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ABSTRACT OF THE DISSERTATION

Sustainable Polymer Designs via Dynamic Covalent Chemistries

By

Chase Tretbar

Doctor of Philosophy in Chemistry

University of California, Irvine, 2021

Professor Zhibin Guan, Chair

Polymers have become a ubiquitous part of our lives, filling diverse applications
ranging from aerospace to children’s toys. With over three hundred million tons of plastics
being produced annually, it's crucial to increase their usable lifespan and reduce their
relegation to waste. As such, it is necessary to move away from traditional commodity
polymers and steer towards new structural designs that make the polymers more recyclable
and more resistant toward deterioration and failure. For wider adoption, these new
structural designs should be thermally stable, resistant to additives, and can resist/repair
damage. The incorporation of dynamic covalent chemistries into polymers offer an attractive
route towards our dream of limitless recyclability. Dynamic covalent bonds allow for the
shuffling of crosslink points between disparate polymer backbones, allowing for benefits
such as self-healing, moldability, and malleability within static materials. The incorporation
of dynamic covalent chemistries provides a platform for the next generation of green

materials by imparting recyclability in traditionally un-recyclable materials. Chapter 1 of this
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thesis will provide the reader with an overview of the field for understanding the most

meaningful contributions to the field of dynamic covalent chemistries in polymer networks.

Chapter 2 describes my work towards developing a robust self-healing polymer by
incorporating both dynamic covalent chemistry and supramolecular interactions via
sterically hindered thiourea linkages. In model compounds studies I found that tuning the
bulkiness of the thiourea linkage led to the tunability of the association and dissociation
equilibrium. When transferred to polymers, these findings led to the generation of both high

molecular weight polymers and efficient self-healing at ambient temperatures.

In Chapter 3 we report our discovery of a new silyl ether metathesis reaction and its
application in vitrimer design. The incorporation of silyl ether crosslinks led to enhanced
mechanical properties and significant creep resistance over unmodified polymers. Our silyl
ether-based vitrimer represents the most thermally stable vitrimer reported to date, owing

to the high thermal and oxidative stability of the Si-O bond.

In Chapter 4 we describe our developments towards a new fluoride catalyst for
selective and rapid exchange of siloxanes, thereby expanding the scope of Si-O vitrimer
chemistry. The field of vitrimers has largely focused on niche polymers with little attention
into the expansion of vitrimer chemistry into commodity plastics. Here, | work on developing

industrially relevant methods for preparing vitrimers from commodity polymers.

Chapter 5 summarizes our work towards the development of a generalized polymer
compatibilizer using thermally reversible Diels-Alder chemistry. This compatibilizer uses

thermally reversible mechanical interlocks to stabilize the phase separation of immiscible
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polymer blends. If successful, this work would provide both a new recycling method and a

technique to produce novel polymer blends.
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CHAPTER 1: Exchangeable Chemical Bonds in Polymer Networks

1.1 The Background of Dynamic Covalent Chemistry in Polymers

Humans have long used naturally occurring polymeric materials such as cellulose,
natural fibers, and leather in a variety of applications such as tools, clothing, and shelter.
Their applications were often rudimentary due to the limited sophistication of these natural
polymers. Until Hermann Staudinger’s seminal proposition that polymers were small
molecules covalently linked together,! there was much debate on the molecular basis for
these ubiquitous materials. Staudinger’s proposition led to the development of modern
macromolecular chemistry and was awarded the Nobel Prize in Chemistry in 1953 for his
pioneering contributions in polymer science.? Despite misunderstanding the molecular basis
for polymerization, the first commercial synthetic polymer was widely recognized as the
phenolic resin Bakelite from Leo Baekeland in 1909.3 Bakelite was a densely crosslinked
polymer that offered significant manufacturing possibilities over traditional materials such
as high rigidity, solvent resistance, ease of processing, and resistance to melting. The
significance of this synthetic polymer was quickly realized, ushering in a new era of synthetic
materials. The new synthetic polymers offered a lightweight alternative to metal and could
be easily molded into intricate shapes. Modern polymers have extremely diverse mechanical
properties, ranging from soft rubbers to high modulus fibers. Despite these advances, there
are no single polymer systems that offer physical traits to meet all applications. Some
physical behaviors are complementary, while others are diametrically opposed. Depending
on the application, we are required to choose a specific family of polymer to meet the

required criteria.



There are two broad categories of synthetic polymers: thermoplastics and
thermosets. Thermoplastics are linear polymer chains that derive their strength from
covalent bonds in the backbone as well as chain entanglement and non-covalent
intermolecular interactions.* Thermoplastics are the most widely used family of polymers
and include the common polymers such as polyethylene, polypropylene, polymethyl
methacrylate, polyvinyl chloride, and polystyrene. The benefit of using thermoplastics is that
they are easy to process and can often be reprocessed several times.> This makes them an
ideal candidate for commodity materials such as shopping bags, clothing textiles, and food
packaging. However, there exists significant drawbacks to using thermoplastics such as poor
dimensional stability at high temperatures, poor solvent resistance, and creep under load.®
In contrast to thermoplastics, thermosets are polymer networks where polymer chains are
covalently bonded to each other, preventing slippage between polymer chains. This limited
mobility provides enhanced thermal stability, creep resistance, and solvent resistance.”8
However, unlike thermoplastics, thermosets cannot be reprocessed without breaking
covalent bonds.> In the following work, I will discuss recent efforts on combining the best
attributes of thermoplastics and thermosets to prepare a reprocessable material for high-

performance applications.

To increase the reprocessability of thermosets, research focus has turned towards
replacing the permanent covalent bonds in between chains with dynamic covalent
chemistries (DCCs).-11 DCCs are a family of diverse chemical functionalities that offer
covalent bonds that are reversible under relevant/mild conditions. DCCs are

thermodynamically controlled processes where the equilibrium can be shifted towards the



products or reactants depending on the stimuli exerted on the material.1? Many types of
DCCs have been reported such as Diels-Alder cycloadditions,'314 alkene and alkyne
metathesis,15-19 transesterification,?0-22 imine exchange,?? aminal and hemiaminal
exchange,2425 disulfide exchange,2¢ boronic acid and boroxine exchange,2728 silyl ether
exchange,?? reversible addition fragmentation radical chemistry,3%-33 and several others.12
In material applications, dynamic covalent crosslinkers allow for polymer networks to have
the strength, solvent resistance, and creep resistance of traditional thermosets at working

conditions, while offering reprocessability and malleability at elevated temperatures.

To be relevant for use in polymers, DCCs must meet two main requirements. The first
is that the reaction needs to be truly reversible. In principle, all chemical reactions are
reversible, yet in reality many reactions are not reversible due to kinetic traps or unfavorable
thermodynamics.3# Often, catalysts are required to lower the energy of activation to induce
reversibility in some reactions.3> Secondly, the DCCs must be stable at working conditions
and can be shifted to favor either the reactants or products under processing conditions. This
change in equilibrium can be modulated through different stimuli to perturb the equilibria
and change the reactivity. An example is in the case of self-healing materials.3¢ In the event
of a damage, applying a targeted stimulus would modify the local chemical environment,
shifting and rearranging the dynamic bonds and inducing repair of the damaged spot. After
the stimuli is removed, the material would revert to its stable state. In the case of the
aforementioned dynamic thermosets, heat is commonly used to shift the dynamic chemical
bonds and cause malleability in traditionally non-malleable materials. While under working

conditions, exchange would be suppressed to allow for a stable material.



1.2 Dissociative Exchange

DCCs used in polymer systems are generally divided into two categories: dissociative
exchange and associative exchange.3” Dissociative exchange requires the dynamic linkage to
at first dissociate before finding a new chemical handle to exchange with, while associative
exchange requires the new chemical functionality to form a covalent bond to the dynamic
linker, thereby forming a 3-membered intermediate before expelling the original linker. Both
exchange methods have their merits depending on the application. As such, a spectrum of
material properties ranging from materials with emphasized malleability /reprocessability

on one end to materials with increased toughness on the other can be obtained from the

a) Dissociative exchange pathway

—
b) Associative exchange pathway
—
Figure 1.1. Pathways for the dynamic covalent chemical linker exchange using an a)
dissociative exchange mechanism and b) associative exchange mechanism.

I
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judicious selection of dynamic linkages.3® On the most reprocessable side of the spectrum,
the dissociative pathways are preferred when large scale topographical changes are
required such as in self-healing applications. Because the dissociative pathway decreases the
crosslink density due to the breaking of covalent bonds, dissociative exchange is more
beneficial when reprocessability is more important than structural integrity. When heated
at sufficiently high temperatures, the equilibrium of the dynamic covalent chemistries will
shift towards the reactants and the system will flow like molten liquid. The following
literature is intended to show how several chemical motifs have been studied to tune the

behavior, compatibility, and thermal sensitivity of these dissociative exchange pathways.

One of the earliest and most well-studied forms of dissociative dynamic covalent
chemistry uses the Diels-Alder (DA) reaction. Otto Diels and Kurt Alder received the 1950
Nobel Prize in Chemistry for their work on [4 + 2] cycloaddition of an electron-rich diene to
an electron-deficient dienophile.’® Their ground-breaking discovery has been applied to
numerous chemical and polymeric systems such as reversible crosslinking3° and reversible
chain extension.#? The [4 + 2] cycloaddition of substituted furan and maleimide was utilized
by Wudl and coworkers in 2002 to prepare one of the first widely recognized self-healing
polymers.#1 The material was a densely crosslinked transparent polymer network that could
re-mend itself upon heating. The resin was prepared by blending a 4-functional furan and 3-
functional maleimide in a stoichiometric ratio. For this particular Diels-Alder adduct,
equilibrium shifts towards the reactants above 120 °C as dissociation becomes more
favorable. Below 80 °C, the formation of the adduct begins to dominate and the resin begins

to harden. The furan-maleimide curing occurred rapidly at 75 °C, reaching 95% conversion
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Figure 1.2. Formation and dissociation of the Diels-Alder adduct (a) Addition of a
multifunctional furan, 1, and maleimide, 2, to prepare the densely crosslinked reversible
network. (b) Mechanical tensile testing of the cured thermoset before and after healing.
Adapted and reprinted from Wudl, F., et al. Science 2002.

within just 3 hours. When cured at room temperature, the conversion was much slower,
reaching 60-70% in 5 days indicating the material could be used in ambient-healing
applications, but would be best suited for applications at elevated temperatures. The resin
was shown to be reprocessable and could be broken and reformed several times while

recovering much of the original mechanical properties (Figure 1.2b).

The furan-maleimide Diels-Alder pair have been used extensively for gel-sol
transitions due to their stability and low temperature for addition.#? First, both furan and
maleimide motifs are relatively heat stable, which is an important attribute for processing
polymer networks. Secondly, the furan-maleimide pair allows for the forward Diels-Alder
reaction to occur at room temperature (or slightly elevated temperatures) as evidenced by
several works on furan-maleimide self-healing.43-4> The DA cycloaddition must reach a

temperature threshold to overcome the energy barrier for dimerization. For comparison, the



AG* of the cycloaddition of furan-maleimide is calculated to be only 25.0 kJ/mol while
anthracene-maleimide cycloaddition is 132 k] /mol.4¢ Once formed, however the anthracene-
maleimide retro Diels-Alder AG*is 325 k]/mol, rendering the retro Diels-Alder reaction

impractical without destroying other parts of the network.

One unfortunate side effect of the furan-maleimide DA system is that the furan group
can become oxidized in the presence of light.#347 Another important consideration is the
maleimide’s tendency towards Michael addition in the presence of nucleophiles such as
thiol8 or benzamine.*® Along with the other problems mentioned, the maleimide is sensitive
to radicals and has been shown to homopolymerize,>° rendering the effective maleimide
concentration lower than anticipated and decreasing the expected material properties.
Beyond thermally reversible Diels-Alder crosslinkers,>! several other dynamic networks
have leveraged other cycloadditions such as [2+2] and [4+4] photocycloadditions of

coumarin,>? anthracene,>3 cinnamoyl,>* thymine,>°> and stilbene.>¢

In the pursuit of alternative methods for self-healing, Cheng and coworkers
developed a clever dynamic system using the ubiquitous urea linkage prepared from
isocyanates and amines.>” The key modification was to add a bulky substituent to the N-
position on the amine, forcing unfavorable sterics in the urea product and reducing the
strength of the C-N bond adjacent to the bulky group. Due to the weakened C-N bond, the

urea could spontaneously revert back to the starting isocyanate and amine. By carefully
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Figure 1.3. Dissociative exchange reaction between an isocyanate and a secondary amine.
(a) Adding steric groups to the urea impart reversibility to an otherwise stable linkage.
(b) Three diamine crosslinkers with varying steric hinderance. (c) Depiction of the

exchange between functional groups at the interface of a damaged material. Adapted from
Cheng et al. Nature Comm. 2014.

choosing the bulkiness of the substituent, the equilibrium could be adjusted to increase the
amount of starting material at any given time. The bulky urea linkages were incorporated
into a polymer backbone to produce a self-healing material at room temperatures. When the
material was cut and pushed back together, the N-substituted urea linkages throughout the

backbone dissociate, diffuse across the cut interface, and find new corresponding functional



groups to associate with. The polymer network exists in a constant state of flux with

dissociation and association occurring throughout the backbone at any given time.

One of the major drawbacks to this system is its inherent sensitivity towards
moisture. While the urea linkage itself is very stable, the isocyanate starting material rapidly
reacts with water to form a primary amine and carbon dioxide.>8 Since the dynamic polymer
network exists in equilibria with secondary amine and isocyanate, moisture uptake will
constantly be degrading the crosslink density and molecular weight of the polymers,
ultimately reducing the effectiveness of the self-healing network. One method for slowing
this process would be to reduce the effective concentration of isocyanates by reducing the
steric bulk on the N-substituted urea, however that would result in reduced self-healing
capability. We proposed a new way to address this issue by replacing the isocyanate with an
isothiocyanate, which is significantly more hydrolytically stable than the isocyanate
analogue. The details of my efforts towards this chemistry will be found in Chapter 2 of this

thesis.

Thus far we have discussed dissociative DCCs in the context of elimination and
cycloreversion reactions, however an unusual but effective method is the use homolytic
bond cleavage and radical recombination. Otsuka et al. were pioneers in the use of
alkoxyamine radical cleavage and recombination to scramble linear polymers,>® however
their initial work was focused on linear polymer chains. One of the first instances of
incorporating this chemistry into bulk networks was done by Yuan and coworkers in 2011
where they used the dynamically reversible C-ON bond of an alkoxyamine group to relieve

stress in a crosslinked polystyrene network (Figure 1.4).°0 Upon heating, crosslinks



containing alkoxyamine groups homolytically cleave into both carbon-centered radicals and
persistent nitroxide radicals. Because the dissociation and reassociation occur at extremely
high frequency (2.5 x 1014 Hz)%! the crosslink density is marginally reduced up on heating,
preventing substantial creep above the glass transition temperature, Ts At low
temperatures, free radical generation is suppressed as seen in Figure 1.4b, where the
electron spin resonance (ESR) spectroscopy measurements indicate the decreased

abundance of free radicals at lower temperatures.
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Figure 1.4. Dynamic alkoxyamine crosslinkers are used to generate
dissociative crosslinks based on stabilized radical formation. (a) Polystyrene
backbone crosslinked with the alkoxyamine linkages. Upon heating, the C-ON
bond homolytically cleaves, allowing for the shuffling of crosslinks, and upon
cooling the radical generation is suppressed. (b) electron spin resonance (ESR)
spectrogram shows an increased abundance of radicals at higher temperatures.
(c) Critical stress vs fracture length of virgin and healed samples as tested by
double cleavage drilled compression test. Adapted from Yuan, C,, et al. Chem.
Mater. 2011.
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Only one month after Yuan and coworker’s publication on nitroxide crosslinkers, a
similar radical chemistry motif was published by Otsuka et al.%? Instead of using TEMPO for
the crosslinker, they used diarylbibenzofuranone (DABBF) which can homolytically cleave
to form stable C-centered radicals (Figure 1.5).63-65 In their case, the backbone polymer was
polypropylene glycol which allowed for a soft matrix that would have good contact upon
rejoining. As evidence the DABBF dimer existed in equilibrium with the radical monomer,
excess DABBF was added to a solution of the gelled network, and linear polymer were

produced. This proved that autonomous rearrangement at room temperature was occurring.
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Figure 1.5. Diarylbenzofuranone (DABBF) has alabile C-C bond that is prone to homolytic
dissociation at room temperature. Once the radical species are formed, they quickly rejoin
and the dimer is formed again. When used as a tetrafunctional crosslinker, DABBF allows
for shuffling of crosslinks in the network due to constant dissociation/recombination of
DABBF. Adapted from Imato, K., et al. Angew. Chem. Int. Ed. 2012.
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However, when the temperature was lowered to 0 °C all exchange ceased, and the network

could no longer reorganize or self-heal.

Using radical generation for self-healing materials provides a unique platform for
self-healing materials, however it does have some drawbacks. Primarily, radicals generated
for healing can be quenched on exposure to oxygen.* This is obviously detrimental to their
real-world applications since gasses can easily diffuse into the fractured substrates
eliminating the healing. The molecular structure can be modified to further stabilize the
radicals against oxidation; however, this will have the inherent side effect of reducing the
healing efficacy.6©67 Another challenge with radical sources is their proclivity towards H-
abstraction and/or disproportionation at high temperatures which in living polymerizations
leads to dead chain ends.%® Also, at sufficiently high temperatures the radical species will

undergo permanent decomposition.3!

1.3 Associative Exchange in Covalent Adaptive Networks

Thus far I have given examples of dissociative exchange mechanisms, which are
useful where processing conditions allow the network to flow freely above the dissociation
temperature. An example would be when the molten polymer is physically contained in a
mold and there is no concern about liquid flow. However, the dissociative exchange sol-gel
transition is a binary behavior such that dynamic network is either reprocessable or not
reprocessable. Many applications benefit from a more gradual decrease in viscosity where
fine control of processing parameters is necessary. In such instances, network integrity

should be retained at high temperatures as opposed to strict melting. Instead of using
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dissociative exchange to cause sol-gel transition, associative exchange can be used to provide

a more gradual viscosity change.

Associative exchange mechanisms are an interesting exchange route that maintains a
high degree of crosslinking despite their dynamic nature. Associative exchange occurs when
a free chemical motif reacts with a dynamic linker, forming a multi-functional intermediate
that collapses back into its lower energy state.®® The newly freed motif can continue to
exchange with other dynamic linkages (Figure 1.1b). The associative nature of these
reactions ensures the network does not melt at increased temperature yet is still malleable
under external forces. The rate of the exchange is often governed by temperature, and as
such the dynamic exchange follows an Arrhenius-type temperature dependence. This
behavior is similar to that of molten glass (vitreous silica) whereby the term “vitrimer” was
coined for dynamic crosslinked networks that exhibit a gradual decrease in modulus above
the processing conditions.”? This is in contrast to the sudden drop in modulus often observed
in linear polymers or dissociative DCC networks. Over the last 10 years, many new vitrimer
motifs have been discovered that follow an associative exchange pathway allowing for the
gradual drop in viscosity. The scope of vitrimers has broadened to include many unique

functional groups that have differing strengths and weaknesses.

One of the first dynamic materials utilizing associative exchange Bowman et al,
where they used addition fragmentation chain transfer for the rearrangement of the polymer
topology.3? They prepared a traditional thiol-ene network using the photopolymerization of
pentaerythritol tetra(3-mercaptopropionate) (PETMP) and triethyleneglycol divinyl ether

(Figure 1.6). When the cyclic ring opening monomer 2-methyl-7-methylene-1,5-
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dithiacyclooctane (MDTO) was incorporated as a co-monomer, allyl sulfide functional
groups were positioned in the backbone. The authors found that under UV light, residual
photoinitiator would decompose and produce sulfur-centered radicals that would add to the
in-chain allyl sulfide m-bond. The resulting C-centered radical would quickly combine with
an adjacent sulfide which would then fragment producing a new sulfur-centered radical that

could further propagate.

The degree of malleability could be fine-tuned by the amount of MDTO incorporation,
where more MDTO allowed for more addition fragmentation chain transfer into the

backbone. In Figure 1.6c,d, we see that upon the exposure of stress the sample creeped
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Figure 1.6. Thiyl radical addition-fragmentation chain transfer in polymer networks. (a)
Thiyl radicals transfer to allyl sulfide groups in the network backbone. Homolytic
fragmentation of the C-S bond generates another thiyl radical for further propagation. (b)
Monomers used in the synthesis of dynamic thiol-ene networks. MDTO is used to
introduce cleavable allyl sulfide groups along the backbone. Strain-recovery profiles of
dynamic thiol-ene network (c) without irradiation and (d) with 30 mWecm? UV light.
Reproduced from Scott, T., et al. Science. 2005.
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substantially during the five-minute intervals of UV light exposure, such that it did not return
to the previous strain prior to irradiation. At this point in time, chain transfer from thiyl to
alkene was the major reaction in the widely used thiol-ene photopolymerization, however
the second step of chain transfer fragmentation had only been recently discovered in
reversible addition fragmentation chain transfer (RAFT) polymerization.33 RAFT
polymerization is a living polymerization used to prepare low dispersity polymers, however
Bowman’s work was the first instance of the fragmentation step being used as a stimuli-

responsive motif in bulk polymers.

Despite radical chain transfer fragmentation motifs ushering in a new era of
malleable thermosets, it should be noted that there are several limitations to this chemistry.
First, the radical generation requires latent photoinitiator, which will be both incompatible
with many systems and also be depleted upon repeated uses. Second, radical chemistry is
more sensitive to a wide variety of unsaturated bonds, thereby eliminating its use in many
commodity polymers. Third, the use of UV light poses challenges as polymers may be
inaccessible during molding or not transparent to UV light. In such instances the malleability
of the resin would be limited to open air applications. Finally, a high loading of MDTO was
required for malleability to proceed, indicating the low efficiency of the fragmentation
reaction. Despite these drawbacks, this work opened a door to an untapped field of material

chemistry that would prove to be rich with opportunity.

