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Chapter 1 General Introduction
1.1 Background

In modern society polymers have achieved a prominent position, mostly
in the form of plastic materials.[':2) These plastics can be found in almost
every cornerstone of society, be it as plastic bags in supermarkets for peo-
ple to put their groceries in, or as cheap parts in toys or small devices,
to even parts of high-end machinery in for example the automotive and
computer industry. Plastics attained such widespread use because of their
cheap, up-scalable production and their versatility.[34l

Plastic consists of polymers. There are many synthetic polymers that are
produced to fulfil various functions nowadays. One of the first and most
well-known examples of a synthetic polymer is bakelite.l> Bakelite was
invented by Leo Henricus Arthur Baekeland in 1907 by reacting phenol
with formaldehyde.

Besides synthetic polymers, biopolymers are also an important group.
Here one can think of lignin,[”8 but also of cellulosel® and starch.[!
Proteins!!12] and DNA[13’14]/RNA[15’16} are very important polymers in
the field of biology since they govern the functioning of living cells. These
biopolymers can also be used to make various (bio)plastics.['719

1.2 Polymer types and recycling

Despite the many advantages associated to polymers, their use also has
negative impact on our society: there is a clear outstanding challenge on
what to do with a polymer after its lifetime, 7.e., when it becomes waste.
It has been estimated that annually 359 million tons of polymers have
been produced in the last few years, with the actual amount likely being
even larger.2 Especially the synthetic polymers can be difficult to recycle
or degrade. In this regard, it becomes important to distinguish between
the main overarching types of plastics.

First, we have the thermoplastics, which are generally composed of loose
polymer chains that have weak, non-covalent interactions with each other.
Around 80% of all consumed plastics are considered thermoplastics.2!!
Thermoplastics can be molten and reprocessed into a different shape.?2
As a result, thermoplastics tend to be easily recyclable. However, the
absence of strong interchain crosslinks also means that these polymers
typically have poor mechanical properties, excluding their use in high-
strength applications.?3l
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Chapter 1 General Introduction

Second, there are thermosets.24 In 2022 around 12% of all produced

plastics (44 million tons) were thermosets.[?”! Thermosets consist of cova-
lently crosslinked polymers. Due to their covalent crosslinks these plastics
are generally stronger, enabling their use in demanding applications and
conditions. The bonds limit molecular movement, thus preventing chains
from getting pulled apart akin to a fishing net. Because the chains are
crosslinked into a permanent network, these plastics are not able to melt
and thus cannot be reprocessed.!?0! This means that thermosets can only
be incinerated or shredded at the end of their life cycle.[2%)
The increasing tonnage of polymer that is produced every year is causing
serious problems.327 Plastic waste management still has a lot of problems
partly due to the low profitability of plastic recycling. In 2018 around only
9% of annually produced plastics consisted of recycled plastics.[28 Plastics
are not always properly disposed of and as such exit the circular economy
as waste instead of being properly recycled.293% For thermosets, their
crosslinked structure prevents thermal recycling, leading to incineration
or landfilling, with the occasional shredding and downcycling as filler ma-
terial.[}132) A potential solution for these non-recyclable thermosets are
covalent adaptable networks (CANs).[26:32-34]

1.3 Covalent adaptable networks

Covalent adaptable networks are crosslinked polymer networks that make
use of dynamic covalent chemistry.3>38] These adaptable networks utilise
covalent crosslinks, thus giving these networks good mechanical properties,
however these crosslinks can link/unlink or exchange in the presence of
certain stimuli.?* 41 Using this principle, it is possible to create recyclable
thermoset-like materials which combine the recyclability of thermoplastics
and the mechanical performance of thermosets (Figure 1.1). This is a
slight simplification though, as there is usually a trade-off between the
recyclability of the material and its mechanical strength.[*?

Page 3 of 157




Chapter 1 General Introduction

amic Covalent Che'ms
Ty

oy"

—gL G

Dynamic Covalent Linkage

Thermosets
Malleable

\ Mechanically strong  Reprocessible
" Solvent resistant " Recyclable

Figure 1.1: The malleable thermosets, or covalent adaptable networks, bridging

the gap between thermoplastics and thermosets. Figure adapted from Jin et al.
(2019).15%]

1.4 Dynamic covalent chemistry

There is a wide variety of reversible covalent chemistries that can be used
to form covalent adaptable networks. These can be sorted into two cat-
egories based on the mechanism by which they are able to exchange:
namely associative and dissociative networks, as illustrated in Scheme
1.1.143] However, it should be kept in mind that some dynamic chemistries
have multiple possible modes of exchange when exposed to different con-
ditions.[44:45]
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Dissociative networks require the crosslinks to first decouple before recou-
pling at a different site. This means that the crosslink density (the num-
ber of crosslinks per volume of material) changes over time. The crosslink
density temporarily decreases when the linkage decouples and is restored
upon recoupling at another position. Since the crosslink density is cou-
pled to the mechanical strength of the material, the mechanical strength of
such a material can thus also fluctuate as function of temperature. When
taken to the extreme and all crosslinks are simultaneously decoupled, the
network ceases to exist and the material melts, thus resembling conven-
tional thermoplastics. This temperature-responsive bonding or debond-
ing allows dissociative networks to switch between a thermoplastic-like
state and a thermoset-like state.l46l Examples of dissociative chemistries
are Diels-Alder reactions,*™ 49 anilinium salts,[?0:51] alkoxyamines[52’54] or
triazolinedione-indole reactions.?3:56l

(a) Associative reaction pathway

}:i,

(b) Dissociative reaction pathway
g ‘ g
Scheme 1.1: Dynamic bond exchange pathways: a) Associative reaction mecha-

nism and b) dissociative reaction mechanism. Scheme adapted from Wanasinghe
et al. (2022).143

Within associative networks bond exchange reactions occur differently.
Here, the dynamic crosslinks are able to exchange without the need to
decouple first. This means that the crosslink density remains constant
over time, since no crosslinks are broken. Instead, such a network be-
comes increasingly softer with increasing temperature as the exchange
rate of the dynamic bonds speeds up. Examples of associative chemistries
are imines, 5758 esters,[®9:60 horonic esters, 093] disulphides, 6465 viny-
logous urethanes, 0667 thiol-Michael,[03:69 thiol-ene, 7071 thiol—yne,m’m
phosphate esters™75 and silyl ethers.[76:77]
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Associative networks are often also called vitrimers.[™®™ Vitrimers are
polymer materials that behave like glasses or metals in that they flow like
viscoelastic liquids at high temperature and as glasses at low tempera-
ture, with a stable crosslinking degree.[*2) This behaviour comes from the
temperature-dependent bond exchange rate, which increases with temper-
ature. By constructing an Arrhenius plot the activation energy of such
thermally activated process can be calculated.®?) There has been some
debate in the scientific community about whether only associative net-
works can be called vitrimers or if dissociative networks can also display
vitrimer, or vitrimer-like, material behaviour.["-#1] Within this thesis, the
term covalent adaptable network with the possible specification of asso-
ciative or dissociative bond exchange will be used, since those terms are
less likely to garner miscommunication when discussing these networks.

The catalogue of dynamic covalent motifs is still expanding, with ad-
ditions such as the oxime metathesis,’®? diamide-imide®%4 and TAD-
indolel®® motifs (Scheme 1.2). Adapting these motifs for incorporation
in CANs requires the necessary functional groups to be attached to multi-
arm frameworks, such as linkers with two or more arms or as side chain
to polymers, to enable crosslinking of the network. An additional consid-
eration for the dynamic bond exchange reaction in CANs, compared to
dynamic reactions in solution, is the reduced diffusion of reactive groups
caused by the polymer matrix. This can limit reactive groups from effi-
ciently reacting and exchanging. (5%
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Scheme 1.2: (A) The dynamic oxime metathesis motif as reported by Pettazzoni
et al. (2024).15%] (B) The dynamic diamide-imide motif as reported by Lijsebetten
et al. (2021).184 (C) The dynamic TAD-indole motif as reported by Unal et al.
(2018).15%]

1.5 Boronic esters

The boronic ester is an interesting type of associative dynamic covalent
bond. It can be present in a range of different states depending on the
surrounding pH and on the presence of diols (or other poly—ols).[87’90]
Boronic acids and esters are pH responsive. At high pH the coupling of
boronic acids and diols to form boronic esters is favoured. Boronic esters
will decouple at low pH to release the free boronic acid and diol. The pH-
dependent equilibrium constant of the boronic ester formation depends on
the pK, of both the boronic acid and the diol.2-93] At high pH both the
boronic acid and boronic ester can take up an OH™ anion. This results
in a negative charge on the boron to form a boronate, which drastically
slows down the formation and exchange of the esters. A general overview
of these equilibria can be seen in Scheme 1.3.
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Scheme 1.3: A general overview of the different states that a boronic acid can
be found in. The state of the boronic acid is dependent on the pH and the presence
of diols which can bind with the boronic acid.

Boronic acids can have quite a range of possible uses, as will be de-
scribed in this paragraph.®49! One of the most well-known uses of boronic
acids is its use in the Suzuki coupling reaction. In this reaction a palla-
dium catalyst can form a carbon-carbon bond between an organoboron
and a halide.l%! In 2010 Akira Suzuki received a shared Nobel prize in
chemistry for this type of carbon bond coupling chemistry. Boronic acids
are also used in affinity chromatography.®” 99 Here, boronic acids bound
onto silica particles can be used to make separation columns. Boronic
acids have different interactions with a wide variety of (biological) com-
pounds and can thus be used to separate a mixture.19%101 Within the
context of polymer chemistry, boronic esters are most commonly used in
the formation of (hydro)gels.l'®? The boronic ester is also susceptible to
hydrolysis by water. In life outside of the laboratory, people might come
in contact with boronic acids in the form of borax in laundry detergent
or in toy slime. Boronic acids are considered biocompatible.[193:104] Thig
biocompatibility, together with the numerous interactions boronic acids
can have with biomolecules, makes boronic acids of interest in medicinal

applications, 12107 such as injectable gels'%8) or drug delivery nanopar-
ticles.[109-111]
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Chapter 1 General Introduction

There are many unique and creative implementations of boronic acid-
based covalent adaptable networks, 112 but here I will now give two notable
examples of previous research performed into these networks.[105:113-116]
These examples showcase the great potential of boronic ester networks
and left a big impact on this subfield of covalent adaptable networks.

Cash et al. nicely reported some self-healing boronic ester networks they
created by reacting a vinylphenyl dioxaborolane with thiol linkers through
irradiation at 365 nm to create a network. This network was then com-
pared to a control network without dynamic bonds (Figure 1.2).[17]
Cash et al. prepared a network with a more hydrophobic character as an
attempt to limit water uptake and subsequent hydrolysis of the boronic
esters. The formed network also healed quite well over the course of a
couple days by wetting the interface and reconnecting the parts, as can be
seen in Figure 1.2C, which illustrates the effect of the dynamic covalent
bonds. The control network, which did not contain any dynamic covalent
bonds, was not able not heal.
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Figure 1.2: A flexible, self-healing boronic acid-based hydrogel made by Cash
et al. (2015).'77 (A) The breaking and healing of the hydrogel. (B) The self-
healing ability of this covalent adaptable network. (C) A negative control using a
normal covalent network.

Rottger et al. reported a method to redesign high density polyethy-
lene (HDPE) into a covalent adaptable network by introducing dynamic
boronic ester linkages, as shown in Figure 1.3.18 The dynamic linkages
were introduced by either designing polymers from monomeric building
blocks or by grafting dioxaborolanes onto existing polymers through re-
active processing, thus creating a crosslinked CAN from a thermoplastic
polymer. This can be used to obtain CANs with desired properties similar
to the original thermoplastic polymer. Their new dynamic plastic showed
great mechanical strength and stability. Additionally, the networks showed
good creep resistance, yet were still able to exchange and relax stress at
moderate temperatures. This allowed these dynamic polymers to be re-
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processed. This work showed the potential of boronic acid-based networks
and even showed some work on vitrimer interexchange, by effectively us-
ing the internal dynamic covalent bonds to weld a HDPE to a PMMA
network.
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Figure 1.8: High density polyethylene (HDPE) network containing dynamic
boronic ester bonds reported by Rittger et al. (201 7).[118/ Panel A shows the poly-
merisation (A;) or the grafting of diozaborolanes onto existing polymers through
reactive processing (Az) followed by crosslinking with dioxaborolane. Panel B
shows the mechanical strength of the material after different immersion times in
a mizture of ethanol and water. Panel C' shows the enhanced creep resistance
of the boronic network at 80 °C compared to the conventional HDPE. Panel D
shows the adhesion of the HDPE network to a PMMA network. The black curve
is the negative control (10 min contact); the blue and red curves (10 and 20 min
contact respectively) show the lap shear testing of the networks.
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Chapter 1 General Introduction
1.6 Diels-Alder chemistry

The second dynamic covalent bond investigated in the work reported
in this thesis is the dissociative Diels-Alder reaction between furan and
maleimide. Diels-Alder (DA) reactions are well established within chem-
istry. First reported by Otto Diels and Kurt Alder in the year 1928147l
a Diels-Alder reaction is a pericyclic reaction between a conjugated diene
and a dienophile. One such couple is furan and maleimide. The furan and
maleimide undergo a Diels-Alder reaction to form a six-membered ring at
relatively low temperatures and decouple in a reverse Diels-Alder reaction
at higher temperatures, generally around 120 °C. This also gives the re-
action a temperature-dependent equilibrium.

The six-membered ring that is formed as Diels-Alder product can have
two different configurations: an endo and an exo isomer, as can be seen
in Figure 1.4. The endo isomer is the kinetic product. The exo iso-
mer has a slightly higher activation energy, but is the thermodynami-
cally most stable product. Depending on the structure of the diene and
the dienophile and the reaction conditions a different ratio of endo/exo
product will be obtained.!"'9 121l The ratio of endo/ezo isomer can also
influence the final conversion of the reaction and thus the crosslink den-
sity of the network.!'22l The glass transition temperature of the network
can also be influenced by this ratio if the temperature at which the endo
and ero adduct undergo a thermal transition is far enough apart to be
differentiated. 48]

a) b)

AL
+

w o~
/)

o -

s

w

Gibbs free energy

exo O Reaction path
Figure 1.4: A schematic representation of the Diels-Alder reaction between
furan and maleimide made by Cuvellier et al. (2019).1'%?] (A) The reversible
Diels-Alder reaction between furan and maleimide and the resulting endo and exo
states of the product. (B) The Gibbs free energy profiles of the endo and exo
product formations.

Page 13 of 157




Chapter 1 General Introduction

Throughout the years many furan-maleimide Diels-Alder networks have

been reported.123-126] Here T will give two notable examples of reported
reversible furan-maleimide networks, as these provide a clear overview of
the properties and potential of furan-maleimide networks.
Dam et al. reported a thermally self-healing network derived from a four-
armed furan linker and a trifunctional maleimide linker (Figure 1.5A).[127]
They investigated the thermal reversibility of the furan-maleimide DA re-
action in the network by following the conversion over several cycles of
high and low temperature. The conversion showed a zig-zag pattern as
shown in Figure 1.5B, indicative of a reversible process. As can be seen
in Figure 1.5C the material could regain part of its original strength
after fracture by subjecting it to a thermal treatment and ‘healing’ the
sustained damage. This self-healing behaviour is a direct consequence of
the exchange of the dynamic DA bonds within the material. Using SEM
images (Figure 1.5D) of the material after healing, where they compare
a scraped surface with an as-healed surface, they were able to show that
the healing of the material is not limited to the surface of the material
and that healing also takes place in the bulk of the material.

Scraped surface

Figure 1.5: A furan-maleimide material reported by Dam et al. (2002).['27 (A)
the chemical structure for the furan and maleimide linkers. (B) Conversion of
the Diels-Alder reaction followed over multiple thermal treatments to showcase the
thermoreversibility of the network. (C) The mechanical strength of the material
before and after healing, as measured with a compact tension test. (D) A SEM
image of the healed material. By scraping the surface Dam et al. show that the
healing is not limited to the surface layer of the material.
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Figure 1.6 displays a furan-maleimide network prepared by Kuang et
al. showcasing the thermoreversibility of the furan-maleimide bond.!28)
These authors also investigated the effect of the crosslink density on the
thermal properties of the network. DSC heating curves showed a shift in
the Ty towards higher temperatures when higher crosslink densities were
used, going from 10 to 2 furans per maleimide (Figure 1.6C). By using
temperature sweeps, they were also able to show that the height of the
rubbery plateau correlated to the crosslink density of the dynamic network
with a higher crosslink densities resulting in a higher rubbery plateau, as
can be seen in Figure 1.6D.
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Figure 1.6: (A) The structures of the furan-functionalised styrene-butadiene
rubber (SBR) and bismaleimide crosslinker, and their reversible reaction to form-
ing a network. (B) Photos showing the reversible gelation of the furan-maleimide
network. (C) DSC curves showing a shift in Ty of the networks towards higher
temperatures with increasing crosslink density of the network. The sample names,
e.g., 10F-M represent the ratio of furan/maleimide used in the network, in this
case 10 furans per maleimide. (D) Temperature sweeps of the networks with dif-
ferent furan/maleimide ratios. The height of the rubbery plateau increases with

increasing crosslink density of the network. Figures adapted from Kuang et al.
(2017).1128]
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1.7 Material tuning

If covalent adaptable networks are to compete with conventional plastics,
they must show to be just as versatile and broadly applicable. One of the
ways to show this, is to investigate possible methods that can be used to
tune the material properties of CANs.[129] In recent years many new CANs
have been developed. However, besides discovering new CANs, exploring
the potential of already existing CANSs is just as, if not more, important.
Unlocking the potential of existing CANs will also increase our under-
standing of the specific dynamic covalent bond(s) used in the network as
well as the properties of CANs as a whole.

