplastic
counterparts, they cannot be reprocessed nor recycled because of the permanent and
static nature of the crosslinks.

Beginning over 30 years ago,® researchers have targeted materials with physical prop-
erties that are in between those of thermoplastics and thermosets. One prominent
strategy is to introduce exchangeable dynamic bonds into polymer networks. Under
certain conditions, the crosslinks are able to shuffle, which permits the topology of
the network to respond to external stimuli. In addition to possessing the malleability
of thermoplastics and the dimensional stability of thermosets, the resulting materials
exhibit a uniqgue combination of physical properties, including adaptability, self-healing,
shape-memory, stimuli-responsiveness, and enhanced recyclability. Dynamic bonds
are commonly categorized based on the interaction responsible for the bond’s strength.
Non-covalent bonds (NCBs) are those formed by supramolecular interactions such as
hydrogen bonding, -7t stacking, dipole-dipole interactions, and van der Waals forces.



1.1 Introduction

For the purposes of this discussion, we consider metal-ligand bonds as a form of NCB
as well. The strength of NCBs varies widely. For example, the free dissociation energy
of neutral hydrogen bonds is on the order of a few kdJ-mol~1.# The strength of a given
metal-ligand bond depends on many factors, such as the identity and oxidation state of
the metal, the denticity of the ligand, and the electronic properties of proximal chemical
species (e.g., other ligands coordinated to the metal). Metal-ligand bonds can range
from tens to hundreds of kJ-mol~1.5 Most NCBs exhibit a short lifetime, imparting a
highly dynamic character to the materials, in which they are implemented. The reversible
nature of NCBs gives rise to the dynamic character of supramolecular systems,® which
has been exploited to design self-healing and stimuli-responsive materials.”~'® However,
an undesirable consequence of this design is that these systems tend to creep, thus,
limiting the material’s dimensional stability. In contrast, DCBs are covalent bonds that
can undergo exchange reactions, typically in response to an external stimulus, such
as heat, light, and changes in pH. Due to the covalent nature of the interaction, the
bond strength of DCBs is significantly larger than that of NCBs. DCBs typically have a
bond dissociation energy on the order of several 100 kJ-mol~". Polymer networks that
incorporate such bonds are called CANs.'#® Thanks to the covalent nature of their
interaction, DCBs tend to impart greater creep resistance to dynamically crosslinked
materials when compared to NCBs. The physical properties of dynamic materials that
incorporate just one kind of NCB or DCB strongly depend on the nature and kinetics
of the bond exchanges within the polymer network. The choice of a single crosslinker
restricts the material to a relatively narrow window of properties, which limits the user’s
ability to design a material for a desired application. In response to increasing demand
for more sophisticated and adaptable materials, the scientific community has identified
DDNs as a promising new class of polymeric materials that combine two (or more) distinct
crosslinkers in one system. The different crosslinks can be chosen from a vast variety of
static covalent, dynamic covalent, and physical bonds. By combining different crosslinking
strategies, a precisely tailored material can be designed. The choice of complementary
chemistries can provide easy access to diversified material properties and give rise to
synergistic effects.

A remarkably large number of DDNs have already been reported. DCBs have been
exploited in nearly all kinds of polymer materials by now, ranging from bulk materials,
like polyurethane (PUR) thermoplastic elastomers (TPEs) and vitrimers to hydrogels.
Although it is difficult to form generalized principles for such a diverse field, it is clear that
the thoughtful and creative combination of two kinds of crosslinks can lead to materials
with unique combinations of properties. In this review, we aim to give the reader a
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comprehensive view of the design and properties of dual networks that include at least
one type of DCB. In the opening section, a brief overview presents the nature and
the properties of DCBs as well as the CANs in which they are integrated. After a brief
discussion of the historical context of DDNs, we highlight a variety of materials in the
fields of polyurethane elastomers, shape memory materials, vitrimers, hydrogels, and
interpenetrated polymer networks.

1.2 DCBs in Polymer Networks

The introduction of a sufficiently large number of DCBs into polymer networks yield CANs
that have the ability to change their topology by shuffling the DCBs. The first CANs were
reported only 20 years ago, consisting of crosslinked polymer materials that contain
reversible covalent bonds based on the Diels-Alder (DA) reaction.'” Subsequent CANs
have been developed that extend the scope of dynamic covalent reactions and polymeric
matrices. CANs can be divided into two subgroups on the basis of how the exchange
reaction proceeds: dissociative and degenerate mechanisms (Figure 1.1).

&)

a) Dissociative pathway
b) Degenerate pathway

Figure 1.1: Dynamic bond exchange can proceed via two distinct mechanisms. (a)
Dissociative exchange: the dynamic bond dissociates before a new one is
formed. (b) Associative or degenerate exchange: the reaction proceeds via an
intermediate (or transition) state in which the entities involved in the exchange
are chemically linked together.

These different mechanisms have important consequences on how polymer networks
behave. A detailed discussion can be found in a recent review by Winne, Leibler, and Du

10



1.2 DCBs in Polymer Networks

Prez,'® and a brief overview is provided in the present section. A dissociative exchange
mechanism is comprised of a stepwise elimination/addition pathway in which the chemical
bond is first broken before it is formed again with another exchange partner. Dissociative
exchange reactions take place via an endothermic intermediate step that leads to de-
crosslinking and free reactive chain ends. At all times, there is a dynamic equilibrium
between associated and dissociated crosslinks. The equilibrium constant and, thus,
the crosslinking density are dependent on the temperature. When the equilibrium is
significantly shifted to the endothermic side, the connectivity decreases considerably,
compromising the network structure. As a result, the viscosity drops significantly and the
material behaves more like a thermoplastic (Figure 1.2, left).

Eq
N = NoexXp oor

log ng

v = const.

v
crosslink density
log n,

v
crosslink density

Temperature Temperature

Figure 1.2: Development of viscosity and the crosslinking density with temperature. Left:
for systems following a dissociative exchange mechanism. Right: for systems
following a degenerate exchange mechanism.

Upon cooling in the absence of side reactions, the crosslinks reform and the physical
properties of the network are restored. In solution, materials that solely rely on dissociative
exchange reactions undergo a gel-sol transition when the equilibrium is shifted to the
dissociated side as a result of the de-crosslinking of the matrix. In contrast, exchange
reactions that follow a degenerate mechanism are characterized by chemical entities on
both sides of the equilibrium that are thermodynamically identical. Thus, the reaction
equilibrium constant is equal to unity, and it is independent of temperature. Degenerate
exchange reactions typically involve an associative addition/elimination pathway. In
polymer networks relying on such exchanges, one of the chemical entities involved in
the exchange process, which can be a free chain-end, a pendant functional group, or
even functional groups within the backbone or crosslinks, adds onto another dynamic
covalent linkage. The resulting intermediate (or transition state) is characterized by a
higher degree of connectivity. The subsequent fragmentation of this species releases the

11
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two chemical partners involved in the degenerate process. In general, the lifetime of the
species exhibiting a higher order of connectivity is negligible. Thus, systems proceeding
via degenerate exchanges exhibit an essentially constant number of crosslinks at all
temperatures (Figure 1.2, right). The ability to maintain a constant connectivity while
undergoing topological changes results in a gradual viscosity decrease that follows an
Arrhenius relationship, which which is a property previously found only in vitreous silica.
Polymer networks containing DCBs that follow a degenerate exchange mechanism are
called vitrimers, a term coined by Leibler and co-workers in 2011.'° Like other polymer
networks, vitrimers have a T that defines the transition between the glassy and rubbery
states. Additionally, vitrimers often possess a second characteristic transition temperature
called the topology freezing temperature (Ty), which is deriving from the exchange
reactions taking place between the DCBs. The Ty is defined as the temperature at which
the melt viscosity is equal to 10'? Pa-s.'®20 However, when the T4 of the matrix (or the
Tm in the case of semi-crystalline vitrimers) is higher than the theoretical Ty predicted
based on the lifetime of the dynamic bonds, vitrimers do not display a Ty. In these cases,
the topology of the network is frozen because of the restricted mobility of the polymer
chains associated to the T4 (or Tr) and not because of the dynamicity of the DCBs
present in the network.

The flow properties of vitrimers are mainly dictated by the rate of exchange of the DCBs,
and the evolution of the viscosity as a function of temperature obeys the Arrhenius law.
The rate of exchange of the DCBs within vitrimers can be limited by the rate constant of
the degenerate process in which case the activation energy (E,) of the viscous flow is
comparable to that of a model exchange reaction between small molecules.'®2! However,
when the concentration of the DCBs is sufficiently low or if the mobility of the DCBs in
the matrix is sufficiently restricted, the E, of viscous flow may be significantly larger than
that of the degenerate exchange between the analogous small molecules.?'=22 Although
Arrhenius temperature-dependence of the viscosity was initially identified as a hallmark
of vitrimers, several CANs with DCBs that follow a dissociative exchange mechanism are
reported to also exhibit Arrhenius viscosity profiles.?427 In fact, when the enthalpy for the
bond breaking reaction of a dissociative exchange is sufficiently large, the temperature to
shift the equilibrium to the de-crosslinked state may exceed the degradation temperature
of the material. For such systems, the fraction of dissociated linkages is negligible at
processing temperatures, and the network will present an apparent constant crosslinking
density despite the dissociative nature of the CAN. The insolubility of vitrimers in non-
reactive solvents regardless of the temperature, which is another characteristic that has
long been considered to be an intrinsic property of vitrimers, 828 was experimentally con-
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tradicted. Recent studies suggest that some vitrimers can partially or completely dissolve
depending on the network topology, integrated functionality, dynamics of exchange, and
time scale of the dissolution test.?32° The dissolution of the vitrimers does not reflect a
loss of connectivity but rather the formation of soluble branched and cyclic structures
during the reorganization of the network.30-31

Numerous DCBs have been successfully incorporated into polymer matrices to obtain
CANs. Several reviews provide an overview about the state-of-the-art systems in this
field.16:18.21,28.32-35 \We advise readers to take caution when interpreting the use of the
term “vitrimer” in the literature. Some systems have been introduced as vitrimers,3¢ even
though they ultimately were found to undergo exchange reactions through a dissociative
mechanism.?* Many of the chemistries found in supramolecular polymer networks and
CANs have been exploited and extended to create DDNs. An overview over dynamic
covalent bonds found in DDNs is provided in Table 1.1, and a detailed overview about
dual CANs comprising supramolecular bonds can be found in Table 1.2.

1.3 Origin of Dual Dynamic Networks: Supramolecular
Networks

Perhaps the most prominent early example of a DDN is ionomers developed by DuPont
in the 1960s.1%2 R. W. Rees, working within a team interested in copolymerizing ethylene
with functional comonomers, discovered that the sodium salt of ethylene methacrylic
acid copolymers has peculiar physical properties. It exhibits unusually high optical
clarity, yet it is processable like polyethylene. This early DDN features two different
forms of supramolecular crosslinking: the crystallized polyethylene segments of the
matrix and the clustering between the sodium carboxylate groups. The combination of
these two crosslinks results in a material that is strikingly different compared to virgin
polyethylene. Aside from its enhanced optical clarity, the polyethylene ionomers exhibit
higher melt strength, higher solid-state toughness, and enhanced oil resistance compared
to polyethylene. This finding ultimately led to the commercialization of such materials
under the tradename Surlyn, which continues to be sold today. The group of J.-M. Lehn
was the first to combine dynamic covalent chemistry with explicit supramolecular units in
dynamic polymers.*” They designed molecular components that simultaneously generate
non-covalent, high-affinity sextuple hydrogen bonds and acylhydrazone links, with both
types of bonds featuring dynamic behavior. The resulting DDNs undergo assembly,
disassembly, and exchange processes, foreshadowing the great potential of this new
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Table 1.1: DCBs used in DDNs: dynamic bonds, stimuli triggering the exchange, polymer
systems developed (first example reported in this review), and imparted func-

tions.
Dynamic Bonds Triggers Polymeric systems Imparted functions
PURs,3” SMPs,38 reshapeability, enhanced mechanical
Diels-Alder T hydrogels,3® IPNs,*0 properties, self-healing ability, facilitated
combined networks*! synthesis, structural stability, shape memory
Disu redox, light, T,  PURs,2 SMPs %2 vitrimers, 4 reshapeab_|l|ty, self-heallng ability, _enhanced
isulfide H hvdrogels.45 |PNs46 mechanical properties, responsiveness,
P yarogets, facilitated synthesis, shape memory
supramolecular polvmers. 47 reshapeability, self-healing ability,
Acylhydrazone pH ph drogels 45p|PyNs48 ’ responsiveness, facilitated synthesis,
yaroge’s, injectability
Oxime a d-clj-!itE)T of hvdrogels?® structural stability, self-healing ability,
molecules yarog enhanced mechanical properties
T, pH, 50 yitri 51 il i i
. . " SMPs,>® vitrimers, reshapeability, self-healing ability, enhanced
e L ?T?(;jlgfur}eosf combined networks®2 mechanical properties, facilated synthesis
53 < ips 54 reshapeability, enhanced mechanical
Urethane/Urea T, catalysts SMPs,>° vitrimers properties, facilated synthesis
55 55 reshapeability, facilated synthesis, shape
Ester T, catalysts SMPs,>° vitrimers memory
H. addition SMPs, vitrimers,5’ reshapeability, self-healing ability, enhanced
Boronic ester gf molecules hydrogels,*® IPNs,*8 mechanical properties, responsiveness,
combined networks,5? facilitated synthesis
) . mechanical 58 self-healing ability, responsiveness,
G0 (ralksion) force, T PORE enhanced mechanical properties
Photoreversible . 59
[2+2] cycloaddition light SMPs shape memory
Allyl sulfide and T, radical SMPs.9 vitrimers30 reshapeability, self-healing ability, facilitated
trithiocarbonate source ’ synthesis

class of adaptable materials. Later, the same group combined acylhydrazone chemistry
with hydrogen bonds between urea-type groups in siloxane-based linear polymers.5’
The resulting material forms an elastic film that shows self-healing properties. The
observed pH-independent time scale of the self-healing process indicates that the healing
mechanism predominantly relies on hydrogen bonding. The dynamic exchange of the
acylhydrazone units was exploited to perform post-polymerization modification reactions
that allowed for the incorporation of new compounds into the polymer.®’

1.4 Polyurethane Elastomers

The most prevalent example of physical networks formed by linear polymers are TPEs.
They typically consist of block copolymers that combine two or more incompatible seg-
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Table 1.2: Supramolecular systems found in DDNs: Physical systems, combined DCBs,
polymeric systems developed, and imparted functions.

Physical

systems Combined DCBs Polymeric systems Imparted functions

4761 (~_ 58,62 supramolecular

Hydrogen Cy(}?gggg’:{:?gg 2'0? 63,64 c?iscliifi de izl,:z)s?—m polymers, I_DURs, self healing_ability, enh_anced

bonds Lo L ¢ ’ SMPs, vitrimers, mechanical properties
imine,®0 olefine,®® ester®®

’ ’ hydrogels, IPNs

. . 70 71 7 - structural stability, enhanced

intel;r;:i;ons boronic ester,estgyge, oxime’<, SME;ér\g;réT;ers, mechanical properties, creep,

solvent, and acid resistance

allyl sulfide,®° boronic ester,%®

Liquid crystals disulfide,”+-7® carbamate,”” SMPs shape memory
ester,5578-83

anhydride,8* DA cycloadducts,38:85-89

imine, 0 disulfide,0-92 shape memory, self-healing

4 urethane/urea,53:93.94 ester,7378.95-97 SR vt ability
boronic esters®8:%9
Self-assemblies acylhydrazone, % ester'0! vitrimers, hydrogels ~ S®!f healing ability, enhanced

mechanical properties

ments that phase separate. One phase is most commonly composed of a high-T or
high- T, polymer and acts as crosslinking nodules of the continuous, soft, elastomeric
phase, which typically consists of a low T4 amorphous polymer. This composition makes
TPEs outstanding materials that not only exhibit the processability of thermoplastics but
also the elasticity of vulcanized rubber.1%3-1% One of the most commercially important
classes of TPEs is PUR elastomers. In addition to phase separation, intermolecular hy-
drogen bonding takes place between the urethane groups of the individual chains.07:108
Several approaches have been reported for upgrading the physical properties of PUR sys-
tems through the addition of DCBs. The addition of a second form of dynamic crosslinking
is mainly focused on enhancing the self-healing ability of these materials.*?65-67 Other
approaches aim to make PUR systems responsive to additional stimuli,58-62.67.109 o jm-
part a new function like damage reporting.>® Rekondo et al.,*? for example, incorporated
dynamic aromatic disulfides crosslinkers into poly(urea-urethane) elastomers, which im-
part excellent self-healing abilities under ambient conditions. The authors discovered that
the self-healing behavior was largely due to the H-bonds in the urea-urethane backbone
of the elastomer, as opposed to only the disulfide exchange. This behavior is in contrast
to that reported for systems based on aliphatic disulfides, which require an external
stimulus and show dynamic behavior through a combination of metathesis reactions and
the equilibrium of the thiol-disulfide bonds.'%11" A later study by Jian et al.® on similar
systems (Scheme 1.1a) confirms the important role of H-bonds in the self-healing process.
Liu and colleagues extended this concept by introducing a self-healing PUR based on
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ditelluride bonds, which have a lower dissociation energy than disulfide bonds and, thus,
exhibit faster dynamics of exchange.®® For example, exchanges between ditellurides can
take place at room temperature in the absence of light. The H-bond interactions between
the polymer chains also played an important auxiliary role in the healing process of this
system.

a) Disulfide Metathesis

{>\ O ff\z
W ot RN

Acylhydrazone Exchange

j\ NN HN—N )oj\
o) o o o,
.\ R‘{ ,\
HN— Hbondlng

N—NH

g%_HJOJ\O <:> VAl

Scheme 1.1: Dual dynamic self-healing PUR elastomers. (a) PUR elastomer containing
aromatic disulfides.®® (b) PUR elastomer containing acylhydrazone units.'%®

Xu et al.?” took advantage of the interplay of H-bonding and disulfide dynamic chemistry
to design a self-healing PUR. The ability of aliphatic disulfides to undergo dynamic
exchange reactions when subjected to sunlight, as well as the mobility of the polymer
chains of the colorless transparent matrix, are all pivotal to obtain materials that display
light-triggered self-healing properties at room temperature. Furthermore, the hydrogen
bonds throughout the PUR matrix are believed to enhance the healing efficiency. When
the material presents fractures or cracks, H-bonds favor intimate contact of the damaged
surfaces and promote disulfide exchanges between dangling chain ends. Consequently,
the healing process results from the rapid closure of the fracture driven by hydrogen
bonds, which was followed by a gradual restoration of the mechanical properties thanks
to the progressive reformation of the disulfide bonds. The group of Y. Bai'% reported
the design of two PUR elastomers with one containing dynamic acylhydrazone bonds
(Scheme 1.1b) and a second one containing both acylhydrazone and disulfide DCBs.
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Both kinds of elastomers exhibit self-healing abilities. However, the system containing
additional disulfide bonds has a higher healing efficiency. This feature is proposed to
result from the ability of the disulfide bonds to exchange faster than the acylhydrazone
bonds. Furthermore, the addition of disulfide bonds presumably allows the system
to undergo self-healing under neutral conditions at room temperature thanks to the
sensitivity of the S-S bond to visible light. In a distinctly biomimetic approach, the group
of P. Sun designed a linear segmented PUR that features H-bonded hard segments that
are linked by thermally reversible DA cycloadducts.3” This design is intended to mimic
the hierarchical structures and H-bonding assemblies found in spider silk. The addition of
DCBs imparts enhanced mechanical properties to the system, including high strength,
stiffness, and toughness, as well as good solvent and heat resistance. In a recent study,
Xu et al. designed a PUR with three complementary dynamic bonds."'? In addition to
the intrinsic hydrogen bonding ability of the urethane groups, the polymer backbone is
equipped with thermo-responsive disulfide bonds, and the system was further chemically
crosslinked with boronic esters. The goal of this approach was to design a system
that shows good mechanical properties, thanks to a certain crosslinking density, while
maintaining sufficient mobility of the polymer chains to allow fast and efficient self-healing.
This efficiency relies on the different chemical pathways the two exchange reactions offer.
Self-healing can be enhanced by the capacity of the boronic esters to undergo hydrolysis,
thereby providing a temporal de-crosslinking. At the same time, the crosslinking via the
boronic ester endows good mechanical properties and structural stability to the system.