One such opportunity was found in the area of polyolefin exchange. Polyolefins are
the largest family of commercially produced plastics, but they are often overlooked as

backbones for dynamic exchange due to their stability and inert nature. One of the first
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efforts towards olefin dynamic exchange was reported in our lab through use of ruthenium-
catalyzed olefin metathesis (Figure 1.7).71 Olefin metathesis offers an interesting approach
as an associative exchange mechanism due to its autonomous exchange over a wide
temperature range, high efficiency, and high tolerance to functional groups.1”.72 To generate
the malleable network, linear polybutadiene (PBD) was first radically crosslinked to form an
insoluble rubber followed by the diffusion of Grubbs 2nd generation catalyst by solvent
swelling. After addition of the catalyst into the PBD rubber, residual double bonds along the
backbone would continuously undergo metathesis and dissipate stress in the network. While
originally used to show malleability in thermosets, this work was subsequently shown to
provide a platform for efficient self-healing cut materials by simply sprinkling catalyst at the
interface.”? This updated method using the sprinkled Grubb’s catalyst would offer similar
self-healing capabilities without the requirement for solvent swelling, dramatically reducing

the processing steps to produce a self-healing rubber.
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Figure 1.7. Polybutadiene rubber was blended with 0.0050, 0.0075, and 0.0100
Grubbs 2nd Generation Ru catalyst to produce a dynamic network from olefin
metathesis reactions. Reproduced from Lu, Y., et al. . Am. Chem. Soc. 2012.
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One of the most popular chemistries to exploit this new field is transition metal-
catalyzed transesterification in crosslinked polyester networks. Leibler et al. were the first
to incorporate zinc in epoxy networks where they noted that the malleability followed an
Arrhenius-type temperature dependance.’”? The epoxy thermoset was prepared between a
mixture of diglycidyl ether of bisphenol A (DGEBA) and multifunctional fatty carboxylic acids
in a 1:1 stoichiometric ratio (Figure 1.8). Zinc acetate was blended into the mixture before
curing, which provided the catalysts for the exchange mechanism. The Zn?* ions coordinate
to the lone pair electrons on the carbonyl, increasing the susceptibility for nucleophilic

addition into the mc.o bond.”#7> After curing, the epoxy thermoset was insoluble in solvent
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Figure 1.8. Epoxy networks containing excess hydroxyl groups undergo exchange at
sufficiently high temperatures in the presence of transition metal catalysts. The exchange
reaction occurs via associative exchange, allowing for fixed crosslink density during the
exchange process. Reproduced from Montarnal, D. et al. Science 2011.
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signaling that the network was fully crosslinked. When heated, free alcohol groups from the
epoxy ring-opening could associatively exchange with the ester groups forming the
crosslinking points, thus alleviating stress in the material. Without the catalyst, the
transesterification reaction energy barrier was too high to occur at reasonable processing
temperatures and times. In the catalyzed system at room temperature, the
transesterification reactions were almost entirely suppressed, however at temperatures
above 150 °C the network topology would rearrange to flow and dissipate stress. This work
was unique in that it relied solely on associative exchange reactions, whereas many dynamic
materials before had utilized depolymerization-polymerization equilibria to maintain re-

processability.

Further work on transition metal catalyzed transesterification’677 found that the
exchange rate was dictated by three major factors: catalyst concentration, free alcohol
concentration, and temperature. The exchange rate can be experimentally tested by stress
relaxation experiments whereby a constant strain is applied to the sample and the relaxation
time is measured. The exchange rate should follow an Arrhenius-type temperature
dependance, therefore we can use the Maxwell model for relaxation to find the time required

to reach 37% (1/e) of the original stress (Equation 1)7678:

T" =145 €xp (
By running the relaxation experiment at different temperatures, an Arrhenius plot
can be tabulated to find the energy of activation (E4) for that particular system. The derived

energy of activation is an apparent value and does not reflect the true E, for the exchange

mechanism. This is because any physical property that significantly increases the melt
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viscosity (i.e, strong intermolecular forces, polymer branching, chain extension, irreversible
crosslinks, etc.) cannot be delineated from the dynamic exchange when performing physical
tests such as stress relaxation. In Leibler’s work on Zn-catalyzed transesterification, the
activation energy was found to be ~88 k] /moleK when loaded with 10 mol% catalyst. When
Brgnsted Acid catalyst such as triflic acid, bis(trifluoromethane)sulfonimide, benzene
sulfonic acid, methanesulfonic acid, and trifluoroacetic acid were used as transesterification

catalysts, the E4 was found to be 66.7, 60.2, 56.4, 49.7 and 49.6 k] /mol, respectively.””

Regardless of the E4 for the dynamic motif, there is a lower temperature threshold at
which the network rearrangement is effectively frozen. That freezing point is generally
considered when the viscosity (1) is equal to 1012 Paes. This value is often used in
calculations because the value is sufficiently high that the material is considered a solid for

the purposes of practical use. Using a derivation of Maxwell’s equation (Equation 2),

E' (2)

*

n=G-1t"= 2010 T
we can find the extrapolated relaxation time that the associated viscosity occurs. The storage
modulus, E’, is determined from the modulus plateau above the T, and/or T in a dynamic
mechanical analysis (DMA) temperature sweep. At that point, the modulus reflects the
covalent bonds holding the network together which would otherwise melt at such high
temperatures. By inputting the derived t* back into Equation 1, we can calculate the
theoretical temperature at which the network no longer exchanges. This temperate is called
the vitrimer exchange temperature (7)) and is useful for gauging what vitrimer system is
useful in a certain application. In most cases, the T, should be above the working temperature

of the material, only being exceeded when reprocessing is needed.
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In a similar vein to the above-mentioned transesterification reactions,
transamidation offers an interesting method for stable linkages that can also undergo 3-
membered intermediates. In fact, the amide bond is more thermodynamically favored than
an ester group and significantly more resistant to hydrolysis at processing temperatures.
Unfortunately, the amide bond so inert that strong transition metal catalysts are required to
observe transamidation at reasonable temperatures.’” In 2015, Du Prez and coworkers
attempted to circumvent the low reactivity of amides by utilizing vinylogous urethanes, a
conjugated analogue to amides, as a dynamic motif (Figure 1.9).80 Vinylogous urethanes act
as a catalyst-free Michael acceptor for the conjugate addition of a primary amine. Above 140
°C, this exchange begins to occur in reasonable timeframes for most applications. The E4 was
found to be ~60 k]J/mol, which is in line with many of the other previously listed vitrimer
chemistries and agreed with the model compound studies in their work. Interestingly, the T,
of 29 °C was below the Ty of 87 °C, meaning the network rearrangement could be arrested

above the Ty as long as vitrimer was also below the Tj.

Further work on vinylogous urethane vitrimers showed that additives could
accelerate the exchange process through different mechanisms.81 As the exchange reaction
occurs between primary amines and vinylogous urethanes through a proposed imidinium
intermediate (Figure 1.10), catalysts were chosen to either facilitate or hinder the proton
transfer. Among the chosen catalysts were the Brgnsted acids p-toluene sulphonic acid

(pTsOH) and sulfuric acid (H2SO4), strong bases triazabicyclodecene (TBD) and 1,5-
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Figure 1.9. Vinylogous urethane exchange. (a) Upon heating, a free primary amine
will undergo conjugate addition to the Michael acceptor on the vinylogous urethane,
displacing the covalently bound secondary amine. (b) At temperatures above 100 °C,
the reaction is spontaneous at reasonable time scales. (c) An addition reaction
between acetoacetate and a primary amine will produce the vinylogous urethane
linkages, and a trifunctional amine can be used as a crosslinker. (d, e) Associative
addition of the primary amine dissipates stress with Arrhenius temperature-
dependance. Reproduced from Denissen, W. et al. Adv. Func. Mater. 2015.

Diazabicyclo[4.3.0]non-5-ene (DBN), and the commonly used Lewis acid transesterification
catalyst, dibutyltindilaurate (DBTL). In model compound studies (Figure 1.10a,b) it was

found the inclusion of acid catalysts to greatly increase the rate of the reaction with pTsOH
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having the largest effect and H2SO4 having the least effect with the conclusion that solubility

of the organic catalyst having a significant impact on reaction rates.

Interestingly, the measured E, for both uncatalyzed and pTsOH-catalyzed reactions
were ~74 k] /mol, indicating the reaction proceeded through the same iminium intermediate
pathway despite the faster rate. The increased rate was attributed to a higher concentration
of active iminium species due to the acid catalyst. The DBTDL-catalyzed exchange had a
significantly lower E; of 45 kJ/mol indicating the reaction proceeded through a different
mechanism, likely through activation of the carbonyl and stabilization of the zwitterion.

Conversely, the addition of the strong bases like TBD and DBU significantly retarded the
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Figure 1.10. Catalytic control over vinylogous urethane exchange. (a) Model compounds
used in exchange study. (b) Concentration of 2-ethylhexylamine with respect to time in the
model compound exchange study. (c) Proposed mechanism for neutral and acidic
conditions proceeding through an iminium intermediate. (d) Proposed mechanism in the
presence of transition metal catalyst via activation of the carbonyl. (e) Proposed
mechanism in basic conditions such as DBN and TBD where the zwitterion is unstabilized
due to proton trapping. Reproduced from reference Denissen, W., et al. Nat. Chem. 2017.
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exchange rate by increasing the E; to 102 kJ/mol. Under 5% TBD the exchange was arrested,
indicating that bases were solely proton scavengers thereby eliminating any of the required
proton exchange. When incorporated into the vitrimer network, the catalytic trends were
the same as observed in small molecule studies. This work signified that additives could not
only be used to speed up the exchange reaction within vitrimer networks, but under

judicious consideration can also slow the exchange to better match the required application.

Vinylogous urethanes have become a popular vitrimer motif due to their stability
towards a wide variety of functionalities, however there are some drawbacks. The
requirement of excess primary amines does pose a challenge to electrophilic functional
groups such as carbonyls and aldehydes due to imide formation at elevated temperatures.8?
Another drawback is the requirement for acetoacetate functional groups for the preparation
of the vinylogous urethane moiety. Acetoacetates are uncommon in commodity materials;
therefore, custom polymers will have to be made which limits the broad adoption of

vinylogous urethanes as associative exchange motifs.

An alternative dynamic exchange uses boronic esters and boroxines to relax stress in
crosslinked networks. Exchange between B-0 bonds occur when a nucleophile adds to the
boron’s empty p-orbital producing a 4-membered intermediate.83 As such, the crosslink
density during exchange remains high and network integrity is preserved. Boronic ester and
boroxine exchange are prominent methods of dynamic exchange and have taken several
avenues during their implementation. Some of the first uses of boroxine and/or boronic acid
as a polymer dynamic motif were in solution to form gels,3* block-copolymers,?> and self-

repairing linear polymers.8¢ The Summerlin group was the first to incorporate boronic ester
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exchange into bulk networks where they observed self-healing properties.8” They used thiol-
ene photopolymerization to prepare a soft network, wherein autonomic boronic ester
exchange occurred at the interface between cut pieces. One drawback to their design was the
requirement for the cut faces to be wet with water. The addition of water shifted equilibrium
from boronic ester to boronic acid, thereby increasing the reactivity and bridge-forming

ability.

Simultaneously and independently to the Summerlin’s work, our lab was pursuing

boronic ester exchange for self-healing applications without the need for special treatment.
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Figure 1.11. Boronic ester exchange. (a) Incorporation of internal amine catalysts
accelerates the exchange reaction. (b) Two crosslinkers were prepared. The ‘fast
exchange crosslinker’ contained a tertiary amine to facilitate proton transfer, while the
‘slow exchange crosslinker’ had an aliphatic bridge. The amine-containing monomer
increased the rate of exchange by five orders of magnitude. (c) Diagram of the boronic
ester exchange in the polymer network. Reproduced from Cromwell, O., et al. J. Am.
Chem. Soc. 2015.
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The key advancement was the use of internal amine-based catalysts to promote rapid
exchange of boronic esters and boroxines in bulk polymers.88 It was found that by modifying
the monomer to contain a neighboring amine, boronic ester exchange was accelerated by
five orders of magnitude (Figure 1.11). This work pioneered the concept of internal catalysts
in dynamic networks and has since been expanded to many different systems.8°-2 In the
work of Cromwell et al, it was presumed that the amine acted as a proximal base for proton
transfer during the boronic acid transesterification. As such, the exchange kinetics are
dependent on the concentration of free boronic acid to initiate exchange. When incorporated
into bulk polymers, the crosslinked network retained malleability and was able to self-heal

at relatively low temperatures of 50 °C.

Advancing on the platform of boronic ester exchange in bulk, it was found that when
boronic acid is dehydrated to form 6-membered boroxine rings, those rings can also
participate in dynamic exchange.?® Previous literature had shown that boroxine dynamic
networks underwent dissociative exchange through hydrolysis, rearrangement, and
subsequent dehydration to re-form the network.84%495 However, recently it was shown in
our lab?? that boroxine rings may directly exchange through an associative mechanism
(Figure 1.12). Unlike boronic ester exchange, the addition of an amine catalyst such as
pyridine showed no influence on the exchange kinetics. It was concluded that residual
boronic acid facilitated exchange in the boroxine network. The added benefit of using
boroxine rings is their ability to be placed at the crosslinking point due to their tri-

functionality. Without the reliance on pendent boronic acids from the backbone of a polymer,
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shorter molecular weight linkers with varying physical properties can be used to tune the
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Figure 1.12. Boroxine crosslinks generated from the slow dehydration of boronic acid
monomers, allowing dynamic exchange in bulk materials without the requirement for
hydrolysis, rearrangement, and dehydration. Residual boronic acid undergoes
transesterification into the boroxine ring thereby relieving stress in the crosslinked
network. Reproduced from Ogden, W., Guan, Z. J. Am. Chem. Soc. 2018.
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Along with pushing developments in B-O exchange, our lab has also developed
vitrimers that use using Si-O exchange. Siloxane/silyl ether exchange is an interesting motif
for vitrimers due to the significant bond strength in Si-O bonds (bond dissociation energy =
535 kJ/mol).?¢ Despite its recent use as a dynamic crosslinker, Si-O chemistry has been used
for millennia to prepare glass where the exchange temperature occurs at several hundred
degrees.”’ Siloxane exchange was one of the earliest discoveries of malleability in

crosslinked networks and was initially reported in 1954.98 They found that crosslinked
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polydimethylsiloxane (PDMS) dissipated tensile stress in the presence of acid and base
catalyst. They proposed that when potassium hydroxide was dissolved into the elastomer,
the siloxane linkages were hydrolyzed to form potassium silanolate, which can exchange
with adjacent siloxane linkages. Such chemistry was unearthed in 2012 by McCarthy and
coworkers when they applied this concept to self-healing materials.?®® Using a
tetramethylammonium counterion to stabilize the exchanging silanolate (Figure 1.13), they

could mold the PDMS elastomer at temperature as low as 90 °C. Because the exchange occurs
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Figure 1.13. (a) PDMS elastomers were prepared from the anionic ring opening
polymerization of cyclooctamethyltetrasiloxane. The trimethylammonium counterion
provided stability in for the living anionic chain end. The living end could substitute onto
neighboring siloxane units allowing for network rearrangement. (b) When heated
beyond 150 °C, the trimethylammonium counterion decomposed to form
trimethylamine and methoxysilane. This allowed the self-healing behavior to be
permanently “turned off”. (c) Pristine PDMS elastomer. (d) PDMS elastomer remolded
with an American 1879 Silver Dollar. (e) The same PDMS elastomer remolded with an
American 1979 dollar. Reproduced from Zheng, P., McCarthy, T. J. Am. Chem. Soc. 2012.
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through a 5-membered intermediate, there was no decrease in crosslink density and the
material remained relatively robust at elevated temperatures. The tetramethylammonium
counterion had the added benefit of dealkylating to triethylamine at temperatures above 150
°C so the catalytic activity could be quenched without explicit removal of the catalyst. Despite
the good exchange characteristics, the main challenge of anionic silanolate exchange is the
susceptibility to moisture. The silanolate can be quenched to the more stable silanol which
will not be able to participate in dynamic exchange under the required conditions, therefore
the use of a neutrally charged Si-O exchange route would provide the moisture resistance

required for expanded applications.

In an attempt to incorporate neutrally charged silyl ether exchange, our lab worked
on using alcohol-silyl ether exchange to provide the dynamic motif.19° The use of alcohols to
displace silyl groups has long been used in traditional organic chemistry as a
protection/deprotection step in preserving sensitive functional groups.191 Using this well-
known exchange chemistry, we worked to broaden the scope of Si-O exchange into more
traditional commodity polymer backbones such as polystyrene. A bis-trimethoxysilane
crosslinker was added to poly(styrene-co-styryl alcohol such that the free -OH on the
polymer backbone would displace the methoxy group on the crosslinker (Figure 1.14). Once
the crosslinker had been anchored to the polymer backbone, free alcohol groups throughout
the polymer backbone facilitate shuffling of the crosslinker between chains. It was found that
by incorporating an internal amine catalyst into the crosslinker (Figure 1.14a) the energy of
activation of the exchange reaction was cut in half from approximately 174 kJ/mol in the

aliphatic crosslinker to 81 k] /mol in the amine-containing crosslinker. It is hypothesized that
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Figure 1.14. Linear polystyrene co-polymerized with pendant free alcohols were
blended with methoxy silane crosslinkers. The silyl ether crosslinker containing
secondary amines catalyzed the exchange rate through neighboring group effects.
The amine acted as a proton transfer catalyst during the transesterification reaction.
Reproduced from Nishimura, Y., et al. J. Am. Chem. Soc. 2017.
the amine does not directly interact with the silicon, and instead acts as a proton transfer
catalyst to increase the rate of the exchange. In chapters 3 and 4 of this thesis, [ will describe

my efforts towards expanding this chemistry and modifying the exchange dynamics for both

silyl ethers and siloxane linkages.

Thus far [ have discussed some representative contributions to the field of dynamic
polymer networks. The dynamic motifs mentioned in this chapter have played an integral
role in the development of the field. Nevertheless, there does not yet exist a ‘silver bullet’
that allows for their broad adoption. This is due to an inherent contrast in the desired
properties of DCCs, i.e., we seek a dynamic linkage that has high stability while also retaining

rapid exchange rates. Faster exchange in dynamic networks generally requires the linkage
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to be more labile, thus lowering the stability. In contrast, a strong dynamic bond generally
has lower exchange kinetics. As mentioned in the above discussion, common weaknesses in
dynamic materials include sensitivity towards moisture and other nucleophiles, oxygen, high
temperatures, and low compatibility with common functional groups. For dynamic polymer
networks to reach broad adoption, they need to have low cost, good physical behavior, and
resistance towards common atmospheric and processing conditions. Current efforts are
underway in our lab as well as many others towards the development of dynamic linkages
that meet the above criteria. In chapter 2 of this thesis, I describe my efforts towards
developing a self-healing material based on the dissociative exchange of sterically hindered
thioureas that have improved hydrolytic stability over their urea-based counterparts. In
chapters 3 of this thesis, [ report my effort toward expanding the scope of thermally stable
silyl ether chemistry into more industrially relevant polymers. In chapter 4, [ describe my
efforts towards the development of fluoride-catalyzed siloxane exchange as a rapid and
selective exchange chemistry for dynamic polymer networks. In the final chapter, I describe
my efforts towards the development of a thermally stable dynamic network to facilitate the
kinetic trapping of immiscible polymer blends. This thesis represents my efforts to overcome
common drawbacks of dynamic networks and to provide viable solutions to the challenges

faced in the pursuit of sustainable polymer designs.
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Chapter 2: Combining Supramolecular & Dynamic Covalent Interactions

for Advanced Self-Healing Polymers

2.1 Introduction
2.1.1 Designs for extrinsic and intrinsic self-healing materials

Healing behaviors in complex biological organisms require an extensive network of
cells, proteins, and fuel to close fractures and regenerate lost performance. Mimicking
biology’s ability to heal fractures in materials is desirable for applications with poor
accessibility or for long term reliability.! In lieu of being able to chemically engineer such a
complex network, chemists have turned towards self-healing polymers to mimic this

behavior.

Within the field of self-healing materials, two main types of healing mechanisms are
used: extrinsically healing and intrinsically healing.? Extrinsic healing relies on the triggering
of a latent healing component that can be activated in the event of damage. Examples of such
are monomer-filled microcapsules3# or an external stimulus such as heat>¢ or light.” The
main challenge with extrinsic healing is that it can generally be used only once before the
latent healing components are depleted after use. Another drawback is that human
intervention is needed, as well as knowledge of when and where to apply the stimulus.
Alternatively, intrinsic healing has the healing functionality integrated into the polymer itself
allowing for a material to automatically self-repair without the need of an external reagent
or intervention. Intrinsically self-healing materials offer the ability to heal without the

requirement of an external stimuli, reproducible healing with little to no decrease in efficacy,
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and healing near ambient temperatures.® While intrinsically self-healing polymers offer
many benefits over other approaches, noted drawbacks include a reliance on catalysts,%10
low mechanical strength,1112 and water sensitivity.13141516 Here we propose a tough,
intrinsically self-healing polymer network that is catalyst-free, mechanically robust, and
water-stable. We achieve this by using thiourea groups to promote dynamic covalent

exchange as well as supramolecular interactions.

2.1.2 Our design for hydrolytically stable intrinsically self-healing polymers

Urea linkages are traditionally strong connections and are known to be stable under
a variety of conditions.l” However, when a bulky substituent is added to a nitrogen in the
urea, it can perturb the equilibrium and cause reversibility back to the isocyanate and
primary amine starting material (Figure 2.1A).18 By leveraging this functionality, dynamic
polymer gels have been prepared from isocyanate and secondary amine monomers that
constantly dissociate and re-associate at substituted urea linkages.13 It was found that when
the reaction was driven back to the starting materials, the isocyanate and amine would find

new motifs to recombine with leading to connection changes in the gel. The size of the
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Figure 2.1. (A) Isocyanate reacting with a bulky amine to form a bulky urea. (B)
Hydrolysis of isocyanate to amine.
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sterically hindered amine was found to have a direct effect on the disruption of the urea.
While conceptually interesting, a drawback of this functionality is that isocyanates react
quickly with ambient moisture, causing irreversible decomposition of the structural
framework (Figure 2.1B). We propose that by using the more hydrolytically stable
isothiocyanate instead of isocyanate, crosslinked network will have reduced susceptibility

to hydrolysis.