1.8 Classical material tuning

Since CANs are polymer materials their properties can be tuned by con-
ventional approaches used for the tuning of the properties of thermo-
plastics and thermosets. Materials can be tuned by changing, e.g., the
crosslinking degree,[128130] introducing sterically bulky groups to hinder
bond exchange,3!) the polymer matrix!!32 and the degree of branching
of the crosslinker.[133]

Another way to tune the properties of a material is by changing the spacer
length[134:135] of the crosslinkers, as reported by Luo et al. in Diels-Alder
networks.[136) They showed that short linkers resulted in stiffer networks,
while longer linkers gave more flexible and dynamic materials. In Figure
1.7 three different crosslinkers with different lengths were compared. The
longest crosslinker, OBM, showed better healing and performance when
compared to the two shorter linkers. This shows that including some flex-
ibility into the network can promote the effect of molecular-level bond
exchange to visible changes in macroscopic dynamic-mechanical proper-
ties.
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Figure 1.7: A comparison of mechanic strength between furan-maleimide net-
works with differently sized spacers reported by Luo et al. (2020).[ 156

1.9 Internal/external catalysis

Since CANs utilise dynamic chemistry in their networks it is possible to
catalyse the exchange reaction and thus influence the properties of the
network. Depending on the dynamic chemistry used different catalysts
could be used.[63:137-139]

An interesting example of catalysis in CANs was reported by Podgorski
et al., who showed how different catalysts influence the dielectric char-
acteristics of a thiol-succinic anhydride network, as can be seen in Fig-
ure 1.8.1401 Podgérski et al. proposed a mechanism for the catalysis
of reversible thiol-anhydride additions. They then tested thiol-anhydride
CANs with either TEMPO, DMAP or DBU mixed in as organocatalyst
to investigate whether that would influence the properties of the network.
Using DMA, they show that the rubbery modulus (ER) of the networks has
a different drop-off temperature depending on the catalyst used (Figure
1.8B). The drop-off temperature of the FR correlated to the strength (or
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stability) of the dynamic bonds. In this example a higher pK, is destabilis-
ing the dynamic bond, thus increasing the exchange rate and lowering the
drop-off temperature of the Fr. In Figure 1.8C, D and E a comparison
of the dielectric modulus as function of frequency at different tempera-
tures for each of the catalysed networks is shown. It can be seen that the
frequency at which the plateau of the dielectric modulus breakdowns is
different for each catalysed network.
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Figure 1.8: (A) The proposed mechanism for the reversible catalysed reaction
between thiols and anhydrides, and the reversible reaction between thiols and
thioesters. (B) The rubbery modulus (Er) of the thiol-anhydride CAN with differ-
ent catalysts mized in as measured by DMA. The dielectric modulus (filled) and
loss (open) as function of frequency for thiol-succinic anhydride networks with
TEMPO (B), DMAP (C) and DBU (D) as catalysts, as reported by Podgdrski et
al. (2020).0149]
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1.10 Stoichiometry of reactants

By influencing the stoichiometry of the reactants in a covalent adaptable
network the equilibrium can be shifted towards a favoured side. An ex-
ample of using stoichiometry to influence network properties can be found
in the work of Safaei et al., who prepared and tested maleimide-furan
networks with varying ratios of maleimide/ furan.'*Y They found that for
their networks the fracture stress showed a seemingly linear growth upon
increasing the maleimide/furan ratio from a stoichiometry of 0.4 to 1,
as can be seen in Figure 1.9B. This increase in the network’s fracture
stress is caused by the formation of a higher number of crosslinks in the
network. The Young’s modulus of the networks also increased with in-
creasing maleimide/furan ratio, but reached a plateau at high ratios (r >
0.7 ), as shown in Figure 1.9C. Here the stiffness of the material barely
increased at high ratios, for the network was already highly entangled and
crosslinked.
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Figure 1.9: (A) structure of a furan-maleimide network. (B) A graph showing
the relation of the fracture stress of the network to the stoichiometry of the furan
and maleimide groups in the network. (C) A graph showing the relation of the
Young’s modulus of the network to the stoichiometry of the furan and maleimide

groups in the network. The ratio used is maleimide/furan. Figure adapted from
Safaei et al. (2021).0141]
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1.11 Phase separation

The (micro-)environment of the incorporated dynamic bonds can also
play a role in the dynamics of the network. Depending on the used net-
work components phase separation can be found in the network.[142:143] A
nice example of this can be seen in the work of Lessard et al. (Figure
1.10), who compared the material properties of a statistical and a phase-
separated network, based on the dynamic covalent vinylogous urethane
bond. The two blocks of the block copolymer were incompatible with
each other and phase separated, whereas the statistical polymers showed a
more or less homogenous distribution of network components. The phase-
separated network showed longer relaxation, improved strain recovery and
a slightly higher activation energy compared to the statistical network.
This was attributed to a higher local crosslink structure and a restriction
of strand diffusion, due to the phase separation.%6]
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Figure 1.10: (A) SAXS profile of bulk statistical (red) and block (blue) copoly-
mers. (B) AFM image of a crosslinked and annealed statistical vitrimer. (C)
AFM image of a crosslinked and annealed block vitrimer. (D) Stress relaxzation
of both statistical and block vitrimers at 140 and 150 °C and constant 0.3% strain.
(E) Creep recovery of both statistical and block vitrimers at 140, 145 and 150 °C
and a constant force of 5 kPa. (F) Arrhenius plot with activation energies for

the statistical and block vitrimer. This figure was adapted from Lessard et al.
(2020).159]
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1.12 Electronic substituents

Electronic effects of neighbouring groups can also be used to tune the
properties of materials. This electronic effect is based on the electron do-
nating or withdrawing nature of aromatic ring substituents at the meta-
or para-position compared to a hydrogen atom. By influencing the elec-
tronics around the dynamic bond it is possible to change its reactivity.
In Figure 1.11 Schoustra et al. showed how making small molecular
changes to dianiline linkers can influence the properties of a dynamic imine
network.”) By replacing the bridging substituent between the two phenyl
rings of the dianiline the dynamic imine exchange could be tuned, as was
observed in a dependence of the activation energy for stress relaxation as
a function of electronic nature of the substituent (which was expressed by
the corresponding Hammett parameter).!44 This could then also affect
the macroscopic relaxation and creep resistance of the network. Creep be-
ing the time and temperature-dependent recoverable deformation of the
material under constant load. Covalent adaptable networks are suscepti-
ble to creep, since even at low temperature their dynamic crosslinks are
still exchanging. This allows the network to deform, and thus creep.
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Figure 1.11: The influence of substituents on the properties of imine-based
covalent adaptable network (from Schoustra et al. (2020).1%4°]
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A similar effect can be seen in Figure 1.12, where Demchuk et al.
showed that the substitution of boronic acids can influence the mate-
rial properties of the network they are incorporated into.46l They incor-
porated four differently substituted boronic acids, with —F, —Cl, —H or
—OCHs3 at the meta position relative to the boronic acid, in boronic ester
networks to create four distinct CANs. In Figure 1.12B DSC curves
of differently substituted boronic ester networks are shown. Demchuk et
al. showed that the F-containing and Cl-containing networks have a simi-
lar Ty, with the H-containing network having a lower T, followed by the
OCHj3-containing network. This can be approximately be explained by —F
and —Cl having roughly the same oy, value (-Cl = 0.37; -F = 0.34) with -H
(0.00) and ~OCHg (0.12) having lower oy, values. Stronger electron with-
drawing substituents can lower the electron density on the boronic acid,
thus making it less dynamic. The resulting reduced exchange rate shifts
the thermal transition to higher temperatures. This can also be seen in
Figure 1.12C where the activation energy is determined for each substi-
tuted network. The networks with electron withdrawing substituents are
shown to generally have a higher activation energy, however it is difficult
to determine an exact trend from this dataset.
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Figure 1.12: (A) Network components of the boronic ester vitrimer. The meta
substituent of the boronic acid is varied between —F, —Cl, —H and -OCHs. (B)
DSC curves of the different vitrimers. The Ty values are indicated per vitrimer.
(C) Apparent E, profiles obtained from relaxation experiments for the different
vitrimers. Adapted from Demchuk et al. (2023).[140

1.13 Aim of this thesis

In recent years much research has been done on covalent adaptable net-
works, with many novel dynamic motifs being incorporated in polymeric
networks. However, there are still issues with control over the dynamics
of dynamic covalent bonds in networks and still a need for knowledge on
how the dynamicity of the dynamic covalent bonds relates to the observed
macroscopic properties of CANs. Both are needed for them to become
more viable for (industrial) applications.
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In this thesis project the main goal is to investigate covalent adaptable
networks and to develop methods to tune the material properties by
making changes on the molecular level. The attention is divided between
networks containing boronic esters and networks containing the Diels-
Alder couple furan-maleimide.

Chapter 2 reports an investigation regarding the possibility of tuning
macroscopic material properties of furan-maleimide networks through
variation of the electronic nature of aromatic ring substituents in
maleimide linkers. A series of five differently substituted maleimide
linkers is prepared and incorporated in furan-maleimide networks. These
networks are investigated and compared using IR and rheology.

Chapter 3 discusses the development of a novel type of boronic ester-
based CAN by introduction of TetraAzaADamantane (TAAD) moieties.
TAAD is an adamantane-like structure with three nitrogen atoms in the
bottom ring and one nitrogen atom on top. The bottom nitrogen atoms
in the bottom ring have a hydroxyl group, thus making the TAAD a
triol.114718] Golovanov et al. showed that the boronate-TAAD couple
displayed strong binding and good hydrolytic stability.48] This chapter
describes the research on how to extend the work by Golovanov et al. to
covalent adaptable networks.

Chapter 4 expands on the boronate-TAAD-based CAN by making a
side-by-side comparison between a conventional boronate-diol-based CAN
and the novel boronate-TAAD-based CAN. On top of that, the tunability
of boronate-TAAD-based CANs through variations in electronic groups
on the meta-position of the phenylboronic acid is investigated.

Chapter 5 takes the concept of the boronate-TAAD linkage and applies
it to a polystyrene-based system with a permanent backbone to make
recyclable, yet crosslinked polystyrene. Here a TAAD-functionalised
polystyrene variant is prepared with a high styrene content and crosslinked
with a bisboronic acid crosslinker. The material was characterised on
its rheological behaviour, reprocessability and swelling behaviour. The
tunability was also studied in the form of variations in the crosslinking
degree and the incorporation of an external acid catalyst.

Chapter 6 discusses the topics in earlier chapters in a broader context and
presents some interesting future prospects, such as Tetraazaadamantane
derivatisation and the possibility for tuning boronic esters through
metal-ion coordination.
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2.1 Abstract

The use of polymers in modern society has become widespread due to their
cheap production and wide applicability. However, society is now facing
environmental issues caused by the massive amounts of (thermosetting)
polymer waste. Thermosetting polymer networks are difficult to recycle,
due to their permanent crosslinks. This low recyclablility can be improved
by changing the permanent crosslinks into dynamic covalent bonds. One
such dynamic covalent bond is the thermally reversible furan-maleimide
bond. Here, we investigate how varying ring substituents on maleimide
linkers can be used to tune the properties of a covalent adaptable network
based on furan-maleimide bonds. Five maleimide linkers are prepared
with different electronic properties and incorporated into furan-maleimide
covalent adaptable networks. Using IR, reaction enthalpy and entropy
values are calculated for the dynamic networks and fitted against Ham-
mett o, values, resulting in a positive trend being found. However, no
such trend is observed when correlating the macroscopic stress relaxation
behaviour and the o, values. This suggests that, while the molecular
parameters of the dynamic exchange can be tuned through variations in
aromatic ring substituents, these variations of ring substituents are not
the main contributor in the tuning of the macroscopic stress relaxation of
these networks.

2.2 Introduction

Polymers are an important class of materials in modern society with their
widely varying applications and cheap production costs. However, the
massive amounts of polymers being produced have also sparked a need
to recycle polymers, which is still proving especially challenging for ther-
mosetting polymers, due to their network structure.4 In recent years
covalent adaptable networks (CANSs) have received increasing interest as
a possible solution to the problems regarding the recycling of thermoset-
ting polymer networks.> 7 By using dynamic covalent chemistry, CANs
can be used to make strong and covalently crosslinked, yet still recy-
clable networks, thus reducing the need for strong, but non-recyclable
thermosets. [ 11]

There are numerous types of dynamic covalent bonds that can be used
to prepare CANs. Examples of dynamic covalent bonds are imines, 1213

diketoenamines, 1% esters,1617 disulfides,['8 20 X-yne, 2122 boronic es-
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23-25]

ters,! nucleophilic alkylation reactions?6:27) and Diels-Alder chem-
istry.28-31) In this chapter we report a study that focusses on networks
that make use of the Diels-Alder reaction, as this reversible pericyclic re-
action allows for bonding and debonding of the created network.32 This
debonding of the network can aid in the recycling of the created networks
by reverting the network (partially) back into its individual starting com-
ponents.?3 A commonly used Diels-Alder reaction for the formation of
CANSs is the reaction between furan and maleimide, which is the focus
of the current study.®¥ One of the reasons for this is that furan deriva-
tives can be easily accessed from biobased sources.3>36 In addition, the
switching temperature for this reversible reaction is in a practical window
(see below), that allows debonding to happen at elevated temperatures at
which irreversible polymer decomposition is not yet an issue.

Furan and maleimide can undergo a Diels-Alder reaction with the furan
acting as the diene and the maleimide as the dienophile. Upon reacting,
either the kinetic endo adduct or the thermodynamically favoured exo
adduct are formed, as shown in Scheme 2.1.37 This is an equilibrium
reaction, which at low temperatures (<100 °C) favours the formation of the
Diels-Alder adduct and at high temperatures (>120 °C) favours the reverse
Diels-Alder reaction yielding furan and maleimide back again. It should
be noted that maleimide tends to self-polymerise at higher temperatures
(above 150 °C), thus creating irreversible linkages. 3839

o) Rq
Iow T ‘\\
N—R; ) N R, +
h|gh il
)

endo adduct exo- adduct
[Adduct] _ ke

" [Furan][Maleimide] Kt

Scheme 2.1: The Diels-Alder reaction between furan and maleimide.

In order to make Diels-Alder CANs attractive stand-alone alternative
materials or components of conventional thermosetting polymer networks,
research must be performed to tune the material properties of these dy-
namic materials. Such tuning allows for optimisation towards specific
(industrial) applications. Studies have already considered the effects of,
e.g., linker length,*042 crosslinking branching,*3 stoichiometry!** and
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the crosslinking density*) of furan-maleimide networks on the properties
of the network. However, studies into the electronic effect of electron-
donating or withdrawing ring substituents on aromatic dienes and/or
dienophiles in a Diels-Alder reaction have mostly been limited to small-
molecule studies.*6-79 These studies were able to successfully construct
Hammett plots with linear trends for both the reaction equilibrial®? and
kinetics, 61 although for the kinetics o had to be switched to o .61 Trans-
lating this to a crosslinked network prepared using Diels-Alder reactions
implies that (at a fixed temperature) the extent of crosslinking, and thus
also the crosslinking density, would be influenced by the substituent. The
progression of the reaction would be dependent on, among other factors,
the temperature and the o value of the substituent. The ability to tune
material properties using substituents would be interesting since there is
a wide spread of substituents and corresponding o values, thus potentially
allowing for fine-tuned control over the material properties. It has al-
ready been shown that substituents with varying electronic properties can
have an effect on the thermodynamics and even the material properties
for other CANSs, such as those based on imines(%2 or thiol-ynes.!!

The aim of this study is to investigate the influence of substituents on
the material properties of furan-maleimide networks. Here we focused on
the use of bismaleimides with different electronic groups. To do this, we
chose to adapt the network studied by Adzima et al. as our first choice for
it is a well-studied and well-behaved system with easily synthesised build-
ing blocks (Figure 2.1).193] In their original work, Adzima et al. studied
a network consisting of a trifunctional furan linker and 1,1’-(methylenedi-
4,1-phenylene)bismaleimide, with its -CHa— group between the two phenyl
rings. In this study we will expand the variety of bismaleimide linkers by
preparing different maleimide linkers with a varying X group between the
two phenyl rings, where X is CHy, CO, O, S and later also SO, as de-
picted in Figure 2.1. The networks made with these new bismaleimide
linkers will be tested and compared based on their difference in substitu-
tion. Our expectation is to find a dependency of the crosslinking degree
and the (dissociative) exchange rate in the networks on the o value of the
substituent.
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Figure 2.1: The two building blocks of the furan-maleimide network consisting
of a bismaleimide and a tri-functional furan linker prepared from pentaerythritol
propozylalate triacrylate and furfuryl mercaptan. X = CHyp in the original work.
The figure was adapted with permission from Adzima et al. (2008). Copyright
2008 American Chemical Society.[0%]

2.3 Results & Discussion

In order to study the effect of electronic groups in furan-maleimide net-
works a set of linkers with different electronic groups within one of the two
monomers had to be synthesised. There were two possible approaches for
this study: variations on the furan part of the network or on the maleimide
part. Here we chose to look at variations in maleimide linkers, since they
can be readily synthesised from commercially available precursors with a
good variety of electronic groups, which was lacking for furan. A group of
five maleimide linkers, prepared from 4,4-diaminophenyl precursors, with
a good spread of electronic groups was selected: bMCH2, bMCO, bMO,
bMS and bMSO3 (1-5, Figure 2.2), named after the bismaleimide and
the electronic group in its middle. The proposed linkers were synthesised
by refluxing the corresponding 4,4-diaminophenyl precursor with maleic
anhydride in acetic acid overnight, followed by purification via extraction
and precipitation in cold water with a yield around 50-70%, as described
in the appendix (section 2.1.1). bMICHgz was commercially available; the
'H NMR spectra of the other four linkers are displayed in Figure 2.2.
Further characterisation is available in the appendix.
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Figure 2.2: Stacked 'H-NMR plots of the synthesised linkers (top to bottom):
bMSO,, bBMCO, bMS and bMO in CDCly (400 MHz, 25 °C).

To assess the (electronic) effects of a variable linker in the bridging
group of the bismaleimide on the Diels-Alder equilibrium, an NMR study
was performed. Each of the linkers was reacted with a two fold excess of
furan relative to maleimide groups at 100 °C (in DMSO-dg) in an NMR
tube after which the reaction was followed over time until equilibrium had
been reached. From the NMR data the K values were calculated and
plotted against the o, of the electronic group of the bismaleimide linkers,
as shown in Figure 2.3. It can be seen that there seems to be a difference
in the K value for the o, values of the electronic groups in the linkers.
Despite some experimental error in the data, these measurements suggest
that different electronic groups influence the reaction between furan and
maleimide, in line with literature reports.[®®) The bMSO5 linker was not
included in these preliminary experiments, for it was only added to the
series in a later stage to increase the scope and go from four different
linkers to five linkers. It should be noted that attempts to determine also
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the value for the forward rate constant kg, failed due to impracticalities
with prolonged measurements at high temperature within our available
setup.

SO 7 O

100 (
X = CH,, CO, 0, S, SO,

L] B
0.8 4

0.7 4

In(K)

0.6 4

0.5 4

%

Figure 2.3: K wvalues obtained from small-molecule NMR study at 100 °C in
DMSO-dg for the bMCHg, bMCO, bMO andbMS linkers reacting with furan.
Furan was added in excess.

To gain some more insight into the effect of electronic groups on the re-
action between furan and maleimide, a B3LYP/6-311+4g(d,p) DFT study
was performed on the reaction of one furan molecule undergoing a Diels-
Alder reaction with one side of a bismaleimide linker.®”) Solvent inter-
actions were not taken into consideration for the calculations. A wide
variety of bismaleimide linkers was chosen to get a more complete idea of
the correlation between the reaction formation energy and the electronic
groups. As can be seen in Figure 2.4, the DFT calculations paint a com-
plex relationship between the electronic groups and the formation energy.
Important to note is that there are differences based on the electronics.
When o}, is in a range from ca. —1 to 0 there seems to be a somewhat
stable plateau. Going to higher o, values gives an increase in the reaction
enthalpy (AH becomes less negative) for both the endo and exo product.
It is likely that these enthalpy values are also influenced by other factors,
possibly by sterics-induced differences in the orbital overlap.
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Figure 2.4: Reaction enthalpies for the endo (bottom left) and exo (bottom
right) adduct of the Diels-Alder reaction between furan and bismaleimides with
varying substituents (top), as calculated with basis set b3lyp/6-311+g(d,p).

As the preliminary NMR experiments and DFT calculations hinted to
an (possibly non-linear) Hammett effect on the Diels-Alder reaction be-
tween furan and (bis)maleimide, it was decided to continue to investigate
the dynamic bond in an actual polymer network. The work of Adzima et
al. was taken as a starting point, since it uses one of the same bismaleimide
linkers and an easy to synthesise 3-armed furan linker (6) using acrylates
and furfuryl mercaptan (Scheme 2.2).1%) Unfortunately, the exact same
3-armed triacrylate precursor for their furan linker was not commercially
available in Europe. However, pentaerythritol triacrylate with its slightly
shorter arms was available. For this reason, a switch was made to this new,
slightly shorter linker (details can be found in appendix section 2.1.2). As
it turned out, this slightly shorter trifunctional furan linker caused the
formed networks to be much stiffer than reported in the original work.
Thus an effort was made to include a linear furan linker as well, to re-
duce the crosslink density of the network. This linear furan linker (7) was
prepared by reacting furfuroyl chloride with 1,8-diamineoctane. The syn-
thesis is shown in Scheme 2.2 (details can be found in appendix section
2.1.3).