Imato et al. incorporated diarylbibenzofuranone as a dynamic linker into the soft segments
of a PUR elastomer.58 The mechanism of elongation was thoroughly investigated via
tensile tests. Under the action of mechanical stress, the soft segments elongate to full
extension, and then the diarylbibenzofuranone mechanophores begin to dissociate into
stable radicals via C-C scission (Figure 1.3). The aggregated hard domains serve as
physical crosslinks, and they impart high dimensional stability to the material during this
process. When the stress is removed, the extended chains relax and the dissociated
radicals recombine. The blue color of the free radicals serves to signal emerging damage.
Another PUR network based on C-C scission, which relied on benzopinacol moieties
as DCBs, was introduced by Zhang et al.?? Originally used as initiators for free radical
polymerization, these aromatic pinacol derivatives form stable radicals upon application
of moderate heat or UV irradiation. The dissociation of the benzopinacol units and
the rapid recombination of the formed carbon radicals was found to become active at
approximately 80 °C, and this behavior allows the bulk material to completely relax
stress at this temperature. The network not only shows excellent self-healing and
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reprocessing characteristics but also high solubility in common solvents when heated
above the onset dissociation temperature of the benzopinacol units. These PUR networks
can be used as macro-initiators to polymerize methyl methacrylate (MMA) or styrene
in solution. In this process, semi-interpenetrating polymer networks are created, and
polymer side chains are grafted onto the network. The grafted polymers are capable of
reinitiating a polymerization, providing a reversible deactivation radical polymerization
(RDRP) character to the process. This feature endows this material with attractive polymer
engineering possibilities, such as extrinsic self-healing, selective functionalization, or
possible re-growing abilities.
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Figure 1.3: PUR elastomer incorporating diarylbibenzofuranone mechanophores de-
signed by Imato et al.>® (a) Diarylbibenzofuranone dissociates into stable
radicals through C-C scission. (b) Structure of the PUR elastomer: the
mechanophores are incorporated in the soft segments. (c) Mechanism of the
uniaxial stretching of the dual PUR elastomer: under the action of stress, the
soft segments elongate to full extension at which point the mechanophores
dissociate and emit blue light. Adapted from Reference [58]. Published by
The Royal Society of Chemistry 2016.

1.5 Shape Memory Polymers

Shape memory polymers (SMPs) constitute a class of polymers that intrinsically require a
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dual crosslinking strategy. As polymeric actuators, SMPs are stimuli-responsive materials
able to change their shape to produce motions and forces when subjected to an external
trigger.'13-118 |n general, the polymer is processed by conventional means to obtain its
original, permanent shape. In the case of thermo-responsive SMPs, a temporary shape
is programmed by heating the material and then shaping it to the desired temporary
form, which is then fixed by rapid cooling. Upon a specific trigger signal, the original
form can be recovered. The shape recovery takes place when the SMP is heated above
a specific transition temperature, most commonly the T4 or the Tr,. The permanent
shape of many SMPs is fixed by covalent permanent crosslinks. Thus, the shape memory
process only works in one direction. As soon as the permanent shape is recovered,
the temporary shape is lost and the material must be programmed again. Recently,
materials that can alternate between two different programmed shapes without the need
to be reprogrammed between cycles have been developed and coined as reversible
shape memory polymers. This multi-shape memory effect is made possible by the
implementation of additional reversible phase transitions, such as those of aligned liquid
crystalline phases.119-122

In early exemplifications, the original shape of the material is still defined by the network
structure composed of static permanent crosslinks. The reprocessing of such materials
is, thus, impossible, limiting the scope of industrial applications and precluding recy-
cling. Incorporating DCBs not only provides a means to change the original form of
the SMPs but also imparts properties like self-healing, re-processability (reshaping the
polymer in its fluidic state), and solid-state plasticity (reshaping polymers permanently
without macroscopic melting), while maintaining the mechanical robustness of the ma-
terials.23-125 Various dynamic covalent chemistries, such as DA cycloadditions,3885-88
photoreversible [2+2] cycloadditions,%126 imine exchange,®® anhydride exchange,®
trans-esterification,’378:95-97.126 transcarbamoylation,>3-93-94.126 hindered urea bond ex-
change,®® and disulfide exchange,*3:9%-21 have been explored to produce adaptable SMPs.
Very recently, a comprehensive review about CANs in polymer actuators, such as SMPs
and liquid-crystal elastomerss (LCEs), has been published by Ji et al.'?*

As an interesting representative example, Xu et al. designed a self-healing PUR SMP
based on poly(tetramethylene ether glycol), which comprises dynamic disulfide bonds.%?
In this case, the shape memory behavior was utilized to support the self-healing ability of
the material. According to the theory of Wool and Conner,'?” surface rearrangement and
chain diffusion are essential for efficient crack healing in polymeric materials. In the PUR
SMP, the reversible glass transition of the PUR’s soft segments leads to accelerated chain
mobility, which significantly promotes the exchange reaction and, thus, the self-healing
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ability of the material. DCBs have also been utilized to act as the switch units for pro-
gramming the temporary shape.*35%.7389 Kuang et al. developed a triple shape memory
strategy based on reversible and irreversible dual crosslinking of epoxy polymers.8® The
permanent shape of the material was fixed by the static covalent epoxy linkages, while
two temporary shapes are programmed by exploiting the glass transition of the epoxy
polymer and the presence of thermally reversible DA units. The temporary shape was
obtained by heating the material to the temperature at which the retro Diels-Alder (rDA)
reaction prevails. The shape was then fixed by cooling down the system and reforming
the DA cycloadduct crosslinks. The original form could be recovered by heating to the
temperature at which the DA cycloadducts dissociate. The triple shape-memory effect
was achieved thanks to the T4 of the epoxy matrix, which is significantly lower than the
temperature of the DA unit dissociation. Lendlein et al. prepared a photo-responsive
SMP using cinnamic acid and cinnamylidene acetic acid derivatives as switching units.%®
The efficient photoreversible [2 + 2] cycloaddition of the chromophores made it possible
to program to temporary shapes and, subsequently, recover the original shape at ambient
temperature by ultraviolet (UV) light illumination. Other switches depend on the redox-
dependent thiol-disulfide equilibrium.4® The group of Xie combined thermally induced
transesterification and transcarbamoylation with photo-responsive dimerizable cinnamate
groups to create a single-component soft robot.'?6 The thermo-reversible bonds provide
plasticity to the material, while the photo-reversible bonds serve as a shape switch.

The group of A.-C. Shi reported an innovative SMP that utilizes the properties of vit-
rimers to create a triple-shape memory material (Figure 1.4).”2 This system is based on
the combination of 3-hydroxy ester transesterification and metal-ligand interactions of
Zn?* and carboxylate groups. The Zn?* ions not only catalyze the transesterification in
vitrimers, as reported by Leibler and co-workers,'® but also act as crosslinking points.
The permanent shape is set by the metal-ligand interactions, as they form exceptionally
strong physical crosslinks. The authors further exploited the T4 and Ty to realize the
triple shape memory behavior. The first temporary shape is fixed by the Ty, which is
the topology freezing temperature associated to the ester-based DCBs, and the second
temporary shape is fixed using the T4. This system displays high dimensional recov-
ery across programming cycles. Furthermore, the SMP is reprocessable and shows
self-healing abilities as a result of transesterification reactions between the hydroxyl
and ester groups. Ji, Terentjev and co-workers used {3-hydroxy transesterifications to
revolutionize the concept of LCEs, which are actuators that change their shape due to
mesogen alignments caused by liquid crystal phase transitions.® This transition can be
induced by heating above the isotropic transition temperature (T;) of the liquid crystalline
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Figure 1.4: Example of a SMP based on the specific properties of vitrimers. The perma-
nent shape is set by strong ionic interactions. Two temporary shapes can be
programmed using the Ty (temporary shape 1) and the T4 of the material
(temporary shape 2). Adapted from Reference [73]. Published by John Wiley
and Sons 2019.

phase. The problem with earlier designs of LCEs was the need to align the liquid crystals
before crosslinking, constraining how LCEs can be practically processed because of
the risk of inducing disorder to the liquid crystalline phase upon crosslinking. Terentjev
and Ji proposed a new vitrimer-based strategy in which the mesogens are aligned after
the formation of the network by heating the system above its Ty under uniaxial stress
(Figure 1.5).55 For these systems to behave as actuators, the transition temperatures
must be carefully balanced such that the T; is well below the Ty. An added benefit of this
design is that the material can be reprogrammed by simply heating the system above
its Ty. The introduction of DCBs in LCEs, which were coined xLCEs,%® paved the way
for simpler fabrication protocols and gave access to complex 3D shapes, making XxLCEs
eligible for sophisticated high-tech applications like Braille displays.”® Following this initial
report on XLCEs, several studies have adapted and improved the process.”882128 |n
addition, other dynamic covalent chemistries have been tested, and new xLCEs incorpo-
rating disulfide,”4~"® boronic ester,%® and urethane DCBs,’’ as well as radical-mediated
addition-fragmentation chain transfer functionalities,®® have been developed.
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Figure 1.5: (a) Synthesis of an xLCE based on (3-hydroxy ester DCBs. (b) Uniaxial align-
ment process of the XLCE. The reshuffling of the network topology, through
transesterification reactions, leads to the reversibility of the monodomain
alignmet. Adapted from Reference [55]. Published by the Nature Publishing
Group 2014.

1.6 Dual Dynamics in Vitrimers and Related CANs

1.6.1 Vitrimers and CANs with Two Covalent Dynamic Crosslinking
Strategies

As highlighted in the context of SMPs and xLCEs, the concept of DDNs has been recently
applied to vitrimers. For example, the Zhang group combined transesterification and
disulfide metathesis in an epoxy vitrimer.'?® The synergistic combination of these two
degenerate exchanges allows the material to undergo topological changes more readily.
This feature not only accelerates stress relaxation but also decreases the temperature
at which the vitrimer is malleable. As a result, this vitrimer can be reprocessed at
100 °C in 1 h, and the resulting material exhibits complete recovery of mechanical
strength. Model networks comprising only one type of exchange chemistry, i.e., disulfide
metathesis or transesterification, were synthesized for comparing to the corresponding
DDN.'2® |t must be stated that the respective single dynamic material has the same
concentration of disulfide or ester groups as the double network. Therefore, the overall
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concentration of exchangeable groups is lower in the model single dynamic networks
compared to the DDN. At a temperature of 180 °C, the relaxation rate of the dual dynamic
vitrimer is approximately 28 times higher than that of the single-disulfide material and
122 times higher than that of the single-ester vitrimer. The synergy of the exchange
reactions is also evident in the Ty of the materials. The experimentally-determined Ty
of the DDN is 6.3 °C, while the Ty values of the single disulfide and ester vitrimers
are 31.0 °C and 71.3 °C, respectively. The malleability at low temperature makes these
materials appealing for applications that require self-healing and recyclability. For instance,
electronic encapsulation could be a new application of interest. Common vitrimers are
not suitable because they tend to exhibit Ty values that are too large.

In 2015, Dichtel and colleagues introduced a new vitrimer system based on the transcar-
bamoylation of polyhydroxyurethane (PHU) (Scheme 1.2a).13%13! PHUs are a promising
alternative to common PURs due to their nontoxic and ecologically-friendly starting mate-
rials. In contrast to conventional PUR thermosets, which are not effectively reprocessed,
the PHU vitrimers show dynamic behavior and can be reprocessed without the addition
of a catalyst. The material exhibits excellent mechanical properties, although stress
relaxation and reprocessing took place only at high temperatures and under pressure
(160 °C, 8 h, 4 MPa). A subsequent study tackled this downside by incorporating a second
dynamic mode into the PHU vitrimers in the form of disulfide DCBs (Scheme 1.2b)."32
Using cystamine as a comonomer, PHU networks with the same excellent thermal stabil-
ity and mechanical properties as the single dynamic PHU vitrimers are obtained. The
introduction of the second DCB results in an increase in dynamicity, making processing
possible under milder conditions (150 °C, 30 min). In contrast, a control material con-
taining no disulfide bonds gave only highly inhomogeneous materials in reprocessing
experiments, which is consistent with the slower dynamics observed when decreasing
the disulfide content in the matrix. However, it should be noted that an increase of the
disulfide content is accompanied by a decrease of the crosslinking density, which is a
consequence of the different functionality between the bifunctional cystamine and the
trifunctional tris(2-aminoethyl)amine (Scheme 1.2b). This change of average crosslinking
density is expected to impact both the dynamics and thermo-mechanical properties of
the vitrimers.
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Scheme 1.2: PHU vitrimers. (a) PHU vitrimer structure introduced by Dichtel and co-
workers.'30 Transcarbamoylation takes place between the urethane groups
present in the backbone and the pendant primary hydroxyl groups. (b) DDN
incorporating hydroxyurethane and disulfide DCBs."3? (c) PHU networks
displaying both intermolecular and intramolecular transcarbamoylation as
introduced by the Torkelson group.>* The intramolecular transcarbamoyla-
tion leads to the depolymerization of the system.

1.6.2 Vitrimers and CANs with One DCB That Follows Two Different
Exchange Mechanisms

Using crosslinks with dual exchange mechanisms represents an elegant approach for
achieving the characteristic physical properties of DDNs in a network that contains only
one type of DCB. Torkelson and co-workers developed recyclable PHU networks in
which both intermolecular and intramolecular transcarbamoylation play an important role
(Scheme 1.2c).%* These networks are obtained using five-membered cyclic carbonates
instead of the six-membered cyclic carbonate employed by Dichtel et al.’3013" They
contain the catalyst 4-dimethylaminopyridine (DMAP). Intramolecular transcarbamoy-
lation restores the monomeric functions, i.e., a cyclic carbonate and an amino group.
Even though the intramolecular trans-carbonylation is not a dissociative reaction from
a mechanistic point of view, this reaction functionally results in the depolymerization of
the network and decrease in its overall connectivity. Both the intramolecular and the
intermolecular transcarbamoylation contribute significantly to the network rearrangement
with no prevalence of either pathway. This dual process results in a decrease of both
the temperature and duration of reprocessing, going from 8 h at 160 °C to 2 h at 140 °C.
However, the position of the equilibrium is temperature-dependent because the reversible
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ring-opening and ring-closing of the cyclic carbonates are not degenerate processes.
Thus, depolymerization should be favored above a certain temperature unless the sys-
tem undergoes degradation. In 2019, Torkelson and colleagues reported reprocessable
polymer networks relying on thiourethane exchange reactions.'?® A dual exchange mech-
anism was also proposed for this system. Alongside the associative thiol-thiourethane
exchange, the system dissociates to its starting products at moderate temperatures.
Bowman and co-workers investigated the mechanism of thiourethane exchange as a
function of the catalyst.'®3 They confirmed the dual mechanism proposed by Torkelson
and colleagues, and they showed that it can be altered by the nature of the catalyst.
Sumerlin and co-workers used boronic esters to further exemplify this strategy.>” Boronic
ester exchange reactions proceed either by a dissociative (i.e., hydrolysis and esterifi-
cation) or degenerate (i.e., transesterification or metathesis) mechanism depending on
the environment (Scheme 1.3).
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Scheme 1.3: DDNs relying on boronic ester DCBs.%” (a) Boronic esters undergo two
distinct exchange mechanisms under these conditions. In the presence
of moisture, boronic esters undergo reversible hydrolysis and condensa-
tion reactions. In the presence of free diols, boronic esters undergo rapid
transesterification-based degenerate exchange. (b) When the DDN is rein-
forced with additional static crosslinks, its dimensional stability is enhanced
and properties like creep resistance are improved.

Due to the hydrolytic sensitivity of boronic esters, dissociation and transesterification are
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the dominant reactions in humid environments. The transesterification between free diols
and boronic esters takes place significantly faster than the metathesis between boronic
esters.%8:134 Experiments reveal that the exchange pathway can be easily controlled by
simply changing parameters like humidity and diol content, representing another useful
tool to tailor material properties.

Guerre, Winne, Du Prez et al. introduced a vitrimer based on vinylogous urethane
bonds that comprises two coexisting yet competing bond exchange mechanisms.'3%
This study focuses on fluorinated vitrimers relying on vinylogous urethane degenerate
exchange.'36137 While studying the dynamics of these systems through stress relax-
ation experiments, two different activation energies are observed for the same material
depending on the temperature window (Figure 1.6).
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Figure 1.6: (a) Arrhenius plots of fluorinated vinylogous urethane vitrimers.'35 Materials
comprising an excess of free amines (PFPE-VU1.05, red, and PFPE-VU1.10,
blue) show two distinct temperature dependencies. The material prepared
using a stoichiometric amount of amines (PFPE-VU1.00, black) only shows
one exchange pathway. (b) Two competitive mechanisms: (i) a protic iminium
pathway, which prevails at lower temperatures, (ii) an aprotic Michael-type
pathway, which requires higher thermal activation and the presence of free
amines. Reprinted (adapted) with permission from Reference [135]. Copyright
(2018) American Chemical Society.

This result differs significantly from the values obtained with model small molecules
as well as previous materials based on catalyst-free vinylogous urethane exchange.'3¢
This behavior is rationalized on the basis of two distinct exchange mechanisms with
varying activation barriers. The exchange mechanism that prevails at lower temperature
proceeds via a protic iminium species (Figure 1.6b, part i). The dominant pathway at
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higher temperature involves a direct Michael-type addition of a neutral amine (Figure 1.6b,
part ii). In polymers that do not contain free amine species, the Michael-type exchange
does not take place. Further investigations revealed that the appearance of the second
pathway is related to the network structure of the material. Only materials with larger non-
dynamic segments show this kind of behavior, regardless of the presence of fluorinated
components. The approach of using DCBs with dual mechanisms is a promising way to
access new materials with varying rheology profiles that can be adjusted to meet specific
processing demands. However, it must be emphasized that the variation of some key
parameters, such as polymer architecture and composition, can give rise to unexpected
behavior even for DCBs seemingly well-known in the community. New reaction pathways
may occur that significantly change the behavior of the material, but if they are undetected
or if a dual response is misinterpreted as a single response, incorrect conclusions may
be drawn.

1.6.3 Reinforcement by Supramolecular Interactions

Another strategy to manipulate vitrimer properties is to introduce supramolecular bonds
that reinforce the network.68.69.71.101.138 Gyan and colleagues introduced H-bonding sec-
ondary amide side groups into covalently-crosslinked dynamic polymer networks relying
on olefin cross-metathesis as an exchange reaction.® The resulting materials show
improved mechanical properties, such as elongation and stress at break, compared
to materials that do not contain hydrogen bonding units. Tang, Guo, and colleagues
presented an H-bond reinforced vitrimer obtained through concurrent crosslinking and
grafting of epoxidized natural rubber (ENR) with sebacic acid and N-acetylglycine, respec-
tively (Figure 1.7).8° At a high temperature, the rubber network rearranges its topology
through degenerate transesterification reactions. The N-acetyglycine grafts provide amide
functions that form hydrogen bonds. The dynamic breaking and reformation of the H-
bonds are able to dissipate energy. Tensile tests demonstrate that the addition of the
sacrificial H-bonds leads to a significant improvement to the modulus, ultimate strength,
and toughness of the material without sacrificing extensibility. Loading-unloading exper-
iments exemplify the ability of these elastomers to dissipate a large amount of energy
through the breaking and reformation of the sacrificial H-bonds. The reformation of
the hydrogen bonds during the loading-unloading experiment is time-dependent and
accelerated with an increasing temperature. At low strain rates, due to their finite lifetime,
the H-bonds have more time to relax and, thus, contribute less to the modulus of the
system than at higher strain rates. Creep and stress relaxation experiments at high
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temperatures indicate that the network relaxes faster with the increase of the hydrogen
units. The grafting of N-acetylglycine introduces (3-hydroxyl esters into the material,
thereby, increasing both the number of hydrogen bonding units and the concentration of
DCBs. An increase in the concentration of exchangeable groups leads an increase in the
rate of exchange and, thus, a decrease in the lifetime of the dynamic ester bonds at a
given temperature.
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Figure 1.7: Vitrimer based on dynamic covalent 3-hydroxyl ester linkages and supramolec-
ular H-bonds.®® (a) When the material is strained, the H-bonds dissociate.
They re-associate when the load is removed. (b) Loading-unloading curves
illustrating energy dissipation through H-bonds dissociation and reformation.
The H-bond reformation is time-dependent and can be accelerated by increas-
ing the temperature. Reprinted (adapted) with permission from Reference
[69]. Copyright (2019) American Chemical Society.