Complementing the benefit of hydrolytic stability, a secondary benefit of thiourea
linkages is that they do not aggregate to form crystalline domains as seen in polyureas and
polyurethanes.1920 Polyureas are semi-crystalline due to their bifurcated hydrogen bonding
nature as shown in Figure 2.2A.21 While crystalline domains are desirable for impact
resistance, their stiffness limits their mobility and therefore their ability to self-heal.??
Bifurcated hydrogen bonding is partly caused by the trans-trans planarity of the urea group,
as well as it being both a strong hydrogen bond donor and acceptor. In contrast to urea
linkages, it has been shown that N,N’-disubstituted thioureas are able to adopt both trans-

trans and cis-trans conformations (Figure 2.2B).2324 The free energy of rotation around the
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Figure 2.2. (A) Urea hydrogen bonding leading to crystallinity. (B) Trans-cis
conformation of thiourea. (C) Trans-trans conformation of thiourea H-bonding to PEG.
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N(H)-C(S) sigma bond in 1,1-dimethyl-3-phenylthiourea was found to be 10.7-11.5
kcal/mol at -40 °C, which is significantly lower than that of an oxygen analogue, 14.3-15.8
kcal/mol.25> This can be attributed to reduced Sp-—Cp~ orbital overlap in relation to Op-—Cpx,
thereby reducing bond order of the C-N bond. Decreasing C-N bond order leads to an easier

rotation of substituents, and therefore a decrease in self-specific hydrogen bonding.

Previous work has investigated the supramolecular effects of combining thiourea and
ether linkages as H-bond donors/acceptors in polymers (Figure 2.2C).2¢ They observed
robust supramolecular self-healing behavior, as the cis-trans conformation allowed the
thiourea to ‘walk’ down the polymer chain to dissipate energy and increase toughness. For
self-healing, they relied on diffusion of short polymers chains across the interface of the cut.
The main drawback of this system was extensive creep caused by low My polymers, which

was corroborated by a decrease in self-healing behavior at higher molecular weights.

We envision that by combining supramolecular interactions with dynamic covalent
linkages, we can increase molecular weight to target robust self-healing polymers. The goal
of this work is to use bulky thioureas to: i) impart hydrolytically stable dynamic covalent
linkages, ii) reduce crystallinity to limit stiffness, iii) act as hydrogen bond donors to the
ether backbone to facilitate supramolecular self-healing. These goals will be achieved by
studying the effects of sterics on bulky thiourea formation, studying the extent of

polymerization, and finally by optimizing bulk polymer samples for self-healing.
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2.2 Results and Discussion

2.2.1 Small molecule synthesis

Optimization of isothiocyanate-amine association and dissociation kinetic rates is
paramount to the formation of tough, intrinsically self-healing polymers. First, the kinetic
rate constants, k; and k.;, must be fast to afford quick interplay between reactive species.
Secondly, to form high molecular weight polymers the equilibrium constant (Keq = k1/k-1)
must be large. Model studies were used to analyze the effect of bulky substituents on the Keq
of thiourea formation. Model reactions between a monofunctional isothiocyanate and a
monofunctional secondary amine were carried out to mimic the behavior of the difunctional

monomers to be used in bulk polymerization.

Scheme 2.1. Small molecule synthesis for model bulky thiourea study.

H AN
N__SH HoN S
A) A~NHz + CS; —= [Ty — = » _~_Ncs
s EtsN, 40 °C 250, HoN™ NH,

S Sodium Bicarbonate
B) A~ NH2 o+ » _~_NCs
Cl)k(n CH,Cl,, overnight

o ©ANHZ + )SJ\ Sodium Bicarbonate> ©ﬁNCS
Cl Cl CHJCl,, overnight 1

Synthesis of the model isothiocyanate (Scheme 2.1A) was adopted from the
procedure by Yamamoto et. al.?2” As seen in Scheme 2.1A, n-propylamine was converted to
the corresponding n-propyl isothiocyanate via addition of CSz and cyanamide. Initial yields
were very low, as the low pressure required for drying also caused the n-propyl

isothiocyanate to evaporate. In Scheme 2.1B, a secondary method of n-propyl isothiocyanate
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preparation was used, which resulted in a slightly higher yield.?8 To combat product
volatility, benzyl amine was substituted in place of propylamine (Scheme 2.1C). Benzyl
isothiocyanate (1) was generated at 60% yield at >10-gram scale, which is in good

agreement with literature values.?”

Three representative bulky amines were chosen for the model reaction due to their
small size, easily identifiable peaks in in 1H and 13C NMR, and commercial availability of their
monomer analogues. The amines used were: tert-butylethylamine (2), diisopropylamine (3),
and diethylamine (4). A fourth amine (2,2,6,6-tetramethylpiperidine) was used, but it was
found that no observable reaction occurred when added to 1. This is attributed to its high

steric hindrance.

Model thiourea K.q results

To form high molecular weight polymers, high degrees of monomer conversion are
necessary. As a result, the equilibrium constant was studied via 1H-NMR for three different
sterically hindered amines in a model reaction, as shown in Figure 2.3. The addition of 1 and
2 (Scheme 2.2A) yielded Keq2 = 4.81 M-1, however the reactions between 1 and 3 (Keq,3), and

1 and 4 (Keq4) proceeded too far to accurately measure via HI-NMR. An indirect method of
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Figure 2.3. General reaction for the addition reaction between benzyl isothiocyanate, A,
and a 2° amine, B, to form a bulky thiourea. The equilibrium constant, Ke; =[C]/[A]*[B].
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determining K.q3 and K.q4 was used through use of an intermediate exchange reaction
(Scheme 2.2B,C). Since the addition of 1 and 2 is accurately measurable via TH-NMR, K2
was used to determine K3 using the equation Keq3 = K’ © Keq2, where K’ is the equilibrium
constant for the reaction in Scheme 2.2B. Once K.q3 was determined, the same indirect
procedure was used to determine the equilibrium constant K.q 4. Model reaction results show
that the Keq of isopropyl and ethyl substituents (Keq3 = 2.77 x 102 M1 and Keg4 = 1.17 x 103
M-1, respectively) on the thiourea will allow for polymer formation, while tert-butyl (Keq2 =

4.81 M-1) will only form oligomers.

After equilibrium constants had been determined, the reverse rate constant, k.1, was
found. Larger k.1 values afford quick interplay between the thiourea and its reactive
precursors, which should be favorable for dynamic exchange. To elucidate k.1 for the
decomposition of the bulky thiourea, the reverse reaction was studied (Figure S22, S23).
Using the reactivity information gathered from isothiocyanate-isocyanate competitive

studies (Table S2), benzyl isocyanate (5x mol. excess) was used as a kinetic trapping agent

Scheme 2.2. The indirect method for determining K., values for the addition of 1 and 2
(Keq,Z), 1 and 3 (Keq,3), and 1 and 4’ (Keq,tl.).
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Scheme 2.3. Determination of rate constants for the synthesis of sterically hindered
model compounds.
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to capture free amine upon dissociation of the bulky thiourea bond. The rate constant, k.1 for

the reaction in Scheme 2.3A was determined to be 7.0 x 10-¢ h-1, while reaction in Scheme

2.3B was determined to be 6.0 x 106 h'1.

After measuring the kinetics for bulky thiourea formation and dissociation, we then
turned to analyzing the effect of temperature on dynamic exchange. Conversion dependence
on temperature was measured by purifying 6 and varying its temperature in DMSO-de at 22

°C, 30 °C, 40 °C, and 50 °C until equilibrium was reached. At elevated temperatures, the
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Figure 2.4. 'H NMR spectra of 6 upon heating. From bottom to top: 22 °C, 30 °C, 40 °C,
50 °C, and neat diisopropylamine. Note the 3 methine peak at 3.05 ppm growing at
elevated temperatures.
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diisopropylamine methine peak (3.05 ppm) in Figure 2.4 can be observed gaining intensity
as the equilibrium begins to favor the reactants. This is consistent with our hypothesis that
elevated temperatures may be beneficial in reprocessing the samples due to dynamic

shortening of the polymer chain length.

2.2.2 Synthesis and characterization of polymers

Polymerizations and supramolecular H-bonding incorporation

After concluding small molecule studies, effort was put forth to incorporate bulky
thiourea groups into polymers. To examine the extent of polymerization and the effect of
temperature on the dynamic networks, m-xylylenediisothiocyanate (8) was synthesized and
used for AA-BB step-growth polymerizations with three separate bulky di-amines:
diethylethylenediamine  (9), diisopropylethylenediamine  (10), and  di-tert-
butylethylenediamine (11) (Figure 2.5). After allowing the reaction to proceed for 24 hours
atroom temperature, the samples were then heated at 50 °C for 8 hours to observe if changes

in molecular weight would occur. Polymerization 6C did not proceed past oligomers, which

— —— Before Heating
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Figure 2.5. GPC chromatogram for polymerization 6A, 6B, and 6C. Polymerizations
proceeded at room temperature for 24 hours, followed by heating at 50 °C for 8 hours.
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is in line with the results of our small molecule studies. Both polymerizations 6A and 6B
afforded high molecular weight polymers (M, = 1.53 x 10# g/mol (PDI = 2.55) and M,, = 4.06
x 10% g/mol (PDI = 1.73), respectively) and showed changes in polydispersity after heating
with an observed trend toward a Gaussian distribution (M, = 1.63 x 10* g/mol (PDI = 2.35)
and M, = 5.21 x 104 g/mol (PDI = 1.53), respectively). This evidence corroborates our
hypothesis of polymer reorganization at elevated temperatures due to the dynamic bulky

thioureas.

With evidence that bulky thiourea polymers exhibit dynamic characteristics in bulk,
attention was turned to constructing supramolecular interactions between polymers. A
preliminary test using a three-component system with varying ratios of 8, 10, and 4,7,10-
trioxa-1,13-tridecanediamine was used to examine the effect hydrogen-bond acceptors in
supramolecular interactions between thiourea and ether groups (Figure S28). When
comparing the tensile properties of the three formulations, an optimal ratio of 10 mol%
bulky amine was found. As the amount of bulky amine increased, mechanical properties

diminished. We propose that as more dynamic backbones are added, the mechanical

Scheme 2.4. Synthesis of monomer 14 and the synthesis of polymers TEG and TEG-10.
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properties suffer due to shorter effective polymer lengths as well as a decrease in the fraction

of available hydrogen bond acceptors.

To simplify the system, two new monomers (13 and 14, Scheme 2.4) were used to
replace 10 and 12 to make the well-defined repeating polymers: thiourea ethylene glycol
(TEG) and thiourea ethylene glycol with 10% bulky amine (TEG-10). For the polymerization
of B and C in Scheme 2.4, the monomers were mixed in a PTFE mold and heated at 40 °C for
24 hours. Samples were then purified through precipitation and dried at 120 °C for three

hours.

Self-healing experiments

TEG and TEG-10 were investigated for their self-healing abilities. Many processing
parameters (drying time, maximum heat, cooling rate, molding pressure, dwell time, and
annealing time) for the processing of samples were studied. Optimized pristine TEG and
TEG-10 samples were melt pressed at 80 °C through manual compression in a vice-clamp
and allowed to cool naturally in the compressed mold for 8 hours. Following reported
protocols,?? samples were cut 90% of the way through and pressed back together to facilitate
self-healing. Optimal self-healing conditions were found when the samples were gently
pressed together for 1 minute followed by heating at 50 °C for 20 minutes. The samples were
then gently compressed for 14 hours at room temperature in an air-free environment. Figure
2.6 shows the comparison between pristine and healed TEG and TEG-10 samples. Both TEG
and TEG-10 showed very good self-healing with approximately 70% strain recovery. It is

also of note that similar ultimate strengths were achieved before and after healing between
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TEG and TEG-10, indicating that sufficient healing occurred to allow large amounts of stress

to be exerted without material failure.
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Figure 2.6. Comparison between pristine and healed samples. Samples were tested at
room temperature under a strain rate of 100 mm/min.

2.3 Conclusion and Future Work

In summary, we have demonstrated that using dynamic covalent motifs and
supramolecular interactions in the formation of self-healing polymers allows for a robust,
catalyst-free, and hydrolysis-resistant network. By examining the equilibrium constant of
the reaction between isothiocyanate and secondary amines, isopropyl and ethyl motifs were
found to be optimal for generating sufficiently long polymers while retaining dynamic
behavior. Thiourea formation was found to be reversible at elevated temperatures, which
was required to facilitate self-healing. Polymerizations between diisothiocyanates and bulky
diamines showed dynamic exchange properties when heated, and self-healing profiles were
evaluated under different healing conditions. It was found that gentle pressure and short-
term elevated temperatures yielded polymer networks with 70% strain recovery. We
anticipate that the bulky thiourea functionality will be employed in future self-healing

systems due to its catalyst free and hydrolysis-resistant nature.
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Future directions for this work should focus on polymers generated from monomers
containing ether linkages in the backbone, such as TEG and TEG-10. Those polymers
exhibited higher degrees of toughness and elongation than similarly prepared aliphatic
polymers, indicating that good H-bonding acceptor sites in the backbone are critical to the
mechanical behavior of the material. Furthermore, additional polymer processing would be
beneficial for the preparation of more uniform high-molecular weight polymers. It was
observed that the addition of amine to isothiocyanate was a rapid reaction, and it is likely
that cyclic oligomers are generated which do not contribute to improved mechanical
behavior. By annealing at sufficiently high temperatures, I predict that the molecular weight
distribution will shift from multimodal to monomodal due to the dissociation/association of
the thiourea groups along the backbone. Both the self-healing behavior and mechanical
properties would greatly benefit from a monomodal molecular weight distribution. Along
with a new annealing process, varying the ether linkages along the backbone would help to
optimize the physical properties of the self-healing networks. Screening monomers
containing two, three, and four ether linkages per monomer would affect the self-healing
behavior due to changes in supramolecular interactions. Also, modifying the ether linkage
content has the effect of modifying the glass transition which greatly influences the physical
behavior. Finally, testing the hydrolytic stability of these polymers is critical to demonstrate

the overall premise of this project.
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2.5 Supporting Information

General Experimental information

Unless otherwise noted, reactions were carried out with a magnetic stir bar under a
nitrogen atmosphere. Commercial reagents were used as received with no further
purification, unless otherwise noted. N,N’-Di-tert-butylethylenediamine (DtBuEDA), N,N"-
Dimethylethylene-diamine (DMEDA), and N,N’-Diethylethylenediamine (DEEDA) were
purified via vacuum distillation and stored under activated 3A molecular sieves. Flash
column chromatography was performed by forced flow of indicated solvent using automated
silica columns (CombiFlash, Teledyne Isco). 1H NMR spectra were recorded at 500 MHz on a
Bruker DRX500 spectrometer using a TCI three channel inverse cryoprobe. 13C NMR spectra
were recorded at 125.2 MHz on a Bruker AVANCE600 spectrometer using a BBFO cryoprobe.
NMR spectra peaks are reported as 6 values in ppm relative to TMS or residual solvent:
CDCI3-t(7.26 ppm; 77.0 ppm), de-DMSO-t (2.50 ppm, 39.5 ppm). 'H NMR data are reported
as follows: chemical shift in ppm, multiplicity (s = singlet, d = doublet, t = triplet), coupling
constants in Hz, and relative integration of the number of protons. Multiplets (m) are
reported over the range of chemical shift at which they appear. For 13C NMR, only chemical
shift values are reported. Tensile tests were performed on an Instron 3365 tensometer.
Stress/strain experiments were performed at room temperature with a strain rate of 100
mm/min unless otherwise noted. The average samples size was 25 mm x 20 mm x 1 mm.
DSC thermograms were evaluated using a TA Instruments Q700, while TGA thermograms
were evaluated using a TA Instruments Q500. Gel Permeation Chromatography (GPC)

measurements were taken with an Agilent 1100 series GPC with an Agilent PLgel Mixed-C
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column. The solvent was 0.2 pum filtered dimethylformamide (DMF) containing 0.1% LiBr
that had been warmed to 40 °C. All molecular weights were referenced to polymethyl

methacrylate standards and detected with a refractive index detector.

Supplementary Scheme S1

H Z s
NH ~_N__SH HoN
AN+ CSy — il ———» _~_NCS +
s Et3N, 40 °C HaN" “NH,

25%

Synthesis of propylisothiocyanate.

A stir bar and 20 mL of anhydrous THF were added to a capped round bottom flask
and capped with a rubber septum. Propylamine (1.00 equiv., 6.00 mmol, 354 mg) was added,
and the temperature was reduced to 0 °C. Carbon disulfide (1.30 equiv., 7.80 mmol, 735 pL)
was added dropwise via syringe. The reaction was allowed to stir for 3 hours at 0 °C.
Cyanamide (1.30 equiv., 7.80 mmol, 328 mg) was dissolved in 10 mL of THF and then added
to the round bottom flask, followed by two drops of triethylamine. The temperature was
raised to 40 °C and was stirred for 3 hours. Upon workup, the reaction was extracted with
ether (5 x 15 mL) and the solvent was removed. The remaining oil was passed through a
silica column (70% hexane : 30% CH:Clz), followed by solvent removal. The product was
isolated in 25% yield (152 mg). Propylisothiocyanate was characterized via 'TH NMR
spectroscopy and was found to contain 8 mol% ethyl acetate. 'H NMR (499 MHz, Chloroform-

d) §4.11 3.48 (t,] = 6.6 Hz, 2H), 1.73 (dtd, ] = 13.8, 7.4, 6.6 Hz, 2H), 1.02 (t, ] = 7.4 Hz, 3H).
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Supplementary Scheme S2

Sodium Bicarbonate
A NH2 » _~_NCs
Cl Cl CH,ClI,, overnight
31%

Modified synthesis of propylisothiocyanate

Into a round bottom flask 30 mL CHCl3, a stir bar, and sodium bicarbonate (4.32
equiv., 100 mmol, 8.40 g) were added and capped. Temperature was reduced to 0 °C.
Propylamine (1.00 equiv., 23.0 mmol, 1.36 g) was added via syringe, followed by
thiophosgene (1.08 equiv., 25.0 mmol, 1.93 mL) dropwise. After 20 minutes, the temperature
was brought up to room temperature. The mixture was allowed to stir overnight. Solvent
was removed to a slurry and then filtered through a zeolite plug. The filtered solution was
passed through a silica column (70% hexane : 30% CH2Cl;) and had solvent removed. The
resulting product was isolated in 31% yield (721 mg). 'H NMR (499 MHz, Chloroform-d) 6

3.48 (t,] = 6.6 Hz, 2H), 1.73 (dtd, ] = 13.8, 7.4, 6.6 Hz, 2H), 1.02 (t, ] = 7.4 Hz, 3H).
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Supplementary Scheme S3

©/\NH2 + i Sodium Bicarbonate> ©/\NCS
Cl Cl CH,Cl,, overnight

60%

Synthesis of benzyl isothiocyanate

Into a round bottom flask 200 mL CHCl3, benzylamine (1.00 equiv., 120 mmol, 12.9
g), and sodium bicarbonate (5.00 equiv., 600 mmol, 50.4 g) were added and capped. The
temperature of the reaction was lowered to 0 °C. Thiophosgene (2.20 equiv., 264 mmol, 20.4
mL) was added dropwise. The temperature was held at 0 °C for 1 hour, and then brought up
to room temperature. The reaction was allowed to stir overnight. The CHCl3z was removed
until a slurry and filtered through a zeolite plug. The filtered solution was passed through a
silica column (70% hexane : 30% CH:Clz) and had solvent removed. The resulting product
was found in 60% yield (10.7 g). 'TH NMR (600 MHz, Chloroform-d) & 7.53 - 7.35 (m, 5H),
4.79 (d, 2H). 13C NMR (151 MHz, Chloroform-d) & 134.21, 132.04, 129.05, 128.48, 126.91,

77.35 - 76.92 (t, CHCl3), 48.71.
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Supplementary Scheme S4

S Sodium Bicarbonate
H,N NH v I » SCN NCS
Cl Cl CH,Cl,, overnight

73%

Synthesis of xylylenediisothiocyanate (XDI)

Into a capped round bottom flask 200 mL CHCl3, xylylenediamine (1.00 equiv., 80.0
mmol, 10.9 g), and sodium bicarbonate (5.00 equiv, 400 mmol, 33.6 g) were added. The
temperature of the reaction was lowered to 0 °C. Thiophosgene (2.40 eq., 192 mmol, 22.1 g)
was added dropwise. The temperature was held at 0 °C for 1 hour, and then brought up to
room temperature. The reaction was allowed to stir overnight. Solvent was removed until a
slurry, and then filtered through a zeolite plug. The filtered solution was passed through a
silica column (95% hexane : 5% CH:Clz) and had solvent removed. XDI was found in 73%
yield (12.9 g). 1TH NMR (499 MHz, Chloroform-d) § 7.49 (t,] = 7.7 Hz, 1H), 7.37 (dd, ] = 7.6,
1.8 Hz, 2H), 7.32 (d, ] = 1.6 Hz, 1H), 4.81 (s, 4H). 13C NMR (151 MHz, Chloroform-d) 6§ 135.27,
133.10, 129.76, 126.88, 125.30, 78.68 - 74.87 (t), 48.50. m/z calculated for C10HgN2S2Na*

(M+Na)* 243.0, found 243.0. m/z calculated for C10HgN2S2K* (M+K)* 259.0, found 259.0.
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Supplementary Scheme S5
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Synthesis of hexamethylenediisothiocyanate (HMDI)

Into a round bottom flask 200 mL CHCl3, 1,6-hexanediamine (1.00 equiv., 80.0 mmol,
9.30 g), and sodium bicarbonate (4.00 equiv., 360 mmol, 30.2 g) were added and capped. The
temperature of the reaction was lowered to 0 °C. Thiophosgene (2.40 equiv., 192 mmol, 22.1
g) was added dropwise. The temperature was held at 0 °C for 1 hour, and then brought up to
room temperature. The reaction was allowed to stir overnight. Solvent was removed and
filtered through a zeolite plug. The filtered solution was passed through a silica column (95%
hexane: 5% CH2Clz) and had solvent removed. HMDI was found in 72% yield (11.5 g). 'H
NMR (500 MHz, Chloroform-d) 6 7.32 (s), 3.60 (t, ] = 6.5 Hz, 4H), 1.79 (ddt, ] = 10.5, 7.0, 3.4
Hz, 4H), 1.58 - 1.50 (m, 4H). 13C NMR (151 MHz, Chloroform-d) é 130.22, 79.81 - 74.87 (m),
4495, 29.80, 25.94. m/z calculated for CgH12N2NaSz* (M+Na)* 223.0, found 223.0. m/z

calculated for CgH12N2KSz* (M+K)* 239.0, found 239.0.
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Supplementary Scheme S6
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Synthesis of 1,2-bis(2-isothiocyanatoethoxy)ethane

Into a round bottom flask 200 mL CHCI3, 12 (1.00 equiv., 50.0 mmol, 7.40 g), and
sodium bicarbonate (4.50 equiv., 225 mmol, 18.9 g) were added and capped. The
temperature of the reaction was lowered to 0 °C. Thiophosgene (2.20 equiv., 111 mmol, 9.91
mL) was added dropwise. The temperature was held at 0 °C for 1 hour, and then brought up
to room temperature. The reaction was allowed to stir overnight. Solvent was removed, and
the slurry filtered through a celite plug. The filtered solution was passed through a silica
column (50% hexane : 50% CH2Cl;) and had solvent removed. 14 was found in 68% yield
(7.89 g). 'H NMR (500 MHz, Chloroform-d) 6 7.32 (s), 3.75 - 3.66 (m, 12H). m/z calculated

for CgH12N202NaSz* (M+Na)* 255.0, found 255.1.
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Supplementary Scheme S7
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Synthesis and isolation of 3-benzyl-1,1-diisopropylthiourea

Benzyl isothiocyanate (1.00 equiv., 5.00 mmol, 746 mg) was weighed into a test tube
and dissolved with 10 mL of hexanes. Diisopropylamine (2.00 equiv., 10.0 mmol, 1.01 g) was
added to the test tube and mixed thoroughly. The resulting white precipitant was
conc entrated via centrifugation, and washed with hexanes (7 x 10 mL), centrifuging each
wash. The precipitant was filtered and dried. It should be noted that due to the molecule’s
reversibility, low pressures for extended time periods causes volitization of
diisopropylamine and an increase in impurities. 1H NMR (500 MHz, Chloroform-d) § 7.46 -
7.33 (m, 5H), 5.58 (s, 2H), 4.98 (dd, ] =4.7, 0.9 Hz, 2H), 1.33 (dd, ] = 7.0, 0.9 Hz, 12H). 13C NMR
(151 MHz, DMSO-ds) & 180.98, 140.73, 128.45, 127.54, 126.73, 49.08, 48.74, 40.02 (dp, ] =
42.0, 21.0 Hz), 20.54. m/z calculated for Ci4H22N:HS* (M+H)* 251.2, found 251.1. m/z

calculated for C14H22N2NaS* (M+Na)* 273.1, found 273.0.
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Supplementary Scheme S8

Synthesis and isolation of 3-benzyl-1,1-diethylthiourea.