Following monomer synthesis, the corresponding networks were pre-
pared by dissolving the components (i.e., one of the five bismaleimide

monomers 1-5, the trifunctional furan 6, and the linear bis-furan 7) in
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DMF and casting the networks in plastic round sample tubes with a di-
ameter of 1 cm. The solvent was then evaporated in an oven at 70 °C.
The materials were thermally equilibrated at the selected temperatures
for measurements for at least two days. These networks were named the
FA3-alkyl networks.
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DCM \ H 7 o
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Scheme 2.2: Synthesis of the of the tri- and bifunctional furan linkers for the
FA 3-alkyl networks.

By dropcasting the FAS3-alkyl networks on KBr pellets the
temperature-dependent Diels-Alder equilibrium could be studied using
FTIR spectroscopy. By measuring (in triplicate) the dropcast materials at
different temperatures the equilibrium of the Diels-Alder reaction could be
studied. The conversion was determined by following the maleimide signal
at 690 cm™ as shown in Figure 2.5 before network formation and after
equilibrating the networks at selected temperatures. By determining the
equilibrium at different temperatures by normalising the maleimide signal
using measurements before crosslinking, we could make Van ‘t Hoff plots,
and thus obtain the reaction enthalpy (A, H°) and entropy (A;S°) for the
different materials. In Figure 2.5 the resulting the A, H° and A, S° for the
different materials are shown. As can be seen there is a clear correlation
between the Hammett parameter o, and the enthalpy and entropy, fitted
here with a linear correlation. Both the A, H° and A,S° become less nega-
tive with stronger electron-withdrawing groups, in line with expectations,
since electron withdrawing groups on the maleimide component lower the
LUMO of the dienophile and thus reduce the relevant HOMO-LUMO en-

ergy gap. [64]
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Figure 2.5: Representative IR spectra of the maleimide signal at 690 cm™ of a
FA 3-alkyl network before and after equilibration at different temperatures (top).
Calculated AH° and A,.S° for the different furan-maleimide networks based on
IR determined equilibria at 70, 80 and 90 °C through Van ‘t Hoff plots (bottom,).

Encouraged by these IR results, we set out to explore if the Hammett-
dependence in the Diels-Alder equilibrium could also be found in the ma-
terial properties of the corresponding Diels-Alder networks by studying
their rheological properties. However, rheology on the FA3-alkyl net-
works proved difficult. The materials were quite stiff, thus limiting the
strain that could be applied. This resulted in noisy and often irrepro-
ducible data. An example is shown in Figure 2.6, where duplicate re-
laxation curves of a bMS FA3-alkyl network at 100 °C are shown. This
meant that the rheological data from these networks was not usable for
analysis.
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Figure 2.6: Relaxation repeats of the bMS network at 100 °C with a strain =

0.02%.

To make the network more flexible, the linear furan linker (7) was
replaced by a PPG2000 variant (8), as can be seen in Scheme 2.3.

O 0

HzN{J\’ %}NHZ anhyct. THF

Scheme 2.3: Synthesis offumn—PPG linker for the FA3-PPG networks.

The rheological data obtained from the FA3-PPG networks, while
still containing quite some noise, was far more reproducible, as can be
seen in Figure 2.7. This was due to the materials being more flexible,
thus allowing for measurements at higher strains. However, the sample
preparation itself proved to be non-reproducible for these materials. Cast
samples would not always crosslink to form materials, which seemed to
be occurring at random. Various possible factors, such as impurities,
inhomogeneity, casting method and crosslinking protocol were tested and
ruled out. This placed some doubts on the reproducibility of the results
obtained from these materials and thus this approach was not continued.
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Figure 2.7: Relazation curves with repeats at 70 °C and 0.5% strain for networks
with PPG-furan linker 8 with 5% crosslinker (left) and 10% crosslinker (right).

Since the main recurring issue with measuring these types of networks
was that the materials were quite stiff, we redesigned our Diels-Alder net-
works, guided by published work on a furan-maleimide network with re-
ported rheology experiments: McReynolds et al. prepared networks using
the same general bismaleimide and crosslinking it with a four-armed furan
linker (9), based on Jeffamine ED-600 and furfuryl glycidyl ether.[8! The
synthesis is shown in Scheme 2.4 (details can be found in appendix sec-
tion 2.1.6). This network was named the FA4 network and was prepared
by dissolving the components in DMF and casting the material in molds,
taking a maleimide/furan ratio of 0.6. Higher maleimide/furan ratios re-
sulted in stiffer networks, and strongly reduced the effective thermal range
over which (rheological) experiments could be performed.

O

o
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T P
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48n
Scheme 2.4: Synthesis of the four-armed furan linker FA4 used for the FA4
networks.

The kinetics and equilibrium conditions of the FA4 network formation
were measured by dropcasting a small amount of material on a Teflon
sheet, quickly drying it under air flow and transferring it to an IR spec-
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trometer with a heating plate. The IR spectra were recorded every minute
for 70-110 °C with 10 °C intervals for the five different bismaleimide link-
ers. After analysing the data, it became apparent that reactions were
much faster than reported in literature, with equilibria generally being
reached in minutes instead of hours.[6%66] An attempt was made to con-
struct Arrhenius plots for the bismaleimide linkers, however the reaction
kinetics in particular at higher temperatures were too fast for accurate
determination of the forward reaction constant (data not shown).

In contrast to the unavailability of reliable kinetic data, using the IR data
to estimate the conversion at equilibrium and calculating the K value at
the specified temperatures did allow for Van ’t Hoff plots to be constructed
in order to determine the A, H° and A, S° for the FA4 networks (Figure
2.8). As the Van ‘t Hoff relationship also predicts, the data suggest a
linear increase in In(K) over 1/ T, allowing the determination of the A, H°
and A,S° for this reaction.
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Figure 2.8: Van't Hoff plots for the FA4 networks obtained from IR data.
Please note that the data point of 90 °C for the bMSOg network was discarded,
as it was classified as an outlier.

When plotting the A, H° and A, S° obtained from the Van 't Hoff plots
against the o, of the electronic groups in the linker series (Figure 2.9) we
can observe that there appear to be differences for the different electronic
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groups similar to what was observed in the previous FA 3-alkyl networks.
Increasing the o}, of the substituent seems to result in a higher A, H° and
A S°. A difference we see compared to previous results is that the bMSOq
network did not adhere to this perceived trend and instead is much lower
than expected and much lower than determined in the FA3-alkyl network.
More research should be performed to investigate the observed trends in
equilibrium or kinetics and how they relate to the material properties of
these networks.
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Figure 2.9: Obtained reaction enthalpies (left) and entropies (right) from Van’t
Hoff plots for the various substituents.

Intrigued by these differences in equilibrium conditions for the differ-
ence crosslinkers, the FA4 networks were also investigated using rheology,
to see if there would be an observable corresponding difference in their
relaxation behaviour. By measuring the relaxation time at different tem-
peratures, it was possible to construct an Arrhenius plot. This would allow
for the determination of an activation energy for the net observed Diels-
Alder reaction. The relaxation of the networks was measured at 70-110
°C with 10 °C intervals and 0.5% strain. The samples were equilibrated
in an oven at the desired temperature for 2 days before measuring. The
relaxation experiments were performed in a semi-random order, with the
higher temperatures being measured first and lower temperatures last (90,
100, 110, 80, 70 °C). Curves were at least measured in duplicate, more if
time allowed. This was done with the aim to reduce measurement error,
which relaxation experiments can be susceptible to the application of a
sudden strain. The averaged results can be seen in Figure 2.10. From
this data it can be observed that there is an overall trend for faster re-
laxation with increasing temperature. However, the lower temperatures
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seem to deviate from this trend. One possible explanation would be that
the materials experienced damage due to (partial) thermal degradation.
To test this, relaxation experiments were also performed at 105 °C. The
data obtained at this temperature is also deviant (mostly slower) from the
expected trend, thus hinting towards possible accumulated thermal dam-
age for some of the materials. This made the analysis of this data more,
if not too, complex.
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Figure 2.10: Relaxation experiments with 0.5% strain at different temperatures
for the five FA4 network variants.
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Despite these limitations, we cautiously prepared the corresponding
Arrhenius plots from the data (Figure 2.11). The general trend is
that we observe longer relaxation times with decreasing temperatures,
although the relaxation times at 70 °C seem to reach a plateau. This
might be related to accumulated thermal damage, but it might also be
related to the equilibrium of the Diels-Alder reaction having shifted fully
towards the adduct formation resulting in the formation of a plateau. No
Arrhenius plot could be constructed for the bMCHs network, since the
obtained data did not allow for any meaningful linear fit. Comparing
the estimated activation energies obtained from the slopes and plotting
these energies against the o, of the substituents does not result in an
obvious trend. There does seem to be a difference in the estimated
activation energy for the different networks, thus hinting towards there
being an influence due to the substituent in question. However, there
may be more factors influencing the relaxation behaviour, and thus the
estimated activation energies, of these furan-maleimide networks. This
makes it unlikely that the choice of electronic nature of the substituents
of these maleimide linkers can be used to predict and tune the material
behaviour solely based on the o,. While IR data showed a correlation
between the A, H° and A,S° of the crosslinking reaction and the o, of
the substituent, this did not seem to directly translate to a tunability in
material properties.

A possible alternative to this study would be to investigate the effect
of substituents on the furan ring for a more direct and likely profound
influence on the Diels-Alder reaction. However, this would also increase
the likelihood for non-linear relationships between k and o values due
to a stronger influence of resonance structures of the transition state on
the reaction rate. Using substituted furan rings is still possible, but this
approach might require corrections, such as switching to o™, due to the
formation of a local positive charge in the transition state.®] Another
possibility that should be considered is that there might be more than
one factor influencing the network, e.g., the sterics and bond angles of the
substituents in question. A SOy group is larger than a CHy group and
would thus likely also impose a different geometry on the linker. While
steric effects are considered negligible for small molecules in relation to
their electronics,l®”) it might be possible that the matrix in which the bis-
maleimide linkers are confined can influence the geometry of the linker.
This might then influence orbital overlap between the substituent in be-
tween the phenyl rings and -ene of the maleimide.
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Figure 2.11: Arrhenius plots and calculated activation energies from the re-
lazation data of the different network variants. The bMCHy network was not
included, for no activation energy could be calculated from its relaxation data.
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2.4 Conclusion

In this study several iterations of furan-maleimide networks were prepared
to study the possibility of tuning material properties of such networks
through the variation of electronic substituents in the maleimide linkers.
Networks using five different maleimide linkers were made and compared.
Van ’t Hoff plots made using IR data recorded at different temperatures
hinted towards a relationship between the o, of the substituents and the
reaction enthalpy and entropy of the Diels-Alder reaction. However, acti-
vation energies estimated from rheological relaxation studies did not show
a clear dependence on op, suggesting other effects contributing signifi-
cantly to the overall macroscopic stress relaxation. More research is thus
required to further study the complex relation between substituents and
material properties in furan-maleimide networks. A possibility would be
to shift to substituted furans instead of substituted maleimides for more
direct influence on the thermodynamics of the equilibrium reaction.
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2.5 Appendix

An overview of the methodology is given below, while full details can be
accessed from: https://doi.org/10.18174/661586

2.5.1 General synthesis of bismaleimide linkers (1-5)

o o o x

X v o /@/ \O\ o

/O/ \©\ — C | |

TR /
o o

overnight

Scheme S1: General synthesis of bismaleimide linkers.

Maleic acid (1.5 g, 15.1 mmol) and 3.8 mmol bismaleimide precursor
(see Table S1) were dissolved in 25 ml glacial acetic acid. This solution
was then refluxed for 12 hours at 125 °C while stirring. The solution was
subsequently cooled to room temperature and neutralised by addition of
a saturated sodium carbonate solution (/150-200 ml). The solution was
then extracted with 5 x 50 ml ethyl acetate. The organic fractions were
collected and washed with 5 x 50 ml of 1 M HCI. Afterwards the solvent
was removed by rotary evaporation and the solids were dissolved in 60 ml
acetone followed by a precipitation by addition of 100 ml ice cold water.
The flask was then put in an ice bath for 30 min. Afterwards the solution
was filtered and the precipitate was washed with ice cold water (/=200 ml).
The solids were collected and dried overnight.
bMCO: 'H NMR (400 MHz, CDCl3) 6 7.94 (d, J = 8.7 Hz, 4H), 7.57 (d,
J = 8.7 Hz, 4H), 6.92 (s, 4H).
13C NMR (101 MHz, CDCl3) & 194.44, 168.96, 136.17, 135.13, 134.46,
130.89, 125.27, 77.33, 77.01, 76.70.
bMO: '"H NMR (400 MHz, CDCl3) 6 7.33 (d, J = 8.9 Hz, 4H), 7.13 (d, J
= 8.9 Hz, 4H), 6.87 (s, 4H).
13C NMR (101 MHz, CDCl3) § 169.54, 156.30, 134.24, 127.75, 126.56,
119.54, 77.33, 77.02, 76.70.
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bMS: 'H NMR (400 MHz, CDCl3) § 7.46 (d, J = 8.6 Hz, 4H), 7.33 (d, J
= 8.7 Hz, 4H), 6.87 (s, 4H).

13C NMR (101 MHz, CDCl3) § 169.25, 135.18, 134.31, 131.69, 130.37,
126.61, 77.33, 77.01, 76.69.

bMSO2: 'H NMR (400 MHz, CDCl3) ¢ 8.06 (d, J = 8.8 Hz, 4H), 7.63
(d, J = 8.8 Hz, 4H), 6.90 (s, 4H).

13C NMR (101 MHz, CDCl3) 6 168.57, 139.88, 135.97, 134.51, 128.76,
125.78, 77.32, 77.01, 76.69.

Table S1: Amounts and yields of bismaleimide linkers.

g/mol | g
Bismaleimide precursor Name Product | g/mol precursor Yield (%)
product | product
4,4’-Diaminobenzophenone bMCO 212.25 372.34 1.0 69
4,4’-Oxydianiline bMO 200.24 360.33 1.1 71
4,4’-Diaminodiphenyl sulfide | bMS 216.30 376.39 | 0.9 65
4-Aminophenyl sulfone bMSO, 248.30 408.38 | 0.8 52

Table S2: Dart-MS found m/z values for the synthesised bismaleimide linkers.

Name Product | Adduct m/z

bMCO [M-+H]* 373.0821
bMO [M+NH,]" | 378.1084
bMS [M+NH,4|™ | 394.0856
bMSO, [M-+NH, | | 426.0755

2.5.2 Synthesis of Pentaerythritol Tris(3-(furfurylthiol)-propionate)
[PTF] (6) Adapted from Adzima et al. (2008)

o?
(0]
o "0 O TEA
—>
o) 0)1\/ 40 °C /C
A( 24 h o "0 O
o) OH @vs 5 oJ\/\s 0
| Y,
O OH
Scheme S2: Synthesis of Pentaerythritol Tris(3-(furfurylthiol)-propionate).

4.9 ml (19 mmol) pentaerythritol triacrylate was mixed with 6.4 ml
(63 mmol) furfuryl mercaptan and 0.44 ml (3.15 mmol) triethylamine.
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The reaction mixture was heated at 40 °C for 24 hours while stirring.
After the reaction has completed, the remaining furfuryl mercaptan and
triethylamine were removed under vacuum at 50 °C and finally under
nitrogen flow in the fume hood. A viscous oil was obtained (10.9 g, 89.7%).

'H NMR (400 MHz, CDCl3) 6 7.32 — 7.25 (m, 3H), 6.24 (dt, J = 3.3,
1.6 Hz, 3H), 6.13 (d, J = 3.2 Hz, 3H), 4.13 — 4.01 (m, 5H), 3.97 (s, 2H),
3.66 (d, J = 2.6 Hz, 6H), 2.68 (td, J = 7.3, 1.6 Hz, 6H), 2.54 — 2.45
(m, 6H). ¥C NMR (101 MHz, CDCl3) § 171.80, 171.52, 171.30, 151.37,
142.36, 110.60, 110.58, 107.77, 77.48, 77.16, 76.84, 63.98, 62.36, 62.30,
42.07, 34.36, 28.41, 28.39, 26.62.

2.5.3 Synthesis of N,N’-(Octane-1,8-diyl)bis(furan-2-
carboxamide) (7) Adapted from Mayo and Adronov
(2013)12

All glassware used was dried in an oven at 120 °C before use.

[ )<
cl
" DMAP 0 TN
NN T O
HoN 2 TEA o) "
DCM I H 4
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Scheme S3: Synthesis of N,N’-(Octane-1,8-diyl)bis(furan-2-carbozamide).

10.0 g (69.3 mmol) 1,8-octanediamine, 19.6 ml (141 mmol) triethy-
lamine and 0.17 g (1.35 mmol) DMAP were dissolved in 200 ml anhydrous
DCM under argon. This solution was cooled in an ice bath. A stock so-
lution of 2-furoyl chloride was prepared by dissolving 14.4 ml (146 mmol)
2-furyol chloride in 50 ml anhydrous DCM under argon. The 2-furyol
chloride solution was then added to the cooled 1,8-octadiamine solution
via dropwise addition. After complete addition the reaction mixture was
allowed to stir at room temperature for 1 hour after which the solvent was
evaporated via rotary evaporation. The obtained solid was washed with
~2 L of water via vacuum filtration. The solid was then dried overnight
in a vacuum oven at 50 °C. A white powder was obtained (14.5 g, 65%).
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IH NMR (400 MHz, DMSO) § 8.30 (t, J = 5.8 Hz, 2H), 7.80 (d, J =
1.7 Hz, 2H), 7.06 (d, J = 3.3 Hz, 2H), 6.60 (dd, J = 3.5, 1.7 Hz, 2H), 3.18
(q, J = 6.7 Hz, 4H), 1.49 (t, 4H), 1.27 (s, 8H).
13C NMR (101 MHz, DMSO) § 158.09, 148.61, 145.17, 113.40, 112.18,
40.68, 40.63, 40.47, 40.42, 40.26, 40.21, 40.06, 40.00, 39.80, 39.59, 39.38,
38.87, 29.63, 29.18, 26.86.

2.5.4 Synthesis of PPG-bis-furan (8)

All glassware used was dried in an oven at 120 °C before use.

)

0
()X 0 Q
A J 0 QVC’}\)\ O
Avo% ok N @ |
HoN > NHz anhydr. THF
0°C

Scheme S4: Synthesis of PPG-bis-furan.

20.0 ml (10.0 mmol) poly(propylene glycol) bis(2-aminopropyl ether)
Mn 2000 Da and 4.18 ml (30 mmol) triethylamine were dissolved in 50
ml anhydrous THF. This solution was then purged for 30 min with Ny in
an ice bath. After purging a N» filled balloon was added. The reaction
mixture was cooled with an ice bath to 0 °C 6.0 ml (60.7 mmol) 2-furfuroyl
chloride was dissolved in 2 ml anhydrous THF and added dropwise to
the reaction mixture under stirring. After complete addition the reaction
was allowed to stir for 1 hour at room temperature. The solvent was
evaporated and the solid was redissolved in 30 ml HoO:MeOH 1:1 and
divided over 3 dialysis tubes. This was then dialysed (1 kDA cut-off)
against HoO:MeOH 1:1 for 2 days (medium was refreshed 3 times per
day). Next the solvent was evaporated and the product was dried in a 70
°C oven till the weight stabilised, resulting in a brown/yellowish oil (16.4
g, 77.7% yield).

'H NMR (400 MHz, MeOD) 6 7.68 (d, J = 1.9 Hz, 2H), 7.13 (t, J =
2.8 Hz, 2H), 6.60 (dd, J = 3.5, 1.8 Hz, 2H), 4.25 (dd, J = 6.7, 2.9 Hz, 2H),
3.93 - 3.70 (m, 3H), 3.70 — 3.36 (m, 102H), 1.26 (dd, J = 6.8, 4.0 Hz, 7TH),
1.15 (dt, J = 5.9, 2.9 Hz, 99H).
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13C NMR (101 MHz, MeOD) § 158.73, 158.67, 147.82, 144.78, 113.85,
113.81, 111.72, 111.68, 75.42, 75.37, 75.32, 75.29, 75.20, 75.16, 75.11,
75.09, 75.04, 75.01, 74.98, 74.95, 73.08, 73.04, 72.98, 72.80, 72.78, 72.72,
72.70, 71.66, 71.59, 71.57, 48.42, 48.21, 48.00, 47.79, 47.57, 47.36, 47.15,
45.29, 45.15, 17.59, 17.42, 17.36, 17.32, 17.22, 16.59, 16.57, 16.52, 16.47,
16.45, 16.42, 16.39, 16.31, 16.26, 16.23.