In a subsequent paper, the same group presented a DDN vitrimer based on epoxidized
ENR.'38 Boronic esters are introduced into the system as dynamic crosslinks through
the ring-opening of epoxides by a dithiol bis(dioxaborolane) crosslinker. In addition, the
system is reinforced with metal-ligand coordination bonds by introducing zinc salts that
react with pendant hydroxyl groups along the ENR backbone. At service temperature, the
vitrimer with the additional coordination bonds exhibits a higher modulus and stiffness
compared to the singly crosslinked network. The DDN still has self-healing capability and
reprocessability because the metal-ligand bonds are dynamic at higher temperatures.
A comparable system based on styrene-butadiene rubber is reinforced in a similar way
via the complexation of Zn?* salts and pendant imidazole groups.’® In a recent paper,
Wang et al. incorporated up to three different metal complexes into vitrimers relying
on imine exchange.”’ The additional metal-ligand bonds give rise to enhanced creep
resistance. The study shows that the extent of creep suppression depends on the stability
of the complex formed between the metal ions and the imine-based ligands, revealing
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another interesting strategy to control material dynamics. Another approach to reinforce
vitrimers with supramolecular bonds combines epoxy vitrimers with the self-assembly
of long alkyl chains.'®" The initial relaxation modulus is increased by the non-covalent
interactions of the octyl, dodecyl, or hexadecyl side-chains. The strength of the physical
interactions is modulated by selecting the length of the alkyl side chains. Looking beyond
explicitly-integrated pendant functionality, supramolecular crosslinking in vitrimers can
also be derived from interactions originating from the polymer matrix. For example,
the crystalline domains of a semi-crystalline vitrimer essentially act as supramolecular
crosslinks. This point is analogous to the one made in Section 1.3 with respect to
polyethylene ionomers. A variety of polyethylene vitrimers have already been reported to
exhibit novel properties because of the combination of DCBs and the crystallinity of the
polyethylene backbone.98:99.139-146 Along these same lines, microphase separation can
also be combined with DCBs to make DDN vitrimers. Sumerlin and colleagues recently
exemplified this principle with the synthesis of block copolymer vitrimers, which exhibit
distinct viscoelastic properties compared to the statistical copolymer control vitrimer.4”

1.6.4 Reinforcement by Static Covalent Bonds

To achieve efficient responsiveness, self-healing, and reprocessing at service tempera-
ture, bond exchange in a vitrimer needs to operate at an acceptably fast rate. A network
possessing DCBs with a short lifetime fulfills these criteria, but the downside is that such
materials exhibit continuous and permanent deformation when subjected to mechanical
stress. Creep and stress relaxation at service temperatures limit the practical utility of
such vitrimers. Numerous elastomeric vitrimers display this undesired behavior at service
temperatures.?%-23.135.148 This challenge has recently been tackled by complementing
dynamic covalent bonds with static covalent crosslinks. Sumerlin and co-workers showed
that the incorporation of static covalent crosslinks in a boronic ester-based vitrimer im-
proves the creep resistance such that it is comparable to that of a conventional thermoset
(Scheme 1.3b).57 This DDN still displays self-healing ability, even though bond reformation
is slower and less efficient compared to networks containing solely dynamic crosslinks.
Using epoxy-based vitrimers, Torkelson and colleagues further studied the consequences
of introducing static crosslinks to vitrimers, trying to find the optimal balance between
creep resistance and processability.'® The authors used the Flory-Stockmayer gelation
theory to predict the critical content of permanent static crosslinks that a vitrimer should
not exceed in order to remain processable. The authors postulate that, for a polymer
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network to be fully reprocessable, the static crosslinks should be present at a level that is
insufficient to form a percolated static network in the material.

In order to experimentally validate this model, thiol-epoxy networks comprising both
static and dynamic covalent bonds were prepared. The latter undergo transesterification
reactions catalyzed by DMAP. Networks containing either fewer (40 %) or more (60 %)
static crosslinks than the calculated critical value of 50 % were prepared. The stress
relaxation, creep behavior, and reprocessability of both materials were then compared
(Figure 1.8).
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Figure 1.8: Vitrimers with varying fractions of static crosslinks.'#® (a) Average stress
relaxation time <t> as a function of the fraction of static crosslinks. When
the proportion of static crosslinks increases, the material requires more time
to relax stress. (b) Relative displacement as a function of creep time. The
incorporation of static crosslinks significantly reduces the displacement. (c)
Photographic images of samples with 40 % and 60 % of static crosslinks.
The samples comprising 60 % of static crosslinks cannot be reprocessed
without deterioration of the material. Reprinted (adapted) with permission
from Reference [149]. Copyright (2018) American Chemical Society.
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Stress relaxation experiments show that increasing the fraction of static bonds in the
material results in an increase in the time necessary to relax stress. In addition, the
material with 60 % static crosslinks shows only limited reprocessability. This sample
loses its structural integrity upon heating and deformation, while the sample with 40 %
static crosslinks retains its shape and shows full recovery of its mechanical properties.
In contrast to materials with exclusively dynamic bonds, the network containing 40 %
of static crosslinks shows 70 % less creep. This study convincingly demonstrates that
increasing the fraction of static crosslinks in a vitrimer can significantly improve its creep
resistance without suppressing its ability to be reprocessed. Defining a universal criterion
regarding the fraction of static crosslinks that can be incorporated into a vitrimer without
deteriorating reprocessability is a challenging task. Depending on the structure and
functionality of the (macro)molecules used to synthesize the DDN, the weight fraction of
the hypothetical static percolated network can vary significantly, as well as the conse-
quential flow properties and processability of the material. The requirements for the flow
properties of the polymer melt depend on the desired processing technique (e.g., blow
molding, injection molding, extrusion molding, or compression molding). Thus, a dynamic
polymer network that contains a secondary percolated static network can be sufficiently
processable in certain cases, such as when reprocessing is performed by compression
molding after a step of mechanical grinding. Indeed, it has been demonstrated that very
strong adhesion can be created between polymer networks incorporating DCBs. 50153
This point was experimentally confirmed by our group in the context of polybutadiene
networks incorporating both static and dynamic dioxaborolane-based crosslinks.?® For ex-
ample, a DDN containing static crosslinks such that it has an insoluble fraction of 60 wt %
(after the selective cleavage of all the dioxaborolane crosslinks) was efficiently recycled
multiple times by compression molding. Moreover, dynamic mechanical analysis (DMA)
and mechanical testing indicate that, even after three cycles of recycling (by mechanical
grinding and compression molding), the material displays the same crosslinking density
and exhibits full recovery of its mechanical properties. As expected based on the ob-
served recyclability, strong adhesion is generated between macroscopic objects made of
the dual networks containing both static and dynamic crosslinks. Saed et al. also reported
DDNs combining static and dynamic bonds in which the static bonds are incorporated
into boronic ester-based liquid crystalline vitrimers to enhance the dimensional stability of
the material during actuation.®®

Besides improving creep resistance, the incorporation of static bonds can be used to
tune the dynamics and topological rearrangement of CANs. Nicolay, Matyjaszewski
et al. reported one of the first associative CANs, later coined vitrimers, when they

31



1 Literature Review

designed gels that can be welded in solution thanks to the presence of dynamic covalent
trithiocarbonate crosslinks that exchange via an addition-fragmentation mechanism.3°
The introduction of a fraction of static crosslinks to the system permits tuning of the
swelling properties of the gels while keeping the overall crosslinking density constant. The
higher the amount of dynamic crosslinks, the greater the degree to which the gels can
reorganize and adapt to the chemical environment. As a result, some of the mechanical
stress generated by the diffusion of the solvent within the polymer network is relaxed, and
gels presenting a higher swelling ratio are, thus, obtained. The Matyjaszewski group also
used a combination of static and dynamic crosslinks to develop self-healing coatings.'>*
The coatings are constituted of multiarm star polymers that carry dynamic covalent
bonds at the periphery, which are used to generate dynamic disulfide crosslinks. This
peculiar branched architecture features specific flow properties and distribution of the
functionality that enhance the self-healing ability by providing a better accessibility and
mobility to the reactive groups. This concept, initially modeled by Matyjaszewski, Balazs,
and colleagues through computational simulations,’®® was confirmed experimentally
by a combination of the atomic force microscopy (AFM) micromachining technique,
continuous AFM imaging, and optical microscopy. In this case, static crosslinks are
used to precisely control the topology of the polymers, which results in coatings with
superior self-healing properties. Another approach to design DDNs is to integrate dynamic
bonds into well-known thermoset systems, such as epoxy resins. This was recently
achieved by incorporating disulfide,**%6 imine,>' or vinylogous urethane moieties'®” into
common epoxy or diene networks. By integrating DCBs, properties like recyclability and
reprocessability can be imparted to typical thermosetting materials.

1.7 Hydrogels

Hydrogels are polymeric networks that absorb and retain large amounts of water. They
are generally designed to be biocompatible, stimuli responsive, self-healable, and in-
jectable. Their unique soft rubbery consistency, which is very close to that of living
tissues, makes them ideal candidates for a wide range of applications'%8159 especially
cell cultures, 60161 cosmetics, 182 sensors, 183 drug delivery devices, 6+16% and tissue engi-
neering.'6-168 |n recent years, much work has focused on the design of hydrogels based
on biopolymers and bio-sourced polymers, like collagen, chitosan, hyaluronic acid, and
other polysaccharides in order to develop bio-compatible eco-friendly materials.69-17"
However, the limited mechanical properties of common hydrogels have precluded their
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use in applications that call for enhanced mechanical performances. Introducing dual
crosslinking is a promising strategy for expanding the scope of applications.

1.7.1 Hydrogels Combining DCBs and Supramolecular Interactions

Sacrificial bonds are commonly employed to improve the mechanical properties of hydro-
gels. Crosslinks based on NCBs are useful sacrificial bonds because they have short
lifetimes under service conditions, which causes the hydrogels to be highly dissipative.
Even though the toughness of hydrogels is enhanced, the use of NCBs does not sig-
nificantly improve the structural stability of the materials because their dynamic nature
makes them prone to creep. Most examples of such DDNSs rely on either a combination
of NCBs and static covalent bonds,'”2~'76 which suppresses the dynamics of the system,
or on a combination of different NCBs,”7~181 which enhances structural stability only to a
limited extent. Combining NCBs with DCBs provides the optimal possibility to improve
the structural stability while maintaining adaptability and energy dissipation. For example,
Guo et al. married acylhydrazone chemistry with transient hydrogen bonds to design
tough injectable hydrogels.'® The gels were synthesized by free radical copolymerization
of acrylamide and diacetoneacrylamide in the presence of adipic acid dihydrazide (ADH)
and polyvinylpyrrolidone. The dihydrazide of the ADH reacts with the ketone groups of
the polyamides to form dynamic covalent acylhydrazone bonds, while the polyvinylpyrroli-
done forms hydrogen bonds with the amide units of the polyacrylamides, as already
demonstrated in physical hydrogels.'8 Previous studies conducted by the authors show
that similar hydrogels relying only on acylhydrazone bonds show very poor mechanical
properties.'® The addition of intermolecular hydrogen bonds provides the hydrogels with
higher toughness, stretchability, and ductility thanks to synergistic effects. The hydrogels
exhibit superior fatigue resistance and self-recovery comparable to that of materials
crosslinked with static covalent bonds. They feature self-healing properties at ambient
conditions without external stimuli. In addition, the sol-gel transition of these hydrogels
is easily controlled through the pH-dependent dissociation of the acylhydrozone bonds.
In strongly acidic environments, the acylhydrazone bonds hydrolyze, and the hydrogels
turn into injectable viscous solutions. By adding a base, the equilibrium shifts back to the
associated form, and tough hydrogels are obtained after ca. 2 h. This feature makes it
possible to inject the hydrogels to any desired form. The good cytocompatibility and the
excellent mechanical strength of these hydrogels are highly desirable attributes for various
biomedical applications, such as artificial tissue engineering. Chen and co-workers re-
ported a DDN based on the crosslinking of telechelic amphiphilic triblock copolymers.'00
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As presented in Figure 1.9, the aldehyde-terminated polymers form micelles in water, and
these structures are crosslinked with a three-arm acylhydrazine linker. Thanks to the com-
bination of the chemical stability of the acylhydrazone DCBs and the dissipative nature of
the physical crosslinks, a tough, ultra-stretchable, self-healing hydrogel is obtained.
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Figure 1.9: Hydrogels comprising acylhydrazone and micellar crosslinks.'® (a) Synthetic
strategy: Homotelechelic aldehyde functionalized triblock copolymers are
crosslinked at a pH = 6 with a three-arm acylhydrazine. (b) Uniaxial tensile test
of the dual dynamic hydrogel and a hydrogel comprising solely acylhydrazone
crosslinks. (¢) Uniaxial tensile tests of the dual network at different pH values.
The gel shows the highest stability at pH = 6.0. Reprinted (adapted) with
permission from Reference [100]. Copyright (2017) American Chemical
Society.

The DDN hydrogel was compared to a similar gel that contained acylhydrazone bonds
but no physical interactions, and was also compared to a hydrogel with the same triblock
copolymer micellization but with static covalent bonds instead of DCBs. The dual dynamic
hydrogel shows superior stretchability and mechanical properties than the reference
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systems, indicating that both dynamic interactions contribute to the ultra-stretchability
and high toughness of the material. The hydrogel exhibits the highest stretchability and
mechanical strength at pH 6, which is the pH at which the acylhydrazone bond features
the fastest dynamics. At a higher pH, the lifetime of the acylhydrazone bonds increases,
while the bonds dissociate at a lower pH, leading to a lower crosslinking density. Cyclic
loading-unloading experiments on the different hydrogels indicate that both dynamic
interactions contribute to energy dissipation. The dislocation and decomposition of the
micelles, in conjunction with the simultaneous chain sliding enabled by the dissociation-
reformation equilibria of the acylhydrazone bonds, lead to a pronounced hysteresis in the
cyclic experiments, which is proposed as the origin of the material’s excellent mechanical
properties. Polysaccharide-based hydrogels incorporating dynamic oxime crosslinks
were also developed by Roh and co-workers.”? In these systems, the natural ability of
alginates to form complexes with divalent cations such as Ca®* was used to create a DDN.
The oxime crosslinking permits the formation of viscoelastic hydrogels in microbead or
micro-thread geometries. The beads were used to encapsulate and culture 2PK-3 cells.
The ability to form biomimetic viscoelastic microenvironments in a defined geometry is a
highly desirable feature in biomedical applications.

1.7.2 Hydrogels with Dynamic Covalent Crosslinks of Different Natures

Incorporating two different types of DCBs is an appealing strategy for realizing hydrogels
that are strong yet dynamic. For example, one DCB with a short lifetime can be used to
impart a dynamic character to the system, and another DCB with a long lifetime can be
used as a tunable structural component. Chen and co-workers exemplified this approach
by combining acylhydrazone exchange with DA cycloaddition.3® The cycloadduct-based
crosslinks are not dynamic at room temperature, thereby, providing dimensional stability
and mechanical strength to the network. The acylhydrazone bonds are highly dynamic
under service conditions, conferring self-healing ability to the network. Thanks to the
presence of free aldehyde groups involved in the dissociative equilibrium of the acylhy-
drazone units, the hydrogel shows excellent adhesive properties through the formation
of imines with primary amines, rendering the material a promising candidate for tissue
engineering applications. Collins et al. developed a dynamic hydrogel based on oxime
groups, which undergo reversible degradation and reformation.*® The degradation is
achieved by transoximination with an excess of both butyraldehyde and trifluoroacetic
acid (TFA) at 60 °C. Alternatively, the authors demonstrate a reversible gel-sol transition
by treating the oxime-based gel with TFA in dichloromethane (DCM) at room temperature.
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After rapid degradation of the gel, the TFA (and DCM) evaporates over time, allowing
the equilibrium to shift back to network formation. Boronic acid moieties can also be
introduced as side-groups. After crosslinking with the polyphenol tannic acid, the resulting
material is a dynamic hydrogel with two distinct and orthogonal DCBs. The flexibility
of design of DDNs has revealed new opportunities for making materials that respond
to multiple external stimuli. The group of Zhang combined several dynamic covalent
chemistries in multi-responsive hydrogels that display quadruple-stimuli sensitiveness
(Figure 1.10).185.186
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Figure 1.10: Multi-responsive hydrogel.'® A pH-, redox-, glucose-, and temperature-
responsive hydrogel is obtained through the crosslinking of catechol-
functionalized poly(N-isopropylacrylamide) (PNIPAM) with a disulfide di-
boronic acid. The resulting hydrogel additionally presents self-healing and
adhesion abilities. Adapted from Reference [186]. Published by WILEY-VCH
Verlag GmbH in 2017.

In their studies, diol-containing and catechol-containing polymers were crosslinked with a
disulfide diboronic acid crosslinker. The final hydrogels feature not only pH, sugar, redox,
and thermal responsiveness, but also enhanced self-healing abilities. The boronic ester
bonds are susceptible to hydrolysis in the presence of an acid, but the crosslinks can
be reformed under basic conditions. The boronic esters can also be dissociated by the
addition of a competitive monofunctional molecule, such as glucose. The disulfide bonds
give access to a redox-induced cleavage of the crosslinks. However, the use of glucose
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or redox reactions lead to irreversible disassembly of the system. Only the pH-dependent
hydrolysis-condensation equilibrium of the boronic ester bonds is reversible in this case,
which enables the material to exhibit self-healing. When the multi-responsive crosslinker
is used to create a network with a catechol-functionalized PNIPAM, the hydrogel shows an
additional thermo-responsiveness originating from the lower critical solution temperature
of PNIPAM. Furthermore, the hydrogels display advanced adhesive features that stem
from the catechol units, which are responsible for the mussel-like adhesive properties.
Dual systems can also be used to expand the window of operation within which a
stimulus is effective. For example, Deng et al. used two different covalent crosslinkers
in responsive hydrogels to extend the self-healing properties to a broader pH spectrum
(Figure 1.11).45
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Figure 1.11: (a) Dual dynamic hydrogel based on a combination of acylhydrazone and
disulfide DCBs.*® (b) Self-healing of the hydrogel under acidic, basic, and
neutral conditions. Reprinted (adapted) with permission from Reference [45].
Copyright (2012) American Chemical Society.

DCBs, such as acylhydrazone and disulfide bonds, show dynamic behaviors within pH
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windows that do not overlap. These two chemistries were successfully combined within
a single system to obtain hydrogels with self-healing properties under both acidic and
basic conditions, thanks to the dynamic nature of acylhydrazone and disulfide bonds,
respectively. Self-healing is also possible under neutral conditions in the presence of
aniline. Furthermore, these hydrogels undergo pH-induced and redox-induced reversible
gel-sol transitions through the selective cleavage of the acylhydrazone or disulfide bonds,
respectively.

1.8 Networks Combining Two Different Structures

The combination of two types of dynamic covalent crosslinkers provides the possibility
to intimately blend different polymer structures into one material. Many variations are
possible, as the polymer structures might differ with respect to the chemical nature of
the matrix, crosslinking chemistry, and crosslinking density. In this section, we focus on
interpenetrating networks (IPNs) as well as networks that are chemically connected to
each other, which we call “combined networks” for the purposes of this discussion.