Benzyl isothiocyanate (1.00 equiv., 5.00 mmol, 746 mg) was weighed into a test tube
and dissolved with 10 mL of hexanes. Diethylamine (2.00 equiv., 10.0 mmol, 731 mg) was
added to the test tube and mixed thoroughly. The resulting yellow oily precipitant was
concentrated via centrifugation, and washed with hexanes (7 x 10 mL), mixing and
centrifuging each wash. The precipitant was filtered and dried. It should be noted that due
to the molecule’s reversibility, low pressures for extended time periods causes volitization
of diethylamine and an increase in impurities. '1H NMR (500 MHz, Chloroform-d) 6 7.44 -
7.37 (m, 5H), 5.53 (s, 0.75H), 4.95 (d, 2H), 3.76 - 3.72 (m, 4H), 1.36 - 1.28 (t, 6H). 13C NMR
(151 MHz, DMSO-ds) 6 180.41, 140.73, 128.48, 127.47, 126.84, 48.66, 44.84, 13.28. m/z
calculated for Ci2H1gN2SH* (M+H)* 223.1, found 223.1. m/z calculated for Ci2H1gN2SNa*

(M+Na)* 245.1, found 245.0.
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Conversion vs. temperature 1H NMR study

For the extent of reaction vs. temperature 'H NMR study, benzyl isothiocyanate (1
equiv., 50.4 mg) was weighed into a vial. Diisopropylamine (1 equiv., 47.0 pL) was dissolved
in 2 mL CDClz to yield a 0.168 M solution. The solution containing diisopropylamine was then
transferred to the vial containing benzyl isothiocyanate. After mixing for 40 hours at 22 °C,
0.7 mL of the mixture was transferred to an NMR tube and characterized via 'H NMR. After
characterization, the NMR tube was placed into an oil bath at 30 °C for 24 hours and
subsequently characterized via H NMR. Establishing equilibrium and 'H NMR

characterization was repeated at 40 °C and 50 °C. Results were plotted in Figure S9.
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Figure S9 'H NMR plot showing the conversion of 1 and 2c in equilibrium with 3c.

Equilibrated reaction between 1 and 2c to form a bulkythiourea conversion vs temperature
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IH NMR spectra The methine peak of diisopropylamine (3.06 ppm) increases with increasing

temperature.

Conversion vs. time 1H NMR study

Benzyl isothiocyanate (50.4 mg, 0.168 M) and diisopropylamine (47 pL, 0.168 M)
were dissolved into 2 mL CDCls. The mixture was then mixed and transferred to an NMR
tube. 1H NMR spectra were taken at 45 min, 75 min, 22 hours, and 40 hours. Using the
integration of a (Figure S10) to determine the depletion of diisopropylamine, it was found
that at 45 min, 70.4% of a had been depleted. At 75 minutes, it was found that 74.3% of a
had been depleted. At 22 hours, 98.1% had been depleted, and at 40 hours the peak was too

small to accurately integrate.
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Figure S10 Conversion vs. time 'H NMR study of benzyl isothiocyanate and
diisopropylamine
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K., determination

Since a large equilibrium constant is critical to forming high molecular weight
polymers, Keq was for each of the four hindered amines (1,1,5,5-tetramethlpiperidine, tert-
butylethylamine, diisopropylamine, and diethylamine). To establish the accuracy of Keg,
three concentrations of benzyl isothiocyanate were used for each of the amines. Since
equilibrium constants are independent of starting material concentration, there should be

good agreement between the three measure Keq values for each experiment.

Supplementary Scheme S11
oY oS
R OR
K.q model reaction between benzyl isothiocyanate and 1,1,5,5-tetramethylpiperidine.
Three vials containing different amounts of benzyl isothiocyanate were prepared:
Vial 1 = 0.75 equiv.,, 0.300 mmol, 45.1 mg.
Vial 2 = 1.00 equiv., 0.400 mmol, 59.4 mg.

Vial 3 =1.25 equiv,, 0.500 mmol, 74.8 mg.

A 2 M stock solution (25 mL) of 1,1,5,5-tetramethylpiperidine was prepared by
dissolving 1,1,5,5-tetramethylpiperidine (1.00 equiv., 0.005 mol, 0.706 g) in CDCls. Into each
of the three vials, 2 mL portions of the prepared stock solution were added and mixed. The

reaction was allowed to stir for three days before being characterized. After 1H NMR spectra
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was acquired, it was observed that no product had been formed. This is due to the large steric

bulk of the amine. The three NMR spectra can be found in Figure S12.
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Figure S12 Model reaction between benzyl isothiocyanate and 1,1,5,5,-

tetramethylpiperidine. No reaction as observed.

Supplementary Scheme S13

K.q model reaction between benzyl isothiocyanate and tert-butylethylamine.

Three vials containing different amounts of benzyl isothiocyanate were prepared:
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Vial 1 = 0.75 equiv.,, 0.300 mmol, 45.1 mg.
Vial 2 = 1.00 equiv., 0.400 mmol, 59.4 mg.
Vial 3 =1.25 equiv,, 0.500 mmol, 74.8 mg.

A 2 M stock solution (25 mL) of tert-butylethylamine was prepared by dissolving tert-
butylethylamine (1.00 equiv., 0.005 mol, 0.506 g). Into each of the three vials, 2 mL portions
of the prepared stock solution were added and mixed. The reaction was allowed to stir for
three days before being characterized via 'H NMR. Calculated initial concentration values
and Keq values can be found in Table S1. Stacked NMR spectra of all three ratios can be found

in Figure S14.
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Figure S14. Stacked NMR spectra for the addition of benzyl isothiocyanate and tert-
butylethylamine at equilibrium. Peaks d’, d and g were used to determine K., for the reaction.
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Supplementary Scheme S15
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K.q model reaction between benzyl isothiocyanate and diisopropylamine.
Three vials containing different amounts of benzyl isothiocyanate were prepared:
Vial 1 = 0.75 equiv.,, 0.300 mmol, 45.1 mg.
Vial 2 = 1.00 equiv., 0.400 mmol, 59.4 mg.
Vial 3 =1.25 equiv,, 0.500 mmol, 74.8 mg.

A 2 M stock solution (25 mL) of tert-butylethylamine was prepared by dissolving tert-
butylethylamine (1.00 equiv., 0.005 mol, 0.506 g). Into each of the three vials, 2 mL portions
of the prepared stock solution were added and mixed. The reaction was allowed to stir for
three days before being characterized via 'H NMR. Calculated initial concentration values
and Keq values can be found in Table S1. Stacked NMR spectra of all three ratios can be found

in Figure S16.
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Figure S16. Stacked NMR spectra for the addition of benzyl isothiocyanate and

diisppropylamine. Peaks d’, d, and f were used to determine K¢, for the reaction.
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Supplementary Scheme S17

K.q model reaction between benzyl isothiocyanate and diethylamine.

Three vials containing different amounts of benzyl isothiocyanate were prepared:

Vial 1 = 0.75 equiv.,, 0.300 mmol, 45.1 mg.

Vial 2 = 1.00 equiv., 0.400 mmol, 59.4 mg.

Vial 3 =1.25 equiv,, 0.500 mmol, 74.8 mg.

A 2 M stock solution (25 mL) of tert-butylethylamine was prepared by dissolving tert-

butylethylamine (1.00 equiv., 0.005 mol, 0.366 g). Into each of the three vials, 2 mL portions

of the prepared stock solution were added and mixed. The reaction was allowed to stir for

three days before being characterized via 'H NMR. Calculated initial concentration values

and K.q values can be found in Table S1. Stacked NMR spectra of all three ratios can be found

in Figure S18.
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Figure S18 Stacked NMR spectra for the addition reaction between benzyl isothiocyanate
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Table S1 Initial concentrations and Keq values for each of K.q experiment.

—NCS : amine
0.75 : 1.00

—NCS : amine
1.00 : 1.00
equimolar

—NCS : amine
1.25:1.00

ZT

No observable rxn.

No observable rxn.

No observable rxn.

[-NCS]; = 0.150 M
[NRz]i =0.195M
Keq =4.57 L/mol

[-NCS]; = 0.200 M
[NRz]i =0.193 M
Keq =4.42 L/mol

[[NCS];=0.251 M
[NRz]i =0.193 M
Keq = 4.45 L/mol

K¢q = unmeasurable

Kq = unmeasurable

H
[-NCS];=0.149 M [-NCS];=0.200 M [-NCS];=0.249 M
/L J\ [NR,];=0.196 M [NR,];=0.198 M [NR,];=0.197 M
N K¢q = unmeasurable K¢q = unmeasurable K¢q = unmeasurable
[-NCS];=0.149 M [-NCS];=0.202 M [-NCS];=0.250 M
SN [NR,];=0.197 M [NR,];=0.199 M [NR,];=0.199 M
H

K¢q = unmeasurable

Indirect method to determine K,

Scheme S19.
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The indirect method for determining K, values for the addition of 1 and 2 (Keq2), 1
and 3 (Keq3), and 1 and 4 (Keqa4). K' is the equilibrium constant for reaction B. K” is the

equilibrium constant for reaction C.

As the equilibrium constants for diisopropylamine and diethylamine were difficult to
determine through TH-NMR, an indirect method of measuring K.; was used. A stock solution
of 1 (0.2 M, 119.7 mg in 4 mL DMSO-ds) was prepared with an internal standard of
dimethoxybenzene (0.1 M, 55.7 mg in 4 mL). Stock solutions of 2b (0.2 M, 40.7 mg in 4 mL
DMSO0-ds), 2¢ (0.2 M, 40.7 mg in 4 mL DMSO-de), and 2d (0.2 M, 58.5 mg in 4 mL DMSO-ds)

were prepared.

For reaction (B) in Scheme S19, 1 mL portions of the stock solution of 1, 2b, and 2¢
were added to a capped vial. The reaction was allowed to stir for 72 hours to reach
equilibrium. The resulting NMR spectra is shown in Figure S20. For reaction (C) in Scheme
S19, 1 mL portions of the stock solution of 1, 2¢, and 2d were added to a capped vial. The
reaction was allowed to stir for 72 hours to reach equilibrium. The resulting NMR spectra is

shown in Figure S21.

The equilibrium constant, K’ (Scheme S19), was found through the equilibrium
reaction (B). The equilibrium constant, K.q3 was determined through the equation Keq3 = K’
* Keq2. The equilibrium constant, K", was found through the equilibrium reaction (C), and the
resulting K.q4 was determined through the equation Keq4= K" ¢ Keq3. Model reaction results
show that the K., of isopropyl and ethyl substituents (Keq3 = 2.77 x 102 M-t and Kega =1.17 x
103 M-1, respectively) on the thiourea will allow for polymer formation, while tert-butyl (Keq,2

= 4.81 M-1) will only afford oligomers.
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Scheme S20. Reaction (B) from Scheme S19.
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Isocyanate vs isothiocyanate competitive study

To determine the reactivity difference between isocyanates (-NCO) and
isothiocyanates (-NCS), a competitive study was designed. Four stock solutions of bulky
amines were prepared in CDCIz-t: 1,1,5,5-tetramethlpiperidine (0.200 M, 0.005 mol, 0.706 g,
dissolved in 25.0 mL), tert-butylethylamine (0.200 M, 0.005 mol, 0.506 g, dissolved in 25
mL), diisopropylamine (0.200 M, 0.005 mol, 0.506 g, dissolved in 25 mL), and diethylamine
(0.200 M, 0.005 mol, 0.366 g, dissolved in 25.0 mL). Benzyl isocyanate (0.400 mmol, 53.3
mg) was weighed into four vials. Benzyl isothiocyanate (0.400 mmol, 59.7 mg) was weighed
into the same four vials, but not mixed with the isocyanate. Into four vials containing the -
NCO and -NCS mixture, 2 mL portions of stock solutions were added separately so that each
vial only had one type of amine. The mixtures were allowed to mix for 40 minutes before
being characterized via 'H NMR spectroscopy. It was found that 1,1,5,5-
tetramethlpiperidine did not react at all with the -NCS, while it reacted with 73.4% of the -
NCO. The solution with tert-butylethylamine had low reactivity with -NCO to -NCS being
555.1 to 1.0 with 99.2% of the -NCO being consumed. The solution with diisopropylamine
was found to react with -NCO 38 times faster, leading to a 38.0 to 1.0 ratio with >99% of the
-NCO being consumed. Finally, the solution with diethylamine was found to react with -NCO
11.2 times faster than -NCS, with >99% of the -NCO being consumed. This study tells us that
with an amine with enough nucleophilicity can bring the reactivity of an isothiocyanate to
within an order of magnitude of the reactivity of an isocyanate. Table S2 shows the reactivity

ratio and the corresponding amines.
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Table S2 Reactivity ratios of -NCO to -NCS at 40 minutes.

—NCO to —NCS reactivity
@ 40 min.
(based on product integral)

H
N >1,000.0 to 1.0
(undetectable for -NCS)

555.1t0 1.0
/\NJ< ©

H

} J\ 38.0t0 1.0
N
H

SN 11.2to 1.0
H

Rate constant, k.;, determination

A stock solution containing benzyl isocyanate (1.000 M, 0.010 mol, 1.332 g) and a
NMR standard, dimethoxybenzene (0.116 M, 1.16 mmol), were prepared in 10 mL of CDCls.
3-benzyl-1,1-diethylthiourea (0.200 M, 0.400 mmol, 88.6 mg) was weighed into a vial, and
then dissolved with 2 mL of the prepared stock solution. 1H NMR spectra were acquired at
several time intervals and plotted in Figure S22. Into a separate vial, benzyl-1,1-
diisopropylthiourea (0.200 M, 0.400 mmol, 100 mg) was weighed, and dissolved with 2 mL
with the prepared isocyanate stock solution. 1H NMR spectra were acquired at several time

intervals and plotted in Figure S23.
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Figure S22. Concentration of benzyl-1,1-diethylthiourea decreasing with respect to time.
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Polymerization with and without catalyst

Commercial production of polyureas and polyurethanes often involve the use of a
catalyst to promote polymerization. We investigated the use of dibutyltin diacetate (DBTDA)
as a catalyst, as it has been proven to accelerate polymerization.! XDI (87.2 mg) was mixed
with 2 mL of a stock solution of dimethylethylenediamine (DMEDA) (0.198 M, 175.6 mg in
10.0 mL DMF) and immediately filtered through a 0.2 pm PTFE filter and into a GPC vial. A
GPC chromatogram was taken every hour for four hours, and a final time point was taken at
22 hours 15 min. The GPC trace of all time points is plotted in Figure S24. The polymerization
occurred very fast, with it nearing completion within 65 minutes of initiation. Number

average molecular weight (M,) was found to be 2.69 x 10* g/mol.

Likewise, XDI (87.2 mg) was mixed with 2 mL of a stock solution of DMEDA (0.198 M,
175.6 mg in 10 mL DMF). After mixing, DBTDA (0.05 equiv., 0.001 M, 0.500 pL) was added
to the solution, mixed, and immediately filtered through a 0.2 pm PTFE filter and into a GPC
vial. A GPC chromatogram was taken every hour for four hours, and a 6t time point was
taken at 22 hours 10 min. The GPC trace of all time points is plotted in Figure S25. The
number average molecular weight (M,) was found to 4.56 x 103 g/mol. Interestingly, the
polymerization was significantly less than the polymerization without catalyst. We hope to

perform this polymerization again in an attempt to eliminate errors.

1 Goredema, A.; Carlini, R.; Bedford, C.; Breton, M.; Toma, E. Bis[urea-urethane] compounds.
US20060122427 A1, June 8, 2006.
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Molecular weight distribution (g/mol)

Figure S24. Polymerization of XDI and DMEDA in a 1:1 stoichiometric ration without the

addition of catalyst.

= 35 min
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Figure 25. Polymerization of XDI and DMEDA in the presence of dibutyltin diacetate

catalystin a 1:1:0.05 stoichiometric ratio.
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Polymerizations diiothiocyanate monomer (XDI) and bulky amines.

Stock solutions were prepared at a concentration of 3M in DMF with 0.1 % LiBr. The

following table shows the concentration and masses:

Table S3. Preparation of stock solutions in DMF.

XDI DtBuEDA DiPrEDA DEEDA
M, 220.31 172.32 144.26 116.21
g/mol g/mol g/mol g/mol
Concentration 3M 3M 3M 3M
Volume 5 mL 4 mL 4 mL 4 mL
Mol. 15 mmol 12 mmol 12 mmol 12 mmol
Mass 3.3047 g 2.0678¢g 1.7311¢g 1.3945¢g

Polymerization of XDI and DtBuEDA (poly-6A4)

Into a GPC vial, 0.5 mL XDI stock solution and 0.5 mL DtBuEDA stock solution were
added. The polymerization was allowed to proceed for 24 hours at room temperature before
characterization via GPC. After molecular weight analysis, the sample was placed into an oil
bath and held at 50 °C for 8 hours before being characterized via GPC again. A plot of the GPC

traces can be found in Figure 26. Results can be found in Table S4.

Polymerization of XDI and DiPrEDA (poly-6B)

Into a GPC vial, 0.5 mL XDI stock solution and 0.5 mL DiPrEDA stock solution were

added. The polymerization was allowed to proceed for 24 hours at room temperature before
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characterization via GPC. After molecular weight analysis, the sample was placed into an oil
bath and held at 50 °C for 8 hours before being characterized via GPC again. A plot of the GPC

traces can be found in Figure 26. Results can be found in Table S4.

Polymerization of XDI and DEEDA (poly-6C)

Into a GPC vial, 0.5 mL XDI stock solution and 0.5 mL DEEDA stock solution were
added. The polymerization was allowed to proceed for 24 hours at room temperature before
characterization via GPC. After molecular weight analysis, the sample was placed into an oil
bath and held at 50 °C for 8 hours before being characterized via GPC again. A plot of the GPC

traces can be found in Figure 26. Results can be found in Table S4.

= = XDI + DEEDA
—— XDI + DEEDA (After heating)
— = XDI + DiPrEDA
— XDI + DiPrEDA (After heating)
\ — - XDI + DtBuEDA
“ —— XDI + DtBuEDA (After healing)

Refractive Index Detector Absorbance

50 500 5,000 50,000

Molecular Weight (g/mol)

Figure 26. Overlaid GPC chromatograms of poly-6A, poly-6B, and poly-6C before and after
heating.
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Table S4. Number average molecular weight (M,), weight average molecular weight (Mw)

and polydispersity index of poly-6A, poly-6B, and poly-6C.

Sample M, My PDI

Poly-6A 2.18 x 102 g/mol 3.27 x 102 g/mol 1.49
Poly-6A after heating | 1.68 x 102 g/mol 3.50 x 102 g/mol 2.08
Poly-6B 4.06 x 10*g/mol 7.02 x 10*g/mol 1.73
Poly-6B after heating | 5.21 x 104 g/mol 7.97 x 10* g/mol 1.53
Poly-6C 1.53 x10%g/mol 3.90 x 104 g/mol 2.55

Poly-6C after heating | 1.63 x 104 g/mol 3.84 x 10*g/mol 2.35

Initial incorporation of ether linkages into polvmer backbone

Scheme S27. Polymerization of 10, 8, and 12 in varying ratios.

H J\
N SCN NCS
\( \/\H . /\©ﬂ . HN /\éﬁo%\/\ NH,
3
10 8 12

~ S | S
S EasAl haae
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Table S5. Varying ratios of bulky amine added to poly-6B.

Sample Equiv. (mL) of 10 Equiv. (mL) of 8 Equiv. (mL) of 12 Result

5% bulky amine 1(0.150 mL) 10 (1.501 mL) 9 (1.351 mL) N/A
10% bulky amine 2 (0.303 mL) 10 (1.513 mL) 8 (1.210 mL) Robust

15% bulky amine 3(0.451 mL) 10 (1.499 mL) 7 (1.051 mL) Weak

The same stock solutions prepared in Table S3 were prepared again for the
polymerizations in Table S5. The general procedure for all polymerizations in Scheme S27
were to first mix 10 and 12 in a PTFE mold. In a dropwise manner, 10 was added, followed
by rapid manual mixing. The sample was then placed in an oven at 40 °C for 24 hours,
followed by dissolving in 40 mL DMF. The solution was then mixed and precipitated into 800
mL of vigorously stirred Et;0. The resulting precipitate was centrifuged, decanted, and

solvent was removed in vacuo at 110 °C for 16 hours.

When 5% bulky amine was added to poly-6B, the sample was too brittle to be
removed from the mold. The samples containing 10% and 15% bulky amine were tough
enough to remove from the mold, where they then underwent stress vs. strain testing on an

Instron tensile testing machine. The plot of their stress vs. strain curve can be found in Figure

S28.
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Figure S28. Stress vs strain of amine ratios from Table S5.