2.5.5 Synthesis of furfuryl glycidyl ether (adapted from Ye
et al.)®

o Cl
[ o)
TBAB f
NaOH
O OH R O O

0°C—rt
24 h

Scheme S5: Synthesis of furfuryl glycidyl ether.

15 g NaOH was dissolved in 22.5 ml DI water in a 250 ml round bot-
tom flask. The flask was then cooled to 0 °C in an ice bath. 150 mg (0.465
mmol) TBAB was added to the reaction mixture. After the TBAB had
fully dissolved, 90 g (0.98 mmol) epichlorohydrin was added. Then 15 g
(0.15 mmol) furfuryl alcohol was added to the mixture in a dropwise man-
ner. The reaction was stirred on ice for another four hours, after which
the reaction was continued at room temperature for another 20 hours.
Ater the reaction was completed, the mixture was extracted using 2x 100
ml diethyl ether and 1 x 100 ml ethyl acetate. The organic layers were
collected and washed with 3 x 100 ml DI water and 2 x 100 ml brine.
After washing the organic layer was dried with MgSQO,4. The solvent was
removed and the remaining epichlorohydrin was evaporated using a rotor-
vap at 50 °C and 33 mbar for 5 hours. The last remaining epichlorohydrin
was removed using a silica plug run with 50/50 ethyl acetate/petroleum
ether 40/60. This resulted in a yellow oil. The yield was 16.7 g (72.2%).

IH NMR (400 MHz, CDCl3) § 7.41 (s, 1H), 6.35 (d, J = 1.5 Hz, 2H),
4.59 — 4.46 (m, 2H), 3.76 (dd, J = 11.5, 3.1 Hz, 1H), 3.44 (dd, J = 11.5,
5.8 Hz, 1H), 3.16 (ddt, J = 5.9, 4.0, 2.9 Hz, 1H), 2.79 (dd, J = 5.0, 4.1
Hz, 1H), 2.61 (dd, J = 5.0, 2.7 Hz, 1H).
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2.5.6 Synthesis of four-armed furan linker FA4 (9) (as re-
ported by McReynolds et al.)(

(]

v
o o E;)_/ HO o o OH
HZN/L$/ %o/\)ﬁ J\}ZNHZ : OJAN/R\O/H %o% Fﬁjél/\[o

80°C
S o o o~
== =y
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Scheme S6: Synthesis of furan linker FA4.

10.0 g (16.7 mmol) of Jeffamine ED-600 and 10.28 g (66.7 mmol) of
furfuryl glycidyl ether were mixed in a round bottom flask and stirred at
80 °C for 48 h. The reaction mixture went from a deep yellow to a dark
brown oil. Conversion was quantitative as determined by NMR.

'H NMR (400 MHz, CDCl3) § 7.40 (d, J = 1.8 Hz, 2H), 6.37 — 6.29
(m, 3H), 4.56 — 4.46 (m, 3H), 3.85 — 3.75 (m, 1H), 3.74 (ddd, J = 14.0,
6.9, 3.0 Hz, 1H), 3.67 — 3.53 (m, 15H), 3.56 — 3.44 (m, 2H), 3.48 — 3.35
(m, 2H), 3.39 — 3.22 (m, 1H), 3.14 — 2.98 (m, 1H), 2.83 — 2.35 (m, 3H),
1.12 (td, J = 5.9, 2.8 Hz, 2H), 1.06 — 0.93 (m, 1H), 0.92 — 0.83 (m, 2H).
13C NMR (101 MHz, CDCl3) § 151.85, 151.81, 151.79, 151.75, 151.73,
151.37, 142.93, 142.76, 142.75, 142.72, 110.29, 110.26, 110.24, 109.58,
109.37, 109.35, 109.31, 77.41, 77.29, 77.09, 76.77, 75.45, 75.32, 75.09,
74.96, 74.89, 74.66, T4.57, 74.40, 74.27, 73.50, 73.00, 72.56, 72.44, 72.34,
72.30, 72.25, 72.23, 72.20, 72.03, 72.00, 71.46, 71.28, 71.10, 70.70, 70.57,
70.53, 70.50, 70.47, 70.41, 70.34, 70.20, 70.10, 70.02, 69.96, 68.88, 68.79,
68.77, 68.16, 68.12, 67.18, 67.08, 66.95, 65.29, 65.19, 65.17, 65.05, 58.14,
57.80, 57.34, 57.31, 56.89, 56.19, 56.15, 55.81, 54.66, 54.59, 54.51, 53.79,
53.56, 53.49, 53.30, 53.23, 53.11, 52.98, 52.92, 52.76, 50.72, 44.30, 17.12,
17.05, 17.01, 16.96, 16.92, 16.85, 16.80, 16.66, 13.30, 13.14, 13.10, 10.94,
10.81, 9.68, 9.65, 9.61.

2.5.7 Preparation of FA3-alkyl/PPG networks

Materials were prepared by dissolving the bismaleimide, N,N’-(Octane-
1,8-diyl)bis(furan-2-carboxamide) or PPG-bis-furan and Pentaerythritol
Tris(3-(furfurylthiol)-propionate) in DCM:methanol 95:5 in a 1:1 molar
equivalence of the reactive groups. The solution was then mixed and
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evaporated. The resulting solid was powderised and pressed into shape
with a circular 10 mm die and pressed for 20 seconds at 120 °C and 1 ton.
The sample was then heated at 70 °C for at least 2 days.

2.5.8 Network deposition on KBr pellets (FA3-alkyl)

Stock solution of the different networks were prepared by dissolving
low amounts of the (0.019 mmol) bMX linker, (0.0057 mmol) N,N’-
(Octane-1,8-diyl)bis(furan-2-carboxamide) and (0.0089 mmol) Pentaery-
thritol Tris(3-(furfurylthiol)-propionate) in 0.1 ml DCM. After mixing 3
drops were deposited on a KBr pellet (400 mg) and dried in the fume
hood at room temperature. After evaporation the samples were measured
to obtain the starting intensity. The samples were then stored for at least
3 days each at 70, 80, 90 and 100 °C in a dry oven. All samples were pre-
pared in triplicate. The IR absorbance was measured for each temperature
and compared to the starting intensity. The maleimide peak at 690 cm™
was integrated using an end point weighted baseline fit and compared for
all samples.

The samples with bM SO were dissolved in 0.4 ml DCM due to solubility
issues.

The samples with bMCO were dissolved in 0.6 ml DCM + 0.1 ml THF
4+ 0.1 ml ACN due to solubility issues. The solution was extensively son-
icated and vortexed before use.

2.5.9 Preparation of FA4 networks

352.8 mg (0.290 mmol) FA4 and (0.348 mmol) bMX linker were separately
dissolved in 1 ml DMF. The molar ratio used was 0.6 maleimide/furan
functional group. Both stock solutions were mixed and vortexed for 10
seconds. This solution was then cast in a plastic sample tube with a
diameter of 1.5 cm. After drying in the oven at 70 °C a film was obtained.
This film was then trimmed to a circle with a diameter of 1 cm for rheology.

2.5.10 FA4 network IR measurements

17.64 mg (0.0145 mmol) FA4 and 0.0174 mmol bMX linker were dissolved
in 1 ml DCM. The solution was vortexed for 10 seconds. 1-2 drops of stock
solution were deposited on a Teflon sheet. After evaporation of the solvent
under air flow, the sample was transferred to the crystal of an ATR-IR
that was already equilibrated to the set temperature. The sample was
then measured every minute (16 scans, 4 cm™ resolution).
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3.1 Abstract

Boronic esters prepared by condensation of boronic acids and diols have
been widely used as dynamic covalent bonds in the synthesis of both
discrete assemblies and polymer networks. In this study we investigate
the potential of a new dynamic-covalent motif, derived from TetraAza-
ADamantanes (TAADs), with their adamantane-like triol structure, in
boronic ester-based covalent adaptable networks (CANs). The TAAD-
boronic ester linkage has recently been reported as a more hydrolytically
stable boronic ester variant, while still having a dynamic pH response:
small-molecule studies found little exchange at neutral pH, while fast ex-
change occurred at pH 3.8. In this work, bi- and trifunctional TAAD link-
ers were synthesised and crosslinked with boronic acids to form rubber-like
materials, with a Young’s modulus of 1.75 MPa. The dynamic nature of
the TAAD networks was confirmed by stress relaxation experiments, re-
vealing Arrhenius-like behaviour, with a corresponding activation energy
of 142 + 10 kJ mol !. Increasing the crosslinking density of the material
from 10% to 33% resulted in reduced relaxation times, as is consistent with
a higher degree of crosslinking within the dynamic networks. In contrast to
the reported accelerating effect of acid addition to small-molecule TAAD
complexes, within the polymer network the addition of acid increased re-
laxation times. This suggests unanticipated interactions between the acid
and the polymer that cannot occur in the corresponding small-molecules
analogues. The obtained boronate-TAAD materials were thermally stable
up to 150 °C. This thermal stability, in combination with the intrinsically
dynamic bonds inside the polymer network, allowed these materials to be
reprocessed and healed after damage by hot-pressing.
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3.2 Introduction

The poor recyclability of most modern plastics, in particular of thermoset
materials, has created a focus on making more sustainable and better
recyclable materials. This recyclability issue can be tackled by incorpo-
rating dynamic covalent bonds™!) inside crosslinked polymer materials to
create so-called covalent adaptable networks (CANS),[Q"E’] While dynamic-
covalent bonds have proven very successful in the creation of dynamic
combinatorial libraries, /%7 discrete cage(-like) assemblies,'® or covalent
organic frameworks, their use in polymer networks has only more re-
cently been acknowledged.!'?) Instead, polymer chemists previously fo-
cussed primarily on reversible, non-covalent interactions (notably hydro-
gen bonds).[ll] However, by utilising dynamic covalent bonds, a more
robust network can be created with crosslinks that can be made to ex-
change under specific conditions (e.g. by application of heat or light),
thus allowing for reprocessing and recycling. The dynamicity of the in-
troduced reversible crosslinks also means that the polymer material can
undergo self-healing, which can extend the lifetime of the material.[1214]
Crucially, the use of dynamic bonds that are covalent in nature means
that while these CANs can be recycled and/or demonstrate self-healing
behaviour, at their operating temperature they still form a robust network
—as a direct consequence of these covalent crosslinks— that impart mechan-
ical strength to the material. Over the last few decades various dynamic
bonds have been explored for use in CANSs; these include the Diels-Alder
reaction,>19 imines,1 718l esters!!92%) and vinylogous urethanes.l?!] Also,
boronic esters?223 have received an increasing amount of interest, due
to their dynamic reversible condensation reaction with diols and general
biocompatibility.[2426] Coupled with the affinity of boronic acids towards
catechols?”l and sugarsi2®29 this has led to various applications to in-
clude boronic acids in medical applications, such as drugsP% and medi-
cal gels,?133] and biodegradable materials.[®*35 Boronic esters have also
been used to form dynamic assemblies such as micelles®37] or cage struc-
tures.®®39 Even a dynamically self-assembled nanoscale boronate ester
ladder has been reported.40l

Typically, bidentate boronic acid linkages are used via reactions with
diols or poly-ols, which usually result in the formation of soft (hy-
dro)gels.[41’44] However an interesting moiety*®) was found to be able
to consistently give rigid tridentate complexes of boronic acids, due
to its well defined adamantane-like structure and conformation. This
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triol was named TetraAzaADamantane (TAAD) and is shown in Fig-
ure 3.1. TAAD can be obtained from the precursor tris-oxime named
TRISOXH;3, 40 which is prepared in a one-pot synthesis, after which
an acid is used to catalyse the conversion into the final adamantane-like
conformation (see Figure 3.1).

. ) 0
Diol B ol
+H,0 /LM,L

TetraAzaADamantane NG N
e |
HO\B/OH E
/N\OH
& NH,OH HCI N
NH3 AcOH
)J\/CI H/ T%
H (o] MeOH N N
H,0 | OH I
OH OH
TRISOXH; TetraAzaADamantane

Figure 3.1: Comparison between (conventional) bidentate complexation of a
boronic acid with a diol, and novel tridentate complexation by Tetraazaadaman-
tane. Below, the synthesis pathway of tris-oxime TRISOXHs and subsequent
conversion into Tetraazaadamantane as reported./+°/

This TAAD moiety was then further investigated.[*647 It was found
that the tridentate boronate complexation was stable at neutral to high
pH with little dynamic exchange. However, around pH 3-4 dynamic
exchange of the boronate groups was triggered, while at even lower pH
complete disassembly of the boronate linkages was observed.[4¢l Coupled
with a quick and simple synthesis, and the more rigid multicyclic TAAD
structure, we envisioned that this dynamic response makes the TAAD
moiety an interesting candidate for use in CANs to create novel boronic
acid-based materials.

Page 68 of 157



Covalent Adaptable Networks using Boronate Linkages by
Chapter 3 incorporating Tetraazaadamantanes

In this chapter, we investigate the potential of the TAAD moiety in
dynamic CANs. To this end, bifunctional boronic acid linkers and bi-
and trifunctional TAAD linkers were designed and synthesised, as shown
in Scheme 3.1. These linkers were then reacted to form a crosslinked
dynamic network. We found that the TAAD moieties can be successfully
used for the formation of CANs. By using a small molecule network ap-
proach soft, rubber-like materials were prepared that were suitable for
thermal reprocessing without the need for additional solvent and that
could undergo stress relaxation.

1) 2-BrAcBr, pyridine  Ho

DCMO0°C,15h
2) TRISOXH; o

N
HOHOL > 1) Br
on DMFB5°C4h _ ‘N)N%
Ho N NJ&ONO\H/\N/%N\OH
S0
B e %N\OH

“oH

~

Bis-TAAD

_OH

< N\QH
] %% “OH
Br No\ N

1) 2-BrAcBr, pyridine
DCM0°C, 15h o J;
i 2) TRISOXH;

€]
B 0 Np Br
wo_J_on DMFE5°C4h mN o Ao~/
Ho’%ﬁh‘g?%/jl/ T)I/%Z‘N%HA A
N N\OH
HO'

Tris-TAAD

Ho.__OH 1) MeOH, 5 days rt
2) NaBH4 MeOH

o, A\/O%)\
doml,, - O YR
HaN NH; HO, _OH
n 8 8
n OH

PBA-PPG-PBA

Scheme 3.1: Synthesis and structure of the phenylboronic acid and TAAD link-
ers used in the boronate network (top), and synthesis of the TAAD-based polymer
networks (bottom). For clarity, the counter anions have been omitted in the bot-
tom figure.
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3.3 Results and Discussion

To incorporate TetraAzaADamantane (TAAD) groups in a boronate
ester network, different linker molecules were synthesised. Both a linear
bifunctional boronic acid and TAAD linker were prepared, as well as a
trifunctional TAAD linker to enable crosslinking. For the linear boronic
acid crosslinker it was chosen to react bis-amine terminated PPG2000
with 4-formylphenylboronic acid and subsequently reducing the formed
imine bond.*8l For the bi- and trifunctional TAAD linkers bis-TAAD
and tris-TAAD, ethylene glycol and glycerol, respectively, were reacted
with bromoacetyl bromide. After a short work up, TRISOXHj3 was
attached via nitrogen quaternisation and converted to the desired TAAD-
containing building blocks (see the link to the online Supplementary
Material at the end of the chapter for full details of the synthetic
procedures and characterisation).

To show the reversibility and exchange of the boronate-TAAD
bond a small series of exchange studies was performed using differently
substituted boronic acids, expanding on the existing exchange experiment
involving only 4-bromophenyl-boronic acid.*6) A model TAAD molecule
coupled to a phenylboronic acid, resembling the boronate-TAAD linkages
used in the materials, was synthesised and exchanged with three different
para-substituted phenylboronic acids (see Supplementary Material).
This exchange was followed using 'H-NMR, where the disappearance
of the starting boronate-TAAD and the appearance of the exchanged
product were correlated in time. All showed slow exchange over the
course of 3 days, resulting in only 20% conversion. Subsequently, the pH
was adjusted to 3.8 to enter the dynamic pH regime and the exchange
reaction was followed for 5 hours. All three substituted phenylboronic
acids showed an increase in exchange rate as expected (Supplementary
Figures S35-38), reaching 40-60% conversion after only 5 hours. This
shows that the boronate-TAAD linkages that are to be incorporated in
the network can undergo exchange reactions.

Next, polymer materials were prepared by dissolving the bis-TAAD,
tris-TAAD, and PBA-PPG-PBA in separate methanol stock solu-
tions. These stock solutions were then combined using a stoichiometry
TAAD : boronic acid of 1:1, and initially with 10% of the crosslinker
tris-TAAD. The resulting mixture was vortexed, then cast in a silicone
mould and left to dry in the fume hood for 2 days. Using this method,
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a soft rubber-like material was obtained that was slightly yellowish in
colour. Initial characterisation by thermal gravimetric analysis (TGA,
Supplementary Figure S65) showed that the material was thermally
stable up to 153 °C with only 5% weight loss. This thermal stability
suggests that (re)processing of the material at elevated temperatures (e.g.,
by hot-pressing) can be explored up to temperatures of approximately
150 °C. Below, we will further discuss the thermal (re)processing by
hot-pressing.

The obtained polymer was then further characterised by rheometry.
A frequency sweep of the material, as shown in Figure 3.2A, yielded a
storage modulus (G’) and loss modulus (G”) between 0.1 and 1 MPa over
the frequency domain of 0.01 to 100 rad/s. Extensional DMA showed
that the material had a Young’s modulus of 1.75 MPa, corresponding
to a soft rubber. The temperature sweep from 4 °C to 170 °C (Figure
3.2B) of the formed network showed a typical rubbery plateau at
a Gp of 1 MPa between 70 and 125 °C suggesting an entangled or
crosslinked network, after which the material started to flow. The glassy
state was not observed, but could likely be observed at lower temperatures.

A defining feature of CANs is their ability to undergo stress relax-
ation by dynamic bond exchange. The time for the material to relax
imposed stress generally shortens with an increase in temperature, since
the dynamic bond exchange becomes faster. This allows faster network
rearrangement and thus faster stress relaxation. The Arrhenius equation
can be applied to the dependence of the relaxation time (7) with temper-
ature), which will yield the activation energy E, of relaxation process due
to bond exchange. To this end, the relaxation behaviour of the boronate-
TAAD network was investigated in the temperature range of 90 to 130
°C. The observed relaxation time 7 decreased from 2478 seconds at 90 °C
to 18 seconds at 130 °C, as can be seen in Figure 3.2C. From the corre-
sponding Arrhenius plot (Figure 3.2D) for the boronate-TAAD exchange
reaction an activation energy of 142 4 10 kJ mol ! could be determined,
which is high compared to previously reported materials based on boronic
esters®¥52 and more in the upper range of diethanolamine esters.[22:52]
However, it is important to note that most reported boronic ester mate-
rials were prepared as a (hydro)gel, which can influence the determined
activation energy. Remarkably, in contrast to the pH range of 3-4 nec-
essary for dynamic exchange in the reactions,*6! this dynamic network
manifested (stress) relaxation already at neutral pH.
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Figure 3.2: (A) Frequency sweep at 0.5% strain, 25 °C. (B) Temperature sweep
at 0.5% strain, 6.28 rad/s. (C) Relazation series at 0.5% strain, 90-130 °C. (D)
Arrhenius plot obtained from the relaxation data. All data were obtained from
the 10% crosslinked material.