1.8.1 Interpenetrated Networks

IPNs are a class of polymer alloys in which two or more networks are at least partially
intermeshed at a molecular level but not covalently bonded to each other.'87:18 Such
a structure is achieved by polymerizing a monomer that has been pre-swollen within
an orthogonal polymer network. The objective of this approach is to realize enhanced
mechanical features that cannot be achieved with simple blends of the constituent subnet-
works (or with either of the individual subnetworks). In the early 2000s, the Gong group
reported outstanding tough hydrogels featuring mechanical properties that arise from
the synergy of two interpenetrated networks: a loosely (statically) crosslinked network
interwoven with a densely (statically) crosslinked network. The superior mechanical
properties stem from the sacrificial breaking of the highly crosslinked network on ex-
tension, which leads to energy dissipation. The work of Gong was taken up by Creton
and colleagues, 8% who adapted this concept to elastomers. The interplay between both
networks leads to a more uniform stress distribution that delays crack propagation. A
potential drawback of these systems is the irreversible breakage of bonds, and, thus, the
significant weakening of the material after the first high-stress loading. A recent approach
to address this issue is the addition of dynamic links. Most examples, thus far, feature
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NCBs.90-195 The introduction of DCBs to IPNs is a new topic of research, and the few
examples that exist nicely exemplify the potential of dynamic covalent chemistry, both
in terms of versatility and control of the performances. The combination of reversible
acylhydrazone and boronic ester crosslinks allowed Yang, Zhang, and colleagues to
prepare a multi-functional, self-healing, injectable IPN.*® The network was synthesized
from four functional poly(N,N-dimethylacrylamide) prepolymers equipped with either
aldehyde, hydrazone, boronic acid, or catechol side-groups. When these prepolymers
are mixed together, the aldehyde groups selectively react with the hydrazide to form
acylhydrazide linkages, while the boronic acid and the catechol moieties form boronic
esters. The orthogonality of the reactions leads to the formation of two interlocking
yet independent subnetworks. The innovative synthetic strategy of mixing components
together that feature a fast-gelation behavior makes this hydrogel an ideal candidate for
3D-printing solutions. The two bonds display dynamic behavior in different pH ranges.
The acylhydazone bonds are stable in mildly acidic environments but dissociate under
basic conditions, whereas the boronic ester bonds only form under basic conditions. As
a result, the hydrogel self-repairs under both acidic and basic conditions, but it shows
chemical stability under neutral conditions. Thus, by varying the pH to acidic (or basic)
conditions, one subnetwork undergoes a gel-sol transition while the other one maintains
its gel state. This reversible transition from an IPN to a network penetrated by a linear
or branched polymer allows for the pH-dependent tuning of the mechanical properties
and average pore size of the hydrogel. Another approach for combining two DCBs in
an IPN was reported by Rong, Zhang, and co-workers.*¢ A bulk IPN was prepared from
two single PUR elastomer networks, with one comprising boronic esters and the other
comprising disulfides (Figure 1.12). These materials are used to make a reversibly
interlocking network (RILN) through the simultaneous and orthogonal exchange of the
boronic esters and disulfides present in the respective single networks. The exchange
of the DCBs over time leads to the formation of an interlocking topology architecture. In
combination with the formation of intermolecular hydrogen bonds between the urethane
groups of the two polymer networks, this dynamic interlocking process resulted in the
formation of a homogenous material. The RILN shows superior non-linear mechanical
properties when compared to the individual subnetworks. This improvement is explained
by synergistic effects between structures that lead to improved load bearing capability
and more homogeneous stress distribution. The two exchange reactions can be triggered
selectively by orthogonal external stimuli. The boronic ester bonds are thermally stable,
but they can be cleaved by adding water and reformed when the latter is removed. In
contrast, the disulfide bonds are hydrolytically stable and are cleaved homolytically at
elevated temperatures. Hence, through the selective hydrolysis of the boronic esters, the

39



1 Literature Review

IPN can be disassembled and the original single networks can be recovered.
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Figure 1.12: Dual dynamic bulk IPN comprising disulfide and boronic ester DCBs.*® (a)
Structure of the disulfide (SN-SS) and the boronic ester (SN-PB) single net-
works. (b) Synthesis of the IPN. The single networks are mixed (1) and the
dynamic bonds dissociate under the influence of heat and moisture (2) and
interlock (3) when heating is stopped and moisture removed. The process
is reversible through the specific hydrolysis of the boronic ester crosslinks
in the presence of water (4 and 5). The individual networks can, thus, be
separated (6). (c) Tensile properties of the single networks and the IPN.
Due to the synergistic effects of the two interwoven networks, the strain is
better distributed in the IPN, which leads to improved mechanical properties.
Reprinted (adapted) with permission from Reference [46]. Copyright (2020)
American Chemical Society.

Inspired by the groundbreaking work of the Gong group,'%6-1%® Konkolewicz and co-
workers designed dual dynamic IPNs in which the sacrificial bonds are H-bonds formed be-
tween pendant 2-ureido-4[1H]-pyrimidinone (UPy) moieties.*%-63.64 The second crosslinker
relies on long lifetime DA cycloadducts. Thanks to the high dynamicity of the sacrificial
bonds, the network of covalent bonds is conserved, postponing the weakening of the
material. The combination of dynamic bonds with two significantly different lifetimes
allows for the preparation of IPNs that exhibit improved stress at break and fracture
toughness, as well as self-healing and reprocessability, while presenting good creep
resistance at room temperature. In one of their studies, Konkolewicz and colleagues
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compared the properties of an IPN and a SN, which are both crosslinked with UPy units
and DA cycloadducts (Figure 1.13).40
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Figure 1.13: DDN incorporating DA cycloadducts and UPy units as dynamic crosslink-
ers.*0 (a) Synthesis of a dual dynamic IPN through sequential polymerization.
Each subnetwork contains solely one type of crosslinker (left). Synthesis of
a SN containing both types of crosslinkers via a single step copolymerization
(right). (b) Tensile properties of the IPN and the SN. (c) Fracture energies of
both networks. The IPN generally displays superior mechanical properties
than the SN. Reprinted (adapted) with permission from Reference [40].
Copyright (2017) American Chemical Society.

The IPN features superior mechanical properties, as it exhibits improved peak stress,
strain at break, and fracture energy. The IPN also displays strain hardening behavior.
The separation of both crosslinkers facilitates the energy dissipation, which is also
evident in loading-unloading experiments. The SN shows less creep and longer stress-
relaxation. The ability of the IPN to partially relax stress faster at room temperature and
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to deform faster during creep experiments likely reflects the capacity of the subnetworks
to move independently in combination with the fast dynamics of the UPy subnetwork.
However, both networks show complete creep recovery, which is induced by the DA
bonds that display a static behavior under the conditions of the creep experiment. With
respect to self-healing and malleability, the IPN also outperforms the SN. The decoupling
of the networks gives the IPN more degrees of freedom, at least with respect to the
subnetwork crosslinked with short lifetime dynamic bonds, thus, facilitating the dynamic
bond exchange. The studies of the Konkolewicz group are a striking example on how
molecular architecture can influence the macroscopic properties of a DDN.

1.8.2 Combined Networks

In contrast to IPNs, so-called combined networks are constituted of two different net-
work structures that are not necessarily interlaced but are chemically connected. For
example, Tao and colleagues used this strategy to design a multi-responsive hydrogel
consisting of two different networks crosslinked with dynamic imine and boronic ester
moieties.5? Using the Ugi reaction, a tetrafunctional poly(ethylene glycol) (PEG) with
a benzaldehyde group and phenylboronic acid group at each chain-end was prepared
from a dicarboxy-homotelechelic PEG. This tetrafunctional PEG was used to generate
a combined network by selective crosslinking of the benzaldehyde moieties with glycol
chitosan and crosslinking the phenyl boronic acid groups with poly(vinyl alcohol). The
combined network shows superior self-healing abilities and good mechanical strength.
The synergy between the different network structures also provides the material with
enhanced muco-adhesive abilities. Furthermore, the hydrogel shows excellent biocom-
patibility, and it was injectable thanks to the short lifetime of the dynamic crosslinks. This
DDN hydrogel was, thus, used as a drug-delivery carrier to transport the anti-cancer drug
doxorubicin to a tumor. The slow and gradual release of the drug associated with the
hydrolysis of the crosslinkers shows significant advantages over the direct delivery to the
tumor. The Bowman group reported a unique combination of two different polymer net-
works relying on dynamic and static covalent crosslinks to create an adaptable solid-state
photoresist via stereolithography (Figure 1.14).#" In a typical stereolithography process, a
liquid monomer is selectively photo-irradiated to generate an insoluble chemical network
where the resin is exposed to light. The unreacted resin is later removed during the
development process, typically through dissolution in suitable solvents. However, the
creation of 3D objects often requires a physical support to hold the structures during
their formation to prevent collapse, sedimentation, or loss of resolution. To address this
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challenge, Bowman and colleagues developed a double network photoresist, which is
synthesized via a dual-cure process. In the first step, a scaffold network composed of
reversible DA adducts is synthesized.

Photo-

Figure 1.14: Dual cure system based on DA cycloadducts and static covalent bonds.*!
(a) In the first step, the support network is formed via DA cycloaddition
(1). During the photopatterning, a static permanent network is created
within the DA network (2). In the development step, the support network
is removed through thermo-activated rDA depolymerization (3). (b) The
scanning electron microscopy image of two-layer structures created with the
dual cure photoresist process. Reprinted (adapted) with permission from
Reference [41]. Copyright (2014) American Chemical Society.

The “click” nature of this reaction allows for an efficient synthesis of the support network,
while the rDA reaction at an elevated temperature imparts thermo-reversibility to the
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network. The second step of the curing process consists of the photopolymerization
of acrylate monomers present in the supporting network. This strategy allows for the
spatial and temporal control over the formation of the second network within the first
one. Using a multifunctional crosslinker bearing furan and acrylate functions allows
for the covalent connection between the two networks. In the development step, the
DA network not involved in the second curing step (i.e., the material that had not been
exposed to light irradiation) is removed by thermal depolymerization. The use of an easily-
removable scaffold network based on a CAN offers new possibilities for layer-by-layer
stereolithography applications, as it addresses the challenging removal of the support
material from complex or microscale objects.

1.9 Conclusions and Outlook

This review provides an overview of the development of a new class of CANs that incor-
porates multiple crosslinkers featuring different degrees of dynamicity. The elaboration of
new crosslinking strategies in recent years, combined with the demand for more sophis-
ticated materials, has motivated the design of DDNSs, resulting in materials that feature
unprecedented properties. By combining DCBs with static covalent, supramolecular,
and other kinds of dynamic covalent bonds, materials can exhibit significant advantages
over those relying solely on just one kind of dynamic crosslinking. Whereas, in singly
crosslinked materials, there are always trade-offs between structural stability, dynamicity,
adaptability, and responsiveness, DDNs offer the possibility to combine seemingly con-
tradictory features. The diverse examples presented in this review illustrate how DDNs
have already become an indispensable strategy in polymer science with applications
already ranging from actuating robots'2® to adaptable bio-materials.'85188 As the field of
CANs continues to mature, more dynamic crosslinkers will be combined in increasingly
diverse matrices. A key challenge in this context is that it is not trivial a priori to identify
the adequate combination of crosslinkers to realize a targeted set of properties. Moreover,
simple and scalable synthetic strategies will need to be developed to allow flexibility in
combining different kinds of dynamic crosslinkers. The characterization of DDNs must
also be advanced to address the difficulty in differentiating between the individual re-
sponses of the different dynamic modes.'3> Although many DDNs are directly compared
to their respective single networks, a precise and meaningful comparison is not always
achievable in this way. Minor changes in the chemical nature, topology, crosslinking
density, and functionality can strongly influence how a given dynamic bond behaves in a
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given DDN. The productive future of this field will rely on the simultaneous advancement
of modeling, synthesis, characterization, dynamics, and material development. Many
intriguing DDNs have already been reported, but even more fascinating paths forward
remain open for exploration.
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2.1 Introduction

2.1 Introduction

Boronic acids are boron-containing trivalent structures that possess one carbon-based
substituent and two hydroxyl groups. The boron atom is sp?-hybridized with six valence
electrons and a vacant p-orbital. Boronic acids are not found in nature but can be
prepared synthetically from primary sources of boron such as boric acid.! The first
boronic acid was prepared in the 1860s by Sir Edward Frankland.? Since then, boronic
acids and their esters have found application in multiple fields such as organic®* and
medical chemistry”8. One outstanding application is their use as coupling agents in
Suzuki coupling reactions,®'" which awarded Professor Akira Suzuki the Nobel Prize
in chemistry in 2010."2 In general, organoboron compounds are easy to synthesize
and handle and show no serious hazards regarding their reactivity, toxicity or impact
on the environment.!3 Boronic acids can form a variety of DCBs. The dehydration of
boronic acids leads to boroxines that can reversibly be retransformed into boronic acids
by hydrolysis. Boronic acids can also be transformed into esters by condensation with
alcohol groups. Boronic ester formations generally occur with 1,2- or 1,3-diol groups,
yielding conformationally favored 5- or 6-membered rings like shown in Scheme 2.1. The
formation of cyclic boronic esters was firstly reported more than 60 years ago.'® Under
neutral or acidic conditions, boronic esters are prone to hydrolysis. The equilibrium can
be readily controlled by the addition or removal of water or Lewis bases.

OH HO  OH 0
R-B, R-B
OH O )iz

H.O

Scheme 2.1: Boronic acids undergo condensation reactions with 1,2- or 1,3-diol groups
to form 5- or 6-membered cyclic boronic esters.

Boronic acids and esters have been widely applied in polymers. Their reversibility and
response to moisture, pH and competitive molecules allow to design dynamic materials
that can self-heal'*20 or self-assemble®'=23. Boronic esters can undergo transesterifica-
tions with diols like shown in Scheme 2.2. The rate of the transesterification is dependent
on the structure of the boronic ester. It has been found?* that alkyl substituents on the
x-position of the diols slow down the transesterification but yield thermodynamically more
stable boronic esters. It was also observed that 6-membered boronic ester rings are more
stable than their 5-membered counter parts.?42® The exchange rate can also be tuned by
neighboring groups adjacent to the boronic ester group.?®
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R

o " HO._R fo HO
R—B\ j:\ + I R—B\ I + I
0 0

2R HO™ =R 2R HO™ 2R

R

Scheme 2.2: Transesterification between a boronic ester and a 1,2- or 1,3-diol.

In 2017 Nicolay, Leibler and co-workers reported that boronic esters can undergo metathe-
sis reactions like displayed in Scheme 2.3 without the addition of a catalyst.2” The boronic
ester metathesis showed to have an E, of 15.9 kd/mol in small molecules that show rapid
metathesis reaction at moderate temperatures.2” During the reaction no intermediate wa-
ter or diol products could be detected, indicating a degenerate exchange mechanism. The
boronic ester metathesis was applied to create vitrimers from polymers like poly(methyl
methacrylate) (PMMA), polystyrene (PS) or high-density polyethylene (HDPE).?” It was
found that transesterifications between boronic esters and diols occur in general much
faster than the respective metathesis reaction.?® Also humidity can play a significant
role in the exchange process: the cleavage of the crosslinks via hydrolysis leads to an
accelerated crosslink exchange.?®

/O_Rg /O_R5
R-]_B\ + R4_B\
O-Rs O-Rg
/O_Rs /O_Rg
Ri—B + Rs—B
O_Re O‘Rg

Scheme 2.3: Boronic esters can undergo metathesis reactions with other boronic esters
via a degenerate pathway.

Since then, boronic ester exchanges have been applied to form a variety of vitrimers.29-35
Their high tolerance for other functional groups makes them ideal candidates to be incor-
porated into DDNs. Systems have been developed where boronic ester exchanges were
combined with permanent static bonds,?34 liquid crystalline domains,®* coordination
bonds,3? or metal-ligand coordinations.3°

The goal of this project is to create an interpenetrated DDN in which one of the subnet-
works relies on an exchange via boronic ester metathesis. This network should show
dynamic properties like rapid stress relaxation, and fast reshuffling. The tolerance to-
wards other functional groups makes boronic esters a good candidate to be the base
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2.2 Monomer Synthesis

of one of the subnetworks. It has to be evaluated, if a boronic ester based material
would form a dynamic enough material. The boronic ester network should represent a
sacrificial network, the fast exchange of the boronic ester bonds is supposed to dissipate
energy. In this chapter, the synthesis and the characterization of the boronic ester based
subnetwork is described. A functional monomer was synthesized and copolymerized with
n-butyl acrylate (nBA). The resulting polymer was further functionalized to yield a TP with
pendent boronic ester moieties. A bifunctional boronic ester crosslinker was synthesized
and the thermoplastic precursor was crosslinked to yield the boronic ester network that
was processed by compression molding. The network was characterized to determine if
it fulfills the requirements to be used as the dynamic subnetwork in the double network
system. Characterizations included swelling and solubility tests, infrared (IR) spectrom-
etry, DMA, differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA),
tensile tests and rheometry (stress relaxation, creep resistance). The properties of the
subnetwork are compared to those of the double network in the Chapter 5.

2.2 Monomer Synthesis

To synthesize the thermoplastic that forms the boronic ester subnetwork (hereinafter
referred to as Network 1) an acrylate monomer with a corresponding pendent functionality
has to be synthesized. In this case, this could either be a monomer with a diol function
or a monomer carrying a phenylboronic ester. A very straight forward way to synthesize
the latter one is to start with the esterification of 1,2,6-hexanetriol with phenylboronic
acid (PBA) followed by the condensation of the remaining alcohol function with acryloyl
chloride like depicted in Scheme 2.4.

The first step of this reaction worked well and compound 2 was obtained in high yields.
However, the PBA moiety is very sensitive to hydrolysis. The second step, the condensa-
tion of acryloyl chloride with 2, is accompanied with the formation of HCI. To drive the
reaction equilibrium to the product side, the HCI has to be continuously removed from
the reaction mixture. A possible method is to add a base, e.g., triethylamine (NEt3), to
neutralize the HCI. This bears the disadvantage that the base (or the respective formed
salt) has to be removed after the reaction to purify the product, which involves aqueous
washing, risking a loss of yield and unwanted side products due to hydrolysis. As a result,
an alternative reaction method was attempted to avoid the use of a base: it was tried
to remove the HCI by venting the formed gas through washing bottles equipped with
NaOH. However, this attempt was unsuccessful. The formed HCI presumably stayed in
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N |
5 -OH 0 \\go

HO HO
OH \)km

MgSOy, (NEty)
Acetone THF
rt o rt
O-B 24h O
HO OH 24h O B/
2 1

Scheme 2.4: Synthesis of a monomer with a pendent boronic ester functionality 1.

the reaction mixture and prevented the equilibrium to drive to the product side. As can be
seen in the nuclear magnetic resonance (NMR) spectrum (Figure 2.1), only a part of the
reactant 2 was converted.

4.0
S[ppm]

Figure 2.1: Characteristic peaks of the "H NMR spectrum (in CDCls, at 400 MHz, zoomed
in the 4.7-3.5 ppm region) of 2 and 1. A successful esterification is indicated
by the shift of peak d — d’ to the downfield. As can be seen, the reaction was
not complete.

Hence, the driving force of the reaction was too low. An alternative procedure would be the
acrylation in presence of the base and a subsequent separation of the product via column
chromatography (CC). However, the silica gel used as stationary phase turned out to be
acidic enough to cause a de novo cleavage of the boronic ester group. The monomer
could therefore not be purified. As an alternative reaction route, 1,2,6-hexanetriol can be
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2.2 Monomer Synthesis

protected via an acetal, a protecting group significantly more stable towards hydrolysis
than PBA, to yield compound 3. The protection was conducted by a reaction of the triol
with acetone, which is additionally also cheaper than PBA. After the protection of the diol,
the remaining hydroxyl group was esterified with acryloyl chloride. The resulting acrylic
monomer 4 (Scheme 2.5) could be easily purified by several aqueous washing steps and
is obtained in acceptable yields (44 % overall yield over two steps).

HO i HO \)km \\\//

MgSQOq4 NEts
TsOH DCM
OH  24h, rt 0 0°C-rt

OH

NaHCO; o%\ 18h O
o—$
3 4
Scheme 2.5: Synthesis of monomer 4 with a diol protected by an acetal group.

It was attempted to subsequently exchange the protecting group with the boronic ester
one as depicted in Scheme 2.6.

\\\(O AcOH \\\(O PhB(OH), \\\/go

0 MeCN, H,0 O MgSO,4
30°C, 24h THF

0 OH

0
o# OH O-B
4 5 1 @

Scheme 2.6: Attempted exchange of the acetal protecting group with a boronic ester on
the monomer.