Polymerization of TEG and TEG-10
Scheme S29. Polymerization of thiourea ethylene glycol (TEG).

40°C, 24 h

S
SCN(’\/O)E/\NCS + ng\rf\/o*)é/\NH2 — > ”'(\/O)E/\H]’n
14 13 TEG
Into a PTFE mold, 13 (7.00 mmol, 1.037 g) was weighed, followed by the addition of
3 mL DMSO. After mixing, 14 (6.74 mmol, 1.566 g) was added in a dropwise manner. The
mixture was then manually stirred and placed into an oven at 40 °C for 24 hours. It was then
dissolved in 40 mL CHCI3, followed by precipitation into 800 mL of vigorously stirred Et;0.
The resulting precipitate was centrifuged, decanted, and solvent was removed in vacuo at
110 °C for 16 hours followed by storage in a desiccator. A small piece (~3 mg) was removed
and subjected to GPC measurements to determine molecular weight and dispersity.

Molecular weight was referenced to PMMA standards: M, = 2.31 x 10* g/mol, PDI = 1.80.
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Figure S29. GPC chromatogram of TEG.

Scheme S30. Polymerization of thiourea ethylene glycol with 10% bulky amine (TEG—] 0).

H
SCN(’\/O)E/\NCS + HzN('\/OfZ/\NHz + \rN\/\HJ\ \hr (~/\o/)\/N N\/\N]/
40 °C, 24 h

14, 5 equiv. 13, 4 equiv. 10, 1 equiv. TEG-10

Into a PTFE mold, 10 (2.00 mmol, 0.288 g) and 13 (8.00 mmol, 1.186 g) were added,
followed by the addition of 1.5 mL DMSO. After mixing, 14 (10 mmol, 2.323 g) was added in
a dropwise manner. The mixture was then manually stirred and placed into an oven at 40 °C
for 24 hours. It was then dissolved in 40 mL CHCl;3, followed by precipitation into 800 mL of
vigorously stirred Et;0. The resulting precipitate was centrifuged, decanted, and solvent was
removed in vacuo at 110 °C for 16 hours, followed by storage in a desiccator. A small piece
(~3 mg) was removed and subjected to GPC measurements to determine molecular weight
and dispersity. Molecular weight was referenced to PMMA standards: M, = 3.14 x 10% g/mol,

PDI = 1.86.
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Figure S30. GPC chromatogram of TEG-10.

Self-Healing Tests of TEG and TEG-10

Both TEG and TEG-10 were heated to 80 °C for 15 minutes, placed in a rectangular
PTFE mold, and compressed using a benchtop vice. The samples were allowed to cool
naturally in the mold to room temperature, where they remained compressed for 8 hours.
The bulk samples were then separated into two groups. The first group immediately
underwent tensile testing on an Instron tensile testing machine, while the second group was
cut 90% through using a razor blade. The cut samples were gently pressed together for 1
minute, followed by heating at 50 °C for 20 minutes. Samples were immediately placed in a
room temperature desiccator for 14 hours. Strain rates of 100 mm/min were used for stress

vs. strain plots (Figure S31).
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Figure S31. Comparison between pristine and healed samples. Samples were tested at

room temperature under a strain rate of 100 mm/min.

Thermal analysis of TEG and TEG-10

The glass transition temperature (Tg) for both TEG and TEG-10 were evaluated using
differential scanning calorimetry (DSC, TA Q800). After molding the sample, pieces of
flashing (5-10 mg) were trimmed and placed in a non-hermetic aluminum pan and scanned
against an empty reference. The temperature was ramped from room temperature to 180 °C
at a rate of 10 °C/min to wipe the thermal history. The samples were then cooled to -80 °C
at a rate of -5 °C/min. After an isotherm at -80 °C for 10 minutes, the samples’ temperature
was raised to 180 °C at a ramp rate of 5 °C/min. A thermogram of the heat-cool-heat cycle

can be found in Figure S32.
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Figure S32. The T, for both TEG and TEG-10 are very similar at 29-33 °C.

Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) of TEG was performed using a TA Q500 (Figure
33). A small piece of TEG (20-25 mg) was removed from the desiccator and allowed to set
on the benchtop for 48 hours. The sample was then placed onto a platinum TGA pan and
positioned in the furnace. The sample was flushed with argon at a flow rate of 40 mL/min,
where it was heated at 20 °C/min to 130 °C. It was held isothermally at 130 °C for 30 minutes
to measure water loss, and was then raised to 800 °C at a ramp rate of 20 °C/min. During the

isothermal phase, the sample lost 1.178% mass, meaning that TEG absorbed 1.178% water

by mass after siting in air for 48 hours.
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Figure S33. TGA of TEG after sitting in air for 48 hours. Figure is inset to better

show water loss.
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NMR Spectra for synthesized compounds
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Chapter 3: Direct Silyl Ether Metathesis for Vitrimers with Exceptional

Thermal Stability

3.1 Introduction

Permanently cross-linked polymers (i.e., thermosets) have excellent mechanical
properties, creep resistance, and chemical/solvent stability. However, a critical limitation of
thermoset polymers is that they cannot be reshaped, reprocessed, or recycled by heat or with
solvent. In contrast, thermoplastic polymers are reprocessable, but normally have poorer
chemical/solvent resistances and both lower mechanical strength and lower dimensional
stability at elevated temperatures. With the aim to combine the desirable attributes of both
thermoplastics and thermosets, dynamic covalent chemistries have been incorporated into
covalent adaptable networks (CANs) to introduce plasticity and make them malleable under
external stimuli.l? The plasticity/malleability is imparted by dynamic covalent cross-links
that can undergo associative or dissociative exchange mechanisms.? Of the associative
exchange-based CANs, vitrimers have generated considerable interest as they offer
increased mechanical properties and solvent resistance while maintaining

malleability /reprocessability.3

Several dynamic covalent motifs have been employed in vitrimer designs, such as
trans-amination of vinylogous urethanes,*> transesterification,36-8 olefin cross
metathesis,?10 trans-carbamoylation,1 triazolium trans-alkylation,12
poly(alkylurea-urethane),!3 boronic ester or boroxine exchange,'4-1¢ imine exchange,!” and
acetal exchange.1® Despite the rapid progress in this field, the dynamic covalent chemistries
involved in the reported systems have major limitations as some motifs are thermally and/or
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oxidatively unstable, while others only suitable for a relatively narrow range of polymers.
For further development, a critical need is to develop robust dynamic covalent chemistries

for making mechanically strong and thermally stable vitrimers.

Toward this goal, our lab has recently demonstrated silyl ether as an advantageous
dynamic covalent motif for vitrimer design!® due to its high chemical and thermal stability,
facile accessibility, and general applicability. As one of the most ubiquitous chemical bonds
in natural and synthetic materials, the Si-O bond is thermodynamically strong (BDE ~ 535
kJ/mol).2% Accordingly, silyl ethers show excellent stability toward heat and oxidation in
contrast to many other dynamic covalent motifs including the promising boronic esters,1416
which are susceptible to deboronation and oxidation at elevated temperatures.21-22 However,
one of the major limitations of our initial silyl ether exchange vitrimer!® as well as several
other vitrimer systems31118 is the requirement of free hydroxyls on the polymers. The
presence of many free hydroxyls is undesirable because they can introduce side reactions
such as dehydration and oxidation at elevated temperatures, as well as possible reactions
with polymers (e.g., transesterification with polyacrylates).23 This would be undesirable for
general vitrimer applications that involve multiple cycles of reprocessing/recycling at

elevated temperatures.

To address this key limitation, we have been searching for new strategies for silyl
ether exchange without the need of free hydroxyl groups. During our study, we discovered
that silyl ether groups can directly exchange (i.e., silyl ether metathesis), which would
eliminate the need for free hydroxyls (Figure 3.1). To the best of our knowledge, this is the

first report of direct silyl ether metathesis. In addition to a new type of dynamic covalent
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chemistry, the thermal and oxidative stability of silyl ether functionality lends itself towards
general design of thermally robust vitrimers. Different from anionic siloxane exchange,
which is limited to polysiloxanes,?42> silyl ether groups can be easily introduced post-
polymerization by silylation of free hydroxyl,2¢ methoxy,?” and acetate?8 groups or by simple

polymerization/co-polymerization with a silyl ether functionalized monomer.

A) Silyl ether-hydroxyl exchange (previous work)'®

| |
‘—Si—OR1 A o .—slu—OR2
)
| catalyst
+ R,OH + R,OH

Limitations: side reactions of free alcohols
(dehydration, oxidation, transesterification, etc.)

B) Direct silyl ether metathesis (current work)

| |
.—Si—OR1 A w @ —s—or
| ‘ catalyst |
+ I + |
| @ si—or
ro—s—ll %, re—s—ll

Rzo—sli—.

Advantages: no free alcohol is required and silyl
ether motif is thermally and oxidatively stable

Figure 3.1 Differences between silyl ether hydroxyl exchange and silyl ether metathesis for
vitrimer design.

3.2 Results and Discussion

3.2.1 Small molecule synthesis and Kinetic studies

First, the direct silyl ether metathesis reaction was discovered in our small molecule
model studies. As shown in Figure 3.2A, an equimolar amount of ethyltributoxysilane (B3)

and ethyltripentoxysilane (P3) were mixed in an anhydrous solvent with or without a
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catalyst. The mixtures were heated at different temperatures and the exchange between
butoxy and pentoxy groups was monitored by GC-MS (see detailed in Supporting
Information). At time zero GC-MS showed two peaks with equal intensity for the two starting
materials. As exchange proceeded, two additional peaks appeared with the masses matching
the exchange products B2P1 and B1P2, respectively. The intensity of the new peaks grew with
time until reaching the expected 1:3:3:1 statistical distribution for B3:B2P1:B1P2:P3 at
equilibrium. Without the addition of any catalyst, the exchange proceeded slowly, reaching

full exchange after 16.5 hours at 190 °C.

BZP1 B1P2
A) B; P
OC,4H og H AN Post e o
4Hg st Si-OC4Hg Si-OCsH 14
Z 7 Si-0C,Hy 7 8i-0CH, B, 0CH, OCHs P,
OC,4Hy OCsH;4 OC,H, OCH,,
P AN
Si~0C,4Hy Si~OCsH
cat. OC4Hs OCsH
—_—
heat
13 14 15 16 17 18 13 14 15 16 17 18
Retentiontime (min) Retentiontime (min)
Camp!\or sulfonic Zn(OTH), Sc(OTf),
50 & acid (CSA) a gmany
/\-°~ 2 3 ST
&/40 3 ®--. o ] e e -
3 ". W 30°C 15 “e
ISR ®45°C : T 1:
© 30 4i: B A 60°C & o e 3
2 » T . Tl e 1: [ J
B y W 30°C ‘A : m30°C
o : ®45°C 1: A ®45°C
£ 20 - - {1 = A 60°C A I - A60°C
= Y L e100°C : k., *100°C
&5 14 _© e " @ W 120 °C 1a Y
10 — " ——
0 30 . 60 0 3 60 0 30 60
Time (min) Time ?min) Time (min)

Figure 3.2 Silyl ether metathesis. (a) Representative GC chromatograms of the equilibration
of Bz and P3 to B3, B2P1, B1P2 and P3 with catalyst. (B) Kinetics of silyl ether exchange using
different catalysts and temperatures.
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To accelerate the reaction, we added 5 mol% of a Brgnsted acid (camphor sulfonic
acid, CSA) or a Lewis acid (Zn(OTf); and Sc(O0Tf)3) catalyst (Figure 3.2B). Among the catalysts
tested, CSA was found to be the most active catalyst and chosen for subsequent vitrimer
studies. The exact mechanism for the direct silyl ether exchange is not clear at the moment.
A simple proposal is direct exchange between silyl ethers, i.e., silyl ether metathesis (Figure
1B). Alternatively, the exchange can be facilitated by some transient reactive intermediates
formed in the process. Notably, the GC-MS traces showed clean product distributions with
no detectable byproducts (Figure 3.2A and S5-7), indicating clean exchange between the

silyl ether compounds.

3.2.2 Synthesis of PE-OTMS and vitrimer preparation

Encouraged by the direct silyl ether metathesis reaction observed in our small
molecule model studies, next we applied this new dynamic covalent chemistry to vitrimer
designs. For initial demonstration, a low molecular weight poly(ethylene-co-vinyl acetate)
(EVA, 6 mol% vinyl acetate, MFI = 150 g/10 min) was chosen for its inexpensive commercial
availability and ease of processing. EVA was hydrolyzed quantitatively with sodium
methoxide to yield poly(ethylene-co-vinyl alcohol) with 6 mol% alcohol. The free hydroxyls
in the resulting polymer were fully silylated with N,0-bistrimethylsilyl acetamide to yield a
trimethylsilyl (TMS) ether functional polymer (PE-OTMS) (Scheme 3.1). A divalent cross-
linker, bis(methoxydimethyl)silyl octane, was synthesized from bis(chlorodimethyl)silyl
octane via one step reaction with methanol. All the details for compound syntheses and

characterizations can be found in the Supporting Information.
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Scheme 3.1. Synthesis of PE-OTMS polymer and its vitrimer.

NaOM
(1) N\% mol% L’ N\M mol%
):O OH
Me3sVOT/N\SiMe3 \
2) N\M . . NM mol%
OH

O-SiM63
PE-OTMS
N\ s o
/f\oﬁémol% ?rrr‘\/\o O/\}'{ 2
o o]
(3) £ SiMeg @b g Tsie o+ L
~o o | 6 | /l'\
¥ ¥ PE-OTMS network
_sim M si
| 6 |

The vitrimer was prepared by dissolving PE-OTMS, the bis(methoxydimethyl)silyl
octane cross-linker, and CSA in toluene at 80 °C. The cross-linker concentration was 3 mol%
of the total ~-OTMS motifs and CSA concentration was held at 2 mol% of total ~-OTMS motifs.
The excess of free -OTMS motifs on PE-OTMS backbone facilitate silyl ether metathesis with
the silyl ether cross-links. After mixing, silyl ether metathesis between the cross-linker and
PE-OTMS resulted in gelation. The gelled polymer was slowly dried and compression molded
at 150 °C for 20 minutes at 400 psi for mechanical testing (see Supporting Information). The
insoluble gel fraction of the samples was measured to be ~62% after incubating the
processed polymer in hot anhydrous toluene for 16 hours, indicating a relatively high degree

of cross-linking within the samples.
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3.2.3 Mechanical and thermal testing

The thermal and mechanical properties of the vitrimer were carefully investigated.
The Differential Scanning Calorimetry (DSC) trace for PE-OTMS showed a broad melting
transition with the peak at 93 °C (Figure S12), consistent with the semi-crystalline structure

of the PE backbone. Thermogravimetric Analysis (TGA) demonstrated the vitrimer having
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Figure 3.3 Mechanical analysis of the linear control polymer and PE-OTMS vitrimer. (a)
DMTA analysis of both the linear and crosslinked PE-OTMS. (b) Creep tests of the PE-
OTMS vitrimer at different temperatures under 0.1 MPa stress.

103



exceptional thermal stability, with minimal loss below 400 °C and 5% loss of its original mass
at 427 °C (Figure S14). To the best of our knowledge, this is the most thermally stable
vitrimer reported so far. Because of no free hydroxyl groups, the current vitrimer has
substantially higher thermal stability than our previous system using silyl ether-hydroxyl
exchange.l® The robustness of silyl ether moieties and lack of free hydroxyls should

contribute to the high thermal stability.

Dynamic Mechanical Thermal Analysis (DMTA) clearly showed a rubber plateau after
the melting transition at ~93 °C for the vitrimer in contrast to the linear polymer PE-OTMS
which completely flowed after melting (Figure 3.3A). The vitrimer network retains
mechanical strength after melting due to covalent cross-links. The molecular weight
between cross-links (M:) was calculated to be 9.61 kD (see details in the Supporting
Information). Furthermore, introducing silyl ether cross-links significantly improved the
vitrimer creep resistance as compared to the PE-OTMS linear polymer. The linear polymer
creeped rapidly at 80 °C under 0.1 MPa stress (Figure S17). On the contrary, the vitrimer
showed negligible creep under the same condition (80 °C, 0.1 MPa) (Figure 3.3B). At
temperatures above the Tp, the vitrimers exhibit an initial elastic response followed by a
transition into a linear creep region whereby dynamic silyl ether exchange occurs. As
expected, the vitrimers display faster creep at increasing temperatures as the silyl

metathesis reaction accelerates at higher temperatures.
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To further quantify the silyl ether exchange dynamics in bulk, the silyl ether vitrimers
were subjected to stress relaxation testing at elevated temperatures (130 - 170 °C) by
applying a constant strain to the sample while monitoring the decrease of stress over time
(Figure 3.4A). Consistent with the creep data, we observed faster stress relaxation at higher
temperatures. The characteristic relaxation time, t*, is defined as the time required for the

modulus to decrease to el (~37%) from the initial value. The relaxation time decreased from
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Figure 3.4 Stress relaxation studies of PE-OTMS vitrimer. (a) Stress relaxations
experiments were performed on using 5% strain in tensile mode. (b) An Arrhenius
treatment was performed to the stress relaxation data to yield an energy of
activation of 77.8 k] /mol.
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6,456 s to 770 s as the temperature increased from 130 °C to 170 °C. As silyl ethers appear
to undergo direct exchange with temperature dependency, they should follow the

characteristic vitrimer Arrhenius behavior as defined by equation 1:4829

T = 1, exp (i—;) (1)

By performing Arrhenius treatment to the stress relaxation data (Figure 3.4B), we can
calculate the energy of activation for the silyl ether exchange. Plotting In(t) vs 1000/T yields
a straight line with the slope correlating to an energy of activation of 77.8 k]J/mol. The
activation energy for our CSA-catalyzed silyl ether exchange is comparable to the 81 kJ/mol

value previously reported for amine-catalyzed silyl ether-hydroxyl exchange by our lab.1?

Another important parameter of vitrimers is the topology-freezing transition
temperature (Ty), the temperature at which the network topology is frozen through kinetic
trapping of its internal dynamic chemistry. Following the reported protocols,? the Ty of the
silyl ether vitrimer is calculated to be 45 °C. This transition temperature sits between the
glass transition temperature (7T ~ -125 °C)3% and melting temperature (Tm ~ 93 °C) for the

PE backbone.

The chemical cross-linking also significantly enhanced the mechanical properties of
the polymer. Tensile stress-strain tests showed a five-fold increase in Young’s Modulus from
19.2 £ 1to 101 £ 19 for the PE-OTMS polymer and vitrimer, respectively (Figures 3.5C, S15,
S16). The ultimate tensile strength also increased from 5.5 + 0.6 to 8.3 + 0.2 for the PE-OTMS
polymer and vitrimer, respectively. Finally, we tested the reprocessability of the silyl ether

vitrimers. To demonstrate reprocessability, a vitrimer sample was repetitively diced into
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small pieces, melt pressed at 150 °C (Figure 3.5B), and subjected to mechanical and gel
fraction tests. The tensile testing results show that the mechanical properties - including the

Young’s modulus, tensile strength, elongation at break, and toughness - remain almost
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Figure 3.5 Reprocessability testing for the PE-OTMS vitrimers. (a) Tensile test for the
samples that were reprocessed x1, x2, and x3 times. (b) PE-OTMS samples were diced
into small pieces, compression molded and reprocessed three times. (b) Mechanical
properties of the recycled vitrimer (in triplicates).
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constant for the repetitively reprocessed samples (Figure 3.5A). The gel fractions for the

reprocessed samples also remain nearly constant (Table S1).

3.3 Conclusion

In summary, we report our discovery of a new silyl ether metathesis reaction and its
application for vitrimer design. Owning to the thermal and oxidative stability of silyl ether
motifs, this new dynamic covalent chemistry was demonstrably suitable for making
mechanically robust and thermally stable vitrimers. Compared to previously reported
transestefication3 and silyl ether-hydroxyl exchange!? for vitrimer designs, the current silyl
ether metathesis avoids free hydroxyls which are susceptible to side reactions such as
dehydration and oxidation at elevated temperatures. Indeed, the PE-OTMS vitrimers show
exceptional thermal stability. To the best of our knowledge, this represents the most
thermally stable vitrimers reported to date. The introduction of silyl ether cross-links to PE-
OTMS significantly enhances its mechanical properties and creep resistance. The silyl ether
vitrimer shows good creep resistance at temperatures below its Tm while maintaining
malleability at temperatures above the Ti. Facilitated by silyl ether metathesis, the silyl ether
vitrimers are fully reprocessable at elevated temperatures. Silyl ethers can be easily
prepared by silylation of polymers bearing hydroxyl or its derivatives, copolymerization of
monomers having silyl ether groups, or radical grafting with a silyl ether-containing a silyl
ether motif. With the excellent attributes and synthetic feasibility of silyl ethers, we envision
this new dynamic covalent chemistry can be generalized for various vitrimer synthesis and

studies are currently underway toward this direction.
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3.5 Experimental

General Experimental information

Unless otherwise noted, reactions were carried out with dry solvents using a
magnetic stir bar. Commercial reagents were used as received with no further purification,
unless otherwise noted. 'TH NMR spectra were recorded at either 500 MHz on a Bruker
DRX500 spectrometer or at 600 MHz on a Bruker AVANCE600 spectrometer. 13C NMR
spectra were recorded at 125.2 MHz using a Bruker AVANCE600 with a BBFO cryoprobe.
NMR spectra peaks are reported as & values in ppm relative to TMS or residual solvent: CDCl3
(*H = 7.26 ppm; 13C = 77.0 ppm), CsDe (*H = 7.16 ppm, 13C = 128.06 ppm). 'H NMR data are
reported as follows: chemical shift in ppm, multiplicity (s = singlet, d = doublet, t = triplet),
coupling constants in Hz, and relative integration of the number of protons. Multiplets (m)
are reported over the range of chemical shift at which they appear. For 13C NMR, only
chemical shift values are reported. Tensile tests were performed on an Instron 3365
mechanical tester. Differential Scanning Calorimetry (DSC) thermograms were evaluated
using a TA Instruments Q2500. Thermogravimetric Analysis (TGA) thermograms were
evaluated using a TA Instruments Q500. Dynamic Mechanical Thermal Analysis (DMTA)
analysis was evaluated using a TA Instruments Q800. Gas chromatography-mass

spectrometry experiments (GC-MS) were taken using a Thermo Scientific ISQ GC Ultra.
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Small molecule model studies for silyl ether metathesis

Synthesis of model compounds

Scheme S1. Synthesis of ethyltributoxysilane and ethyltripentoxysilane.