Having established that a TAAD-based CAN could be prepared
with a 10% crosslinker content, the effect of the crosslink density on
the CAN’s material properties was investigated. Additional CANs with
20% and 33% crosslinks were prepared and compared. Frequency sweeps
(Supplementary Figure S41, S42) did not show a significant change
to the moduli as G’ and G” of the different materials were in the range
of 0.1 to 1 MPa. Temperature sweeps (Supplementary Figure S43,
S44) did show that increasing the crosslinking density shifted the onset
of the rubbery plateau from around 50 °C to around 120—130 °C, which
can be explained by considering the higher crosslink density. Next to
this, the relaxation time (7) of the material increased by one order of
magnitude with increasing crosslink density from 10% to 33%, as can be
seen in Figure 3.3. The added crosslinks reduce network mobility, thus
slowing the material relaxation process.” This shows that it’s possible to
tune material properties by varying the crosslink density of these networks.
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Since the boronate-TAAD network features pH-dependent bonds, 6!
also the effect of acid addition to the material was investigated. Previ-
ously, researchers showed that addition of acid can accelerate the dynamic
bond exchange processes inside a CAN.[54756] In these reports, the pK, of
the added acid was found to correlate with the shortening of the material
relaxation time. Combined with the reported findings/*6! of the different
pH regimes of the boronate-TAAD linkages, we anticipated that addition
of acid in the material would have an effect by reducing the relaxation
time of the material, via transesterification catalysis.

To investigate the effect of acid on this boronate-TAAD network a se-
ries of materials was prepared by mixing in different weight percentages
of p-toluenesulfonic acid (PTSA), ranging from 0.25 wt% to 10 wt%. The
relaxation behaviour of these materials was then measured and evaluated,
as shown in Figure 3.3. The observed relaxation behaviour was more
complex than initially anticipated: 7.e., the addition of acid did not sim-
ply lead to faster relaxation. In contrast, at low PTSA content (0.25-0.5
wt%) an increase in the relaxation time of the material compared to the
material without PTSA was observed. These materials displayed a relax-
ation time that is about one order of magnitude longer than the original
acid-free material. At moderate PTSA content (1-5 wt%) the relaxation
time is still generally longer than without PTSA, but it started to de-
crease until at 5 wt% PTSA the material had a relaxation time similar
to the control without PTSA. At high PTSA content (5-10 wt%) again
an increase in relaxation time was observed. While the precise underly-
ing mechanism of these trends remains unclear, one possible explanation
might be that the PTSA is partially excluded from the network due to
unfavourable interactions between the apolar aromatic ring of the acid
and the polar building blocks, thus reducing its effectiveness as a catalyst
while possibly introducing crystalline regions in the matrix. Another pos-
sible explanation could be an interaction with the secondary amines of the
PBA-PPG-PBA linker. PTSA could protonate the secondary amines of
this linker, resulting in the formation of charged nitrogen species similar to
polyelectrolyte complexes, which often become stiff and brittle upon dry-
ing.[758] This unexpected acid response in the material relaxation shows
that, although the characteristics of this boronate-TAAD network can be
tuned through acid addition, predicting the resulting material behaviour
might prove complex. Fortunately, since the control material was already
quite dynamic even at neutral pH there was little need for additional acid
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catalysis. More generally, it also serves as a reminder that translating
molecular processes (i.e., acid-catalysed transesterification) to the macro-
scopic material level, is not always straightforwardly possible, as other
macroscopic phenomena, such as crystallisation, can affect the process.
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Figure 3.3: Relazation curves (at 0.1% strain, 25 °C) of materials with varying

crosslink densities (left) and the effect of acid addition (at 0.1% strain, 25 °C)
on the material properties (right).

Another interesting observation could be seen in the temperature

sweeps of these materials, where higher PTSA weight percentages resulted
in the material melting at high temperatures, as shown by the loss factor
steeply increasing (Supplementary Figure S64). This was not observed
for the control material without PTSA.
The self-healing behaviour and recyclability of the material, as might be
enabled by the dynamic bond exchange within the network, was also in-
vestigated using extensional DMA. The strain at which material breakage
occurred was measured by linearly increasing the extensional stress of a
CAN with 10% crosslinker. After breakage the material was cut in fine
pieces and hot-pressed for 1 hour at 80 °C to allow the material to heal.
As can be seen in Figure 3.4, the material is able to completely heal af-
ter multiple reprocessing cycles. The strengthening of the last few healing
cycles seems to suggest that the network configuration is optimised during
the applied thermal treatment.
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Figure 3./4: Healing cycles performed by extensional DMA testing. Reprocessing
was done by hot-pressing for 1 hour at 80 °C in a Teflon mould (10 x 5 x
1 mm). DMA was performed by linearly increasing the extensional stress till
material breakage. After breakage the sample was cut into small pieces before
reprocessing.

3.4 Conclusion

In this study we synthesised and prepared a novel covalent adaptable
network incorporating dynamic boronate-TAAD linkages using a small
molecule network approach, resulting in a soft, rubber-like material. The
material was thermally stable up to 150 °C as determined by TGA, thus al-
lowing for hot-press moulding. In contrast to the behaviour of previously
reported small-molecule boronate-TAAD complexes that could only un-
dergo (fast) exchange under acidic conditions (pH 3.8), the corresponding
CANSs could already undergo (stress) relaxation under neutral conditions.
Surprisingly, the addition of acid did not have a further accelerating effect
on the exchange. The boronate-TAAD material showed complete self-
healing after multiple thermal reprocessing cycles, and Arrhenius analysis
gave a relatively high activation energy of 142 + 10 kJ mol ! for the
crosslink relaxation process compared with regular boronic esters.

This first investigation into boronate-TAAD networks showed that the
novel boronate-TAAD linkages can indeed be used to develop CANs. Cou-
pled to the relatively simple synthesis of the TAAD moiety, this unique
boronate-TAAD linkage offers an interesting alternative to the more com-
monly used boronic esters.
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3.5 Supplementary information

The supplementary information is available at:
www.frontiersin.org/articles/10.3389/fchem.2023.1148629
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4.1 Abstract

An outstanding challenge in modern society remains how to make
crosslinked polymers (thermosets) more recyclable. A breakthrough
solution to this challenge has been the introduction of dynamic cova-
lent bonds in polymer networks, yielding covalent adaptable networks
(CANs). Ongoing research is focused on finding new suitable dynamic
covalent chemistries and on how to tune the material properties of CANs
derived from these new chemistries. Here, we first compare two different
dynamic boronic acid based covalent adaptable networks, namely a
conventional boronate-diol and a novel boronate-Tetraazaadamantane
system, which we presented in chapter 3. We show that incorporat-
ing boronate-Tetraazaadamantane bonds in networks results in stiffer
materials, as seen in a slower relaxation and higher shear and storage
moduli. This offers access to more mechanically robust boronate-based
materials, compared to conventional boronate-based gels. Next, we
investigate the effect of molecular tuning via the electron density of
meta-positioned ring substituents on the macroscopic material properties
for the boronate-Tetraazaadamantane network. By comparing relaxation
experiments on materials with different substituents, we show that the
macroscopic network relaxation can be tuned through the Hammett
parameter of the meta-substituent and the activation energy of the
boronate-Tetraazaadamantane exchange. This enables subtle control over
the (dynamic) material properties of these novel, robust boronate-based
networks.

4.2 Introduction

Polymer waste is becoming an increasingly larger problem in mod-
ern society.'2 Part of the solution lies in improving polymer waste
stream management. However, not all polymers can currently be
recycled. Those polymers are currently mainly disposed of in landfills
or by incineration.®® These non-recyclable polymers largely consist
of thermosets. Thermosets, with their permanent covalent crosslinks,
are polymers with excellent material properties. However, the same
permanent crosslinks that give thermosets their excellent material
properties also hinder their recyclability. A solution to this problem is
to design recyclable thermoset-like materials by replacing the perma-
nent crosslinks with dynamic covalent crosslinks, leading to materials
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that have been called covalent adaptable networks (CANs).[6-8 Their

crosslinks can be based on a variety of dynamic covalent bonds such

3,[9:10] s,11121 diketoenamines, 314 disulfides,!*519 vinylo-
21-24]

as ester imine
gous urethanes, '8 acylsemicarbazides!!920) and boronic esters.|
Because these covalent bonds are dynamic, they can exchange when
exposed to the appropriate stimulus, thus allowing polymer networks
built using dynamic covalent bonds to be reprocessed, recycled or to
display self-healing behaviour.[227l Here, we will focus on materials
containing boronic esters because of their general biocompatibility[28-31
and their fast exchange reactions.32:33)

In order for boronic ester-based CANs to become a more competitive
option compared to conventional thermosets, more research is needed
into the performance and tunability of these dynamic materials. While
major advances have been realised in successfully integrating dynamic
covalent bonds into polymer networks, these thus newly prepared covalent
adaptable networks should have the correct material properties (e.g.,
in terms of mechanical strength, creep-performance, solvent resistance,
and/or (re-)processability) for them to become true substitutes for
conventional thermosets (that currently lack the ability be reprocessed
or recycled). Having a versatile toolbox with (molecular) handles to
fine-tune the macroscopic material properties from the molecular level
upwards would help design (boronic ester-based) CANs for specific
applications. In recent years, the molecular tuning of CANs has proven
to be a powerful strategy.3436 Many different (molecular) handles
have been found that can used to control the macroscopic properties
of boronic ester-containing materials, such as linker length,”) internal
catalysis, 34 crosslinking degree,? dual crosslinking*44! or the steric
hindrance of reactive groups.[45}

Despite the great potential of fine-grained control as a result of a large
range of possible substituents, the potential of molecular tuning in CANs
by installing electron donating or withdrawing ring substituents, which
can be quantified via the Hammett equation,649 has received an in-
creasing amount of attention. There have been studies into the electronic
effect on the material properties for only a few CANSs, specifically for
imine, 9 thia-Micheal reactions,! thiol—yne[52] and thiol-ene.l” For
boronic esters structure-property relationship studies remain limited
to small-scale molecule studies for structure variation in the boronic
acid®457 and the structure of the diol,®59 or focus only on two different
boronic acids, where the focus is generally not specifically on electronic
effects. 60
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Scheme 4.1: Formation of boronic esters using different diols or triols.
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Previously, Golovanov and Semankin et al. reported a new boronate-
based dynamic covalent moiety, based on TetraAzaADamantane (TAAD),
which is an adamantane containing four nitrogen atoms, three in the
bottom ring and one on the top.[61-63] The three lower nitrogen atoms also
have a hydroxyl group, thus making the TAAD a triol. The top nitrogen
can be used to anchor the TAAD to a scaffold via nitrogen quaternisation
as can be seen in Scheme 4.1. The TAAD moiety was shown to have
strong binding to boronic acids, yet still retain a dynamic pH-sensitive
equilibrium.[Y The strong, yet dynamic, binding of the TAAD moiety
to boronic acids made it an interesting candidate for covalent adaptable
network formation, which we showed to be possible in chapter 3.64 The
newly emerging boronate-TAAD networks gave rubbery materials, as
opposed to the (hydro)gels that are generally obtained when working
with boronic esters.

While we previously showed the promising use of TAAD moieties in
CANSs in chapter 3, no direct and systematic comparison between the
novel boronate-TAAD system and its traditional boronate-diol counter-
part was included in this study. For the comparison between the boronate-
TAAD and boronate-diol networks two diol linkers, named BDPE and
TMPTPE, and two TAAD linkers, named bis-TAAD and tris-TAAD,
were prepared and crosslinked with a difunctional boronic acid PPG-based
linker named PPG-PBA-H (Figure 4.1).
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Figure 4.1: The structure of the variable boronic acid linker PPG-PBA-X, the
two diol linkers BDPE and TMPTPE (left) and the two TetraAzaADamantane
(TAAD) linkers (right). The network structures for both the boronate-diol and
boronate-TAAD is given below.
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In addition, we also investigated the possibility of using molecular tun-
ing in boronate-TAAD networks through systematic variation in the elec-
tronic properties of substituents on the phenylboronic acid and studying
its effect on the material properties of these CANs. To study this, vari-
ations of boronic linkers with differently meta-substituted phenylboronic
acids were prepared and crosslinked. The resulting materials were then
characterised using rheology, revealing a relation between their dynamic-
mechanical properties (notably, the stress relaxation behaviour) and the
nature of the substituent (as expressed by its Hammett parameter).

4.3 Results and Discussion

The diol linkers were prepared via epoxy ring opening from the corre-
sponding epoxides. The boronic acid linker was prepared by reacting
4-formylphenylboronic acid with an amine-terminated PPG-2000 and
subsequent reduction of the formed imine. The TAAD linkers were
prepared as described as shown in Scheme 3.1.64 Details on the
synthesis and material preparation are given in the online Supplemen-
tary Information for which a link can be found at the end of the chapter.

Samples of both the boronate-diol and boronate-TAAD networks were
prepared by making stock solutions of the different linkers in methanol,
mixing them by vortexing and casting them in circular silicon molds (10
mm diameter, 1 mm height). Boronic acids and diol/TAAD were added
stoichiometrically and 10 mol% crosslinker was added in all cases. An
immediate observation made while casting both the boronate-diol and
the boronate-TAAD materials in methanol was that network formation
in the boronate-diol materials was hindered through the strong uptake of
atmospheric water, thus resulting in the formation of a soft gel instead of a
proper elastomer. In contrast, the boronate-TAAD networks were hardly
impacted by the uptake of atmospheric water and were able to form
bench-stable elastomers. However, since water also affects the network
properties this would result in an unfair comparison of the two systems.
For this reason, all samples were prepared under nitrogen atmosphere to
prevent the uptake of water and allow for a proper comparison of the two
systems.
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Figure 4.2: Shear stress as function of applied strain for a boronate-diol and
a boronate-TAAD 10% crosslinked network at 25 °C. The shear modulus of the

boronate-diol network was 0.3 kPa; the shear modulus of the boronate-TAAD
network was 3.5 kPa.

First the shear stress over strain behaviour of the two networks was
compared. In Figure 4.2 it can be seen that the boronate-diol network
shows a more gradual increase of shear stress compared to the relatively
sharp increase of the boronate-TAAD network resulting in a significantly
higher shear modulus for the boronate-TAAD networks (0.3 kPa for the
boronate-diol networks; 3.5 kPa for the boronate-TAAD networks). Sec-

ond, the obtained yield plateau is slightly higher for the boronate-TAAD
network.
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Figure 4.3: Frequency sweeps at different temperatures of a 10% crosslinked
boronate-diol network (left) and a 10% crosslinked boronate-TAAD network

(right).
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Also, frequency sweeps were performed to gain further insight into the
network properties. In Figure 4.3 frequency sweeps for both networks
are shown. The first observation was that the moduli of the boronate-
TAAD network were higher than the moduli of the boronate-diol network,
suggesting the formation of a stronger network. Secondly, the moduli of
the boronate-TAAD network remained largely constant over the applied
frequency range, in contrast to the boronate-diol network, which shifted
over an order of magnitude. Thirdly, the boronate-diol network showed
cross over points for the storage modulus (G’) and the loss modulus (G”)
indicating a transition of a more solid-like material to a more viscous-like
material. This cross over point also shifted to higher frequencies at higher
temperatures. No cross over points were observed for the boronate-TAAD
network. In all, these measurements confirm —in a quantitative manner—
the increased mechanical stability that can be achieved by replacing the
traditional boronate-diol crosslinks with the boronate-TAAD crosslinks
within the covalent adaptable network structure.
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Figure 4.4: Comparison of relazation behaviour (0.5% strain) at different
temperatures between dynamic 10% crosslinked boronic diol networks and 10%
crosslinked boronate-TAAD networks (top) with their respective Arrhenius plot
and activation energy (bottom).
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The stress relaxation of the two networks was also vastly different as
can be seen in Figure 4.4. Boronate-diol networks, when subjected to
a 0.5% strain, showed complete relaxation in approximately 10 seconds
at room temperature. In stark contrast to this, for boronate-TAAD
networks complete relaxation, at equal strain, was only reached around
20 minutes at 130 °C. In these relaxation experiments all materials
showed a temperature dependency on their relaxation behaviour. By
assuming a Maxwell model for the stress relaxation, we could obtain
the relaxation time (7) of the material at the time point at which
the normalised relaxation curve crosses 1/e (= 0.37). By plotting the
relaxation times against the inverse of the temperature, Arrhenius plots
can be constructed for the different two materials. From the slope of
these Arrhenius plots we can then calculate the activation energy (E,)
of the dynamic exchange, with the help of the gas constant (R). This
gave an activation energy of 14.5 + 1.6 kJ mol ! for the boronate-diol
network, which is in accordance with existing literature, 24323941 yersus
an activation energy of 77.3 + 2.3 kJ mol ! for the boronate-TAAD
network. The higher activation energy of the boronate-TAAD exchange
compared to the boronate-diol network reduces the dynamicity of the
network and thus results in sturdier materials, while still keeping the
network dynamic enough to relax stress over time.

Finally, the networks were also compared in terms of temperature
stability by subjecting the samples to TGA measurements. Supple-
mentary Figures S79 and S80 show that both the boronate-TAAD
and the boronate-diol network are stable till 150 °C as displayed by
the Ty5e, of 170 °C and 330 °C, respectively. Though the boronate-diol
network does show higher thermal stability. we would like to stress that
TGA only measures the weight at different temperatures and does not
probe the network composition or properties at these temperatures. The
comparison of material properties of the boronate-diol with the boronate-
TAAD networks, revealed that the latter displayed superior mechanical
properties (as seen in the stress-strain data, the frequency sweeps and the
stress relaxation experiments). At the same time, the boronate-TAAD
network is dynamic enough to undergo stress relaxation at a temperature
far below its thermal stability limit. Also, the boronate-TAAD network
was far less impacted by atmospheric water, thus making these networks
easier to work with. For these reasons the boronate-TAAD networks were
chosen for the molecular tunability experiments.
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To study the effect of different ring substituents a series of PPG-PBA
linkers was synthesised by replacing the 4-formylphenylboronic acid with
a substituted derivative (see Supplementary Information). For this
study only the meta position relative to the boronic acid was varied. This
resulted in four PPG-PBA variants containing a ~H, -OMe, —F or a —CF3
as meta-substituent, giving networks as seen in Figure 4.1.

After preparing all the different 10% crosslinked variant networks it
was observed that the colour of the different variants was different, rang-
ing from yellow to brownish/red. Investigating the shearing behaviour of
these different materials, no clear correlation between the observed shear
moduli and the substituents (data shown in Supplementary Figures
S84—S88) could be established. The shear moduli of the networks with
—H, -OMe and —F substituent showed a trend of lower shear moduli with
increasing electron withdrawing ring substituent, however materials made
with PPG-PBA-CF3 showed shear moduli similar to networks with
PPG-PBA-H. Of course, there could be other effects, such as sterics
combined with the apparent size of the substituent,® 69 influencing the
shear moduli, but this will require further research.