The acetal protecting group was removed in acidic medium utilizing acetic acid to obtain
the diol monomer 5. However, as a consequence, a significant amount of the product
remained in the aqueous phase during the washing step. Due to its polarity, the product
5 could only be isolated in poor yields (<50 %). When dried, compound 5 had a strong
tendency of self-polymerization. As a consequence, it was decided to polymerize the
acetal protected monomer 4 first, before the protecting group was exchanged on the
polymer to avoid aforementioned problems.
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2.3 Copolymerization and Post-Polymerization
Functionalization

2.3.1 RAFT Copolymerization of the Acetal Protected Monomer

To obtain a copolymer, the functional monomer 4 was copolymerized with nBA by
reversible addition - fragmentation chain transfer (RAFT) polymerization employing 2-
cyano-2-propyl dodecyl trithiocarbonate (CPDT) as a chain transfer agent (CTA) and
azobisisobutyronitrile (AIBN) as initiator (Scheme 2.7). RAFT is a RDRP method, which
provides control over the size, dispersity (D), and structure of the polymer chains, while
having the additional advantage of relatively facile and non-demanding reaction conditions.
The reactant ratios were set to [nBA], : [4]o : [CPDT]p : [AIBN]p = 1000 : 115:1 : 0.2,
for a target number average molar mass (Mp) of 100 kDa and a functional group ratio
of 10 %. 1,4-Dioxane was chosen as a solvent and was added in a 1 : 1 ratio (v/v) in
respect to the monomers.
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Scheme 2.7: RAFT copolymerization of nBA and the protected diol functional monomer
4 to yield the precursor P6 of the thermoplastic of Network 1.

2.3.1.1 Polymerization Kinetics

A kinetic study was conducted to follow the RAFT polymerization. During the polymer-
ization samples were taken after 0, 2, 4, 5.5, 7, 22, and 24 h and analyzed via '"H NMR
and size exclusion chromatography (SEC). During the NMR analysis, the monomer
conversion was tracked via the integration of the acrylic peaks between 5.7 and 6.5 ppm
in comparison with the integral of the dioxane peak at 3.71 ppm (see Figure 2.2).
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Figure 2.2: "H NMR spectra (in CDCls, at 400 MHz) of the polymerization mixture after 0,
2,4,5.5,7,22, and 24 h (bottom to top).

The theoretical M, was calculated by Equation 2.1 under the assumption that the ter-
mination took place exclusively via recombination. [M], is the initial total monomer
concentration ([nBA]yp + [4]o), X(t) is the monomer conversion at time t, [RAFT] is the
initial CTA concentration, f is the initiator efficiency (taken as 0.5), [I2]g is the initial initiator
concentration, [lo]; is the estimated initiator concentration at time t, M(My, ) is the average
molar mass of the monomers (calculated with Equation 2.2), and Mrart is the molar
mass of the CTA. [l>]; was calculated with Equations 2.3 and 2.4 with In(A) = 36.3 and
E, = 132.4 kd mol~' K~ (supplier informations®).

V.o = (ATl + -l ) M) + Mo @1
M(Ma,) = P8R0 M(n[m)) +[4o - M) 2.2)

[olt = [l]o - %! (2.3)

ky=A e (2.4)

The results have been compared with the M,, determined via SEC (see Figure 2.3, right).
The theoretical M,, and the values obtained by SEC are compared in Figure 2.3, left. In
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

the beginning the values are in good accordance with each other. At higher yields the
M, determined by SEC is somewhat lower than the theoretical value. When the overall
concentration of available monomer decreases the polymerization slows down. The D
remains stable at around 1.2-1.3, the higher values at low conversions might be due
to the susceptibility of this value to fluctuations at low M,, and the detection limit of the
SEC.
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Figure 2.3: Kinetic study of the the RAFT polymerization of 4 and nBA
([nBA]o : [4]o : [CPDT]p : [AIBN]p = 1000 : 115 : 1 : 0.2, 1 : 1 (v/v)
dioxane : monomers, 60 °C). Left: Comparison of the theoretical M,, and
the values obtained by SEC. Development of the M, and D with increasing
conversion. Right: SEC traces in THF (PS calibration) after 2, 4, 5.5, 7, 22,
and 24 h.

2.3.2 Functionalization of the Thermoplastic Precursor

The copolymer P6 was intended to be further functionalized like displayed in Scheme 2.8.
First the RAFT end-group is removed (P7), in a second step the diol is deprotected (P8)
and finally reprotected with a boronic ester moiety to get P9.

2.3.2.1 RAFT End-Group Removal

The RAFT end-group of the resulting polymer causes the material to have a strong yellow
color. Depending on the application field it would be more preferable to have a colorless
polymer. In addition, the RAFT end-group might cause some unwanted side reactions in
the following reaction steps. Therefore, it is preferable to remove the RAFT end-group.
The most efficient way to do this would be in a one-pot synthesis right after the RAFT
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Scheme 2.8: Further functionalization of precursor P6 to yield the thermoplastic precursor
P9.

polymerization without any further purification of the polymer. The RAFT end-group
removal was thus conducted via aminolysis with a subsequent Michael-addition according
to a literature procedure.3”38 A detailed pathway is depicted in Scheme 2.9.

W hid M/HzN nBu NCW - m \/Y ivs

O O

f{ f{ f{

Scheme 2.9: Synthetic pathway for the transformation of the polymer end-groups. In the
first step, the RAFT end-group is transformed into a thiol. Subsequently, the
thiol reacts in a Michael-addition with the «, 3-unsaturated nBA still present
in the reaction medium.

First, the RAFT polymerization was stopped and it was made sure that no further radicals
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

could be active in the solution. In order to do so, the reaction mixture was cooled down,
exposed to air and tetrahydrofuran (THF) was added. The aminolysis was then carried
out using an excess of n-butylamine and tris-(2-carboxyethyl)-phosphine (TCEP) as a
reducing agent to suppress interpolymeric oxidative coupling of the thiol end-groups into
disulfides. The excess of amine catalyzes the subsequent Michael-addition of the thiols
with the unreacted monomer in the reaction mixture. The small molecule side products of
the aminolysis were separated from the polymer during precipitation. The concentration
of the end-group in the polymer is too low to be detected by NMR spectroscopy. The
termination of the reaction was thus assessed via the color change. In Figure 2.4, photos
of the polymer before (yellow color) and after (colorless) the removed RAFT end-group
is shown. In the same Figure, the "H NMR spectra of the polymer before and after the
removed RAFT end-group are presented. Since the RAFT end-group is not detectable in
the NMR spectrum, the spectra are identical. Yet, this indicates that the aminolysis does
not impact the functional groups of the polymer. The RAFT agent CPDT has a strong
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Figure 2.4: Raft end-group removal. a) Photos of the copolymer before (P6, bottom),
and after (P7, top) the RAFT end-group was removed. b) '"H NMR spectra
in CDCI3 at 400 MHz of copolymers P6 and P7. The significant functional
groups are annotated.
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2.3 Copolymerization and Post-Polymerization Functionalization

yellow color, thus absorbs light in the blue region of the spectrum (around 450 nm). It was
attempted to detect the removal of the RAFT end-group via UV-visible (Vis) spectroscopy.
However, the RAFT end-group was too diluted in the polymer to be detected. In the
pure polymer (assumed M, = 100 kDa, p = 1.087 g mL~" (supplier information®)) the
concentration of the RAFT end-group would be at 1.09-10~2 mmol L~'. The detection
limit of the UV-Vis spectrometer was already reached when going to concentrations below
0.7 mmol L=, as can be seen in Figure 2.5.
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Figure 2.5: UV-Vis spectra of the RAFT agent CPDT in THF at different concentrations in
the visible range between 350 and 750 nm. The concentration was halved by
dilution after each measurement. At 0.362 mmol, no absorbance in the visible
region could be detected anymore.

2.3.2.2 Deprotection of the Acetal Group

The deprotection was attempted employing acetic acid (Scheme 2.10). However, to make
the deprotection work a certain amount of water is necessary in the reaction mixture.
Yet, the polymer is so hydrophobic that in all attempted solvents (acetonitrile (MeCN),
dioxane, THF) phase separation occurred when a certain amount of water was added.
In consequence, no deprotection took place. When the deprotection was attempted
employing diluted or concentrated HCI in dioxane (Scheme 2.11), and the polymer was
subsequently purified by precipitation in hexane, P8 crosslinked to an insoluble gel
probably due to traces of acid still present within the polymer. To avoid that, a way had to
be found to remove the acid. Apparently, precipitation in cold hexane was not sufficient
to achieve this goal. Other more polar solvents (toluene, xylene, diethyl ether (Et.O),
dichloroethane, methanol (MeOH), ethanol (EtOH)) dissolved the polymer completely
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

due to its enhanced polarity originating from the free hydroxy groups. The polymer could
be precipitated in HoO/MeOH (2 : 1 v/v) mixtures. The remaining hydrochloric acid could
thus be removed and the polymer P8 did not gel during solvent evaporation. It was
obtained as a colorless, transparent viscous liquid.
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Scheme 2.10: Attempt of deprotecting copolymer P7 using HOAc.
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Scheme 2.11: Attempt of deprotecting copolymer P7 using HCI in dioxane to yield P8.

The successful formation of the targeted polymer was confirmed via NMR spectroscopy.
In Figure 2.6, the "H NMR spectra of P8 and its precursor P7 are compared. The
successful deprotection is indicated by the disappearance of the signals originating from
the protection group (signal d’) and the shift of the adjacent peaks of the (protected) diol
(a’-¢’ — a-c). In the same graph, the spectrum of the deprotected copolymer is compared
with the one of the deprotected monomer. The location of the signals adjacent to the
free diol of the polymer (a, b, c¢) is in accordance with the respective signals from the
monomer (a”, b”, ¢”).
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Figure 2.6: "H NMR spectra in CDCl3; at 400 MHz of copolymer P8 (blue, top), its pre-
cursor P7 (orange, bottom) and monomer 5 (green, center). The successful
deprotection of the copolymer is indicated by the disappearance of the signals
originating from the protection group (signal d’) and the shift of the adjacent
peaks of the protected diol (a’, b’, ¢’ — a, b, ¢). The location of the proton
peaks of the copolymer P8 adjacent to the diol group (a-c) are in accordance
to the ones of the monomer 5 (a”-c”).

2.3.2.3 Esterification with a Boronic Acid

The next step is the esterification of the polymer P8 with PBA to yield P9 (Scheme 2.12).
Subsequent to the condensation reaction, the polymer was precipitated in cold hexane.
The hexane could not dissolve the PBA though, which remained as an impurity inside the
polymer. Protic solvents could not be used for precipitation, since they could cleave the
boronic ester bonds.
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Scheme 2.12: Reprotectiong copolymer P8 with a boronic acid to yield P9.

The non-protic solvents DCM, ethyl acetate (EtOAc), Et,O, and acetone dissolved the
polymer. The only other available solvent other than alkanes that did not fully dissolve
the polymer was MeCN. The polymer was partly soluble in MeCN though. To avoid yield
loss, the precipitation was conducted close to the freezing temperature of MeCN. The
PBA could be removed during this purification step and the polymer was obtained as a
colorless, transparent viscous liquid. The successful esterification was confirmed via 'H
NMR spectroscopy by comparing the spectra of the precursor and of the formed polymer
(Figure 2.7). The aromatic protons of the PBA appear (signals d-f) and the signals of the
adjacent protons of the diol shift to the downfield (a-c — a’-¢’).

2.4 Crosslinker Synthesis

For the crosslinking of the subnetwork carrying boronic ester moieties a crosslinker
containing two boronic ester groups is needed . The crosslinker forms a network by an
exchange reaction, thereby releasing a (volatile) small molecule. 1,4-Benzenediboronic
acid esterified with 1,2-propanediol like shown in Scheme 2.13 fulfills this criterion. When
the crosslinker participates in a metathesis reaction with another boronic ester group, a
small phenyl boronic ester derivative is set free, which can easily be removed from the
reaction mixture (compare Scheme 2.14). The reaction worked well to almost complete
conversion and the product is obtained pure.
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Figure 2.7: "H NMR spectra in CDCl3 at 400 MHz of copolymer P9 (top) and its precursor
P8 (bottom). The successful esterification with PBA is indicated by the
appearance of the aromatic proton signal of PBA (signals d-f) and the shift of
the adjacent peaks of the diol (a-c — a’-c’).
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Scheme 2.13: Esterification of 1,4-benzenediboronic acid with 1,2-propanediol yielding
compound 10.

2.5 Crosslinking of the Boronic Ester Thermoplastic

The TP P9 was crosslinked with the bis(boronic ester) 10 to create Network 1 (see
Scheme 2.14). A crosslinking density (p(CL)) of 2 % was targeted. The amount of
substance of crosslinker n(CL) was calculated employing Equations 2.5 to 2.8, with
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eq(CL)/chain as the equivalents of crosslinker per chain, n(P) as the amount of substance
of the polymer, Ni(chain) as the number of functional groups per chain, f(P) as the
functionality of the polymer, m(P) as the mass of the P9 sample, and M(P) as the
molecular mass of P9. The number of functional groups of the crosslinker (N¢(CL)) is 2
for it has two reactive boronic ester groups. The functionality of the polymer is around
0.10, the actual value was calculated via the NMR integration areas of the respective
monomers. To reach the aimed 2 % crosslinking density, 20 % of the functional groups
are to be crosslinked (fo. = 20 %). These equations are only valid under the assumption
of a complete crosslinking reaction. An overview about typical properties of the TP P9
and the formed Network 1 is given in Table 2.1, N¢_ is the number of crosslinks per
chain.
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Scheme 2.14: Synthesis of Network 1 by crosslinking of TP P9 with 10.

Table 2.1: Overview over the properties of TP P9 and Network 1.

1
[{(Vlg]a] DPn1 b f [°/o] Nf(Chain) fCL [o/o] NCL(Chain) p(CL) [o/o]
90 650 1.3 10 65 20 13 5

1: determined via SEC with a standard PS calibration.
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eq(CL)
chain

n(CL) = n(P) (2.5)

eq(CL) _ N¢(chain) - for

chain ~ N¢(CL) (2.6)
N;(chain) = DP, - f(P) 2.7)
n(P) = ,\"}E’;; 2.8)

The DP,, is dependent of the molecular mass of the polymer. Therefore, to calculate the
amount of crosslinker in the end only the functionality and the mass of the thermoplastic
precursor is necessary, while using the average mass of the employed monomers M(Ma,)
(Equation 2.10 with M(nBA) as the molar mass of nBA and M(FM) as the molar mass
of the boronic ester functional monomer). Therefore, the amount of crosslinker can be
calculated with Equation 2.9.

fou-m(P) - (P)
D= Nien)- M) @9

M(Ma,) = {(P) - M(FM) + (1 — f(P)) - M(nBA) (2.10)

The thermoplastic precursor P9 was dissolved in THF and the respective amount of the
bis(boronic ester) crosslinker 10 in THF solution was added. The mixture was stirred
rapidly. After 2-3 minutes the mixture gelified. The solvent was slowly evaporated at
ambient conditions for 24 h, before it was cured under vacuum for 16 h at 80 °C. The
network was obtained as a colorless elastomer foam as can be seen in Figure 2.8, left.

2.6 Compression Molding

Pieces of Network 1 were introduced into a metal mold with the desired shape and
pressed at 110 °C for 20-30 min with a force equivalent to 3 tons. The material was
obtained as a homogenous, transparent, colorless elastomer as depicted in Figure 2.8,
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right. The network is thus well processable by compression molding, exhibiting short
processing times at moderate temperatures.

Figure 2.8: Pictures of Network 1. Left: after crosslinking, before compression molding.
Right: after compression molding.

2.7 IR Measurements

Fourier-transform infrared (FTIR) spectra were recorded of the TP P9, of Network 1 after
crosslinking and compression molding and of Network 1 after removal of soluble fraction
(see Figure 2.9). The peaks of the aromatic C=C stretch of the grafted boronic esters
can be found at 1499 and 1603 cm~" in all materials. After the crosslinking, the peak of
the aromatic C=C stretch of the crosslinker appears at 1518 cm~".40 This peak remains
even after the soluble fraction is removed, which confirms the covalent connection of the
crosslinker to the polymer backbone.

2.8 Swelling and Solubility Tests

To determine the swelling ratio and the soluble fraction of Network 1 swelling tests were
performed. Three circular samples (m(dry)) prepared by compression molding were
immersed for 24 h in anhydrous THF. The THF was removed, the samples weighted
(m(swollen)) and subsequently dried under vacuum at 80 °C for 16 h, before they were
weighted again (m(dried)). The swelling ratio and insoluble fraction were calculated with
Equations 2.11 and 2.12, respectively. The results are summarized in Table 2.2. In all
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Figure 2.9: FTIR spectra of the TP P9, of Network 1 after crosslinking and compression
molding and of Network 1 after the soluble fraction was removed.

samples the soluble fraction is low exhibiting an average insoluble fraction of 98 + 1.3 %.
This indicates a good connectivity of the network.

m(swollen) — m(dried)
m(dried)

Swelling ratio = (2.11)

m(dried)

Insoluble fraction = m(dry)

(2.12)

Table 2.2: Results of swelling test of Network 1 in THF.

m(dry) m(swollen) m(dried) Insoluble fraction

Sample Swelling ratio

[mg] [mg] [mg] [%]

1 319 1840 315 4.84 98.7

2 271 1855 263 6.05 97.0

3 318 1837 317 4.79 99.7
Average 5.22 + 0.71 98.5+1.3
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2.9 Solvolyses

2.9.1 Diolysis

Network 1 is dynamic and can react to external trigger signals. One of its desired
properties is to react to competitive small molecules, which can be used for chemical
recycling. Boronic ester bonds are known to exchange rapidly with diols. Hence, when an
excess of free diol is added to the network, it should be cleaved into diol functionalized
TPs like depicted in Scheme 2.15.

Scheme 2.15: Diolysis of Network 1 to the TP P8.

During this process, the network loses its 3D-structure and becomes soluble. A piece
of Network 1 was immersed in THF and an excess (500 eq/CL) of 1,2-propanediol was
added. After 48 h, the network was completely dissolved. The sample was purified
by precipitation and an SEC was conducted. The thermoplastic hence obtained was
compared to the pristine diol functionalized TP P8. As can be seen in Figure 2.10 the
curves overlap very well, and the diolysed TP and the TP P8 present very similar M, and
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D. Hence, diolysis is a powerful tool to de-crosslink the formed network and recover the
diol functionalized TP. Network 1 has thus the ability to be recycled chemically.
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Figure 2.10: SEC trace in THF (PS calibration) of Network 1 after the diolysis (red) in
comparison with the SEC trace of the pristine diol TP P8 (black).

2.9.2 Long Term THF Stability

The boronic ester network showed a good short-term stability in THF. When immersed in
the solvent for 24 h, the soluble fraction was lower than 3 %. The test was repeated over
a longer time period. After 7 days, the solvent was removed and the samples were dried.
In Table 2.3 the values for the initial entry (m(dry)), the remaining polymer (m(dried)) and
the resulting soluble fraction calculated with Equation 2.12 are listed.

Table 2.3: Results of long term solubility test of Network 1 in THF.

Sample m(dry) [mg] m(dried) [mg] Insoluble fraction [%]
1 255.9 4.1 1.6
2 305.3 8.7 2.8
3 345.9 10.6 3.1

It can be seen that most of the network dissolved during that time. This is not necessarily
due to a loss in connectivity. It was shown in recent studies that some vitrimers can
partially or completely dissolve in suitable solvents depending on the network topology,
integrated functionality, dynamics of exchange, and time scale of the dissolution test.2%41

79



2 PnBA Vitrimers Based on Dioxaborolane Exchange

This dissolution is linked to the formation of soluble species like branched and cyclic
structures during the reorganization of the network. These are no longer connected to the
rest of the network and thus able to diffuse into the solvent. This theory was confirmed by
evaporating the solvent. Once dried, a swellable network was reobtained. By removing
the solvent the chains come in proximity with each other and intermolecular exchange
takes place again, reforming a network.

This behavior has to be taking into account, when considering the chemical recycling
of the double network. It might be challenging to separate the imine-aldehyde network
from the boronic ester one, when parts of the boronic ester network are diffusing into
the solution with time. It should also be considered that these tests are also temperature
dependent. At higher temperatures the sample might lose its structural integrity sooner.