Cl O/R
[ | Et:N

s . RoH e /\éi’o‘R
& toluene 6\R

R = C4H9 or C5H11

Representative synthesis of alkoxy silanes: To a flame-dried N2-purged round bottom
flask equipped with an air condenser, toluene (30 mL), triethylamine (5 equiv., 8.82 g, 13.77
mL), and alcohol (5 equiv.) were added. The flask was cooled to 0 °C followed by the
dropwise addition of trichloroethylsilane (1 equiv., 2.64 mL). The vessel was brought to
reflux at 115 °C for 5 hours. After cooling to room temperature, the reaction mixture was
filtered to remove TEA-HCI salts followed by the removal of excess alcohol by rotary
evaporation. The crude mixture was purified by vacuum distillation to yield a clear liquid.

The identity and purity of the product was confirmed by 'H NMR and 3C NMR.

R = C4Ho: 3.53 g, 64% yield

R = CsHo: 3.26 g, 51% yield

EtSi(0Bu)s 'H NMR (500 MHz, CDCls, 298 K) & 3.74 (t, J=6.7, 6H), 1.56 (m, 6H), 1.38 (sxt,
J=7.6, 6H), 0.99 (t,]=8.0, 3H), 0.92 (t, J=7.4, 9H), 0.62 (g, ]=8.0, 2H). 13C NMR (125 MHz, CDCls,

298 K) 6 62.60, 34.83, 19.07, 14.00, 6.69, 2.32.
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EtSi(OPn)s 'H NMR (500 MHz, CDCls, 298 K) § 3.73 (t,]=6.8, 6H), 1.57 (m, 6H), 1.33 (m, 12H),

0.99 (t,J=8.0, 3H), 0.90 (m, 9H), 0.62 (q, ]=8.0, 2H). 13C NMR (125 MHz, CDCl3, 298 K) & 62.92,

32.42,28.10, 22.62, 14.21, 6.70, 2.33.

NMR Spectra of small molecule model compounds
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Figure S1. 'H NMR (500 MHz, CDCl3, 298 K) spectrum for EtSi(OBu)3
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Figure S2. 13C NMR (125 MHz, CDCl3, 298 K) spectrum for EtSi(OBu)3
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Figure S3. 'H NMR (500 MHz, CDCl3, 298 K) spectrum for EtSi(OPn)3
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Figure S4. 13C NMR (125 MHz, CDCl3, 298 K) spectrum for EtSi(OPn)3
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Small molecule silyl ether exchange studies

Silyl ether metathesis model reactions were investigated under different
temperatures with different acid catalysts. After a brief screen of multiple Lewis acid and
Brgnsted acid catalysts, the three most promising were found to be camphor sulfonic acid
(CSA), Zn(0Tf)2, and Sc(OTf)3. The model exchange reaction was performed as following:
Dimethylacetamide (0.33 mL) and catalyst (0.1 equiv., 0.033 mmol) were added to a flame
dried and Nz-purged flask, followed by EtSi(OBu)sz (1 equiv. 0.33 mmol, 0.092 g) and
EtSi(OPn)3 (1 equiv., 0.33 mmol, 0.106 g) via tared syringe. For the small molecule model
exchange without catalyst, anhydrous trichlorobenzene was used instead of
dimethylacetamide due to its higher boiling point. The flask was heated to the indicated
reaction temperature. Aliquots were taken at different points and analyzed via gas

chromatography mass spectrometry (GC-MS).
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Representative GC-MS chromatograms for model reaction studies

—— Sc(Ill) 30 min
— Sc(lll) 20 min

k Sc(lll) 10 min

L

Relative Intensity
?

12 13 14 15 16 17 18 19 20
Time (min)

Figure S5. GC-MS chromatogram for Sc(0Tf)3 catalyzed silyl ether exchange at 60 °C.
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Figure S6. GC-MS chromatogram for Zn(0Tf) catalyzed silyl ether exchange at 60 °C.
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Figure S7. GC-MS chromatogram for CSA catalyzed silyl ether exchange at 60 °C.

Synthesis of silyl ether functionalized polymer and cross-linker

Modification of polymer backbone

Scheme S2. Hydrolysis of EVA.

NaOMe
4/\9/\/<\Oﬁ/6 mol% T N\M mol%
EVA ):O OH

Poly(ethylene-co-vinyl acetate) (EVA) (50 g, Celanese 18504, 18.2 wt% VA, MFI =150

g/10 min) was dissolved in 1 L toluene and heated to 75 °C. To the stirred solution, 25 wt.%
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sodium methoxide in methanol (1.5 equiv., 34.3 g) was added and the solution was stirred
overnight. Finally, to the gently stirring solution HCI (1 equiv., 3 M, 52.3 mL) was added
followed by stirring for 20 minutes. The aqueous layer was removed via cannulation and the
organic phase was washed twice with hot brine to reduce the emulsion. The resulting organic
phase was precipitated into vigorously stirred MeOH, filtered and dried under vacuum

overnight at 85 °C to yield poly(ethylene-co-vinyl alcohol) which was characterized by 1H

NMR spectroscopy.
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Figure S8. 'H NMR (600 MHz, C¢Ds, 333 K) spectrum of EVA
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Figure S9. 'H NMR (600 MHz, C¢Ds, 333 K) spectrum of Poly(ethylene-co-vinyl alcohol)

Scheme S3. Silylation of poly(ethylene-co-vinyl alcohol)

Me3Si/OTN “SiMe, \
P, - T
oH

O-SiMes
PE-OTMS

Poly(ethylene-co-vinyl alcohol) (10.1 g) was dissolved in 200 mL toluene and heated
to 75 °C. To the stirred solution, N,0-bistrimethylsilyl acetamide (BSA, 3 equiv., 14.28 g,
17.16 mL) was added dropwise via syringe. The reaction mixture stirred overnight, followed
by rotary evaporation to remove excess solvent. The light orange polymer was then further
dried under high vacuum to remove residual BSA and N-trimethylsilyl acetamide by-

product, yielding PE-OTMS as the final product.

121



7.15
3.72
1.54
1.36
0.96
0.19

O-SiMe;,

‘ |
C6H6 .
|

b

0.95 —

3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

3.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
Chemical Shift (ppm)

Figure S10. 'H NMR (600 MHz, CsD¢, 333 K) spectrum of PE-OTMS.

Synthesis of cross-linker

Scheme S4. Synthesis of cross-linker.
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To a flame-dried round bottom flask, anhydrous dichloromethane (20 mL) and 1,8-
bis(chlorodimethylsilyl)octane (1 equiv., 15 mmol, 4.61 mL) were added. The flask was
sealed with a septum and anhydrous methanol (2.2 equiv., 33 mmol, 1.33 mL) was added,
followed by the dropwise addition of TEA (2.2 equiv., 33 mmol, 4.60 mL). The mixture stirred
for 1 hour followed by rotary evaporation. The resulting crude product was washed with

diethyl ether (50 mL x 2) and filtered through a pad of celite to remove ammonium salts. The
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diethyl ether was removed via rotary evaporation to yield a clear, slightly yellow liquid (95%

yield). The identity of the product was determined via 'H NMR.

1,8-bis(methoxydimethylsilyl)octane 'H NMR (500 MHz, CDCl3, 298K) 6 3.42 (s, 6H), 1.31

(m, 6H), 1.27 (m, 6H), 0.59 (t, ] = 7 Hz, 3H), 0.09 (s, 12 H).
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Figure S11. 'H NMR (500 MHz, CDCl3, 298 K) spectrum of 1,8-bis(methoxydimethyl-

silyl)octane
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Vitrimer preparation and studies

Into a flame-dried test tube, 3 g of PE-OTMS (6 mol% silyl ether) was added, sealed
with a septum, and flushed with N2. Anhydrous toluene (15 mL) was added via syringe and
heated to 75 °C until dissolved. Separately, a stock solution of CSA catalyst was prepared in
anhydrous toluene. To the dissolved PE-OTMS, CSA (2 mol% relative to silyl ether, 0.123
mmol, 28.5 mg) was added and stirred to homogenize. The bis-silyl ether cross-linker (3
mol% relative to silyl ether motif on polymer, 0.184 mmol, 53.5 mg) was then added
dropwise while vigorously mixing. The temperature was maintained at 75 °C, and the
viscosity increased over the course of 10 minutes until the solution became completely
gelled. After 30 minutes the gel was removed from the test tube, moved to a PTFE dish, and
placed in a N2-flushed vacuum oven heated at 90 °C to slowly dry for 4 hours. High vacuum

was then pulled for 6 hours to remove residual solvent.

The cross-linked network was then cut into small pieces and compression molded
with a Specac West 6100+ High Temperature Hot Press. The cut pieces were placed into
preheated PTFE molds at 150 °C and pressurized to 2 tons (~400 psi) for 20 minutes
followed by a 30-minute cooldown to room temperature. Samples were then annealed at 150
°C for 4 hours under gentle pressure prior to testing to ensure full sintering of cut pieces. For
reprocessing, the samples were cut into small pieces (approximately 1 mms3) with a razor

and compression molded as previously described.
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Gel fraction testing

To test the gel fraction, samples were cut into approximately 30 mg pieces and
suspended in excess solvent (dry toluene, 20 mL). The pieces were then swollen by heating
to 70 °C for 16 hours. This allowed for un-crosslinked polymer chains to diffuse into the
excess solvent, leaving the cross-linked network in the swollen state. The swollen samples
were then removed from solvent and dried in a heated vacuum chamber to remove any

residual solvent. The weight before and after testing was recorded and the weight fractions

are listed in Table 1.

Table S1. Gel fraction data for reprocessed vitrimer samples

Reprocessing Before After Insoluble fraction (%)
Processed x1 289mg |182mg |63.0%
Processed x2 31.6mg |195mg |61.7%
Processed x3 363mg |232mg |64.0%
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Thermal characterization of PE-OTMS vitrimer.

Differential Scanning Calorimetry (DSC) measurements were performed on PE-OTMS
linear and vitrimer samples using ~10 mg of material in an aluminum non-hermetic pan
(Figure S12 and S13). Samples were scanned against an empty reference pan from -50 °C to
150 °C at a ramp rate of 20 °C/min. PE-OTMS was found to have a broad melting range from
54 °C to 104 °C with the peak endotherm at 93 °C. To determine the degree of crystallinity of
PE-OTMS, the area of the endotherm (94.5 J/g) is divided by the enthalpy of melting for
crystalline LDPE! (293 J/g) to give a 32.3% crystalline content. DSC endotherms were

calibrated to an indium standard reference.
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Figure S12. DSC thermogram of PE-OTMS vitrimer from -50 °C to 150 °C.
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Figure S13. DSC thermogram of linear PE-OTMS from -50 °C to 150 °C.

Thermogravimetric analysis (TGA) was performed to determine polymer stability
(Figure S14). The sample was placed in a platinum crucible under constant N; flow and
heated to 850 °C at 20 °C/min. The sample had lost ~5% of its original mass at 427 °C and

completely degraded at ~ 500 °C.
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Figure S14. TGA thermogram of PE-OTMS vitrimer.
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Tensile testing of PE-OTMS vitrimer

For tensile testing, the samples were compression molded as previously described
and cut into approximately 3 mm x 2 mm x 25 mm strips. Tensile testing was performed at
room temperature at a pull rate of 0.5 mm/mm/min. All samples broke cleanly between the

clamps.
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Figure S15. Tensile testing of PE-OTMS vitrimer over three iterations of reprocessing.
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Table S2. Mechanical properties of repetitively reprocessed PE-OTMS vitrimer (triplicates).

x1 X2 x3
Young’'s Modulus (MPa) | 101 £19 | 132+16 |98 +3
Tensile Strength (MPa) |83 +0.2 |7.7+x0.8 |81+04
Toughness (M]/m3) 13.1+3.0/10.0+£0.2 | 11.2+1.0
Elongation (mm/mm) |1.8+0.1 |14+0.1 |15%0.1

10
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8 = PE-OTMS linear (1)
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Figure S16. Tensile testing of linear PE-OTMS polymer.

129




Table S3. Mechanical properties of linear PE-OTMS polymer (triplicates).

Linear PE-OTMS

Young’'s Modulus (MPa) | 19.2 + 1.13

Tensile Strength (MPa) | 5.5+ 0.6

Toughness (M]/m3) 21.9+6.8

Elongation (mm/mm) | 5.1+1.2

Dynamic Mechanical Thermal Analysis (DMTA) testing

DMTA testing was performed on a DMA Q800 by cutting a sample into thin films
approximately 2 mm x 1 mm x 15 mm and mounting to the clamp in tensile mode. The sample
was heated at a constant rate of 3 °C/min while subjected to a 15 pm amplitude oscillation
at 5 Hz. For the linear PE-OTMS (Figure 3A), the sample completely flowed above the Tn.
However, the PE-OTMS vitrimer showed a rubber plateau and retained elasticity above the
Tm. The storage modulus plateaued at approximately 0.95 MPa, which is indicative of the

cross-linked network preventing the flow of material.
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Stress relaxation testing

Stress relaxation experiments were performed on a DMA Q800 by cutting a sample
into thin films approximately 2 mm x 1 mm x 15 mm and mounting to the clamp in tensile
mode (Figure 4). Samples were pulled to 10% strain and held until the relaxation modulus
crossed the relaxation time, T, which is defined from the Maxwell model of viscoelastic fluids
as the time required for the relaxation modulus to fall to el (~37%) from the initial
relaxation modulus. The stress relaxation data underwent Arrhenius treatment to yield a

straight light with a slope defined by equation (1):

1000

InT'(T) = 9.356 - == — 14.445 (1)
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Figure S17. Stress relaxation of the PE-OTMS vitrimer at 180 °C with 10% strain.
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Creep testing

Creep experiments were performed on a DMA Q800 by cutting a sample into thin
films approximately 2 mm x 1 mm x 15 mm and mounting to the clamp in tensile mode.
Samples were heated to their respective temperatures and exerted to a constant force of 0.1
MPa. After a brief elastic response, the samples begin to creep, following Arrhenius
temperature-dependent behavior. After 30 minutes, the force was released and the samples
could return to their relaxed state (Figure 3B). The samples at higher temperatures exhibited
more creep and consequently did not return to the same position. Due to the melting range,
the samples exhibit dramatically different behaviors below and above the Tr. While below
the T, the network didn’t exhibit as strong of an elastic response - most likely due to the
crystalline domains limiting molecular motion. Above the Tn, the cross-linking stabilizes the

material from completely melting.
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Figure S18. Creep-relaxation testing on linear PE-OTMS polymer. Samples had a 0.1 MPa

force applied for 30 minutes followed by relaxation for 30 minutes.
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Figure $19. Creep relaxation test at 100 °C where PE-OTMS vitrimer was cycled three times

without removing from the clamp.
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Network dissolution

To show that cross-linking is not permanent, i.e. no new C-C bonds were formed, a
130 mg piece of a 3x reprocessed sample was placed in a combination of 90% toluene and
10% benzyl alcohol with 10 mg CSA. Benzyl alcohol can exchange with the silyl ether cross-
linker to depolymerize the network, leaving only linear polymers behind. Photos were taken
before and after heating overnight at 70 °C (Figure S20). As seen in Fig. S20b, the sample

became fully un-crosslinked.

Overnight

—)

70°C

Figure S20. a. 130 mg piece of 3x reprocessed sample dissolved in 90% toluene and 10%

benzyl alcohol. b. Fully un-crosslinked sample after heating overnight at 70 °C.
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Calculations

Determination of Ty

The topology freezing temperature, Ty, is defined as the transition of a material from
a viscoelastic solid to a viscoelastic liquid. This transition is generally considered to be when
the viscosity reaches 1012 Pa. The viscosity can be calculated from DMTA and stress

relaxation experiments by using the Maxwell equation:?

n=G-1t"= Sy (2)

T 2(1+v)

Where:

G = shear modulus
T* = relaxation time
E’ = storage modulus
v = Poisson’s ratio

By inputting the known Poisson’s ratio for LDPE (0.43)34 into equation (2), it is simplified

to:

n=0350-E -t (3)

Using DMTA analysis of the PE-OTMS vitrimer, the storage modulus at rubber plateau
(Figure 3A) was found to be approximately 0.94 MPa for the range of 110-150 °C. The values

E’ = 0.94 MPa and n = 1012 Pa were inserted into equation (3) to give an extrapolated
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relaxation time 7* = 3,039,513 s for the calculated Ty. By plugging the extrapolated t* back

into equation (1) from stress relaxation, it was found that T, = 45 °C.

Determination of M.

Calculation of the molecular weight between cross-links (M.) can be performed using the

equation:®
M. =2(1+v)2= (4)
Where:
v = Poisson’s ratio (0.43)
p = density (0.92 g/cm3 or 920 kg/m3)°
R = universal gas constant (8.314 m3-Pa/K-mol)
T = temperature (413 K)
E’ = storage modulus (0.94 MPa at 140 °C (413 K))

The M. value for the PE-OTMS network at 140 °C (E’ = 0.94 MPa) is found to be 9.61 kDa.
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Chapter 4: Siloxane Exchange Chemistry for High-Stability Vitrimer

Designs

4.1 Introduction

Due to global pressure for a reduction in plastic waste, concentrated effort has been
put forth to find materials that have the capacity to meet the rigorous mechanical
requirements of crosslinked thermosets while still maintaining reprocessability.l2 Vitrimers
are a relatively new family of polymeric materials containing dynamic crosslinks that
exchange under heat and stress. Vitrimers use associative exchange to maintain a fixed
crosslink density and prevent network integrity loss at elevated temperatures.3#4 For this
reason, vitrimers are advantageous in applications requiring dimensional stability, increased
temperatures, and solvent resistance.> Several vitrimer motifs have been explored including
transamination of vinylogous urethanes,®-10 boronic ester or boroxine exchange,1-16 imine
exchange,17-20 transition metal-catalyzed transesterification,?1-24¢ olefin metathesis,?>
triazolium trans-alkylation,?¢ acetal exchange,?728 siloxane exchange,??3% and thiol conjugate
addition-elimination.3! Many of these dynamic chemistries have limitations such as
oxidative, thermal, and hydrolytic stability, or difficulty in synthesis which severely limits

their application in commercial operation.

Recent work with silyl ether exchange?93032 was demonstrated to have exceptional
thermal and oxidative stability, however there was a potential challenge of hydrolytic
stability. When exposed to excess moisture and heat, silyl ethers can by hydrolyzed to
dimethylsilanol and volatilize during processing.3®3 To address this challenge, we have

worked towards making use of the analogous siloxane linkage, which is thermally,
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Figure 4.1. Reversible siloxane exchange. (a) Comparison between the current siloxane
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oxidatively, and hydrolytically stable as well as commercially available in a variety of
analogues (Figure 4.1a).3* To give a brief comparison between the stability of silyl ether and
siloxane motifs, model compounds were synthesized and exposed to 0.01 M HCIl at 90 °C
(Figure 4.1b). By monitoring the reaction progress via GC-MS it was found that under dilute
acidic conditions, the silyl ether model compound was cleaved within 10 minutes while the
siloxane retained much of its integrity over the course of 40+ hours. While it is possible for
the siloxane model compound to be hydrolyzed, the resulting silanol can easily condense to
re-form the siloxane linkage at high temperatures.343> By moving towards siloxane groups as
the crosslinkers in vitrimers, we can gain a large degree of hydrolytic resistance while

retaining oxidative and thermal stability.
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4.2 Results and Discussion

While the Si-O bond is inert to a wide variety of functional groups, it was found that
both Brgnsted and Lewis acids can promote Si-O exchange in silyl ether model studies.3? We
aimed to determine if these catalysts had similar reactivity towards siloxanes. Model
compound studies explored the exchange of dihexyldisiloxane and dinonyldisiloxne alkoxy
groups in the presence of 2 mol% catalyst. Under exchange, a new compound consisting of
the combination of the two emerges in a statistical 1:2:1 distribution (Figure 4.2a,b). For both
camphorsulfonic acid and Sc(III)OTfz (Figure 4.2c,d), relatively rapid exchange occurred
above 160 °C indicated they would be a viable candidates for vitrimer exchange studies. The
mild Lewis acid catalyst Zn(II)OTf; was also found to facilitate exchange, albeit at a slower
rate, suggesting that a wider variety of transition metal catalysts might also promote siloxane
exchange - each with different levels of catalytic activity. Unfortunately, many transition
metal catalysts have poor solubility in nonpolar matrices and unwanted side reactions with

sensitive functional groups which limit the scope of their application.

For these reasons, we began searching for a more selective catalyst for siloxane
exchange. Turning our focus towards motifs that interact strongly with silicon, we began
exploring fluoride-containing compounds as a possible reaction catalyst. Fluoride has a
strong affinity to silicon such that the Si-F bond in SiF4 has the highest BDE of any single
bond.3¢ Despite the high BDE, the Si-F bond is very ionic - in fact, the difference in
electronegativity of Si-F is higher than that of Na-Cl.37 As such, it has been shown that fluoride
can participate in the reorganization of POSS cages without forming irreversible linkages.38-

40 We envision that while strong, the Si-F bond can also be transient, moving from silicon to

140



silicon and modifying the reactivity of the siloxane linkage. To this end, several potential
catalysts were explored to facilitate siloxane exchange. Fluoride sources included
tetrabutylammonium fluoride (TBAF), tetramethylammonium fluoride (TMAF),
tetrabutylammonium triphenyldifluorosilicate (TBAT), potassium fluoride (KF), potassium
fluoride coordinated to dibenzo-18-crown-6 ether (KF:DB18-c-6), cesium fluoride, sodium

monofluorophosphate, XtalFluor-E, XtalFluor-M, and potassium tetrafluoroborate.