Table 4.1: Observed shear moduli for the different PPG-PBA-X networks
PPG-PBA-X Shear Modulus [kPa]

-H 3.5 £0.1
—OMe 3.1£0.1
-F 23£0.1
—CF; 3.5 £0.2

From frequency sweeps, (Supplementary Figures S89-S93) it was
found that all materials displayed a stable storage modulus in the range
of 10°-10° Pa with no crossover points.
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curves at varying temperatures (0.5%
strain) for the networks made using different PPG-PBA-X linkers (10%
crosslinking) and their resulting Arrhenius plot. Duplo measurements can be
found in the Supplementary Information (594-597). Page 94 of 157
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Also, the relaxation behaviour at different temperatures for the PP G-
PBA-X material series was investigated, as shown in Figure 4.5 (duplo
measurements are shown in Supplementary Figures S94—-S97). Here,
we see that the different materials all show a different temperature de-
pendence on the relaxation time. When comparing the calculated ac-
tivation energies for the different PPG-PBA-X materials, we can see
significant differences in the obtained values. These activation energies
range from 77.3 £ 4.3 kJ mol ! for the PPG-PBA-H network to 20.6
+ 0.8 kJ mol™ for the PPG-PBA-CF; network. These activation ener-
gies can then be plotted against the Hammett constant (o,,) of the ring
substituent and fitted with a (weighted) linear fit, resulting in Figure
4.6. The linear fit shows a good correlation with the activation energies
obtained from the network relaxation. This shows that the macroscopic
relaxation of the network can be tuned by varying only a few atoms in the
molecular structure of the building blocks through the electronic prop-
erties of the ring substituents. Considering that these two substituents
are part of a large, polymeric building block (with molecular weight of
~2500 g mol '), this Hammett-based effect seems rather pronounced, and
is in contrast with earlier work(®>52 that introduced varying substituents
on small-molecule, non-polymeric building blocks. Having a direct, and
highly tuneable molecular handle to control the activation energy for ex-
change, will enable further control over the dynamic function (e.g., self-
healing, reprocessing and recycling) of covalent adaptable networks.
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Figure 4.6: Activation energy E, for the dynamic boronate-TAAD exchange
in the networks (10% crosslinked) using different PPG-PBA-X linkers against
their substituent Hammett constant (0., ). Obtained activation energies were fitted
using a weighted linear fit.

4.4 Conclusion

In this study we showed that dynamic boronic networks can show quite
different material properties depending on the dynamic boronic linkage
used. A systematic, quantitative comparison allowed us to conclude that
the boronate-TAAD networks outperformed the classical boronate-diol
networks, giving stronger materials as shown in frequency sweeps, shear
experiments and temperature sweeps. From there, the tunability of the
boronate-TAAD networks was investigated, where we found that (meta-
positioned) ring substituents on the boronic acid can be used to tune
the macroscopic material relaxation through the electronic substituents
by changing the activation energy of the bond exchange. The activation
energy of the bond exchange could be changed over almost a full order
of magnitude. Also, the shear modulus of the different variants seems to
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show a trend with decreasing shear modulus for increasing electron with-
drawing character of the ring substituent, but further research on other
contributing factors is necessary. We foresee that our tunable TAAD-
based dynamic bonds can be extended to other polymer networks to help
design new covalent adaptable networks that combine robustness with
tuneability. Further control over mechanical performance can be obtained
by studying the effect of the soft segments within the network; e.g., by
replacing PPG by another polymer.

4.5 Supplementary information

The supplementary information is available at:
https://onlinelibrary.wiley.com/doi/10.1002/pol.20230446
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5.1 Abstract

With an ever-increasing annual production of polymers and the accumu-
lation of polymer waste leading to progressively adverse environmental
consequences, it has become important that all polymers can be efficiently
recycled at the end of their life cycle. Especially thermosets are intrinsi-
cally difficult to recycle, because of their permanent covalent crosslinks.
A possible solution is to switch from using thermosets to covalent adapt-
able networks, sparking the rapid development of new dynamic covalent
chemistries and derived new polymer materials. Next to the development
of these new polymer materials, there is also an evident advantage of
merging the virtues of covalent adaptable networks with the proven mate-
rial properties of widely used commodity plastics, by introducing dynamic
covalent bonds in these —originally— thermoplastic materials to obtain re-
cyclable thermosets. Here we report the synthesis and characterisation
of a polystyrene polymer, functionalised with tetraazaadamantanes and
crosslinked with dynamic covalent boronic esters. The material proper-
ties were characterised for different degrees of crosslinking. The materials
showed good solvent resistance with a high remaining insoluble fraction. In
line with the typical behaviour of traditional covalent adaptable networks,
the newly prepared polystyrene-based boronate-tetraazaadamantane ma-
terials were able to undergo stress relaxation. The material relaxation
was also shown to be tuneable by mixing in an acid catalyst. Lastly, the
materials could be recycled at least two times.

5.2 Introduction

In modern times polymers have become crucial materials for society, be-
cause of their versatile use and low production costs.l) Because of this, the
annual polymer production continues to rise every year. This increasing
polymer production is also leading to increasing polymer waste being pro-
duced each year. When that polymer waste ends up in the environment, it
leads to negative environmental impact. This makes the recycling of poly-
mers of increasing importance. 23 However, the degree to which a polymer
can be recycled strongly depends on its structure. Thermoplastics, gener-
ally composed of linear polymer chains, can be recycled relatively easily.
Their more robust thermoset counterparts, on the other hand, are inher-
ently highly difficult or even impossible to recycle due to their permanent
crosslinks.[*7)
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Over the last few decades covalent adaptable networks (CANs) have
grown in interest as a means of tackling the build-up of polymer waste, 811
while at the same time imbuing new (dynamic) properties in polymeric
materials.'213] CANs are networks that are covalently crosslinked using
reversible covalent bonds. The exchange between those reversible cova-
lent bonds gives CANs access to the strength of permanently crosslinked
thermosets, while at the same time retaining the reprocessability of non-
crosslinked thermoplastics.'1%/ One of the most interesting new prop-
erties that CANs have is their ability to heal after damage. This can
significantly extend the useful lifetime of such a material, thus reducing
the need for new replacements.

CAN s operate on the principle of dynamic covalent chemistry,*617 where
covalent bonds can exchange over time, as opposed to supramolecular
chemistry,['8] where non-covalent bonds can exchange. Examples of dy-
namic covalent bonds used in CANs are those resulting from the Diels-
Alder reaction,!'?201 N, S-acetals,[?!) or nucleophilic transalkylation reac-
tions,[22l as well as imines, 2325 disulfides,/26-28 esters,[29:30] vinylogous
urethanes, 31321 diketoamines, 3334 acylsemicarbazides[35’36] and boronic
esters.3740 In this study we chose to use the well-known boronic ester
bond, on which we reported previously in chapters 3 and 4,414 for the
formation of dynamically crosslinked networks. 4344

Boronic esters-containing networks can be prepared via a condensation re-
action between bifunctional boronic acids and poly-ols, such as a sugar or
polyvinyl alcohol.[45:46] Generally, these boronic networks form (hydro)gels
and thus have low structural integrity and are prone to tearing. However,
they exhibit low toxicity due to the biocompatibility of boronic acids, al-
lowing for potential usage in biomedical applications.4749]

An elegant possibility to improve the properties of the conventional boronic
ester bond is to replace the typical diols with the strong and rigid triol
binding of the TetraAzaADamantanes (TAADs).’052 In chapters 3 and
4 we discussed the possibility of introducing such TAAD moiety in CANs
with boronic acids by using a small linker, resulting in the formation of
boronate-TAAD soft rubbers.[*142) These rubbers displayed a high heal-
ing capacity. However, the resulting soft rubbers might not be suitable
to more structural end product applications. This prompted us to look
towards introducing boronate-TAAD linkages in established commodity
polymers. The process of turning established thermoplastics into dynam-
ically crosslinked CANs can help facilitate the transition towards circular
plastics, since industry is already familiar in the handling of those mate-
rials.[5356 As commodity plastic we chose polystyrene, since it is a well-
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known and widely used plastic, which application ranges widely from food
packaging to e.g., components in the automotive industry. In this, our
alm was not to make conventional polystyrene recyclable, but to make
recyclable thermosets (crosslinked polymers) from an established indus-
trially relevant polymer (polystyrene) backbone. Several groups have in-
vestigated dynamically crosslinked networks containing styrene moieties.
Most of these used styrene-butadiene rubber (SBR) with roughly only
15-19% styrene in the main polymer chain as a platform for crosslink-
ing.[>769 In contrast, there are only a few studies that focused on a higher
styrene content in their polymers.2>:61-63] While this did result in recy-
clable crosslinked polystyrene materials, most of these examples still relied
on mixing in non-styrenic monomers, or used environmentally unfriendly
components (e.g., diisocyanates or copper(I)), which could impact the ul-
timate applicability of such new materials.

Building on this early work, our aim was to maintain the polystyrene char-
acter of the final polymer (network) to a high degree, while at the same
time incorporate the dynamic bonds (and corresponding dynamic net-
work properties) inside the polymer, to ultimately arrive at polystyrene-
based CANs. The former objective was realised by synthesising (and later
functionalising) a polymer whose backbone is fully composed of styrene
monomers, while the latter objective was achieved by integration of the
boronate-TAAD linkages (Figure 5.1).
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Figure 5.1: (A) The synthesz's of the polystyrene modified with tetraazaadaman-
tanes, named PS-TAAD, and the polypropylene glycol end-capped with phenyl-
boronic acid, named crosslinking agent (CLA). (B) A schematic representation
of the crosslinked network.

5.3 Results and discussion

In order to introduce dynamic covalent bonds in polystyrene, firstly 4-
vinylbenzyl bromide was copolymerised with styrene (in a molar ratio
of 5 to 95, respectively), to create a pre-polymer of poly(styrene-co-4-
vinylbenzyl bromide) using a RAFT polymerisation under argon at 70
°C (Figure 5.1). The 4-vinylbenzyl bromide monomer was prepared
by halide exchange from 4-vinylbenzyl chloride with 98% yield. The
remaining 2% 4-vinylbenzylchloride present in the feed was included in
the molar ratio of the monomers. (See Supplementary Information
or Appendix section 5.1 for full synthetic details and characterisation).
The poly(styrene-co-4-vinylbenzyl bromide) was characterised by GPC
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and NMR. The copolymer had a M,, of 86 kDa (as determined by GPC,
calibrated against polystyrene) and 5% incorporated benzyl bromide (as
determined by NMR, see Supplementary Information Figure S3 and
Table S1. Subsequently, the introduced benzyl bromide was then used for
the attachment of the TetraAzaADamantane (TAAD) moieties via nitro-
gen quaternisation (Figure 5.1). The incorporation of the TAAD moiety
was determined by using NMR, by comparing the integral value of the
TAAD -CHj groups to that of the benzyl groups of the polymer back-
bone. This revealed a quantitative conversion of the bromide end groups
into the TAAD moieties. Any remaining 4-vinylbenzylchloride would also
have been converted during the functionalisation, albeit at a slower rate.
The functionalised polymer was not soluble in toluene, chloroform, THF
or acetone, thus confirming that the quaternisation was successful (and
—unfortunately— hampering characterisation by GPC). Gratifyingly, the
increase in molecular weight (and concomitant change in polarity) could
be observed by (uncalibrated) DOSY (see Supplementary Information
Figures S4 and S6), as indicated by a decrease in diffusion coefficient of
the polymer. Given the large difference in polarity of the two polymers,
we refrained from directly comparing the molecular weight by converting
the observed diffusion coefficient into a hydrodynamic volume and corre-
sponding molecular weight. Instead, we determined the molecular weight
by NMR based on the degree of TAAD functionalisation (determined by
NMR, see Supplementary Information Figure S5), since no change
in the length of the polymer was expected. We calculated the increase in
molecular weight from the bromide-containing polystyrene polymer (with
known molecular weight of 86 kDa), which resulted in a functionalised
polymer named PS-TAAD with a M, of 96 kDa, with 5% TAAD incor-
poration. For comparison, a shorter PS-TAAD, with a M, of only 8.5
kDa, was also prepared and tested (See Supplementary Information
for synthetic details and characterisation). However, samples prepared
with this shorter PS-TAAD were found to have reprocessing issues and
thus this study focused primarily on the longer PS-TAAD. Finally, the
bifunctional boronic acid crosslinking agent (CLA) was prepared by react-
ing 4-formylphenylboronic acid onto amine-terminated PPG and reducing
the formed imine with NaBHy, (following the procedure described in chap-
ters 3 and 4).[41:42]

Once the two components were synthesised, they were mixed in different
molar ratios relative to the functional groups to prepare a series of ma-
terials with different degree of crosslinking: 25%, 50%, 75% and 100%,
(to clarify, in case of the 50% sample this meant that within the material
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there was one boronic acid group per two TAAD moieties). The mate-
rials were prepared by dissolving the PS-TAAD in DMF and the CLA
in methanol and mixing the two components by vortexing, before casting
them in a silicone mold (see also the Supplementary Information for
further details on material preparation). The solvent was removed by dry-
ing the samples for two days in an oven at 70 °C, followed by a night in a
vacuum oven at 50 °C. This resulted in the formation of yellow-brownish
materials. The materials were characterised using a swelling and insoluble
fractions experiment, DSC, TGA, rheology and DMA.

To determine if the formed materials all really form a crosslinked network,
the different materials were subjected to a solubility (swelling) study, in
which the materials were soaked in an excess of solvent overnight to de-
termine the swelling behaviour and the remaining weight percentage after
drying in a vacuum oven (Figure 5.2). The solvents were chosen to cover
a broad range of different well known and commonly used laboratory sol-
vents.

The first observation that can be made is that the crosslinked polymer
materials do not dissolve in any of the selected solvents with a remaining
solid content of >90 wt% for almost all samples. Polystyrene itself dis-
solves well in DCM, THF and to a degree in DMF. The fact that these
materials do not dissolve in these solvents is direct experimental evidence
that our crosslinking reaction was effective. DCM, THF and DMF resulted
in a larger swelling compared to acetone, water and methanol, which is
understandable considering that they are good at dissolving polystyrene.
What can also be observed is that the swelling ratio and the remaining
solid fraction remain largely consistent for a given solvent when varying
the crosslinking degree. When comparing the 100% crosslinked material
with the long and the short PS-TA AD, the 10-fold difference in M,, does
not make a big difference (Supplementary Figure S31). The most no-
table difference is that the shorter polymer swells slightly more in water
than the higher molecular weight polymers. This is in line with expecta-
tions, since the longer styrene chain imparts a more hydrophobic character
to the material. The 25% crosslinked sample did show much more swelling
in DMF compared to the other solvents or crosslinking degrees. This in-
creased swelling ratio might be due to the reduced number of crosslinks
creating a looser network that can thus swell more easily, but in that case
also an increased swelling ratio for the other solvents might have been ex-
pected as well. Alternatively, the delicate handling required to deal with
these fragile solvent-swollen samples (with associated difficulty of fully
removing excess solvent) could account for the high swelling ratio.
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Figure 5.2: Solvent study of the different degrees of crosslinking. Both the
swelling and the remaining fraction are denoted as a weight percentage (wt%),
normalised to the starting weight. All measurements were performed in duplicate.

When looking at the thermal properties of the new materials, DSC
revealed that the boronate-TAAD materials have a T, of approximately
83 °C, which is slightly lower than the Ty of a polystyrene homopoly-
mer of around 100 °C (Supplementary Information Figure $23).064
TGA showed that the materials follow a three-step thermal decomposi-
tion (Supplementary Information Figures S24—-S27). The first,
smaller, step is around 183 °C, followed by the second, step around 335 °C
and the final, large, step around 435 °C. The decomposition step around
180 °C is likely due to the decomposition of the TAAD moiety (from earlier
work described in chapters 3 and 44142 using MeOH as solvent instead of
DMEF, we could infer that this step is not related to residual DMF). From
the TGA data we can conclude that these materials are stable to elevated
temperatures and eligible for hot-press molding.

Next, the dynamic-mechanical material properties were investigated us-
ing rheology. Frequency sweeps of the polymer networks with different
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crosslinking degrees, as shown in Figure 5.3A, showed that all four ma-
terials had a storage modulus (G’) around 10°-10° Pa at 100 °C. The
loss moduli (G”) was lower than the storage modulus for all cases, thus
showing that the materials respond more like solids. No crossovers for the
G’ and G” could be observed within the measurement window. This con-
trasts with the frequency sweep obtained from neat polystyrene (97 kDa),
which did reveal a crossover frequency (Supplementary Information
Figure S37A). It was expected that the degree of crosslinking would pos-
itively correlate with G’, but this does not seem to be the case. To explain
this observation, we propose that a combination of various factors, includ-
ing —but not necessarily limited to— the variable degree of crosslinking, a
plasticizing effect of the increasing amount of PPG, 6567 and/or a possi-
ble phase separation between the more hydrophilic PPG polymer and the
hydrophobic PS backbone, may jointly have resulted in the absent corre-
lation between G’ and degree of crosslinking. In Figure 5.3B the results
of the shear measurements can be seen. All samples were found to yield
around 1% strain at a temperature of 100 °C. It was expected that the
degree of crosslinking would correlate with an increasing shear modulus,
however, again we see that the CLA not only acts as a crosslinker, but also
as a plasticiser. Both the crosslinking and the plasticiser have a significant
impact on the shearing behaviour, be it with different contributions.
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Figure 5.3: (A) Frequency sweep data of the materials with different crosslinking
degrees at 100 °C with 0.1% strain from 100 rad/s to 0.1 rad/s. The solid lines
with filled symbols are the storage moduli; the dashed lines with the empty symbols
are the loss moduli. (B) Shear measurements of the materials with the different
crosslinking degrees at 100 °C. The full measurements till 10% strain can be found
in the Supplementary Information Figures S15, S16, S17 and S18.
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The relaxation behaviour of the materials at 120 °C was also stud-
ied and is shown in Figure 5.4A. The most notable result is the fact
that these covalently crosslinked materials are able to relax stress, thus
showing that they did indeed form CANSs, since non-dynamic covalently
crosslinked networks are not able to efficiently relax stress. Looking at
the relaxation data of these materials, a trend can be seen where higher
degrees of crosslinking correspond with longer relaxation. A notable ex-
ception can be seen in the 75% crosslinked material, which for unknown
reasons relaxes significantly faster compared to the other crosslinking de-
grees. Unmodified polystyrene (M, 97 kDa) was added as a reference and
has the fastest relaxation of this series, as was expected since it is a similar
polymer but without any crosslinking.

When comparing the relaxation time of the 100% crosslinked materials
with the long and the short PS-TAAD (Supplementary Figure S33), the
short polymer has a longer relaxation time. This is likely due to the short
polystyrene chain being less flexible than the longer chain and thus show-
ing a slower relaxation.

Since boronate esters are sensitive to pH, we also studied the response
of different amounts of acid mixed into the material. For this we chose
para-toluenesulfonic acid (PTSA). Figure 5.4B shows the relaxation be-
haviour of the 100% crosslinked materials with different wt% of PTSA
mixed in ranging from 0% to 10%. It was hypothesised that additional
acid would decrease the relaxation time of the material either directly
through catalysis of the exchange reaction or indirectly by shifting the
equilibrium more towards free hydroxyl groups, which could then increase
the exchange rate. This is also what we observed, as the relaxation time
got shorter with increasing PTSA content. Increasing the PTSA wt%
from 5 to 10 wt% did not result in faster relaxation, suggesting a limit
to the effect that PTSA has on the network relaxation. This effect was
also shown to work in materials prepared using the short PS-TAAD
polymer, where the relaxation time decreased with increasing PTSA con-
tent (Supplementary Figure S36). This is in contrast to the observed
relaxation behaviour of similar networks with boronate-TAAD linkages
prepared from small linkers as shown in chapter 3.1 In those networks
no simple trend was observed concerning the amount of acid added and
the relaxation behaviour of the material. As the materials in this study
contain largely the same functional groups it supports the hypothesis that
matrix effects might have played a role in the effectiveness of the mixed in
acid, as was also put forward in chapter 3.42) Unfortunately, the fragility
of the polystyrene backbone in combination with the bulky, polar TAAD
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side groups disrupted the temperature dependency of the network stress
relaxation and thus the construction of an Arrhenius plot even with acid
mixed in, thus no activation energy could be determined for these mate-
rials.[68]

—100%

A 11 75% B 11

0%PTSA
1%PTSA
5%PTSA
10%PTSA

0.1 1 10 100 1000 10000 0.1 1 10 100 100¢
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Figure 5.4: (A) Relazation measurements of the materials with the different
crosslinking degrees at 120 °C with a strain of 1%. (B) Relazation measurements
at 120 °C with 1% strain for a 100% crosslinked material with different wt% of
para-toluenesulfonic acid mized in.