2.9.3 Hydrolytic Stability

Boronic ester bonds are prone to hydrolysis. Depending on their chemical nature, func-
tionality and crosslinking density, boronic ester based networks can lose their crosslinked
nature when placed in contact with water. In our case, the material is hydrophobic due
to the poly(n-butyl acrylate) (PnBA) backbone. Immersion into water does not dissolve
the material. Water diffuses into the structure only slowly and to a limited extend, as
it is not a solvent of the polymer matrix. To bypass this hydrophobia, the polymer was
immersed into a THF/water (3 : 1 v/v) mixture. The network dissolved within several
hours. The polymer was precipitated in hexane and dried. The NMR spectrum of the
resulting polymer can be seen in Figure 2.11. A comparison with the boronic ester TP
P9 and the unprotected diol TP P8 shows that only a part of the boronic ester groups
have been cleaved by hydrolysis. The ratio between the remaining pendent boronic ester
groups and diol groups is 1 : 2, enough to dissolve the network structure. The SEC curve
of the polymer is shown in Figure 2.12. Even though part of the boronic ester groups
have been cleaved off, it matches very well the curve of the original thermoplastic with 75
kDa and 1.27 for the pristine P8 vs. 75 kDa and 1.28 after the hydrolysis.
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Figure 2.11: "H NMR spectra in CDCl3 at 400 MHz of Network 1 after hydrolysis (black).
Below the spectra of the unprotected TP P8 (blue) and the boronic ester
protected TP P9 (red) are shown.
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Figure 2.12: SEC curves in THF (PS calibration) of the pristine P8 and Network 1 after
hydrolysis.
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2.10 Thermal Characterization

2.10.1 TGA

The TGA of Network 1 was conducted by applying a 10 K/min temperature ramp between
25 and 600 °C under nitrogen. The results are show in Figure 2.13a. The first drop in the
beginning is due to an instrument artifact. The sample maintained 98 % of its mass up to
264 °C.
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Figure 2.13: TGA of Network 1. a) 10 K/min temperature ramp between 25 and 600 °C
under nitrogen. b) Isothermal at 150 °C under nitrogen during 10 h.

Since many tests are to be conducted at elevated temperatures, the long term stability of
the network was tested with an isothermal measurement during 10 h at 150 °C. As the
results in Figure 2.13b show, the network features excellent stability at 150 °C during the
entire measurement period.
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2.10.2 DSC

To determine the T4 of the sample, DSC measurements have been conducted. It can
be seen that the Ty of the Network 1 (Figure 2.14) was determined at -39.4 °C, which
is slightly higher than the T4 of pure PnBA (-49 °C39), but significantly below room
temperature. No other transition than the glass transition could be observed.

Heat Flow [a.u.]

T,= -39.4°C

T T T T T T T T T T T T T
-100 -50 0 50 100 150 200
Temperature [°C]

Figure 2.14: DSC analysis of the Network 1, second heating cycle.

2.10.3 DMA

In Figure 2.15, the DMA measurement of Network 1 is shown. Below T4 there is a
plateau of the storage modulus around 1600 MPa. The T is determined at the maximum
of the loss modulus function, located at -25.0 °C. The T4 determined via DMA is in
general a little higher than the one obtained via DSC. This is due to the time temperature
superposition (TTS) principle: during the DMA measurement a frequency is applied
to the sample, while in DSC the behavior is measured in static conditions. After the
glass transition, E’ decreases and reaches a plateau around 490 kPa at 25 °C and
increases then slightly with increasing temperature. This is a clear sign that the network
structure is maintained over the applied temperature window. The increase in modulus
with temperature is due to entropic effects linked to the rubber elasticity.*> When the
chains are extended on the stretching of the network, the number of available rotational
isomeric states and with them the entropy decreases. Since AQ = TAS, it requires a
higher force to change the entropy at higher absolute temperatures, the material becomes
stiffer.
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Figure 2.15: DMA of Network 1.

2.11 Tensile Tests

Network 1 was pressed into dumbbell shape specimen and tensile tests were conducted
at a strain rate of 10 mm/s. A first test was run using a 5 kN transducer (see specimen
#1). However, the resolution was not sufficient and the set-up was changed to a 100 N
transducer. The strain/stress curves are exhibited in Figure 2.16, the values for specimen
#1 have been smoothed by averaging over 30 data points. The Young’s modulus was cal-
culated by determining the slope in the linear regime at the beginning of the measurement.
Due to instabilities in the signal at the very beginning, the slope was determined between
2-5 % strain. The values determined for all specimen can be found in Table 2.4.
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Figure 2.16: Stress/strain curves of Network 1 in uniaxial tensile tests.
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Table 2.4: Results of the uniaxial tensile test of Network 1.

Specimen # 1 2 3 4 5 6 Average

Tensile Strainat — ..g 449 100 115 115 95 114+ 16

Break [%]
Tensile Stressat 54 245 206 252 252 205 234422
Break [kPa]
Young[ip'\g?d“'us 417 484 452 551 509 618 5054 72

2.12 Rheometry: Conditioning

In order to characterize Network 1 via rheometry, the material was compression molded
into disks of 25 mm diameter and a thickness of around 1.5 mm. The disks had a mass
of around 900 mg. Rheological measurements were conducted on an Anton Paar MCR
501 rheometer with parallel plate geometry of 25 mm. The sample could not be installed
manually. Due to the brittleness of the material a too high normal force led to destruction
of the sample, as shown in Figure 2.17. Since the measuring gap could not be set
manually, a constant normal force of 0.4 N was applied, so the measuring gap was set
automatically by the machine. In this fashion no destruction occurred.

%

Figure 2.17: Sample of Network 1 after failed manual installation into the rheometer.

First experiments gave inconsistent results regarding both the initial modulus and the
relaxation time. In fact, the sample showed anti-thixotropic behavior. The initial modulus
increased with time, indicating that the sample was not in equilibrium when the actual
experiment was started. It was thus decided to include an equilibration step before each
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

experiment. The equilibration was conducted first at 110 °C for several hours. It can be
seen in Figure 2.18 that the storage modulus increases during this time, while the loss
modulus decreases. The change of modulus decelerates with time and approaches an
equilibrium modulus.
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Figure 2.18: Development of G’ and G” during the equilibration of Network 1 at 110 °C.
Left: Values at 1.15 rad/s with time. Right: Frequency sweeps after the
indicated equilibration periods.

The equilibration step was shortened by conducting it at 150 °C. In Figure 2.19, it can
be seen that also during this equilibration G’ is increasing while G” is decreasing. The
change in the moduli decelerates with time and approaches an equilibrium modulus.
4-5 h at this temperature was sulfficient to reach equilibrium.
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Figure 2.19: Development of G’ and G” during the equilibration of Network 1 at 150 °C.
Left: Values at 1.15 rad/s with time. Right: Frequency sweeps after the
indicated equilibration periods.
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2.12 Rheometry: Conditioning

2.12.1 Thermal Stability of the Thermoplastic Precursor

The increase of the modulus could potentially be caused by irreversible crosslinking
reactions occuring at elevated temperature. In case free diols would be present in the
sample, transesterifications could take place and lead to static bonds as depicted in
Scheme 2.16.

Q Transesterification

Scheme 2.16: Irreversible/static crosslinking through transesterification between traces
of pendent diols and ester moieties.

It must be stated that no diol was detected either by "H NMR and IR spectroscopy. In
NMR (Figure 2.20), the adjacent proton peaks of the diol (a, b, c; Figure 2.20) can be
easily differentiated from the boronic ester adjacent proton peaks (d, e, f; Figure 2.20).
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Figure 2.20: "H NMR spectra in CDCl3 at 400 MHz of the TPs P8 and P9, carrrying diol
and boronic ester moieties, respectively.

In the IR spectrum (Figure 2.21), the signals associated with the hydroxy groups can be
found between 3100-3600 cm~".
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Figure 2.21: IR spectra of the TPs comprising the acetal protection group (P7), unpro-
tected diols (P8), and the boronic esters (P9).

For the boronic ester and the acetal protected thermoplastic only an artifact can be found
there, which might stem from air moisture. The concentration of free diols is hence below
the detection limit of NMR and IR spectroscopy. The conversion of the protection of P8
with the boronic acid is high, but it must be assumed that it is not 100 %. Therefore,
a small number of diols are always present in the polymer of which already very small
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2.12 Rheometry: Conditioning

amounts can cause the material to change its rheological properties. The effect of
temperature on the rheological behavior of the TP P9 was studied first. Figure 2.22
presents the TTS master curve. In Figure 2.23, the frequency sweeps of the sample at
150 °C over time are displayed. As can be seen, G’ and G” increase and after 12 h there
is a crossover that proceeds to lower frequencies with time. After 15 h at 150 °C, the
crossover occurs at 90 rad/s. With time, the sample shows to becomes more "solid", a
sign that the number of crosslinks in the sample is increasing.
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Figure 2.22: TTS mastercurve for the TP P9 carrying boronic ester moieties.
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Figure 2.23: Frequency sweeps of the thermoplastic P9 over the course of 15 h at 150 °C.

After the experiment, SEC was performed to assess the possible outcome of crosslinking
reactions or degradation of the chains. As can be seen in Figure 2.24, a slight shoulder
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

appeared after the rheological test. This could indicate some branching. However, the
sample was still well soluble and the M, and D were only slightly modified: 111 kDa and
1.19 for P9 before the treatment vs. 116 kDa and 1.35 after 15 h at 150 °C.
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Figure 2.24: SEC analysis in THF (PS calibration) of P9 before and after the rheology.

These experiments indicate that after a significant time at high temperature free diols in
the polymer very likely generate inter-chain coupling. However, even after 15 h at 150 °C,
the gel point was not reached and the sample was still well soluble. These experiments
were conducted on the TP. The final network will presumably not show as much side
reactions due to the more limited mobility of the chains, which circumvents unwanted diol
transesterifications kinetically. However, irreversible crosslinking at high temperatures
is a factor, which has to be considered in the design and interpretation of the following
experiments.

2.13 Frequency Sweeps

Frequency sweeps have been conducted to evaluate the viscoelastic behavior of Network
1. Figure 2.25 presents the frequency sweep experiment performed at the lowest, 25 °C,
and the highest, 150 °C, measured temperature on the Network 1. The sample shows
a rubbery plateau of the storage modulus at all frequencies, with a G’ of around 100-
140 kDa. The fluctuations of the modulus at 25 °C at high frequencies might be due to
slippage. The sample shows no sign of flow or relaxation under the applied conditions
for no crossover of the moduli towards lower frequencies is observed. The change of
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2.14 Stress Relaxation

modulus with temperature is in accordance with the rubber elasticity theory (compare
Subsection 2.10.3).
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Figure 2.25: Frequency sweeps of Network 1 at the lowest measured temperature 25 °C
and the highest measured temperature 150 °C.

2.14 Stress Relaxation

2.14.1 Theory

The dynamics of the network can be assessed by stress relaxation experiments via
rheometry. When an instant strain is applied to an ideal elastic solid, it will respond with a
constant level of stress. In case of a viscoelastic solid the initial stress will be proportional
to the applied strain and will decrease with time at a rate that can be described by the
characteristic relaxation time .42 The viscoelastic behavior in the boronic ester network is
expected to be, like typically in vitrimer materials,*3 essentially controlled by the exchange
reactions. Consequently, the thermal viscosity decrease should follow the Arrhenius
law. The relaxation time and the viscosity are linearly connected like shown in Equation
2.13 according to the Maxwell model. Therefore, the characteristic stress relaxation
times plotted in an Arrhenius plot as a function of 1/T exhibit a linear progression. The
slope reflects the E, for macroscopic flow like expressed in Equation 2.14, in which t(T)
represents the characteristic relaxation time at the temperature T, 1q is the Arrhenius
prefactor, R the gas constant, and Ej is the activation energy of the viscous flow.
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

n=G-t (2.13)

(T) = toexp (;fr) (2.14)

The characteristic relaxation time can be calculated via different models. One is the
calculation of the viscosity via the integration of the relaxation modulus G(t) over time
according to the Equations 2.15 and 2.16. The accuracy of the rheometer has a significant
influence using this method. There are fluctuations of the relaxation modulus at very
short time periods in the beginning of the measurement as well as in the end of the
measurement, when the relaxation modulus is low and the detection limit of the rheometer
is reached. In addition, the integration area influences the value to an extent that the
result is significantly determined by the experiment time, especially when the material
does not relax stress to absolute zero.

no = /OOO G(t)dt (2.15)

. fo‘:tG(t)dt (2.16)
Jo_ G(t)dt

One alternative method that has been used often in literature***9 is to approximately
estimate the relaxation time by measuring how long it takes for a system to relax to 1/e
(approx. 36.7 %) of its initial stress. This happens under the assumption that the system
follows the Maxwell model for a single-exponential decay response, i.e., it relaxes via
only one mode. For the boronic ester network, however, we must assume that it relaxes
via several modes, and that next to the covalent exchange reactions other relaxation
mechanisms caused e.g. by entanglements have to be taken into account. A more
suitable model would be the Kohlrausch-Williams-Watts (KWW) stretched exponential
decay described by Equation 2.17, where G(t) signifies the relaxation modulus at time
t, Go the initial relaxation modulus, G,eg; the residual stress that cannot be relaxed with
time, T the characteristic relaxation time, and 3 (0 < 3 < 1) the exponent that reflects the
broadness of the relaxation distribution.5%®! Since the system shows complete stress
relaxation within the experimental error, G,est can be set to 0. The equation hence
simplifies to Equation 2.18.
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cz;()nzeézst+<1_eézst> exp{_<i>ﬁ} (2.17)
Cg(?:exp{— (i)ﬁ} 218)

Also in this method, fluctuations in the beginning of the measurement have to be consid-
ered. Modeling has been conducted only after the values of the relaxation modulus have
reached a stable level (after approx. 0.07 s measuring time).

2.14.2 Experiments with Equilibration at 110 °C

For the stress relaxation a measuring protocol has been elaborated that considers the
following premises:

* The sample needs a significant time at elevated temperatures to equilibrate;

» The sample might undergo side reactions when kept long times at high tempera-
tures;

+ Slippage events are more likely to occur at low temperatures;

» The sample relaxes stress slowly at low temperatures, which requires very long
experiment times.

Consequently, the sample was allowed to equilibrate at 110 °C for 24 h, before the
experiments were conducted. Before every experiment a frequency sweep was done.
Stress relaxation was performed from 110 °C downwards in 10 °C steps to avoid side
reactions. The lowest temperature was 70 °C to avoid too long experiment times. After
70 °C the rheometer was reprogrammed and stress relaxation was conducted from
110 °C upwards in 10 °C steps to 150 °C. The results were interpreted with precaution
due to the possible diol transesterifications at these temperatures.

The relaxation curves of this experiment are shown in Figure 2.26 (left). A repetition of
the experiment with another specimen of the same batch gave almost identical results.
The curves were used to obtain the characteristic relaxation times t using the KWW
model after Equation 2.18 with  values around 0.5-0.6. The so calculated relaxation
times were plotted in an Arrhenius plot (see Figure 2.26, right), whose slope was used
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to determine the E5 using Equation 2.14. When going down from 110 °C to 70 °C an
Arrhenius behavior with a linear dependance of the characteristic relaxation times in
relation to the inverse of the temperature could be observed. This resulted in an E; of
56.6 + 1.5 kd/mol and a In(tp) of -10.6 + 0.5. When going back to 110 °C and doing
stress relaxation going in 10 °C steps up until 150 °C, an Arrhenius dependance was also
observed, but this time with a much higher slope. In this case E,; was 120.2 4+ 6.0 kJ/mol
and In(tp) -30.6 + 1.8, the sample relaxes stress much faster.
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Figure 2.26: Left: Stress relaxation curves of Network 1 when going down from 110 to
70 °C (green) and then up from 110 to 150 °C (red). Right: Arrhenius plot of
the characteristic relaxation times of Network 1.

It seems that several relaxation mechanisms play a role in the overall relaxation process,
which might be temperature and/or time dependent. When the curves from 110 °C
to 70 °C are shifted using the TTS principle (Figure 2.27) one can see that a second
relaxation mechanism takes over. The first relaxtion can be attributed to the boronic ester
exchanges. With lower temperatures (or longer experiment time) a second relaxation
at longer time scales becomes prominent. It seems that this second relaxation is not
anymore observed during the relaxations at 140 and 150 °C. To get more insight into
the behavior of the sample, stress relaxation experiments were started at 150 °C, going
down from there. Before the experiment, the sample was equilibrated for 24 h at 110 °C,
to get better comparability with the previous experiment. After these 24 h, the material
was heated to 150 °C and was kept at this temperature for 60 min, before a frequency
sweep was conducted. After the frequency sweep, stress relaxation was tested. After the
stress was relaxed, the sample was cooled down 10 °C, equilibrated for another hour,
before the procedure was repeated.
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Figure 2.27: Stress relaxation curves of Network 1 when going down from 110 to 70 °C
shifted after the TTS principle.

The stress relaxation curves are displayed in Figure 2.28 (left). From 150 to 120 °C the
stress relaxation curves are very similar, starting from 110 °C, the relaxation process
is slowing down with the decrease of the temperature, as expected for vitrimers. The
Arrhenius plot of this experiment next to the one of the previous experiment is shown in
Figure 2.28 (right). The question rises why there is no linear decrease in relaxation time at
the higher temperatures. One explanation might be that during the equilibration clusters
between the boronic ester groups have formed and it takes time to break them up again.
In the first measurements after the equilibration they slow down the relaxation process.
110 °C might hence be a too low temperature to equilibrate the samples. To avoid this
possible cluster formation, equilibration was conducted at a higher temperature.
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Figure 2.28: Left: Stress relaxation curves of Network 1 when going down from 150 to
90 °C after an equilibration step. Right: Arrhenius plot of the characteristic
relaxation times.
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2.14.3 Experiments with Equilibration at 150 °C

The stress relaxation was repeated skipping the equilibration step at 110 °C. The first
stress relaxation was conducted directly at 150 °C. The relaxation curves and the respec-
tive Arrhenius plot of this experiment are displayed in Figure 2.29. The first relaxation at
150 °C is out of equilibrium, as indicated by the lower initial relaxation modulus and the
very fast relaxation time. This was expected, since no equilibration step was conducted.
In fact, the first relaxation at 150 °C during 5 h can be seen as the equilibration step in
this case. The stress relaxations that followed were at equilibrium Gp and followed an
Arrhenius behavior.
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Figure 2.29: Left: Stress relaxation curves of Network 1 when going down directly from
150 to 90 °C. Right: Arrhenius plot of the characteristic relaxation times. The
first value at 150 °C was excluded from the fit.

The activation energy is with 72.8 + 1.6 kd/mol and a In(tp) of -15.2 &+ 0.5 in between
the values obtained in the first experiment (see Figure 2.30, left). When the curves are
shifted after the TTS principle one can see that they overlap (Figure 2.30, right). In
comparison to the relaxation curves of the first experiment (green), no second relaxation
can be observed. This could be a sign that cluster formation is avoided conducting the
experiment in this manner.

2.14.4 Conclusion

Stress relaxation experiments showed that the thermal history of the sample has a
significant influence on its behavior. Initial equilibration is essential to reach the equilibrium
modulus. Several relaxation processes seem to play a role in the network. One is
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Figure 2.30: Left: Comparison of the Arrhenius plot with the values from the previous
experiments. Right: Stress relaxation curves of Network 1 when going down
from 150 to 90 °C (orange) directly compared to the ones when going down
from 110 to 70 °C (green). The curves were shifted for comparability. The
curves when going down from 150 to 90 °C indicate that no cluster relaxation
took place.

the exchange reaction between the boronic ester bonds. Other possible relaxation
mechanisms would be cluster formation between the functional groups potentially resulting
from Lewis acid/base interactions between dioxaborolane units, 7t-7t interactions between
the phenyl rings of boronic ester and Van-der-Waals interactions. In addition to these
temperature dependant interactions, irreversible crosslinking induced by traces of free
diol might also impact the relaxation behavior of the complex. Entanglements between
the polymer chains are also a factor that has to be taken into account. To assess the
relaxation behavior of the boroic ester exchange in this network, the results obtained
when going from very high temperature to low temperature seem to give the most reliable
results, since clustering and physical interactions are suppressed or play a rather ancillary
role. Thus the obtained values of E; = 72.8 + 1.6 kdJ/mol and In(tp) = -15.2 + 0.5
will be used for further discussion. More experiments can be conducted to further
investigate the relaxation mechanisms of Network 1. Techniques, such as steady state
NMR spectroscopy, X-ray diffraction, or AFM, might give further insight into the structural
composition of the material.