The naked fluoride anion, TBAF and TMAF, offered extremely fast reaction rates at
low temperatures. Unfortunately, above 100 °C the solution browned, and subsequent
additions of siloxane starting material did not change the composition - indicating the
catalyst had degraded during the initial heating. TBAT (Figure 4.2e) offers an interesting
alternative to TBAF in that the fluoride is already bound to a silicon atom. TBAT offered rapid
exchange rates, however also degraded at temperatures above 100 °C, albeit at a slower than
TBAF. Several other catalysts were screened that did not have sufficient solubility such as
NaF, sodium monofluorophosphate, KF, and CsF. Electrophilic fluorine sources such as
Xtalfluor-E/M also had no effect on the exchange rate. To increase the solubility and
nucleophilicity of the alkali metal fluoride, dibenzo-18-crown-6 ether and KF were prepared
in a 1:1 ratio to coordinate to the potassium ion and increase solubility (Figure 4.2f). When
added to the model siloxanes exchange occurred rapidly with a strong temperature
dependance. The stabilization of the potassium ion appears to have a significant impact on

the ability of the fluoride to participate in siloxane exchange. The KF:DB-18-c-6 species
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Figure 4.2. Catalyzed siloxane exchange. (a) Dihexyltetramethyldisiloxane and
dinonyltetramethyldisiloxane converted to a statistical distribution of products. (b) Gas
Chromatography-Mass Spectrometry (GC-MS) chromatogram of siloxane model
compound exchange. Percent completion for the siloxane scrambling reaction (33% w/v)
catalyzed at different temperatures by (c) 2 mol% camphorsulfonic acid, (d) 2 mol%
scandium (III) triflate (e) 2 mol% N-tetrabutyl ammonium difluoro-triphenylsilicate
(TBAT), (f) 2 mol% potassium fluoride:dibenzo 18-crown-6 ether (KF:DB18-c-6).

reached ~95% conversion within 5 minutes at 160 °C and was thermally stable for all tested
conditions. The solubility and/or dispersibility of the catalyst is a critical requirement for use

in solvent-free applications such as bulk polymer crosslink exchange.
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Following small molecule studies, we aimed to probe the fluoride catalyst behavior in
polymeric materials. The most common siloxane-containing materials to explore are
polydimethylsiloxane (PDMS) elastomers, which contain only Si-O bonds throughout the
backbone. PDMS elastomers are normally tough and resistant to creep, however upon the
addition of fluoride catalyst became malleable at high temperatures (Figure 4.3). The catalyst
KF:DB-18-c-6 was dispersed into a 2-part PDMS elastomer kit (Dow® Sylgard 184) at 0.1
mmol per gram polymer under high-speed mechanical mixing. The PDMS was cured at room
temperature and punched into disks. Using stress relaxation measurements to monitor the
network malleability, the PDMS with catalyst was able to quickly dissipate stress above 160
°C owing to the embedded fluoride. The comparable un-catalyzed PDMS elastomer retained

its integrity and was slow to dissipate the applied stress. The apparent E, for the catalyzed
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Figure 4.3. KF:DB18-c-6 incorporation at 0.1 mmol/g into PDMS elastomer induces
malleability when monitored by stress relaxation experiments. At higher temperatures,
the the catalyzed PDMS relaxes stress faster. PDMS without catalyst at 200 °C only
shows a slight dissipation of stress.
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PDMS exchange was ~138 kJ/mol and relaxation behavior followed an Arrhenius

temperature dependence, which is indicative of associative exchange chemistries.

With evidence that fluoride is an efficient catalyst for siloxane exchange, we aimed to
prepare polymer networks bearing siloxane crosslinks that can undergo exchange and retain
malleability. There has been little attention towards the incorporation of vitrimer
chemistries into commodity plastics despite the dramatic improvements they could provide.
As such, we aimed to broaden the scope of siloxane exchange from PDMS elastomers into
high-volume commercial polymers using reactive extrusion. With a generalizable
preparation process in mind, we aimed to generate vitrimers using siloxane linkages for high
density polyethylene (HDPE-v) and polymethylmethacrylate (PMMA-v). We use the high
shear rate and high temperatures of a compounding twin-screw extruder to add functionality
to polymer backbones in a scalable manner through either trans amination or radical
grafting.

PMMA was easily functionalized by the commercially available 1,3-bis(3-
aminopropyl)tetramethyldisiloxane through melt blending in the presence of KF:DB-18-c-6
catalyst (Figure 4.4a). The primary amines in 1,3-bis(3-aminopropyl)tetramethyldisiloxane
react via transamidation with the methyl ester in the PMMA side chains, generating siloxane
bridges that can undergo exchange in the presence of fluoride catalyst. Our compounding
extruder has a recirculating channel that allows for extended run times to more accurately
mimic large-scale extruders. As such, the reaction progress can be monitored through the
viscosity evolution over the course of the run. As transamination occurs, the polymers first

undergo chain extension followed by crosslinking into a dense network. Owing to rapid
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Figure 4.4. Preparation of siloxane-bearing vitrimers. (a) Synthesis of crosslinker,
preparation of PMMA-v, and preparation of HDPE-v. (b, c) Images of PMMA-v and HDPE-v
before and after addition of excess TBAF, indicating that crosslinking is formed through
siloxane bridges only.

fluoride-catalyzed exchange, the crosslinked networks are not destroyed by the high shear
of the extruder and instead reach a steady exchange rate that is observed by a plateau in
viscosity after all available amine has been consumed (Figure 4.5a). At 190 °C the viscosity
reaches plateau after approximately 13 minutes, however at 230 °C the viscosity reaches
plateau after only 3 minutes of mixing. The difference in the time to reach plateau is caused
by the faster rate of amine consumption at the higher temperatures. When an analogous Cs-
diamine without the siloxane bridge was used, the extruder torque never plateaued and
continued to climb until the 14-minute mark where the extruder pressure limit was reached
- indicating the dynamic crosslinks play in integral role in the homogenous mixing and
processing of crosslinked vitrimers. After removal from the barrel, the Cg-diamine
crosslinked PMMA was not moldable at any temperature and was insoluble in good solvents.
After swelling, the PMMA-v would completely dissolve upon the addition of excess TBAF

(Figure 4.4b), while the Cg-diamine crosslinked network remained an insoluble gel.
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Table 4.1. PMMA-v crosslinking conditions.

Temp. Crosslinker wt% Max viscosity Insoluble %

190 °C 5 wt% 13 minutes  82.3% * 6.1%
190°C 2 wt% Cg-diamine 13 minutes  93.7% * 6.4%
230 °C 5 wt% 3 minutes 84.7% + 2.1%
230 °C 4 wt% 3 minutes 84.5% * 1.4%
230 °C 3.5 wt% 3 minutes 80.2% * 0.4%
230 °C 2 wt% 4 minutes 70.2% £ 1.8%
230 °C 1 wt% 5 minutes 40.7% % 4.0%

To explore the influence of the fluoride catalyst on the exchange reaction, the molar
ratio of catalyst in PMMA-v was varied at 1, 5, and 10 mol% relative to diaminosiloxane
crosslinker. The viscosity quickly increased after complete addition of the mixture into the
feed hopper and plateaued at ~5 minutes (Figure 4.5a). The melt viscosity at plateau was
comparable for all samples, indicating all samples were at full conversion. Despite similar
viscosity during extrusion, stress relaxation experiments of the sample with 10 mol%
catalyst showed faster relaxation than the 5 and 1.25 mol% (Figure 4.5b). This also indicates
the relaxation behavior is directly related to the fluoride-catalyzed siloxane exchange, and

the exchange rate can be tuned by the addition of catalyst.

A radical graft-to process was utilized to produce HDPE-v. For the radical crosslinker,
1,3-bis(3-aminopropyl)tetramethyldisiloxane was converted to a bis-maleimide through a
ring-opening and closing of maleic anhydride (Figure 4.4a). The maleimide is a good radical
acceptor and grafting agent for polyolefin functionalization. The bis-
maleimidotetramethyldisiloxane was blended with HDPE (MFI = 2.2 g/10min), dicumyl

peroxide, and KF:DB-18-c-6 catalyst. The blend was vigorously mixed, and melt blended at
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190 °C for five minutes until the peroxide initiator had been sufficiently consumed. After
extrusion, the samples were compression molded for mechanical testing. Molded samples
had a constant gel fraction of ~45% regardless of the number of reprocessing cycles. To test
if HDPE-v had been crosslinked with only siloxane crosslinks, a small piece was swollen in
hot xylene. A large excess of TBAF was added to the swollen sample and the insoluble gel

completely dissolved as the siloxane bonds were cleaved (Figure 4.4c).

To show the reprocessability of HDPE-v, the samples were ground and fed back into
the extruder. As measured by tensile testing (Figure 4.5c), HDPE-v maintained its integrity
over the course of each reprocessing and preserved its mechanical properties. For
comparison, unmodified HDPE was also tested and showed a slightly higher Young’s modulus
and yield point, but was found to have a similar elongation at break to HDPE-v. The decrease
in Young’s modulus for HDPE-v is attributed to a slight reduction in crystallinity, which was
verified by DSC measurements where the unmodified HDPE was approximately 69%
crystalline while HDPE-v was around 55% crystalline (Figures S14, S15). HDPE-v was
molded into flat coupons and punched into disks for stress relaxation testing on a parallel
plate rheometer (Figure 4.5d). HDPE-v stress relaxation shows Arrhenius temperature
dependence above the Tp, for HDPE and an apparent Ea of 49 kJ/mol. DMTA temperature
sweeps showed a plateau of the storage and loss modulus above the Ty, indicating the HDPE-
v was indeed crosslinked, while the unmodified HDPE melted at ~150 °C and lost all

mechanical integrity.
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Figure 4.5. Physical testing of PMMA-v and HDPE-v. (a) Viscosity evolution during
extrusion of PMMA-v with 4 wt% diaminosiloxane crosslinker at 230 °C. (b) Stress
relaxation of PMMA-v with 4% diamine crosslinker at 180 °C and 1% strain using different
catalyst concentrations. (c) Tensile testing of unmodified HDPE and HDPE-v over three
reprocessing cycles. (d) Stress relaxation of HDPE-v at different temperatures. (e)
Arrhenius treatment of HDPE-v stress relaxation. (f) DMTA temperature sweep of
unmodified HDPE and HDPE-v showing plateau of modulus above the T .

One of the major benefits of using vitrimer chemistry in traditional applications is
their inherent resistance to creep. Linear polymers tend to creep above their T, in response
to stress, while vitrimers prepared from analogous polymer backbones resist flow due to the
embedded crosslinks. Owing to the associative exchange mechanism of the dynamic
crosslinks, flow is restricted until two exchangeable motifs come into sufficient contact with
each other. The exchange rate has a temperature dependence, thus making vitrimers a
desired material for high-temperature applications. In Figure 4.6a, the creep resistance of
HDPE-v was compared to unmodified HDPE at temperatures above the Tr. Unmodified HDPE
has a low melt viscosity and flows easily while HDPE-v strongly resists creep - even well

above the T. Dramatic creep resistance was also observed for PMMA-v (Figure 4.6b) at 190
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°C. More practically, we tested the creep resistance for HDPE and HDPE-v at room

temperature under very large stresses of 10 MPa (Figure 4.6c,d). HDPE-v had approximately

2.5x the creep resistance compared to HDPE and much less initial strain. The incorporation

of crosslinks limited the initial extension under heavy load and limited the amount of creep

in the amorphous phase.

An interesting consideration on vitrimers prepared from reactive extrusion is the

mechanism for the retention in network integrity during the high-shear environment. Under

non-dynamic circumstances, highly crosslinked materials are sheared until they reach a

sufficient domain size to pass through the internal gaps between the screws and barrel. In

the case of dynamic materials however, there appears to be a dramatic shear-dependent
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Figure 4.6. Creep and rheological testing of HDPE-v and PMMA-v. (a) Creep testing of
HDPE and HDPE-v at various temperatures under 1 kPa force. (b) Creep resistance of
PMMA-v as compared to PMMA under 10 kPa force. (c) Creep resistance of HDPE and
HDPE-v under heavy force (10 MPa) at room temperature and the (d) statistical analysis.
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viscosity decrease at frequencies above 1 Hz (Figure 4.6e,f). Samples were punched into
disks and heated to 190 °C in a parallel plate rheometer where the frequency was swept from
0.01-100 Hz. At low shear rates the viscosity of HDPE-v and PMMA-v were significantly
higher than the analogous unmodified polymers. This large difference in viscosity is
demonstrated by the vitrimers’ creep resistance at high temperatures where the strain rate
is low. However, a marked viscosity drop occurs as the shear rate increases above 1 Hz and
the complex viscosity of the vitrimer begins to merge with that of the unmodified polymer.
At low shear rates, polymer chains are crosslinked by the siloxane linkages as well as
physically entanglement. At high shear rates, the rapid siloxane exchange allows for polymer
chains to disentangle and align along the direction of shear, leading to less molecular
interaction and a dramatic decrease in viscosity. Although these dynamic networks are
densely crosslinked, they were easily processed on common polymer processing equipment
at elevated temperature and shear. Shear thinning of vitrimers has been experimentally
observed by other labs in the use of injection molding instruments to prepare samples for
mechanical testing.1* If static crosslinks were used instead of dynamic crosslinks, samples
would not be processable in the same manner as evidenced from the Cg diamine PMMA
crosslinking. This behavior provides some insight into the preservation of crosslinks during

the extrusion process.
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4.3. Conclusion

In conclusion, we have discovered fluoride-catalyzed siloxane exchange as a new dynamic
exchange motif. Siloxane linkages are highly stable to heat and oxidation while also being
commercially relevant. Several catalysts were screened to promote the siloxane exchange
and KF:DB18-c-6 was both stable over a wide temperature range and promoted the selective
exchange of siloxane linkages. When incorporated into polymer networks such as PDMS,
crosslinked HDPE, and crosslinked PMMA, fluoride-catalyzed siloxane exchange provided a
robust method for preventing sample creep and maintaining network integrity at high
processing conditions. Using rheology frequency sweeps, we elucidated the shear thinning
behavior of PMMA and HPDE vitrimers to provide rationale for the retention of crosslinks
through the reactive extrusion process. We envision that fluoride-catalyzed siloxane

exchange chemistry can be used to broaden the adoption of vitrimer chemistry.

151



4.4 References

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

Imbernon, L.; Norvez, S. From Landfilling to Vitrimer Chemistry in Rubber Life Cycle.
European Polymer Journal 2016, 82, 347-376.
https://doi.org/10.1016/j.eurpolym;j.2016.03.016.

The Future of Plastic. Nat Commun 2018, 9 (1), 2157.
https://doi.org/10.1038/s41467-018-04565-2.

Denissen, W.; Winne, ]J. M.; Du Prez, F. E. Vitrimers: Permanent Organic Networks
with Glass-like Fluidity. Chem Sci 2016, 7 (1), 30-38.
https://doi.org/10.1039/c5sc02223a.

Van Zee, N. ].; Nicolay, R. Vitrimers: Permanently Crosslinked Polymers with
Dynamic Network Topology. Progress in Polymer Science 2020, 104, 101233.
https://doi.org/10.1016/j.progpolymsci.2020.101233.

Alabiso, W.; Schlég], S. The Impact of Vitrimers on the Industry of the Future:
Chemistry, Properties and Sustainable Forward-Looking Applications. Polymers
(Basel) 2020, 12 (8), 1660. https://doi.org/10.3390/polym12081660.

Denissen, W.; Droesbeke, M.; Nicolay, R.; Leibler, L.; Winne, ]J. M.; Du Prez, F. E.
Chemical Control of the Viscoelastic Properties of Vinylogous Urethane Vitrimers.
Nature Communications 2017, 8, 14857. https://doi.org/10.1038/ncomms14857.

Denissen, W.; Rivero, G.; Nicolay, R.; Leibler, L.; Winne, J. M.; Prez, F. E. D. Vinylogous
Urethane Vitrimers. Advanced Functional Materials 2015, 25 (16), 2451-2457.
https://doi.org/10.1002/adfm.201404553.

Tellers, ].; Pinalli, R.; Soliman, M.; Vachon, J.; Dalcanale, E. Reprocessable Vinylogous
Urethane Cross-Linked Polyethylene via Reactive Extrusion. Polymer Chemistry
2019, 10 (40), 5534-5542. https://doi.org/10.1039/C9PY01194C.

Lessard, ]. ].; Garcia, L. F.; Easterling, C. P.; Sims, M. B.; Bentz, K. C.; Arencibia, S.;
Savin, D. A.; Sumerlin, B. S. Catalyst-Free Vitrimers from Vinyl Polymers.
Macromolecules 2019, 52 (5), 2105-2111.
https://doi.org/10.1021/acs.macromol.8b02477.

Taplan, C.; Guerre, M.; M. Winne, ].; Prez, F. E. D. Fast Processing of Highly
Crosslinked, Low-Viscosity Vitrimers. Materials Horizons 2020, 7 (1), 104-110.
https://doi.org/10.1039/CO9MH01062A.

Cash, |. J.; Kubo, T.; Bapat, A. P.; Sumerlin, B. S. Room-Temperature Self-Healing
Polymers Based on Dynamic-Covalent Boronic Esters. Macromolecules 2015, 48 (7),
2098-2106. https://doi.org/10.1021/acs.macromol.5b00210.

Cromwell, O. R.; Chung, |J.; Guan, Z. Malleable and Self-Healing Covalent Polymer
Networks through Tunable Dynamic Boronic Ester Bonds. J. Am. Chem. Soc. 2015,
137 (20), 6492-6495. https://doi.org/10.1021 /jacs.5b03551.

152



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Ogden, W. A;; Guan, Z. Recyclable, Strong, and Highly Malleable Thermosets Based
on Boroxine Networks. J. Am. Chem. Soc. 2018, 140 (20), 6217-6220.
https://doi.org/10.1021 /jacs.8b03257.

Rottger, M.; Domenech, T.; Weegen, R. van der; Breuillac, A.; Nicolay, R.; Leibler, L.
High-Performance Vitrimers from Commodity Thermoplastics through
Dioxaborolane Metathesis. Science 2017, 356 (6333), 62-65.
https://doi.org/10.1126/science.aah5281.

Bao, C,; Jiang, Y.-].; Zhang, H.; Lu, X;; Sun, ]. Room-Temperature Self-Healing and
Recyclable Tough Polymer Composites Using Nitrogen-Coordinated Boroxines.
Advanced Functional Materials 2018, 28 (23), 1800560.
https://doi.org/10.1002/adfm.201800560.

P. Bapat, A.; S. Sumerlin, B.; Sutti, A. Bulk Network Polymers with Dynamic B-0
Bonds: Healable and Reprocessable Materials. Materials Horizons 2020, 7 (3), 694-
714. https://doi.org/10.1039/COMH01223K.

Taynton, P.; Yu, K;; Shoemaker, R. K;; Jin, Y.; Qi, H. ].; Zhang, W. Heat- or Water-
Driven Malleability in a Highly Recyclable Covalent Network Polymer. Advanced
Materials 2014, 26 (23), 3938-3942. https://doi.org/10.1002/adma.201400317.

Hajj, R;; Duval, A.; Dhers, S.; Avérous, L. Network Design to Control Polyimine
Vitrimer Properties: Physical Versus Chemical Approach. Macromolecules 2020, 53
(10), 3796-3805. https://doi.org/10.1021/acs.macromol.0c00453.

L. Snyder, R;; L. Lidston, C. A.; Hoe, G. X. D.; S. Parvulescu, M. ].; A. Hillmyer, M.;
W. Coates, G. Mechanically Robust and Reprocessable Imine Exchange Networks
from Modular Polyester Pre-Polymers. Polymer Chemistry 2020, 11 (33), 5346-
5355. https://doi.org/10.1039/C9PY01957].

Liu, Y.; Tang, Z.; Chen, ].; Xiong, ].; Wang, D.; Wang, S.; Wu, S.; Guo, B. Tuning the
Mechanical and Dynamic Properties of Imine Bond Crosslinked Elastomeric
Vitrimers by Manipulating the Crosslinking Degree. Polymer Chemistry 2020, 11 (7),
1348-1355. https://doi.org/10.1039/C9PY01826C.

Liu, T.; Zhao, B.; Zhang, ]. Recent Development of Repairable, Malleable and
Recyclable Thermosetting Polymers through Dynamic Transesterification. Polymer
2020, 194, 122392. https://doi.org/10.1016/j.polymer.2020.122392.

Montarnal, D.; Capelot, M.; Tournilhac, F.; Leibler, L. Silica-Like Malleable Materials
from Permanent Organic Networks. Science 2011, 334 (6058), 965-968.
https://doi.org/10.1126/science.1212648.

Brutman, J. P.; Delgado, P. A.; Hillmyer, M. A. Polylactide Vitrimers. ACS Macro Lett.
2014, 3 (7),607-610. https://doi.org/10.1021/mz500269w.

Yang, Y.; Zhang, S.; Zhang, X.; Gao, L.; Wei, Y.; Ji, Y. Detecting Topology Freezing
Transition Temperature of Vitrimers by AIE Luminogens. Nat Commun 2019, 10 (1),
3165. https://doi.org/10.1038/s41467-019-11144-6.

153



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

Ly, Y.-X;; Tournilhac, F.; Leibler, L.; Guan, Z. Making Insoluble Polymer Networks
Malleable via Olefin Metathesis. J. Am. Chem. Soc. 2012, 134 (20), 8424-8427.
https://doi.org/10.1021/ja303356z.

Obadia, M. M.; Mudraboyina, B. P.; Serghei, A.; Montarnal, D.; Drockenmuller, E.
Reprocessing and Recycling of Highly Cross-Linked Ion-Conducting Networks
through Transalkylation Exchanges of C-N Bonds. J. Am. Chem. Soc. 2015, 137 (18),
6078-6083. https://doi.org/10.1021/jacs.5b02653.

Li, Q.; Ma, S.; Wang, S.; Yuan, W.; Xu, X.; Wang, B.; Huang, K.; Zhu, J. Facile Catalyst-
Free Synthesis, Exchanging, and Hydrolysis of an Acetal Motif for Dynamic Covalent
Networks. Journal of Materials Chemistry A 2019, 7, 18039-18049.
https://doi.org/10.1039/C9TA04073K.

Li, Q.; Ma, S.; Wang, S.; Liu, Y.; Taher, M. A.; Wang, B.; Huang, K; Xu, X;; Han, Y.; Zhu, J.
Green and Facile Preparation of Readily Dual-Recyclable Thermosetting Polymers
with Superior Stability Based on Asymmetric Acetal. Macromolecules 2020, 53 (4),
1474-1485. https://doi.org/10.1021/acs.macromol.9b02386.

Nishimura, Y.; Chung, ].; Muradyan, H.; Guan, Z. Silyl Ether as a Robust and
Thermally Stable Dynamic Covalent Motif for Malleable Polymer Design. J. Am. Chem.
Soc. 2017, 139 (42), 14881-14884. https://doi.org/10.1021/jacs.7b08826.

Tretbar, C. A;; Neal, J. A;; Guan, Z. Direct Silyl Ether Metathesis for Vitrimers with
Exceptional Thermal Stability. J. Am. Chem. Soc. 2019, 141 (42), 16595-16599.
https://doi.org/10.1021/jacs.9b08876.