Lastly, the reprocessability of the materials was tested using exten-
sional DMA at room temperature. The samples were cut in half and
reprocessed in a Teflon hot-press mold (20 x 5 x 1 mm) for 2 h at 145 °C
and 5 ton. The samples were reprocessed a total of two cycles, as shown
in Figure 5.5. The samples with 25% crosslinking were too brittle at
room temperature to be clamped effectively. This could be due to these
samples having the least amount of plasticiser and thus retaining mostly
the characteristics of a brittle crosslinked polystyrene material. The data
shows that even after reprocessing the materials behave quite similar to
the pristine material for all three tested crosslinking degrees with an av-
erage Young’s modulus over all reprocessing steps of 6.2 + 0.1, 7.8 £
0.1, and 8.8 + 0.1 MPa for the 100%, 75% and 50%, respectively. The
100% crosslinked material does become more extensible in the second re-
processing cycle, far more than is seen for the other crosslinking degrees,
however the maximum stress remains largely the same. This does suggest
that the network structure has been affected by the reprocessing steps.
This could be due to some accumulative damage to the TAAD moieties
at the elevated reprocessing temperatures, thus resulting in a lower ef-
fective crosslinking density after repeated reprocessing cycles. Another
possibility would be that the network gets less entangled through polymer
alignment during the reprocessing steps. The 100% crosslinked material

Page 113 of 157



Recyclable Covalent Adaptable Polystyrene-Networks using
Chapter 5 Boronates and Tetraazaadamantanes

with the short PS-TA AD polymer was also prepared and tested, however
its increased stiffness and slower relaxation made it difficult to efficiently
reprocess these materials, although it was possible to reprocess the mate-
rials for at least one cycle (Supplementary Information Figure S34).
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Figure 5.5: Extensional DMA measurements on the pristine and recycled ma-
terials with different crosslinking degrees. The materials with 25% crosslinking
were too brittle to be measured and as such are not included. After breakage, the
materials were reprocessed by heating the materials in a hot-press at 145 °C for
2 h at 5 ton pressure in a Teflon mold.

5.4 Conclusions

We successfully prepared and characterised a covalently crosslinked, yet
recyclable, polystyrene-based thermoset using RAFT polymerisation. To
do so, we prepared a dynamic-covalently crosslinked polymer entirely com-
posed of polystyrene in its backbone and integrated the dynamic-covalent
boronate-TAAD chemistry to accomplish dynamic crosslinks. The mate-
rial was able to relax stress with and without the use of a catalyst. The
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material properties could be tuned through both the degree of crosslink-
ing and the addition of acid catalyst. The materials were demonstrated
to be reprocessable over at least two cycles using hot-pressing. We believe
this work demonstrates that dynamic covalent bonds can transform tried-
and-tested commodity polymers (polystyrene in our case) into recyclable
and adaptable thermosets with dynamic properties. In this regard, our
approach offers a promising platform for polymer waste reduction and for
enhancing the circularity of polymers, while also promoting the growing
field of covalent adaptable networks.
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5.5 Appendix

An overview of the methodology is given below, while full details can be
accessed from: https://doi.org/10.1021/acsapm.4c01633

5.5.1 Synthesis of TRISOXHj; (as reported by Golovanov
et al. 2018)1

= HN—OH "o S
NH, |
H,0
HO\N/

Scheme S1: Synthesis of TRISOXHs.

In a 250-ml round bottom flask 10.2 g (146.8 mmol) of hydroxylamine
hydrochloride was dissolved in 60 ml water. 60 ml of a 25% ammonium
hydroxide solution in water was added. The flask was put in a water bath
to provide passive cooling. Then 11.8 ml (146.8 mmol) chloroacetone was
added via syringe. The reaction was stirred for 1 hour, after which the
white precipitate was filtered off and washed with plenty of water and
finally with diethyl ether. The white powder was then dried overnight at
50 °C in a vacuum oven. This resulted in a fine white powder (3.38 g;
29.7%).

'H NMR (400 MHz, DMSO-dg) d 10.57 (s, 3H), 2.90 (s, 6H), 1.74 (s, 9H).
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5.5.2 Synthesis of 4-vinylbenzyl bromide (as reported by
Chakma et al. 2019)2

\ \
LiBr
—
THF
cl cliBr

Scheme S2: Synthesis of 4-vinylbenzyl bromide.

In an oven heated 100-ml round bottom flask 10 g (115.1 mmol) of
lithium bromide was dissolved in 50 ml anhydrous THF. To this solution
3.7 ml (26.3 mmol) of 4-vinylbenzyl chloride was added. This mixture was
purged with Ng for 30 min while in an ice bath. The solution was allowed
to stir at room temperature for 24 hours. The solvent was evaporated and
the residue was taken up in 30 ml water. The new yellow solution was
extracted with 30 ml diethyl ether, which was then washed 4 times with
30 ml brine. After washing the organic layer was dried with magnesium
sulfate and evaporated to yield a light-yellow oil. This oil was then resub-
mitted to the same procedure in the place of the 4-vinylbenzyl chloride to
increase the bromide conversion. After three cycles in total, a yellow oil
was obtained (2.84 g; 61.4%). The ratio bromide/chloride was determined
via 'H-NMR and was found to be 0.98.

'H NMR (400 MHz, CDCl3) 6 7.38 (m, 4H), 6.71 (dd, J = 17.6, 10.9 Hz,
1H), 5.77 (dd, J = 17.6, 0.9 Hz, 1H), 5.29 (dd, J = 10.9, 0.9 Hz, 1H), 4.59
(s, OH CH,Cl), 4.50 (s, 2H CH2Br).

5.5.3 Polymerisation of styrene and 4-vinylbenzyl bromide

10.8 ml (93.9 mmol) of styrene (after inhibitor removal via basic alu-
minum oxide column) and 1.0 g (5.2 mmol) of 4-vinylbenzyl bromide
were dissolved in 5 ml anhydrous toluene in a 50-ml round bottom flask.
0.020 ml (0.0033 mmol) of 0.2 M AIBN in toluene and 7.2 mg (0.0198
mmol) of 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid
were added. The flask was then sealed with a septum and parafilm. The
mixture was then cooled in an ice bath and purged with Ny for 30 minutes.
After purging, an argon balloon was added and the reaction mixture was
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7 7

CTA L n
AIBN

Toluene
+ argon
70 °C
120h

Br Br

Scheme S3: RAFT polymerisation of styrene and 4-vinylbenzyl bromide.

heated at 70 °C for 120 hours. The reaction was quenched by introduction
of oxygen and the viscous liquid was diluted with 5 ml THF. The polymer
was then precipitated into ice cold methanol 2 times and finally dialysed
against DCM overnight (cut-off 1 kDa). After solvent evaporation the
polymer was dried in a vacuum oven overnight at 50 °C, resulting in 4.7
g product. 'H NMR (400 MHz, CDCl3) 6 7.66 — 6.20 (75H), 4.42 (s, 2H),
2.10-1.60 (13H), 1.43 (s, 29H).

Table S1: Characterisation of polystyrene-co-4-vinylbenzyl bromide. Note that
the used 4-vinylbenzyl bromide still contained 3.5% 4-vinylbenzyl chloride. The re-
ported monomers incorporated are for both the bromide and the chloride monomer
combined.

M, (g/mol) 86200
My, (g/mol) 128200
Dispersity 1.5
Chain length 791
4-vinylbenzyl bromide/chloride in chain 5.3%
4-vinyl benzyl/chain 42
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5.5.4 TAAD  functionalisation of polystyrene-co-4-
vinylbenzyl bromide via nitrogen quaternisation
(based on Golovanov et al.)l]

€]
N Br
OH N
Br [©)
N/
|
Lo N
OH OH

Scheme S4: Functionalisation of polystyrene-co-4-vinylbenzyl bromide with
TRISOXHs wvia nitrogen quaternisation to produce a TAAD-functionalised
polystyrene named PS-TAAD.

4.5 g (0.052 mmol) of polystyrene-co-4-vinylbenzyl bromide and 0.76
g (3.3 mmol) of TRISOXHj were dissolved in 115 ml THF /MeOH 60/40.
The reaction was then stirred for 7 days at room temperature. The volume
was reduced and the product was precipitated in diethyl ether 2 times. The
product was then collected via vacuum filtration and dried in a vacuum
oven at 50 °C overnight. This resulted in a white powder (3.72 g, ~100%
functionalisation as determined by NMR).
'H NMR (400 MHz, DMSO-dg) & 8.55 (m, 3H), 6-7.5 (74H), 4.46 (s, 2H),
2.12 - 0.71 (49H).
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5.5.5 Synthesis of bisboronic acid crosslinker CLA
(adapted from Boa et al. 2018)[!

/é\/cj%

N N

H H

n

/@\/ 9\)\ L TIIF 5 days, it \BQ/\ /\©\B/OH
(l)H c‘m

2.NaBH,, THF, 1 h

Scheme S5. Synthesis of boronic acid linker CLA.

13.0 ml (6.5 mmol) poly(propylene glycol) bis(2-aminopropyl ether)
M, 2000 and 3.76 g (16.3 mmol) 4-formylphenylboronic acid were dis-
solved in 40 ml anhydrous THF under nitrogen and stirred for 5 days.
The solution was then cooled in an ice batch. Then 0.81 g (21.4 mmol)
NaBH, was added slowly. The solution was stirred for 1 hour at room tem-
perature, after which it was dialysed (1 kDA cut-off) against HoO/MeOH
(50/50) for 2 days. After evaporation of the solvent a yellow/greenish
sticky plaque was obtained (14.4 g; 86.4%)

'H NMR (400 MHz, MeOD) § 7.47 (d, J = 7.4 Hz, 4H), 7.14 (d, J = 7.7
Hz, 4H), 3.83 (dq, J = 24.3, 12.4, 11.9 Hz, 3H), 3.59 — 3.22 (m, 106H),
1.04 (dd, J = 6.5, 3.1 Hz, 105H).

13C NMR (101 MHz, MeOD) § 208.93, 163.45, 133.51, 133.18, 132.93,
132.45, 129.58, 128.21, 126.92, 126.60, 125.43, 75.54, 75.50, 75.42, 75.40,
75.31, 75.28, 75.17, 75.15, 75.08, 75.03, 74.98, 74.95, 73.30, 72.99, 72.93,
72.72, 72.69, 72.62, 72.57, 66.52, 64.27, 56.29, 56.08, 55.86, 52.30, 52.03,
51.89, 50.05, 49.96, 49.85, 48.49, 48.28, 48.06, 47.85, 47.64, 47.42, 47.21,
47.00, 46.44, 39.10, 35.57, 30.29, 28.78, 28.58, 28.39, 17.38, 17.16, 17.02,
16.35, 16.30, 16.25, 16.01, 15.84, 15.77, 14.53.
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5.5.6 Material preparation

General protocol

100 mg (0.001 mmol polymer; 0.044 mmol TAAD) PS-TAAD
was dissolved in 0.2 ml DMF. Then 49.9/37.4/24.9/12.5 mg
(0.022/0.017/0.011/0.006 mmol; respectively for 100%/75%/50% /25%)
CLA was dissolved separately in 0.1 ml methanol. The solutions were
mixed and vortexed for 10 seconds, after which it was quickly transferred
divided over 2 silicon molds (r = 10 mm, A = 1 mm) via syringe.

Note: after mixing the stock solutions, crosslinking will immediately
start. Make sure you have the vortex, syringe and mold at hand when
you begin. After 20-30 seconds it will be difficult for the material to exit
the syringe. The solutions were mixed and vortexed for 10 seconds, after
which it was quickly transferred to a silicon mold (r = 10 mm, h = 1
mm) via syringe.

Protocol for PTSA containing samples

50 mg (0.0005 mmol polymer; 0.022 mmol TAAD) PS-TAAD was dis-
solved in 0.1 ml DMF. Then 24.9 mg (0.011) CLA was dissolved separately
in 0.1 ml methanol. Also 0.8/3.9/8.3 mg (for 1%, 5% and 10%) PTSA
was dissolved separately in 0.1 ml methanol.

5.5.7 Solvent study

The solvent study was performed by putting ~5 mg material in 10 ml
solvent and letting it swell overnight. The material was then carefully
removed from the solvent, excess solvent was removed with a tissue. Then
the material was placed on a weighted glass Petri dish and the swollen
weight was measured. The material was then dried overnight in a vacuum
oven at 50 °C after which the material was weighted again to determine
the remaining fraction.
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Chapter

General Discussion

6.1 Introduction

The general aim of this thesis was to bring new (boronate ester-based)
dynamic bonds into covalent adaptable networks (CANs), and to study
how the macroscopic material properties of these CANs can be tuned
by molecular-level control over their constituents. Chapter 2 focused on
furan-maleimide networks with differently substituted maleimide linkers to
study if and how the variation of electronic properties of substituents can
be used to tune material properties. Chapter 3 introduced a novel family
of CANSs by introducing the boronate-TAAD motif in dynamic networks.
Chapter 4 built on the knowledge obtained in chapter 3 and investigated
the structure-property relationships in dynamic boronate-TAAD networks
by evaluating the effect of different electronic groups on (macroscopic)
material properties. Chapter 5 used the boronate-TAAD motif to convert
thermoplastic polystyrene to a CAN, to showcase how this dynamic motif
can be used to create new CANs from polymers with established beneficial
properties using polystyrene as a model system.

Besides the subjects discussed in the research chapters of this thesis, there
are still many interesting topics left for future research projects. Here
some prospects will be discussed. In addition, the wider context of the
research is discussed.

6.2 Reflections

The work presented in this thesis aimed to advance the field of cova-
lent adaptable networks. Although chapter 2 requires further studies to
understand the exact details of the relationship between the electronic
substituents of the monomers and the macroscopic material properties,
the study does present strong indications as to what conclusions could be
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expected from further research on this topic. The work hints that the
material properties of these furan-maleimide networks cannot be directly
tuned through electronic substituents even though the molecular dynam-
ics of the dynamic furan-maleimide bond can.

Chapter 3 provides a more direct contribution by introducing a new type
of dynamic motif to the field of CANs, namely the boronate-TA AD-based
moiety. This dynamic motif had made a brief appearance as a COF-like
in the study by Golovanov et al.,! however the properties of the mo-
tif had not been studied and evaluated as a CAN. This chapter firmly
adds the boronate-TAAD motif to the already extensive list of possible
CANs. More diverse CANs will allow material scientists to better select
the precise CAN they need for a specific application. This is then fur-
ther explored in chapter 4 where a boronate-TAAD CAN is compared to
the conventional boronic ester CANs. This comparison shows the possi-
ble differences, both positives and negatives, in performance between the
two similar CANs. This can help others to make more informed decisions
when selecting which type of CANs to use for certain applications.

Chapter 5 deals with the conversion of widely-used linear polymers into
CANs as a method to generate recyclable, crosslinked networks with prop-
erties more closely related to the linear polymers of which the network is
based upon. Generally, these linear polymers have desirable properties
e.g., low-cost and ease-of-use, which can be at least partially imparted
on the new CAN using these conversions while also adding the mechani-
cal benefits of covalent crosslinks between the polymers. The possibility
of using the addition of acid to the network in order to tune the prop-
erties of these new boronate-TAAD CANs is also explored in chapters
3 and 5. While this was already explored in other CANs,[24 the work
in these two chapters show that the acid-controlled tuning of boronate-
TAAD CAN properties can also be achieved, depending on the polymer
matrix of the CAN. It remains a topic of discussion whether the tuning
of material properties through the use of external catalysts as additives
is a desired method.’) The catalyst is not connected to the polymer net-
work and can, and eventually likely: will, thus leach from the CAN.[6] The
leached additives can then have negative environmental consequences.[”) In
addition, the remaining polymer network will no longer be dynamic (e.g.,
it will stop being recyclable and/or self-healing) after the catalyst has
leached out. This can be largely negated by switching to internal catalysis
in which the catalytic moiety is covalently incorporated in the polymer
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network.[8) Combining these chapters, a new promising dynamic-covalent
bond has been added to the toolbox of CANs: the boronate-TAAD CANSs.
The introduction of these CANs and the subsequent exploration of their
properties adds to the collective knowledge necessary for the (eventual)
industrial and societal transition towards a circular polymer economy.

6.3 Future research prospects

6.3.1 Tetraazaadamantane derivatisation

The research described in this thesis focussed on the use of the archetypi-
cal, original TAAD group, as reported first by the group of Sukhorukov. !
Apart from this initial work, the same group showed that different variants
of the TAAD moiety could be synthesised by utilising different starting
compounds.!»919 However, this work mostly focused on the synthesis of
asymmetrical TAAD variants that feature different R groups as side groups
appended to the lower ring of the TAAD moiety."!1) This derivatisation
was of interest as the TAAD moiety has a structure similar to hexam-
ethylenetetramine (hexamine/urotropine), which has found broad appli-
cability in organic, medicinal and material chemistry due to it being a
versatile coordination ligand.'215] Most derivatives of hexamethylenete-
tramine are thermodynamically unstable, in contrast to the stable deriva-
tives of the TAAD moiety.[?) Being able to replace one or two of the hy-
droxyl groups of the original TAAD group, as depicted in Figure 6.1,
would also be interesting, for it would allow the introduction of functional
groups that could change the dynamic motif from a boronate to a boronic
ester. The boronic-TAAD motif is then expected to have a lower binding
affinity to the selectively capped TAAD, since it would involve bidentate
instead of tridentate binding, which would make the boronic-TAAD more
dynamic than the boronate-TAAD. These motifs could then be combined
in a network to tune the dynamic material properties of the resulting CAN
in terms of network relaxation and creep based on the ratio between the
more stable boronate-TAAD and the more dynamic boronic-TAAD.[16l
The bidentate or tridentate binding of the boronic- or boronate-TAAD
could be experimentally confirmed using the fluorescent biphenylboronic
acid probe developed by Oesch et al., which red shifts upon tridentate
binding of the boronic acid and not upon bidentate binding.!!”!
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Side group Selective hydroxyl
derivatisation capping
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Figure 6.1: General structure of the side chain derivatives of TAAD developed
by Semakin et al. (2009)[] (left) and the new proposed derivative with only two
hydroxyl groups (right).

Several routes have been proposed to selective modify the hydroxyl

groups of TAAD derivatives, such as a selective reaction with iso-
cyanates using dibutyltin dilaurate (DBTDL),[IS] selective protection
of two hydroxyl groups with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane
(TIPDSICly) and subsequent capping of the final hydroxyl using acetyl
chloride or iodomethane," or oxime exchange to generate derivatives of
TRISOXHj (tri-functional oxime precursor of TAAD)PO} Unfortunately,
preliminary work I performed using these proposed routes did not yield
controlled, selective capping of the hydroxyl groups. Most experiments
gave a mixture of TAAD with all three hydroxyls capped, a large amount
of unreacted TAAD and trace amounts of once or twice capped TAAD
products when tested by TLC.
The group of Sukhorukov, facing similar difficulties with the derivatisation
of the hydroxyl groups of the TAAD moiety, went back to their original
synthesis of asymmetric TAAD moieties and managed to prepare a TAAD
derivative with only two hydroxyl groups, with the third group being re-
placed with a hydrazine as shown in Scheme 6.1. This does open up new
possibilities as a terminal hydrazine group can be an interesting functional
group for boronic acids, and is known to interact with amine functional-
ities. In fact, an amine in close proximity to a boronic ester can speed
up the exchange rate by over several orders of magnitude.?!) However,
dehydration of hydrazones can lead to irreversible binding of the boronic
acid.[22:23]
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synthesis of mixed oxime-hydrazones 7a and 7b:

N x
N Y
Me)\ © Me
cl N
N(OTMS), Ph"NH, Me— N "y-Me 9¢. 9d Me\(\ ln OH
———— N ! - 7" Me
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(X-ray)

Scheme 6.1: Synthesis of hydrazine-TAAD wariants by Semakin et al.