2.15 Creep

It is of interest to see, how the dynamics of the bonds affect the dimensional stability of
the network. To evaluate this aspect, a creep and recovery experiment was conducted.
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Creep is defined as the time-dependent change in strain following a step change in
stress.#? A typical viscoelastic solid will respond with an immediate elastic deformation,
followed by a delayed elastic deformation and the Newtonian flow, which represents the
viscous part of the material and obeys Newton’s law of viscosity.#? In case the sample
shows full relaxation, the increase of the strain becomes linearly proportional to time.
This steady state flow indicates the material has reached terminal relaxation.>? The creep
compliance (J(1)) is a mean to quantify the capacity of a material to flow in response to a
sudden applied stress. J(t) and the creep recovery compliance (J,(t)) were determined
via Equations 2.19 and 2.20, respectively. y(t) is the strain at time t, o is the applied
shear stress, and y; is the value of the strain when the stress was removed. In order to
eliminate the parasitic drift from the creep recovery compliance, the true creep recovery
compliance (J''®(t)) was estimated utilizing Equation 2.21.52

IO =v(t)/o @19)
D) = by~ (O)/o (220
g = o) - 0, @21)

Beforehand, a strain sweep was conducted at 50 °C. As can be seen in Figure 2.31, the
sample remains in the linear regime up to 10 % strain and 8000 Pa.
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Figure 2.31: Strain Sweep of Network 1. The sample remains in the linear regime.
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The creep experiment was conducted by applying a shear stress of 2500 Pa for 24 h
at 25 °C, before the sample was allowed to recover another 24 h. In Figure 2.32, left, it
can be seen that the sample only shows limited deformation during the elastic response.
5 min after the stress was applied, the sample showed a deformation of 4.6 %. During
the next 24 h it crept to 5.3 %. When the stress was taken away, the sample recovered
to 1.9 % strain. After 24 h of relaxation, 1.7 % residual strain remained. The strain rate
during the creep experiment can be used to determine the viscosity of the sample by
using Equation 2.22. The strain rate was calculated by determining the slope of the
strain plotted vs. interval time and was calculated for all times over 30 data points and
is displayed in Figure 2.32, right, as a function of time. The last value was taken to
determine the viscosity, which was calculated to be 4.02 - 10'° Pa-s at 25 °C. It shows
in Figure 2.32 (right) that the strain rate decreases with time, leading to an increase in
viscosity. The absence of a steady state flow indicates that the sample has not (yet)
reached terminal relaxation.
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Figure 2.32: Creep behavior of Network 1. A shear stress of 2500 Pa was applied for
24 h, before the sample was allowed to recover for another 24 h. Left: Strain
and shear stress in function of the creep experiment time. Right: y and the
viscosity in function of the creep experiment time.

In Figure 2.33 the creep compliance and the creep recovery compliance with time are

displayed. It can be seen clearly that J(t) does not reach the steady-state flow scaling of
1 during the time of the experiment. It does not reach terminal relaxation.®?
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Figure 2.33: J(t), J,(t), and JI'"®(t) of Network 1 in function of the creep experiment time.

2.16 Viscosity and Topology Freezing Temperature

Since the viscosity and the relaxation time are linked with Equation 2.13 after the Maxwell
model, the results of the creep experiment can be compared with the viscosity extrap-
olated by the stress relaxation experiment. The relation between relaxation time and
temperature can be expressed via the Arrhenius relationship in Equation 2.14. With the
values obtained by the linear fit of the Arrhenius plot (Figure 2.29) of the stress relaxation
experiment, this equation becomes Equation 2.23. This leads to a theoretical relaxation
time of 1.45 - 108 s at 25 °C.

8759.55

In(t(T)) = —15.193 + (2.23)
To calculate the respective viscosity Equation 2.13 with G as the shear modulus can
be applied. G was estimated from the tensile modulus determined by the DMA mea-
surements. In general, the relation between the shear modulus and the tensile modulus
can be expressed with Equation 2.24, which can be simplified by assuming that the
Poisson’s ratio is v= 0.5 as usually for rubber systems.**53 E’ was taken as a temperature
dependent value (see Figure 2.15) and with Equation 2.25 the theoretical viscosity of the
network for this temperature range was calculated and is shown in Figure 2.34.

G= o~ — (2.24)
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2.16 Viscosity and Topology Freezing Temperature

n(T) = |:T0 * exp( ’:Ta ﬂ E (2.25)
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Figure 2.34: Calculated development of the viscosity of Network 1 with temperature
based on data obtained via stress relaxation and DMA. The Ty is defined
as the temperature where the melt viscosity becomes higher than 10'2 Pas.
Below the Ty (grey points) the viscous flow is restricted due to the frozen
motion of the polymer chains.

At 25 °C, the calculated viscosity of the sample is around 2.28 - 10'! Pa-s, somewhat
higher than the one obtained from the creep experiment (4.02 - 10'° Pa-s). It has to be
taken into account that there is a certain error margin for tg, E; and E’, as well as for
the values obtained via the creep measurement. In addition, this can be explained by
the fact that the two values are obtained at different temperature ranges. The sample
showed to relax stress via different relaxation modes. Next to the exchange reactions,
cluster formation, 7t-7t stacking, permanent crosslink formation due to side reactions or
other dynamic modes can influence the behavior of the sample. These modes become
and stay active in different temperature and/or time windows. The stress relaxation was
conducted at rather high temperature, the creep experiment at room temperature. Also
the DMA measurement is influenced by the thermal history of the sample. Yet, the two
values agree very well.

The Arrhenius dependance of the relaxation time with the temperature gives also the
possibility to calculate the Ty of the system. Ty represents the characteristic transition
temperature of a vitrimer system starting from which the degenerate reactions between
the DCBs are proceeding. Ty only becomes relevant though if it is above the Tjg.
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Otherwise, the viscous flow would be restricted by the frozen motion of the polymer
chains. Ty is defined as the temperature at which the melt viscosity becomes higher than
102 Pa-s.54-56 Using the obtained data, the sample has a Ty around 11.9 °C. This value
is close to room temperature and this might be an explanation why the sample showed
only limited creep and no terminal relaxation during the creep experiment at 25 °C.

2.17 Tailoring the Dynamics of the Network

The rheometry experiments show that the network features only limited dynamics at
room temperature. The exchange is not fast enough to let the sample relax stress at
acceptable time scales. Usually it is not desirable for a material to relax stress at room
temperature, since this leads to a lack of dimensional stability and creep. For the DDN,
however, a subnetwork is needed that is able to dissipate energy (fast). Therefore, it
is desirable that the boronic ester network relaxes stress rapidly at ambient conditions.
One relatively simple way to accelerate the exchange reaction is to add free diols into
the system, as a study by the group of Sumerlin suggested.?® A straight forward way
would be to leave some or all diol groups on the thermoplastic P8 unprotected. However,
experiments indicated that free diols in the system might lead to esterifications with the
polymer backbone and thus to irreversible crosslinking, which might alter the system
properties significantly (compare Subsection 2.12.1). A way to avoid side reactions on a
large scale is to add a monofunctional diol as a free molecule like shown in Scheme 2.17.
In case the diol reacts with the backbone, no additional crosslink is formed. However,
the amount of diol that can be added to the system is limited. The diol reduces the
crosslinking density by reacting with the crosslinking boronic ester moieties. In addition,
when the diol engages in transesterifications with the pendent boronic ester groups, these
are transformed into free diols, which are prone to undergo side reactions that lead to
irreversible crosslinking. The diol has to stay in the system at high temperatures, because
of its low volatility 1,2-dodecandiol (DDD) was chosen as small molecule.
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Scheme 2.17: A free diol, such as 1,2-dodecandiol (DDD), can accelerate the exchange
reaction between boronic esters.

For a first test, it was envisioned to add 5 % DDD in respect to boronic ester functions to
the material. To assess how much this would affect the crosslinking density, the probability
of the following events were calculated:

» P,: Probability that a crosslinker is linked on both ends to a polymer chain

* Pp: Probability that a crosslinker is linked on one end only to a polymer chain, it is
pendant

» P¢: Probability that a crosslinker is not linked to a polymer chain on both ends, it
diffuses freely

The probabilities were calculated with the Equations 2.26-2.28, where x is the ratio of
crosslinker and y the ratio of DDD per chain, when 20 % of the pendent boronic esters
are crosslinked and 5 % of DDD is added with respect to the total amount of boronic ester
functions. The values are Py = 95.2 %, P, = 4.8 % and P < 0.1 %. Practically seen, the
addition of 5 % DDD affects the crosslinking density to only an insignificant amount.

2x \?
P, - (2X g y) (2.26)
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2-(2x)-y
P, = By 7 (2.27)
2
y
P; = <2X+y> (2.28)

After the crosslinking of the network, the material was swollen in THF and a solution of
the respective amount of DDD was added. The sample was dried and then processed
like before to yield Network 1a. To evaluate the dynamics of the system, stress relaxation
experiments were performed. As can be seen in Figure 2.35, the sample with the DDD
relaxes stress much faster than the sample, where no diol was added.

10000007 - 0% DDD t1=295s - 0% DDD
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Figure 2.35: Left: Stress relaxation curves of Network 1 (containing no DDD, red),
Network 1a (containing 5 % DDD, blue), and Network 1b (containing 10 %
DDD, green) at 110 °C. Right: normalized to Gy.

The sample without the DDD has a relaxation time of t= 2226 s at 110 °C, whereas the
sample with the 5 % DDD takes 295 s to relax at the same temperature. However, the
absolute modulus of the Network 1a is somewhat lower, which is in accordance with
the lower crosslinking density. To determine, if this relaxation time can be even more
decreased, a second network (Network 1b) containing 10 % DDD was prepared. As can
be seen in Figure 2.35, with the higher amount of DDD, the stress relaxation time further
decreases to only 86 s. Employing Equations 2.26-2.28, P, decreases to0 90.7 %, and
P, increases to 9.1 % with P; = 1.6 %. However, Network 1b exhibited a much higher
relaxation modulus than the other two networks, which have in fact a higher theoretical
crosslinking density, which is contradictory. These results confirm that by the addition of a
free diol the dynamics of the exchange reactions can be altered significantly. However, to
show energy dissipation at application temperature a fast exchange at lower temperatures
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2.17 Tailoring the Dynamics of the Network

is necessary. When the stress relaxation was conducted at room temperature, one can
see that the system still requires a significant amount of time to relax stress (Figure 2.36).
At 25 °C the relaxation time is about 7000 s for Network 1a and 2700 s for Network
1b.

0.8

1= 7008 s
o 064
Q
= 1=2725s
(O 04+
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0.2 - 10% DDD
0.0 4
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Figure 2.36: Stress relaxation curves of Network 1a (containing 5 % DDD, blue), and
Network 1b (containing 10 % DDD, green) at 25 °C.

Figure 2.37 presents frequency sweep experiments on the networks conducted at 25 °C
(left) and 110 °C (right). It shows that at ambient conditions all three networks exhibit
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Figure 2.37: Frequency sweeps of Network 1 (containing no DDD, red), Network 1a
(containing 5 % DDD, blue), and Network 1b (containing 10 % DDD, green).
Left: at 25 °C. Right: at 110 °C.

a plateau of the storage modulus over the entire frequency range. No crossover of the

moduli can be detected, indicating no transition to the terminal flow regime takes place.
At 110 °C Network 1b exhibits an increase of the loss modulus as well as a decrease of
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the storage modulus at lower frequencies, approaching the crossover point. The sample
with the highest amount of DDD showed the highest modulus, which is contradictory to
its lowest theoretical crosslinking density. Since there is no trend in value of the modulus
with decreasing crosslinking density, one can suppose the discrepancy in the moduli has
its origin in the experimental setup (differences in gap and normal force).

The addition of DDD has a strong effect on the dynamics of the exchange reaction
and the rheological properties of Network 1. It could be shown that the characteristic
relaxation times of the sample could be significantly decreased with increasing amount of
added diol. At high temperatures and low frequencies the sample featured more viscous
behavior with increasing amount of DDD. However, at ambient conditions the relaxation
times were still in the range of several thousand seconds and no transfer to the viscous
regime could be detected during frequency sweeps. It must therefore be evaluated if the
change of dynamicity is sufficient to impart properties like energy dissipation at room
temperature.

2.18 Conclusion

In this chapter it was described how the boronic ester subnetwork was prepared and
analyzed. A protected diol functionalized acrylate monomer was synthesized over two
steps and copolymerized with nBA via RAFT polymerization. The resulting well defined
polymer was further treated to yield the TP with pendent boronic ester functions. This
procedure would allow to create thermoplastic precursors of various molecular weights
and functional densities, if needed. A bifunctional boronic ester crosslinking agent was
synthesized in one step and the TP was crosslinked to a network. The network could
be processed via compression molding in short times at moderate temperature into a
transparent, colorless material. A relatively brittle elastomer with a Young’s Modulus
of 0.50 MPa and a T4 of around -40 °C was obtained. The material showed good
thermal stability up to 250 °C and an excellent long term stability at 150 °C. The material
maintained its network structure up to high temperatures in DMA measurements with a
tensile storage modulus around 0.5 MPa above the T4. The network structure showed
a stable integrity in THF over short term. When the sample is immersed into THF over
a longer period, the material completely dissolves, likely due to the formation of soluble
branched and cyclic structures. This characteristic will have to be taken into account for
the chemical recycling for the double network. The network can be de-crosslinked in a
controlled manner by adding free small molecule diols. The crosslinks in the network are
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sensitive to hydrolysis. A direct contact with water does not harm the material due to the
hydrophobic character of the polymer matrix. When immersed into a water/THF solution,
the material de-crosslinks completely.

The sample was thoroughly characterized via rheometry. During frequency sweeps,
the sample showed a rubbery plateau with a storage modulus of 100-150 kPa with no
sign of relaxation at all tested temperatures (25-150 °C) and frequencies (0.01-100 Hz).
Its rheological behavior is strongly dependent of the thermal history of the sample.
Presumptively, this is due to the formation of clusters between the functional groups at
lower temperatures with time, which leads to additional relaxation modes. To avoid this
cluster formation, equilibration steps at high temperatures before the experiments have
been implemented. During stress relaxation experiments, complete stress relaxation
could be observed. Employing the characteristic relaxation times at various temperatures,
an activation energy of 73 kd/mol could be determined. However, the relaxation times
were relatively high with e.g. 2200 s at 110 °C. At ambient temperatures, the sample
showed only very slow dynamics. This could also been seen during creep experiments,
where the sample showed hardly creep and no terminal relaxation at room temperature
even after 24 h. With the data obtained via stress relaxation and DMA, the Ty was
extrapolated to be around 12 °C, which is very close to ambient conditions and a possible
explanation for the limited dynamics at low temperatures. One of the goals of the double
network project was to combine a more dynamic with a more static network. However,
the boronic ester network did not show the desired dynamic behavior under the applied
conditions.

In order to make the material more dynamic, free diols have been added to the sample.
In theory, the diols do not affect the crosslinking density significantly. Stress relaxation
experiments indicated that the characteristic relaxation time of the material can be
lowered via this method by a factor of 25. However, the material still needs several
thousands of seconds to relax stress at application temperature. Further experiments,
such as cyclic loading/unloading tensile tests, will show, if the reaction can be accelerated
enough to make the system show fast enough dynamics for energy dissipation at room
temperature.
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2.19 Experimental Part

2.19.1 Materials

All chemicals were purchased from Sigma Aldrich, Alfa Aesar, TCl, Acros Organics and
Fischer. All starting materials and reagents were of analytic grade and used without
further purification, if not stated otherwise. AIBN was recrystallized from methanol prior
to use. 1,4-Dioxane and nBA were passed through a short column of basic alumina to
remove inhibitors or antioxidants.

2.19.2 Instrumental Data
NMR Spectroscopy

TH NMR and '3C NMR spectroscopy measurements were performed in oven dried NMR
tubes on a Bruker Ultra Shield machine (400 MHz for "H NMR, 100 MHz for '3C NMR) at
ambient temperature. If not stated otherwise, samples of 10 mg for '"H NMR and 30 mg
for 13C NMR were analyzed. CDCl; was employed as deuterated solvent. Chemical shifts
are expressed in parts per million (ppm) and calibrated on characteristic solvent signals
as internal standards ("H NMR: CDCl3: 7.26 ppm; '3C NMR: CDCl3: 77.16 ppm).

Size Exclusion Chromatography

The samples for SEC chromatography were prepared by dissolving the respective polymer
in anhydrous THF to obtain a concentration of 1.0-1.2 mg/mL. A drop of toluene was
added and the sample was passed through a 0.20 um PTFE filter and placed in a Malvern
GPC vial. SEC was performed on a Viscotek GPCmax/VE2001 connected to a Triple
detection array (TDA 305) from Malvern. Obtained raw data were treated with a PS
calibration.

FTIR Spectroscopy

FTIR spectroscopy was conducted on a Tensor 37 spectrometer from Bruker in the solid
or liquid state and recorded in attenuated total reflection (ATR) mode.
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DSC

DSC analyses were performed on TA DSC 250 apparatus. Two heating cycles, from -100
to 200 °C, were performed employing a heating rate of 10 °C min—'. The values of Ty
were determined with the data obtained on the second heating cycle.

TGA

TGA measurements were performed on a TG 209 F1 Libra from Netzsch under a nitrogen
flow. The samples were heated constantly with a rate of 10 °C min—" from 30 to 600 °C.
Isothermal analyses were conducted by heating samples constantly with a rate of 10 °C
min—! from 30 to 150 °C, and keeping the sample at 150 °C for 10 h.

DMA

DMA measurements were conducted on a TA Instruments Q800 in tension mode. Heating
ramps were performed from -80 to 200 °C at a constant rate of 3 °C min~—" with a fixed
frequency of 1 Hz and a maximum strain amplitude of 1 %. The T4 of the sample was
determined at the maximum of the loss modulus function E”.

Compression Molding

Compression molding was conducted using a hydraulic press applying a pressure equiv-
alent to 3 tons. Dry samples were placed into a metal mold and pressed at 110 °C for
20-30 min.

Tensile Tests

Uniaxial tensile tests were performed on dumbbell-shaped specimens (I xw x h =13 x
1.6 x 2.1 mm) using an Instron 5564 tensile machine mounted with a 100 N transducer
cell. The specimens were tested at a fixed cross-head speed of 10 mm/min. Testing was
carried out at room temperature for all materials. Engineering stress-strain curves were
obtained through measurements of the tensile force F and cross-head displacement Al
by defining the engineering stress as o = F/Sy and the strain as y =Al/ly, where Sy and |y
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are the initial cross section and gauge length of the specimens, respectively. The Young’s
modulus E was determined as the slope of the engineering stress-strain curves between
2-5 % strain.

Swelling and Solubility Experiments

The network was compression molded into disk like shapes and cut into parts of 200-
300 mg (m(dry)). 20 mL of THF were added and the sample was allowed to swell for 24 h
or 7 days. Subsequently, the excess of THF was removed with a syringe. The swelled
samples were weighted (m(swollen)). The samples were dried under vacuum at elevated
temperatures to remove the THF that was taken up. In the end the mass of the dried
sample was evaluated (m(dried)). The swelling ratio was determined via Equation 2.29,
the insoluble fraction via Equation 2.30.

m(swollen) — m(dried)

Swelling ratio = m(dried) (2.29)
Insoluble fraction = m(dried) (2.30)
m(dry)
Solvolysis
-Diolysis

227 mg of Network 1 was immersed into a mix of THF (10 mL) and 1,2-propanediol
(500 eq/CL: 8.20 mmol, 624 mg, 0.6 mL). After 48 h a part of the mixture was concentrated
and precipitated in MeOH, the precipitate was dissolved in THF and subjected to SEC
analysis.

-Hydrolysis
Around 250 mg of Network 1 was immersed into a mix of THF and water (3 : 1, 20 mL).

After 24 h, a part of the mixture was concentrated and precipitated in hexane, the
precipitate was dissolved in THF and subjected to SEC analysis.
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Rheological Characterizations

All rheological characterizations were conducted on a Anton Paar MCR 501 rotational
rheometer with a parallel plate geometry with a diameter of 25 mm. If not otherwise
stated, the experiments were run in a convection oven under nitrogen. For solid samples,
a normal force of 0.4 N was employed. For liquid samples, a constant gap was set,
which was adjusted as a function of the volume of the sample. Before the experiment,
samples were allowed to equilibrate for 24 h at 110 °C or for 5-6 h at 150 °C, if not stated
otherwise.

Frequency sweeps were conducted at 1 % strain between 0.01 and 100 Hz on a
logarithmic ramp with 5 measuring points per decade (if not stated otherwise).

Stress relaxations were conducted with an applied strain of 1 % A frequency sweep
was conducted, before every stress relaxation experiment. The relaxation time T was
calculated from the obtained data using the KWW model after Equation 2.31.

an. exp{ <i>ﬁ} @31)

Table 2.5: Relaxation times T and 3 determined via the modeling employing Equation
2.31 during the stress relaxation experiments of Network 1 in the relaxation
experiment when going down from 110 to 70 °C and then up from 110 to
150 °C (Figure 2.26).

T[C] T [s] B
110 1369 0.57
100 2261 0.54
90 3463 0.51
80 5917 0.48
70 11236 0.46

110-2 1151 0.48
120 499 0.50
130 207 0.50
140 65 0.47

150 37 0.45
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Table 2.6: Relaxation times T and 3 determined via the modeling employing Equation
2.31 during the stress relaxation experiments of Network 1 in the experiment
with the equilibration step (Exp2, Figure 2.28) and without the equilibration
step (Exp3, Figure 2.29) going down from 150 to 90 °C.

T [°C] T [s] Exp2 B Exp2 T [s] Exp3 B Exp3
150 486 0.63 69 0.55
140 429 0.64 387 0.60
130 440 0.64 696 0.59
120 486 0.64 1245 0.58
110 642 0.64 2226 0.57

90 5690 0.58 7254 0.53

Amplitude sweeps were conducted between 0.01-10 % strain on a logarithmic ramp
with 5 measuring points per decade at a frequency of 1 rad/s at 50 °C.

Creep experiments were conducted at 25 °C with a constant shear stress of o = 2.5 kPa
for 24 h. Subsequently, the sample rested at 0 shear stress at the same temperature for
another 24 h. Before the experiment a frequency sweep was conducted.

The slope of the strain as a function of time was calculated for all times using the LINEST
Excel command over 30 points. The value of the last 30 points were taken to calculate

Y.
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2.19.3 Synthesis

2.19.3.1 Synthesis of the Boronic Ester Monomer

=

NN | _OH \ )
HO B Ho o

OH \)]\(ﬂ e}

MgSO4
Acetone THF
rt o rt
OH  24h O-B 24h O

HO

Scheme 2.18: Synthesis of the boronic ester monomer 1.

Synthesis of 4-(2-Phenyl-1,3,2-dioxaborolan-4-yl)butan-1-ol (2)

Q
/\/\/E 'B\Q
HO o
Scheme 2.19: 4-(2-Phenyl-1,3,2-dioxaborolan-4-yl)butan-1-ol (2).

10.0 g of 1,2,6-hexanetriol (9.01 mL, 74.5 mmol, 1.00 eq) were dissolved in 80 mL of
acetone. 9.55 g of PBA (78.3 mmol, 1.05 eq) and 0.2 mL of deionized water were added.
Subsequently, 20.0 g (164 mmol, 2.00 eq) of MgSO,4 were added, before the dispersion
was stirred for 24 h at room temperature. The mixture was filtered, the filtrate was dried
over MgSQO,4 and concentrated under reduced pressure to obtain 14.4 g of a colorless
viscous liquid (65.4 mmol, 88 % yield).

"H NMR (400 MHz, CDCls, 298 K): & [ppm] = 7.81 (m, 2H, Ha,), 7.47 (m, 1H, Ha,),
7.36 (m, 2H, Ha,), 4.58 (m, 1H, O-CH), 4.43 (dd, J = 8.9, 7.9 Hz, 1H, O-CHy), 3.96 (dd,
J =89, 7.1 Hz, 1H, O-CH,), 3.68 (t, J = 5.5 Hz, 2H, HO-CHy), 1.80-1.43 (m, 6H, CHy).

13C NMR (100 MHz, CDCl3, 298 K): § [ppm] = 134.94 (B-Cp,), 131.57 (H-Ca,), 127.95
(H-Car), 77.56 (O-CH), 71.27 (O-CH,), 62.83 (HO-CH,), 36.01 (CH,), 32.61 (CH,), 21.46
(CHp).

113



2 PnBA Vitrimers Based on Dioxaborolane Exchange

Acetone

h-j
e
BlcHel, i
‘ d
T T T T T T T T T T 1
2 1 0

5 4
S[ppm]

Figure 2.38: "H NMR spectrum of 2 in CDCls.
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Figure 2.39: '3C NMR spectrum of 2 in CDCls.

4-(2-Phenyl-1,3,2-dioxaborolan-4-yl)butyl acrylate 1

Scheme 2.20: 4-(2-Phenyl-1,3,2-dioxaborolan-4-yl)butyl acrylate 1.
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2.08 g of 2 (9.09 mmol, 1.00 eq) were dissolved in 250 ml of anhydrous THF. The
reaction mixture was cooled down to 0 °C and 0.78 mL of acryloyl chloride (9.63 mmol,
1.06 eq) were added slowly. Simultaneously, a constant stream of air was bubbled
through the reaction mixture and the off-gas was led through a washing flask equipped
with concentrated NaOH to remove the formed HCI. After 24 h of constant stirring and
bubbling at ambient temperature, 0.5 mL of MeOH were added and the reaction mixture
was allowed to stir another 7 h. Subsequently, the solvent was removed under reduced
pressure. Analytic revealed an incomplete reaction.

0 o | o
HO AL wo A \\(

o)
MgSO4 NEt3
TsOH DCM
OH  24h,rt O o°Ct
NaHCO, o# 18h 0
OH 3 4 O‘$

Scheme 2.21: Synthesis of the protected diol monomer 4.

4-(2,2-dimethyl-1,3-dioxolan-4-yl)butan-1-ol (3)

o<

Scheme 2.22: 4-(2,2-dimethyl-1,3-dioxolan-4-yl)butan-1-ol 3.

50.0 g of 1,2,6-hexanetriol (45.1 mL, 373 mmol, 1.00 eq) were added to a dispersion of
89.7 g of MgSQOy4 (745 mmol, 2.00 eq) in 600 mL of acetone. 6.34 g of p-toluenesulfonic
acid (TsOH) (33.5 mmol, 0.09 eq) were added slowly and the mixture was stirred for 24 h
at room temperature. Then, 5.63 g of NaHCO3; (67.1 mmol, 0.18 eq) were added and
the mixture was stirred another 5 h before filtration. The filtrate was concentrated under
reduced pressure at ambient temperature to obtain a white slurry. Deionized water was
added and the organic phase was extracted 4 times with 150 mL of DCM. The organic
phase was dried over MgSQy, filtrated and the solvent was removed under reduced
pressure at ambient temperature. The product was obtained as 46.7 g of a colorless oil
(268 mmol, 72% yield).
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2 PnBA Vitrimers Based on Dioxaborolane Exchange

"H NMR (400 MHz, CDCls, 298 K): § [ppm] = 4.07 (m, 1H, O-CH), 4.03 (t, 1H, O-CH.),
3.64 (t, J = 6.4 Hz, 1H, HO-CHy), 3.50 (t, J = 7.3 Hz, 1H, O-CHy), 1.75-1.35 (m, 6H,
CH,), 1.40 (s, 3H, CHs), 1.35 (s, 3H, CHs).

13C NMR (100 MHz, CDCls, 298 K): & [ppm] = 108.79 (O-C), 76.09(0-CH), 69.50 (O-CH.),
62.59, (HO-CHy), 33.32 (CH,), 32.66 (CHa), 27.00 (CHg), 25.80 (CHs), 22.12 (CHy).
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Figure 2.40: "H NMR spectrum of 3 in CDCls.
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Figure 2.41: '3C NMR spectrum of 3 in CDCls.
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4-(2,2-dimethyl-1,3-dioxolan-4-yl)butyl acrylate (4)

\)OJ\O/\/\/EO><

Scheme 2.23: 4-(2,2-dimethyl-1,3-dioxolan-4-yl)butyl acrylate 4.

10.0 g of 3 (57.5 mmol, 1.00 eq) were dissolved in 100 mL of DCM. 11.2 mL of NEt3
(8.14 g, 80.4 mmol, 1.40 eq) were added and the mixture was bubbled with nitrogen for
20 min, before it was cooled down to 0 °C with an ice bath. Subsequently, 6.07 mL of
acryoyl chloride (6.70 g, 74.7 mmol, 1.30 eq) were added slowly over a period of 20 min.
The mixture was stirred at 0 °C for 2 h, then the ice bath was removed and the mixture
was stirred for another 18 h. 1.0 mL of MeOH was added and the solution was stirred at
ambient temperature for 5 h, before it was washed 3 times with 100 mL of 1M HClyq, 3
times with 100 mL of saturated NaHCO3 solution, and 2 times with 100 mL of brine. The
organic layer was then dried over MgSO, and filtered. The solvent was removed under
reduced pressure to yield the crude product as an orange oil. The oil was passed through
a column of basic aluminum oxide using DCM as eluent to obtain the product as 7.88 g
of a colorless oil (34.5 mmol, 60% yield).

"H NMR (400 MHz, CDCls, 298 K): 5 [ppm] = 6.39 (dd, J = 17.3, 1.5 Hz, 1H, C=CH.),
6.11 (dd, J = 17.3, 10.4 Hz, 1H, CHo=CH), 5.81 (dd, J = 10.4, 1.5 Hz, 1H, C=CH,), 4.16
(t, J = 6.6 Hz, 2H, O=C-O-CH,), 4.07 (m, 1H, O-CH), 4.03 (t, 1H, O-CH,), 3.50 (t, J = 7.3
Hz, 1H, O-CH,), 1.75-1.35 (m, 6H, CHy), 1.40 (s, 3H, CHa), 1.35 (s, 3H, CHa).

13C NMR (100 MHz, CDCl3, 298 K): § [ppm] = 166.42 (O-C=0), 130.74 (CH,=CH),
128.65 (CHp=CH), 108.89 (O-C-0), 75.99(0O-CH), 69.53 (O-CH,), 64.46 (O-CH,), 33.33
(CHp), 28.75 (CHp), 27.07 (CHj), 25.84 (CHj), 22.44 (CHy).
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Figure 2.42: "H NMR spectrum of 4 in CDCls.
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Figure 2.43: '3C NMR spectrum of 4 in CDCls.
Synthesis of the Diol Monomer
I /\5/\/[OH
A o
Scheme 2.24: Diol monomer 5.

1.50 g of 4 (6.57 mmol, 1.00 eq) were dissolved in 10 mL of MeCN and 10 mL of H,O.
0.9 mL of glacial acetic acid (0.91 g, 15.1 mmol, 2.30 eq) were added dropwise. The
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solution was heated to 30°C and stirred openly for 48 h.

-Aqueous Work-Up

The mixture was extracted 5 times with 20 ml of EtOAc, the organic phase was washed 5
times with 20 ml of 0.5 M NaOHaq. The organic phase was dried over MgSQO, and filtered.
The solvent was removed under reduced pressure. The product was obtained as 580 mg
of a colorless oil (3.08 mmol, 47% yield).

-Work-Up by Evaporation under Vacuum

The solvent was removed and the residue was dried at 40 °C under vacuum. After 24 h of
drying, significant amounts of acetic acid could still be found in the product. After another
24 h of drying, the product had polymerized to an insoluble material.

'H NMR (400 MHz, CDClg, 298 K): 5 [ppm] = 6.39 (dd, J = 17.3, 1.5 Hz, 1H, C=CHb),
6.11 (dd, J = 17.3, 10.4 Hz, 1H, CHp=CH), 5.82 (dd, J = 10.5, 1.5 Hz, 1H, C=CHy), 4.16
(t, J = 6.6 Hz, 2H, O=C-O-CH,), 3.71 (m, 1H, O-CH), 3.64 (dd, J = 11.2, 3.0 Hz, 1H,
CH,), 3.44 (dd, J = 11.1, 7.6 Hz, 1H, CH,), 1.75-1.35 (m, 6H, CHy).
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Figure 2.44: "H NMR spectrum of 5 in CDCls.
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2.19.3.2 Copolymerization and Polymer Functionalization
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CPDT, AIBN, Dioxane, NC S\[(S\/(/\)\
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Scheme 2.25: RAFT copolymerization of 4 with nBA.
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Scheme 2.26: Polymer functionalization of the precursor of Network 1.
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Synthesis of Copolymer P6 and Subsequent RAFT End-Group Removal to yield P7

RSP CaS S
e

O "0 O O

P7

O
o\#
Scheme 2.27: Copolymer P7 resulting of a RAFT polymerization of nBA with the pro-

tected diol functional monomer 4 and a subsequent removal of the RAFT
end-group.

General procedure:

In a typical experiment, 1000 eq of nBA, 115 eq of the protected diol functional monomer
4, 1.00 eq of CPDT in a stock solution in dioxane, 0.2 eq of AIBN in a stock solution in
dioxane, and the respective amount of dioxane (1:1 v/v to nBA + 4) were added to a dry
100 mL Schlenk tube. The tube was sealed with a septum and oxygen was removed by
bubbling nitrogen for 1 h. Subsequently, the tube was placed into an oil bath thermostated
at 60 °C until a monomer conversion of 80-90 % was obtained. Subsequently, the
polymerization was stopped by cooling it, while exposing it to air and subsequently adding
several mL of THF. The solution was freed from oxygen by bubbling nitrogen for 30 min
again. A small amount of TCEP was added and the mixture was stirred for 10 min.
Subsequently, 50 eq of BuNH, were added and the mixture was stirred for 16 h, before
the mixture was precipitated twice in MeOH : H,O (8 : 1 v/v). The residue was taken
up in THF and dried at 80 °C under reduced pressure to yield a colorless, transparent,
viscous polymer.

"H NMR (400 MHz, CDCl3, 298 K): 5 [ppm] = 4.02 (m, nx6H, O=COHy, -O-CH,, O-CH),
3.50 (t, nx 1H, -O-CHy), 2.26 (m, nx2H, CHyackbone), 1.90 (M, nx2H, CHpackbone), 1.58
(m, nx2H, CHy), 1.58-1.28 (M, nx2H, CHpackbone), 1.39 (S, Nx3H, CH3), 1.36 (m, nx2H,
CHy), 1.34 (s, nx3H, CHg), 0.93 (t, nx3H, CHa).
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Figure 2.45: "H NMR spectrum of copolymer P7 in CDCls.

Deprotection of Copolymer P7 to Yield P8

P8 OH

OH

Scheme 2.28: Copolymer P8.

P7 was dissolved in 1,4-dioxane (20 mL/g polymer). 1 M HCl,q was added dropwise until
the pH reached a value of 4 or less. The mixture stirred openly for 16 h. The solution was
concentrated and precipitated twice into MeOH : H,O (1 : 2 v/v). The precipitate was
taken up in dioxane and the solvent was removed. The polymer was dried for 4 h at 45°C
under vacuum. The polymer was obtained as a colorless, transparent, viscous liquid.

'"H NMR (400 MHz, CDCl3, 298 K): § [ppm] = 4.02 (m, nx2H, O=COH,), 3.70 (m,
nx1H, HO-CH), 3.61 (m, nx1H, H-O-CHy), 3.44 (m, nx 1H, H-O-CHy), 2.26 (m, nx2H,
CHpackbone); 1.90 (M, nx2H, CHpackbone), 1.58 (M, nx2H, CHy), 1.58-1.28 (m, nx2H,
CHpackbone), 1.36 (M, nx2H, CHy), 0.93 (t, nx3H, CH).
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S[ppm]

Figure 2.46: "H NMR spectrum of copolymer P8 in CDCls.

Reprotection of Copolymer P8 with PBA to Yield P9

Scheme 2.29: Copolymer P9.

P8 was dissolved in anhydrous THF (10 mL/g polymer). 1.50 eq of PBA were immersed
into a separate beaker containing THF. After 10 min, one drop of water was added and
the mixture was stirred until the PBA was completely dissolved. It was then added to
the polymer solution. After 6 h of stirring, 10 eq of MgSO,4 were dispersed stepwise into
the solution. After 16 h, the mixture was centrifuged and the centrate filtered through
a Por. 4 frit. The polymer solution was concentrated and precipitated once into cold
MeCN and a second time into cold hexane. The polymer was dried for 16 h at 80°C
under vacuum. The polymer was obtained as a colorless, transparent, viscous liquid. For
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the calculation of the ratio of the monomers in the copolymer the NMR proton signals
(compare Figure 2.47) of the functional monomer (H,, 2H) and the nBA monomer (Hp,,
3H) were employed.

Typical properties: M, =90 kDa, D = 1.3, DP, = 650, Ng = 65, f = 10 %;

TH NMR (400 MHz, CDCl3, 298 K): & [ppm] = 7.79 (d, J = 7.5 Hz, nx2H, CaH), 7.46 (1,
J=7.4Hz, nx1H, CaH), 7.37 (t, J = 7.5 Hz, nx2H, CaH), 4.58 (m, nx1H, B-O-CH),
4.44 (m, nx1H, B-O-CHy), 4.02 (m, nx2H, O=COH), 3.97 (m, nx1H, B-O-CH.), 2.26
(m, nx2H, CHpackbone), 1.90 (m, nx2H, CHpackbone), 1.58 (M, nx2H, CHy), 1.58-1.28 (m,
Nx2H, CHpackbone), 1.36 (M, nx2H, CHy), 0.95 (t, nx3H, CH3).

CHCI,

S

o[ppm]

Figure 2.47: "H NMR spectrum of copolymer P9 in CDCls.

2.19.3.3 Crosslinker Synthesis

1,4-bis(4-methyl-1,3,2-dioxaborolan-2-yl)benzene (10)

10
0, Jo
o ¢!

Scheme 2.30: 1,4-bis(4-methyl-1,3,2-dioxaborolan-2-yl)benzene 10.

2.00 g of benzene-1,4-diboronic acid (12.1 mmol, 1.00 eq) and 1.82 mL of 1,2-propanediol
(1.88 g, 24.1 mmol, 2.05 eq) were dissolved in 30 mL of THF and 30 mL of toluene. The
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mixture stirred for 15 min at room temperature, before the solvent was removed at 45 °C
under reduced pressure. Two times more, 30 mL of THF and 30 mL of toluene were
added and the solvent was removed under the same conditions. The product crystallized
as 2.90 g of a white solid (11.8 mmol, 98 % yield).

"H NMR (400 MHz, CDClg, 298 K): & [ppm] = 7.82 (s, 4H, Hay), 4.83-4.64 (m, 2H, CH),
4.46 (dd, J = 8.9, 7.7 Hz, 1H, CHy), 3.90 (dd, J = 8.9, 7.3 Hz, 1H, CH,), 1.42 (d, J = 6.2
Hz, 3H, CHg).

13C NMR (100 MHz, CDCl3, 298 K): 5 [ppm] = 134.15 (Ca), 73.98 (CHy), 72.72(CH),
21.91 (CH3). Carbon adjacent to boron not detected.
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Figure 2.48: "H NMR spectrum of 10 in CDCls.
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Figure 2.49: '3C NMR spectrum of 10 in CDCls.
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2.19.3.4 Crosslinking of the Thermoplastic Precursor

The amount of crosslinker was calculated with Equations 2.32, with fc as the ratio
of functional groups crosslinked, m(P) mass of the polymer, f(P) functionality of the
polymer, N¢(CL) functionality of the crosslinker, and M(M,,) average molecular mass of
the monomers (calculated with Equation 2.33). The TP P9 was dissolved in THF (1 : 3
w/w) and placed into a beaker. A respective amount of a solution of the crosslinker 10
(100 mg / mL THF) was added quickly. The mixture was vigorously stirred manually for
2 minutes, before it became too viscous to stir. The mixture rested openly at ambient
temperature for 24 h, subsequently it was placed in a vacuum oven at 100°C for 16 h.
The resulting material was torn into pieces and again dried under the same conditions for
another 12 h. The network was obtained as a colorless, transparent foam.

fou-m(P) - (P)
MY = Nien)- M) (232

M(My,) = {(P) - M(FM) + (1 — f(P)) - M(nBA) (2.33)

2.19.3.5 Addition of Dodecandiol

After the sample was crosslinked and dried, it was swollen in 200 wit% of THF. A solution
of 1,2-dodecandiol in THF (amount determined via Equation 2.34, x = 0.05 or 0.1) was
added. The solution was allowed to diffuse for 24 h, before the sample was dried at room
temperature and under vacuum at 80°C for 16 h, respectively.

n(Dodecandiol) = X (2.34)
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