(2022).124]

OH

6.3.2 Tuning boronic acid-based CANs through (an)ionic
interactions

Kang et al. showed that the relaxation time and the storage modulus
of boronic acid-based CANs can be tuned via the addition of a selection
of salts.?’) However, the study only encompassed a limited selection of
salts with different cation and anion combinations. This makes it diffi-
cult to differentiate the possible effect cations or anions, or both, have on
the dynamics of the boronic ester motif. Boronic acids are also known
to have interactions with anions, including but not limited to fluoride,
cyanide and metal ions (through second-sphere coordination).26-29 Not
only can it be interesting to study how the properties of boronic acid-
based CANs could be tuned through interactions between boronic acids
and fluoride or cyanide, these interactions could also be interesting for
the development of boronic acid-based CANs as sensors for fluoride or
cyanide. An effort was made to prepare dynamically crosslinked hydrogels
using boronic esters that could be used to study these interactions. This
was done by functionalising poly(allylamine hydrochloride) (PAH) with
boronic acids (Scheme 6.2) through EDC/NHS coupling, as has been
used for the preparation of ionic membranes.[931) This resulted in func-
tionalised PAH with four different boronic acids (9-13% functionalisation
based on 'H-NMR; -H, -F, -OMe, -NOj at the meta position relative to the
boronic acid). This series of functionalised PAH with differently substi-

Page 131 of 157




Chapter 6 General Discussion

tuted boronic acids was also used to study the tunability of boronic ester-
based CANs through electronic ring substituents, similar to the study on
the tunability of boronate-TAAD networks in chapter 4. Unfortunately,
the formed hydrogels were difficult to study and the characterisation of
these gels proved irreproducible.

C
HO. OH
\B/ |
NH; NH, NH
EDC
NHS
+ —>
8 DMSO/H,0 4 b
X
HO [e]

X = -H, -F, -OMe, NO,, -CF;

Scheme 6.2: Synthesis of boronic acid functionalised poly(allylamine hydrochlo-
ride) variants.

Using the knowledge on boronate-TAAD networks obtained in chapters
3, 4 and 5 it is now possible to prepare boronate-TA AD-based gels that can
be used to study these interactions in detail. Especially chapter 5 already
shows that these networks can be tuned through external catalysis, as
shown through the incorporation of acid in the polystyrene-based network.

6.3.3 Boronic acid metal coordination

There is already evidence that the properties of covalent adaptable net-
works can be influenced by the incorporation of metal ions. For example,
metal catalysis has been shown for epoxy networks®2 and metal coordi-
nation has been shown for oximel®3 and imine networks.!** Boronic acids
also show interactions with various transition metals though this gener-
ally leads to deborylation, most famous of all with palladium(II) in the
Suzuki coupling,®” but also nickel(I1)1¥637 or copper(I or II).1333% Inter-
estingly enough, phenylboronic acids do not seem to form dative bonds
with some common transition metals and instead the interaction between
the boronic acid and the metal seems to be through second-sphere coor-
dination with water.?9) Borates by themselves do form complexes with
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(transition) metals.[40:41] Unfortunately, there are not many reports on
metal complexes involving boronic acids or boronates in general, with no
known works involving the effects of metal complexation on boronic acid-
based CANs. The review of Sene et al. from 2016 gives the most com-
plete overview of the few studies available on the boronic acid-based metal
complexes.[*2l The work by Reinholdt et al. shows that boronic acids can
form complexes with calcium, strontium (hydrate) and barium.*3 This
suggests that boronic acids are capable to form complexes with various
alkaline earth metals. It might be interesting to study if incorporating
alkaline earth metals in polymer networks containing boronic acids re-
sults in the formation of a dynamic metal-coordinated network, similar
to how transition metals have been used to construct (supramolecular)
metal-coordinated networks.4447) Further research is needed to study if
and how coordinating metal ions to boronic esters could be used to mod-
ulate the exchange dynamics of this dynamic motif in a CAN.

Another interesting work by Fan et al. shows phenylboronic acids coordi-
nating to various lanthanides to make coordination polymers.[‘lg} The pos-
sibility to incorporate lanthanides into CANs could prove interesting, espe-
cially for medical applications where lanthanides can be used as fluorescent
and/or magnetic contrast agents.[49%0 Lanthanide complexes are also used
for therapeutical applications, such as anticancer agents in chemothera-
pies.?1-53] Boronic acids have already been used in responsive hydrogels for
drug releasel®* 7 and (fluorescence-based) imaging®869 purposes. Fur-
ther research is needed to test if alkaline- or lanthanide-coordination com-
plexes can be used in boronic acid-based CANs.

6.4 Current developments towards a circular
polymer economy

6.4.1 Composites

One of the biggest issues at the moment in the field of CANs is the creep
these materials tend to display. The dynamic bonds allow for exchange
and thus flow of the material. This creep is undesired around temper-
atures where the material is to be used, since the material will simply
deform over time under the effect of gravity or of an imposed load. By
combining CANs with fibres to create composites, it is possible improve
the mechanical strength and thus (largely) negate creep behaviour in a
material.[1:62 The downside is that composites are more difficult to recy-
cle, due to the introduction of the fibres. Still, this has great potential, not
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only since reprocessable composites would be a big step towards creating
a circular polymer economy, but it could also contribute to the green en-
ergy transition, e.g., by allowing recycling of wind turbine blades, which
typically are based on composites.63!

Typically, the incorporated fibres are not part of the polymer network,
such as is generally the case for carbon fibres,[54:6% however boronic acid-
based CANs can covalently incorporate cellulose fibres, since those fibres
contain hydroxyl groups that can be dynamically bound by the boronic
acids. Shi et al. have already shown that incorporation of nanocellulose fi-
bres can enhance the mechanical strength of boronic acid-based CANis.[66]
Du et al. were able to show that incorporating small amounts of the stiffer
nanocellulose crystals increases the storage modulus of those materials at
least seven-fold compared to the control networks.[67 More work will need
to be done to investigate how the incorporation of nanocellulose fibres or
crystals affects the dynamics of the CAN and if these networks can re-
main easily reprocessable at the higher stiffness after the creation of the
composite.

6.4.2 Supramolecular networks

CANSs are not the only materials by which a circular polymer economy
might be realised. One other class of materials that is currently being
explored are the supramolecular polymer networks.[%:69 These networks
utilise dynamic non-covalent interactions to form networks with exchang-
ing crosslinks in contrast to the dynamic covalent bonds in CANs. Since
non-covalent interactions tend to be less strong than covalent bonds, these
networks generally try to make up for this difference in bond strength by
combining a multitude of non-covalent bonds in non-covalent motifs, 7!
such as the UPy motif which uses multiple hydrogen bonds to form a
supramolecular crosslink.[™ Other non-covalent interactions used in these
non-covalent networks include metal-ligand interactions,#*72 host-guest
chemistry, ™7 Van der Waals forces/™ and 77 interactions.[™® Some-
times the properties of supramolecular networks are enhanced through
the introduction of some (dynamic) covalent backbone.[”” The opposite
is used as well to increase the stress dissipation of covalently crosslinked
networks by introducing sacrificial non-covalent interactions.™ These hy-
brid networks CANs with some incorporated supramolecular bonds have
the potential to be more mechanically robust materials that still can be
reprocessed quite easily and display self-healing behaviour, although this
topic needs further exploration.[79:80
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6.4.3 Reversible-deactivation radical (de)polymerisation

The discovery of controlled depolymerisation of polymers synthesised us-
ing RAFT agents®! or ATRP®? is a potentially powerful method for
achieving a circular polymer economy. There has even been the first ex-
perimental success on the depolymerisation of gels.[¥3 This method has a
lot of potential since no major changes have to be made to the molecular
structure of existing polymers, as would be the case for switching to CANs
or supramolecular networks. This has a high probability to preserve the
existing polymer characteristics. However, this method is dependent on
two things. The first is that the production process of existing polymers
has to be switched to RAFT polymerisations. This might make commod-
ity polymers more expensive, since a RAFT agent has to be added for
the polymerisation. The polymerisation itself will also likely require more
time as RAFT is a controlled polymerisation technique and thus slows
down the polymerisation reaction to achieve control. The second require-
ment is that the depolymerisation can only occur if the RAFT moiety is
still part of the polymer. If the RAFT moiety is removed by choice or by
gradual degradation, then the polymer can no longer be depolymerised.
Depolymerisation using ATRP is also viable and has mostly caught up to
the RAFT depolymerisation.[84:8°]

Reversible-deactivation radical depolymerisation could be easily imple-
mented by using a polymer backbone, prepared using RAFT or ATRP,
as the scaffold to attach the dynamic functional group on. An exam-
ple of what such a network might look like can be found in chapter 5,
where RAFT was used to prepare polystyrene polymers, which were then
crosslinked using dynamic boronate-TAAD chemistry. During normal op-
erations, the CAN would display dynamic bond exchange while being me-
chanically reinforced by the polymer backbone.[®8) The CAN could then
be reprocessed using the dynamic bonds, or completely recycled back to
its monomers by opening the dynamic bonds and performing the depoly-
merisation.
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6.5 Closing remarks

As shown in this chapter, and discussed in the previous chapters, CANs
display a great potential in the transition towards a circular polymer econ-
omy. New and improved CANs are continuously developed. The first
commercial CAN composites are slowly entering the market through com-
panies like ATSP Innovations and Mallinda. However, there still remains
a lot of research needed before CANs can fully replace commodity plastics.
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Chapter

Summary/Samenvatting

English summary

The increasing amount of non-recylable thermosetting polymers is causing
more and more environmental problems, due to the accumulating polymer
waste. A possible solution to this problem is changing thermosetting poly-
mer networks into covalent adaptable networks (CANs). CANs make use
of dynamic covalent chemistry to gain traits of both thermoplastics and
thermosets. The dynamic crosslinks allow CANSs to be reprocessed and re-
cycled, while retaining most of the mechanical strength of thermosetting
polymers.

In this thesis the novel boronate-TetraAzaADamantane (boronate-TAAD)
CAN was introduced. This thesis also contains chapters on how the
properties of furan-maleimide or boronate-TAAD networks can be tuned
through variations in (electronic) aromatic ring substituents. The boronate-
TAAD CANs were also tuned using acid catalysis.

In chapter 2 a study was reported on how to test whether varying ring
substituents on maleimide linkers could be used to tune the properties of a
furan-maleimide network. A series of five differently substituted maleimide
linkers (varying in their electronic properties) was prepared and incorpo-
rated into furan-maleimide networks. The networks were first analysed
using IR, allowing the calculation of A, H® and A, S° values through Van
‘t Hoff plots. Plotting the obtained enthalpy and entropy values against
the Hammett (op,) values (as a measure for their electronic properties) of
the substituents gave a positive trend, suggesting that these networks can
indeed be tuned by varying ring substituents. However, when comparing
relaxation data obtained from rheological experiments no clear depen-
dence on o, was observed. This seems to suggest that variations in the
ring substituents of maleimide linkers are not the main contributor in the
macroscopic stress relaxation of these networks.
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In chapter 3 a novel type of boronate CAN was discussed. The new
type involves the use of a TAAD moiety, which is an adamantane-like
structure featuring four nitrogen atoms and three hydroxyl groups, as a
replacement of the conventionally used diol for boronate ester formation.
Stress relaxation experiments, combined with extensional DMA tests on
the recycled material, showed that the boronate-TAAD networks are in-
deed viable as CANs.

In chapter 4 the boronate-TAAD network was compared to a conventional
boronic ester network in an effort to better understand the differences
between the two systems. The boronate-TAAD networks showed to be
stiffer and stronger than the boronic ester networks in rheological test-
ing. Relaxation studies also showed that the boronate-TAAD exchange
has a higher activation energy compared to the boronic ester exchange.
The boronic ester network did display a higher thermal stability in TGA
measurements. Next to this, also the possibility of using ring substituents
on phenylboronic acids to tune the macroscopic material properties was
demonstrated. A series of variants with different substituents on the meta-
position relative to the boronic acid was prepared and the resulting net-
works compared. When comparing the activation energies of the dynamic
exchange, as obtained from the relaxation data, and the o, value of the
substituent a linear trend was observed, thus showing the possibility for
controlled material tuning in these boronate-TAAD networks.

In chapter 5 the boronate-TAAD motif was implemented into a polystyrene-
based material, thus converting the thermoplastic polystyrene into a CAN.
The polymer was prepared by polymerising the styrene with a small amount
of 4-vinylbenzyl bromide, which was then used to attach the TAAD moi-
ety via quaternisation of the tertiary amine of the TAAD moiety. After
crosslinking an insoluble material was obtained. Variations in crosslink-
ing degree of the network were prepared, which all gave swelling mate-
rials with high insoluble fractions, indicative of network formation. The
T, of the networks was around 83 °C, which is slightly lower than the
unmodified polystyrene (/100 °C). TGA showed the first thermal decom-
position step around 180 °C. The effects of crosslinking degree and the
addition of an acid catalyst on the relaxation behaviour were also studied.
Lower crosslinking degrees generally relaxed faster while higher wt% of
acid mixed in resulted in faster relaxation time up until 5 wt% of acid,
after which the network did not relax faster. DMA showed that the mate-
rials could be reprocessed at least two times. Overall, this study revealed
it is possible to transform an existing polymer (polystyrene in this case)
into a covalent adaptable network, with properties derived from both the
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monomer structure, but also from the dynamic network architecture.
Chapter 6 discussed the results of earlier chapters and placed their results
in the context of the field of CANs. This chapter also outlined some future
research suggestions, mostly based on preliminary experiments performed
during the work described in this thesis.
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Nederlandse samenvatting

De toenemende hoeveelheid van niet-recyclebare thermohardende poly-
meren geeft steeds meer milieuproblemen, door het ophopende polymeer
afval. Een mogelijke oplossing hiervoor is het vervangen van thermohard-
ende polymeer netwerken door zogenaamde covalent adaptieve netwerken
(CANs). CANs gebruiken dynamisch covalente chemie om eigenschappen
van zowel thermoplasten en thermoharders te verkrijgen. De dynamis-
che verbindingen zorgen er namelijk voor dat CANs wel verwerkt kunnen
worden, terwijl zij grotendeels de mechanische kracht van thermohardende
polymeren behouden.

In deze thesis is de nieuwe boronaat-TetraAzaADamantaan (boronaat-
TAAD) CAN geintroduceerd. Deze thesis bevat ook hoofdstukken over
hoe de eigenschappen van furan-maleimide of boronaat-TAAD netwerken
afgestemd kunnen worden door variaties in (elektronische) aromatische
ringsubstituenten. De eigenschappen van de boronaat-TAAD CANs zijn
ook verder afgestemd door het gebruik van zuur-gebaseerde katalysatoren.
In hoofdstuk 2 is onderzoek beschreven hoe variaties in ringsub-
stituenten konden worden gebruikt om eigenschappen van furan-maleimide
netwerken af te stemmen. Hiervoor zijn vijf verschillend gesubstitueerde
maleimide linkers gemaakt, waarbij met name de elektronische eigenschap-
pen van de substituenten zijn gevarieerd. Deze zijn vervolgens gebruikt in
verschillende netwerken. De netwerken werden eerst geanalyseerd met IR.
Hierdoor konden A, H® en A,S° waarden voor de furan-maleimide reactie
berekend worden via zogenaamde Van 't Hoff plots. Wanneer de berek-
ende enthalpie en entropie waardes uitgezet werden tegen de o, waarden
van de substituenten (als maat voor de elektronsische eigenschappen) werd
een positieve trend gevonden. Dit suggereert dat deze netwerken inder-
daad afgestemd kunnen worden door variaties in de ringsubstituenten.
Maar wanneer gekeken werd naar het relaxatiegedrag van de verschillende
netwerken werd geen duidelijk verband gebaseerd op o}, gevonden. Dit
suggereert dat de variatie in ringsubstituenten van maleimide linkers niet
de belangrijkste bijdrager is in het afstemmen van macroscopische mate-
riaaleigenschappen.

Hoofdstuk 3 beschreef een nieuw type covalent adaptief netwerk. Dit
nieuwe type maakt gebruik van een TAAD groep, een adamantaan-achtige
structuur met vier stikstof atomen en drie hydroxyl groepen, als vervang-
ing van de conventionele diol voor boronaat ester vorming. Relaxatie
experimenten, gecombineerd met extensie DMA testen op gerecycled ma-
teriaal, lieten zien dat boronaat-TAAD netwerken geschikt zijn als covalent
adaptieve netwerken.
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In Hoofdstuk 4 werden de nieuwe boronaat-TAAD netwerken vergeleken
met conventioneel boorzuur ester netwerken in een poging om de ver-
schillen tussen beide netwerken beter te begrijpen. De boronaat-TAAD
netwerken bleken stijver en sterker dan de boorzuur ester materialen tij-
dens de reologische testen. Relaxatiestudies lieten zien dat de boronaat-
TAAD uitwisseling een hogere activeringsenergie had dan de boorzuur
ester uitwisseling. Darentegen, had het boorzuur ester netwerk een hogere
thermische stabiliteit volgens TGA metingen. Deze studie liet ook zien
dat het mogelijk is om macroscopische materiaaleigenschappen af te stem-
men door het variéren van ringsubstituenten op fenylboorzuren. Een se-
rie van varianten met verschillende substituenten op de meta-positie in
relatie tot het boorzuur was bereid en de resulterende netwerken zijn
vergeleken. Bij het vergelijken van de activerings energieén van de dy-
namische uitwisselingen, verkregen uit de relaxatie data, met de oy, waar-
den van de substituenten werd een lineaire trend gevonden. Dit bewees de
mogelijkheid van gecontroleerde materiaalafstemming in deze boronaat-
TAAD netwerken.

Hoofdstuk 5 beschreef hoe het boronaat-TAAD motief kan worden
geimplementeerd in een materiaal gebaseerd op polystyreen, waardoor het
thermoplastische polystyreen veranderd werd in een CAN. Het polymeer
werd bereid door het styreen te polymeriseren in aanwezigheid van een
kleine hoeveelheid 4-vinylbenzyl bromide, wat vervolgens gebruikt werd
om de TAAD groep vast te maken aan het polymeer via reactie met de
tertiaire amine groep van TAAD. Na het crosslinken vormde zich een ono-
plosbaar materiaal. Verschillende materialen met variaties in de hoeveel-
heid dynamische bindingen in het netwerk gaven allemaal zwelbare ma-
terialen met een hoge onoplosbare fractie. De Tz van de netwerken lag
rond de 83 °C, wat net wat lager ligt dan conventioneel polystyreen (/100
°C). TGA liet zien dat de eerste stap van thermische degradatie lag rond
de 180 °C. De effecten van de mate van verknoping en de additie van een
zuur katalysator op de relaxatie zijn ook onderzocht. Minder verbindingen
gaven over het algemeen een snellere relaxatie en hogere gewichtsprocenten
ingemengd zuur gaven snellere relaxatie tot 5 gewichtsprocent ingemengd
zuur, daarna zorgde meer zuur niet voor nog snellere relaxatie. DMA liet
zien dat de materialen ten minste twee keer herverwerkt konden worden.
Hoofdstuk 6 besprak de resultaten van voorgaande hoofdstukken en plaat-
ste deze in de context van het CAN veld. Dit hoofdstuk gaf ook een aantal
suggesties voor toekomstig onderzoek voornamelijk gebaseerd op verken-
nende experimenten die uitgevoerd zijn tijdens het werk dat is beschreven
in dit proefschrift.
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