El-Zaatari, B. M.; Ishibashi, . S. A.; Kalow, ]. A. Cross-Linker Control of Vitrimer Flow.
Polym. Chem. 2020, 11, 5339-5345. https://doi.org/10.1039/D0PY00233].

Zych, A;; Pinallj, R.; Soliman, M.; Vachon, ].; Dalcanale, E. Polyethylene Vitrimers via
Silyl Ether Exchange Reaction. Polymer 2020, 199, 122567.
https://doi.org/10.1016/j.polymer.2020.122567.

Parrott, M. C.; Luft, ]. C.; Byrne, J. D.; Fain, ]. H.; Napier, M. E.; DeSimone, ]. M. Tunable
Bifunctional Silyl Ether Cross-Linkers for the Design of Acid-Sensitive Biomaterials.
J. Am. Chem. Soc. 2010, 132 (50), 17928-17932.
https://doi.org/10.1021/ja108568g.

Shit, S. C.; Shah, P. A Review on Silicone Rubber. Natl. Acad. Sci. Lett. 2013, 36 (4),
355-365. https://doi.org/10.1007 /s40009-013-0150-2.

Kuan, H.-C,; Kuan, ].-F.; Ma, C.-C. M.; Huang, J.-M. Thermal and Mechanical Properties
of Silane-Grafted Water Crosslinked Polyethylene. Journal of Applied Polymer Science
2005, 96 (6), 2383-2391. https://doi.org/10.1002/app.21694.

Walsh, R. Bond Dissociation Energy Values in Silicon-Containing Compounds and
Some of Their Implications. Acc. Chem. Res. 1981, 14 (8), 246-252.
https://doi.org/10.1021/ar00068a004.

Haynes, W. M. CRC Handbook of Chemistry and Physics, 93rd Edition; CRC Press,
2012.

154



(38)

(39)

(40)

(41)

Bassindale, A. R.; Pourny, M.; Taylor, P. G.; Hursthouse, M. B.; Light, M. E. Fluoride-
Ion Encapsulation within a Silsesquioxane Cage. Angewandte Chemie 2003, 115
(30), 3612-3614. https://doi.org/10.1002/ange.200351249.

Asuncion, M. Z; Laine, R. M. Fluoride Rearrangement Reactions of Polyphenyl- and
Polyvinylsilsesquioxanes as a Facile Route to Mixed Functional Phenyl, Vinyl T10
and T12 Silsesquioxanes. J. Am. Chem. Soc. 2010, 132 (11), 3723-3736.
https://doi.org/10.1021/ja9087743.

C. Furgal, J; lii, T. G.; M. Laine, R. D 5h [PhSiO 1.5 ] 10 Synthesis via F - Catalyzed
Rearrangement of [PhSiO 1.5 | n. An Experimental/Computational Analysis of
Likely Reaction Pathways. Dalton Transactions 2016, 45 (3), 1025-1039.
https://doi.org/10.1039/C5DT04182A.

Brandrup, J.; Immergut, E. H. Polymer Handbook, 3rd ed.; John Wiley & Sons, 1989.

155



4.5 Experimental

General Experimental Information

Unless otherwise noted, reactions were carried out with dry solvents using a magnetic stir
bar. Commercial reagents were used as received with no further purification, unless
otherwise noted. 'TH NMR spectra were recorded at 500 MHz on a Bruker DRX500
spectrometer. 13C NMR spectra were recorded at 125.2 MHz using a Bruker AVANCE600
with a BBFO cryoprobe. NMR spectra peaks are reported as § values in ppm relative to TMS
or residual solvent: CDCl3 (1H = 7.26 ppm; 13C = 77.0 ppm), CéDs (*H = 7.16 ppm, 13C = 128.06
ppm). 'H NMR data are reported as follows: chemical shift in ppm, multiplicity (s = singlet, d
= doublet, t = triplet), coupling constants in Hz, and relative integration of the number of
protons. Multiplets (m) are reported over the range of chemical shifts at which they appear.
For 13C NMR, only chemical shift values are reported. Tensile tests were performed on an
Instron 3365 mechanical tester. Differential Scanning Calorimetry (DSC) thermograms were
evaluated using a TA Instruments DSC2500. Thermogravimetric Analysis (TGA)
thermograms were evaluated using a TA Instruments Q500. Dynamic Mechanical Thermal
Analysis (DMTA) analysis was evaluated using a TA Instruments Q800. Rheology was
evaluated using a TA Instruments DHR-2 Rheometer. Gas chromatography-mass
spectrometry experiments (GC-MS) were taken using a Thermo Scientific ISQ GC Ultra.
Extrusion was performed on a Thermo Haake Minilab II conical twin screw extruder with 7

cm?3 volume under nitrogen flow.
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Synthesis and vitrimer preparation

Scheme S1. Preparation of KF:DB18-c-6.
7y -

O
o @ ]@ s I JC
MeOH, reflux
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Potassium fluoride (1 equiv., 1.721 mmol, 100.0 mg) and dibenzo-18-crown-6 (1 equiv.,
1.721 mmol, 620.3 mg) were added to 300 mL of methanol in a round bottom flask with a
magnetic stir bar. The solution was brought to reflux for 1 hour and subsequently cooled to
room temperature. The solvent was removed in vacuo to yield dry white flakes. The flakes

were then ground to a fine powder using a mortar and pestle.
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Scheme S2. Synthesis of dipentoxysilyl ether.
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To a flame-dried and nitrogen-purged 3-necked flask fitted with a condenser and magnetic
stir bar, anhydrous toluene (30 mL), anhydrous pentanol (3 equiv., 60 mmol, 6.498 mL), and
anhydrous triethyl amine (3 equiv., 60 mmol, 8.362 mL) were added and the mixture
lowered to 0 °C. Dichlorodimethylsilane (1 equiv., 20 mmol, 2.412 mL) was added dropwise
through a syringe. After 1 hour of stirring at 0 °C, the reaction was slowly brought to reflux
and held for 4 hours. The flask was then cooled to room temperature and the solvent was
removed in vacuo. The slurry was dissolved in diethyl ether and filtered through a zeolite
plug. The diethyl ether was removed, and the crude product was purified through fractional
distillation at 78 °C/0.50 mmHg. Yield: 3.2368 g (70%).

Dipentoxysilyl ether. 'TH NMR (500 MHz, CDCls, 298 K) & 3.66 (t,] = 6.6 Hz, 4H), 1.63-1.48
(m, 4H), 1.36-1.26 (m, 8H), 0.90 (t, ] = 6.3 Hz, 6H), 0.11 (s, 6H). 13C NMR (125 MHz, CDCl3,

298 K) 8 62.62, 32.36, 28.05, 22.54, 14.10, 3.15.
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Figure S2. 13C NMR (125 MHz, CDCl3, 298 K) spectrum for dipentoxysilyl ether.
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Scheme S3. Synthesis of dihexyltetramethyldisiloxane & dinonyltetramethyldisiloxane

N/ \/ Wilkinson's catalyst _ N/ \/

H,SI\O/SI\H 50 °C. 16 h > R/\/SI\O,SI\/\R

R +

R =C4Hg, C;H;5
Into a round bottom flask with a magnetic stir bar, Wilkinson’s catalyst (0.0005 equiv., 12.7
umol, 11.7 mg), alkene (2.5 equiv., 63.37 mmol), and 1,1,3,3-tetramethyldisiloxane (1 equiv.,
23.35 mmol, 3.405 g) were added without solvent. The mixture was heated to 50 °C
overnight followed by purification by fractional distillation (125 °C/0.350 mmHg for R=C4Ho
and 166 °C/0.168 mmHg for R=C7H15) twice to yield a colorless oil.
R=C4Ho: 4.3166 g (37.5% yield)
R=C7H1s: 7.5082 g (76.6% yield)
Dihexyltetramethyldisiloxane. 'H NMR (500 MHz, CDCls, 298 K) § 1.35-1.2 (m, 16H), 0.89
(t, ]=6.3 Hz, 6H), 0.50 (t, ]=5.4 Hz, 4H), 0.03 (s, 12H). 13C NMR (125 MHz, CDCl3, 298 K) &
33.17,31.70, 23.30, 22.66, 18.48, 14.19, 0.4 2.
Dinonyltetramethyldisiloxane. 'H NMR (500 MHz, CDCl3, 298 K) 6 1.35-1.20 (m, 28H), 0.88
(t, ]=6.9 Hz, 6H), 0.50 (t, ]=7.2 Hz, 4H), 0.03 (s, 12H). 13C NMR (125 MHz, CDCl3, 298 K) &

33.50,31.98, 29.63, 29.47, 29.45, 23.34, 22.74, 18.47, 14.16, 0.43.
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Figure S3. 'H NMR (500 MHz, CDCl3, 298 K) spectrum for dihexyltetramethyldisiloxane.
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Scheme S4. Synthesis of bismaleimidotetramethyldisiloxane.

O{/V/O
_ O
N> 5705 ™k, > N8 s TN

/N /N \ VANVA /
ZnBr,, HMDS o o

dioxane, 100 °C

Maleic anhydride (2 equiv., 32.19 mmol, 3.157 g) was added to a dried 3-necked round
bottom flask and dissolved with 30 mL dry dichloromethane followed by the dropwise
addition of 1,3-bis(aminopropyl)tetramethyldisiloxane (1 equiv., 16.10 mmol, 4.000 g). After
1 hour of stirring at room temperature, the solvent was removed in vacuo and the brown oil
was re-dissolved in 1,4-dioxane (30 mL). To the solution, zinc bromide (2 equiv., 32.19 mmol,
7.249 g) and hexamethyldisilazane (3 equiv., 48.29 mmol, 7.778 g) were added and the slurry
was brought to 100 °C. After 30 minutes, the mixture was brought back to room temperature
and the solvent was removed in vacuo. The crude powder was purified though solid loading
flash chromatography (Teledyne Isco® CombiFlash+) with 30:70 ethyl acetate to hexanes.

Yield: 1.9567 g (30%).

Bismaleimidotetramethyldisiloxane: 'H NMR (500 MHz, CDCl3, 298 K) & 6.68 (s, 4H), 3.48

(t,] = 7.3 Hz, 4H), 1.62-1.50f (m, 4H), 0.53-0.38 (m, 4H), 0.03 (s, 12H). 13C NMR (125 MHz,

CDCl3, 298 K) 6 170.96, 134.06, 40.77, 22.60, 15.36, 0.27.
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Procedure for model compound hydrolysis study.

The model compound of interest (dipentoxysilyl ether or dihexyltetramethyldisiloxane, 0.50
mmol) was added to a one-dram vial with a magnetic stir bar and dissolved with 0.350 mL
N-methyl-2-pyrrolidone and 0.005 mL of 1 M HCI. The vial was capped and heated to 90 °C
and aliquots were taken at different time intervals for analysis via GC-MS. The disappearance

of starting material was used to calculate percent conversion.

Representative procedure for siloxane exchange model compound study

First, a stock solution of the required catalyst was prepared by dissolving the catalyst (77.4
umol) in 1,2,4-trichlorobenzene to bring the total volume to 4.00 mL. For the exchange study,
dihexyltetramethyldisiloxane (43.9 mg, 145.1 umol) and dinonyltetramethyldisiloxane (56.1
mg, 145.1 umol) were added to a one-dram vial and dissolved with the stock catalyst solution
(300 pL, 5.8 umol catalyst) to yield a 2 mol% catalyst solution. The vial was capped and
heated in an oil bath to the required temperature. Aliquots were taken at various time points

and analyzed through GC-MS.
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Figure S9. Representative GC-MS chromatogram of the exchange between
dihexyltetramethyldisiloxane (RT: 9.017 min) and dinonyltetramethyldisiloxane (RT:
11.997 min) in the presence of 2 mol% KF:DB18-c-6 at 140 °C to yield the mixed product
(RT:10.612 min). The small peaks at RT 9.926 min, 11.375 min, and 12.646 min are 1,5-
bisdihexylhexamethyltrisiloxane, 1,5-bishexylnonylhexamethyltrisiloxane, and 1,5-
bisnonylhexamethyltrisiloxane, respectively. The small peak at 12.242 min is an isomer of
1,5-dinonyltetramethyldisiloxane that could not be removed with distillation.
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Determining the energy of activation from small molecule kinetics.

The chemical equation to represent the model siloxane exchange is

2AA + 2BB > AA* + 2AB* + BB*

AA = dihexyltetramethyldisiloxane
AB = 1-hexyl-3-nonyltetramethyldisiloxane

BB = dinonyltetramethyldisiloxane

By using the initial time points at 100 °C (373 K), AB* had reached 8.22% conversion in 5

(300 s) minutes, therefore:

to min = 0.362 Maa + 0.362 Mgg = 0 Maax + 0 Mag* + 0 Mpg+

ts5 min = 0.332 Maa + 0.332 Mpp = 0.015 Maa+ + 0.030 Map+ + 0.015 Mgp+

Using the rate equation:

d[AA]
dt

rate = —

k1 =8.986 x 104 s 1M1

= k[AA][BB]

(1)

By using the initial time points at 120 °C (393 K), AB* had reached 13.76% conversion in 5

minutes (300 s), therefore:

to min = 0.362 Maa + 0.362 Mgg = 0 Maax + 0 Mag* + 0 Mgg+,

ts min = 0.312 Maa + 0.312 Mg = 0.025 Maax + 0.050 Mag+ + 0.025 Mpp+

By using equation 1: k2 = 1.704 x 10-3 s-1M-1

Inputting the above values into the Arrhenius equation:

n(@)=G-7)%

Yields an E, of 38.98 k] /mol
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Preparation of the PDMS elastomer with embedded catalyst

Scheme S5. Synthesis of PDMS elastomer with embedded catalyst.
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The commercially available Dow® Sylgard 184 2-part elastomer kit was used to prepare the
PDMS samples. The PDMS base (5.0228 g) was added to a 6 dram vial followed by the
addition of 250 mg KF:DB18-c-6 fluoride catalyst. The base and catalyst were vigorously
mixed with a mechanical stirrer and gentle heating to disperse the catalyst throughout the
base. The curing agent (0.5020 g) was then vigorously mixed into the base and catalyst
without heat. The mixture was poured into flat-bottom culture dishes and bubbles were
removed at room temperature under low vacuum (260 mmHg) for 30 minutes followed by
high vacuum (0.3 mmHg) for 30 minutes. A PDMS elastomer without catalyst was prepared
in the same manner. After curing at room temperature for 3 days, the elastomer was punched
into 20 mm disks for use on a parallel plate rheometer. Stress relaxation measurements were

taken at 1% strain, which was within the linear response range.

PMMA-v preparation

Poly(methyl methacrylate) (Acros Organics, Mn = 35,000) beads of approximately 0.5 mm
were dried under heat and vacuum at 60 °C and 0.3 mmHg for two hours prior to use. The
PMMA beads (5.000 g), 1,3-bisaminopropyltetramethyldisiloxane (4 wt%, 200 mg), and

KF:DB18-c-6 (5 mol%, 16.8 mg) were added to a Nalgene tube and vigorously mixed for five
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minutes. The mixture was fed into an extruder and melt blended at 230 °C and 60 RPM for
10 minutes under nitrogen. After flushing the extrudate through the strand die, the strands

were compression molded at 180 °C for physical testing.

HDPE-v preparation

HDPE pellets with MFI = 2.2 g/10 minutes (190 °C/2.16 kg) were milled into a fine powder
using a Fritsch Pulverisette rotary mill fitted with a 0.5 mm sieve cassette and dried at under
heat and vacuum at 60 °C and 0.3 mmHg for two hours prior to use. HDPE powder (5.000 g),
bismaleimidotetramethyldisiloxane (4 wt%, 200 mg), powdered dicumyl peroxide (0.25
wt%, 12.5 mg), and KF:DB18-c-6 (10 mol% fluoride, 20.5 mg blend) were added to a Nalgene
tube and vigorously mixed for five minutes. The blend was fed into the extruder at 190 °C
and 60 RPM for 5 minutes under a blanket of nitrogen. After flushing the extrudate, the
strands were compression molded at 180 °C for physical testing. For recycling
demonstrations, the HDPE-v was cut into ~4 mm pieces, coated with a small amount of BHT

antioxidant (~2000 ppm) and fed back into the extruder at 190 °C running at 60 RPM.

x1 x2 x3

Figure S10. Photograph of HDPE-v extrudate after three consecutive cycles of recycling.
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Physical characterization and testing

Insoluble content testing

Approximately 75 mg portions of crosslinked material were swollen in 20 mL of dried
solvents (PMMA-v = 22 °C chloroform and HDPE-v = 120 °C xylenes) for 24 hours. The
swollen gel was then physically removed and dried under high vacuum until the weight
became constant. The gel fraction is based on the weight after swelling and drying divided

by the weight before swelling.

Table S1. Gel content of HDPE-v over three reprocessing cycles.

Piece 1 Piece 2 Piece 3 Average

Before 52.1mg 64.5 mg 75.0 mg

Round 1 After 26.3 mg 33.1mg 34.3 mg
Gel % 50.5% 51.3% 45.7% 49.2% + 3.0%
Before 62.7 mg 77.1 mg 74.5 mg

Round 2 After 32.6 mg 35.1 mg 34.0 mg
Gel % 52.0% 47.1% 45.6 % 48.2% + 3.3%
Before 76.6 mg 73.4 mg 72.4 mg

Round 3 After 36.3 mg 34.5 mg 33.7 mg
Gel% 47.4 % 47.0% 46.5% 47.0% + 3.3%
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Table S2. Gel content of PMMA-v at different catalyst loading concentrations.

Catalyst Loading Piece 1 Piece 2 Piece 3 Average
Before 120.9 mg 106.8 mg 95.0 mg
10 mol% After  1043mg  89.4mg 79.5 mg
Gel % 86.2% 83.7% 83.7 % 84.5% * 1.4%
Before 160 mg 132.4 mg 83.7 mg
5 mol% After  119.6mg  99.0 mg 65.4 mg
Gel % 74.8% 74.8% 78.1% 75.9% + 1.9%
Before 85.7 mg 222.6 mg 60.3 mg
1.25 mol% After  662mg  1737mg  46.6mg
Gel% 77.2% 78.0% 77.3% 77.5% + 0.4%
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TBAF dissolution

Approximately 75 mg portions of crosslinked network were swollen in 20 mL of good
solvents (PMMA-v = chloroform, HDPE-v = 120 °C xylenes) for 24 hours. Approximately 10
mg of tetrabutylammonium fluoride hydrate was added in three portions over the course of
3 hours due to the rapid degradation of TBAF in hot solvent. After the final addition of excess

fluoride, the samples had totally dissolved, and no gel remained.

Excess
TBAF

Figure S11. Photographs of swollen PMMA-v before and after the addition of excess TBAF.

Excess
TBAF

Figure S12. Photographs of swollen HDPE-v before and after the addition of excess TBAF.
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Creep tests

Atroom temperature, creep tests were performed on a Instron 3365 mechanical tester fitted
with pneumatic grips. Dog bone shaped samples (1.5 mm x 3.5 mm x 15 mm) were exerted
to 10 MPa force for 20 minutes. The average creep rate was taken from 100-1200 seconds to
remove the initial elastic response of the sample. At elevated temperatures, creep testing
was performed on a TA Instruments DHR-2 rheometer equipped with a 12 mm parallel plate.
A constant normal force of 10 Newtons was applied for vitrimer samples to maintain good

contact.

Stress relaxation

For HDPE-v, stress relaxation experiments were performed on a TA Instruments DHR-2
rheometer equipped with a 12 mm parallel plate. HDPE-v samples were first compression
molded into coupons and then punched into 12 mm disks for testing. A strain of 3% was
applied using a strain rise time of 0.1 seconds. For PMMA-v, stress relaxation was performed
on a TA Instruments DMA Q800 in film mode using 1% strain. A constant normal force of 10

Newtons was applied for vitrimer samples to maintain good contact.

Dynamic mechanical thermal analysis (DMTA)
DMTA temperature sweeps of PMMA, PMMA-v, HDPE, and HDPE-v were characterized on a
TA Instruments DMA Q800 in film mode. The oscillation frequency was set to 3 Hz, the

oscillatory strain to 0.1%, and the temperature ramp was set to 3 °C/min.
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Figure S13. DMTA temperature sweeps (a) HDPE-v and (b) PMMA-v.

Frequency sweeps
Frequency sweeps were performed on a TA Instruments DHR-2 rheometer equipped with a

12 mm parallel plate. The oscillatory strain was set to 0.5% and the frequency was swept

from 0.01-100 Hz at 190 °C.

DSC measurements

DSC measurements were performed on a TA Instruments DSC2500 under an inert nitrogen
atmosphere. Approximately 10 mg of sample was sealed in a hermetic pan and subjected to
a heat-cool-heat cycle where the sample was heated at 20 °C/min and cooled at 10 °C/min
from -90 °C to 200 °C.

Unmodified HDPE: Enthalpy of 2nd melting heat: 200.95 J /g = 68.6% crystalline.

HDPE-v: Enthalpy of 2nd melting heat: 159.89 ] /g = 54.6% crystalline.
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Unmodified HDPE
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Figure S14. DSC thermogram of unmodified HDPE.
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Figure S15. DSC thermogram of HDPE-v after three reprocessing cycles.
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TGA measurements

TGA measurements were performed on a TA Instruments Q500 under nitrogen atmosphere.
Approximately 15 mg of sample was placed on a platinum crucible and heated at a rate of 20
°C/min from ambient temperature to 850 °C.

Unmodified HDPE: 5% weight loss at 456 °C

HDPE-v: 5% weight loss at 414 °C
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Figure S16. TGA thermogram of unmodified HDPE and HDPE-v.
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Tensile testing
Tensile testing was performed on a Instron 3365 mechanical tester fitted with pneumatic
grips. Samples were compression molded into dog bone shapes (1.5 mm x 3.5 mm x 15 mm)

and exerted to a strain rate of 1 mm/mm/min (100% of the initial measured length per

minute).
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Figure S17. Tensile testing of HDPE-v for x1 (red), x2 (blue), and x3 (black) reprocessing in

triplicates.
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Determination of the topology freezing temperature (7y)
The topology freezing temperature was determined as previously reported.!

Using the Maxwell equation for viscosity

n=G-1t"= £ T (D)

= 20140

and inputting the Poisson’s ratio (v) for HDPE (0.46),2 Equation S1 is simplified to:
n=0342 XE' X 1" (2)

From DMTA measurements, the storage modulus E’is approximately 0.60 MPa at 160 °C. The
viscosity at the topology freezing temperature is approximated to n = 1012 Pa, therefore t* =
4,863,518 s. By inserting t* into the equation for the line of best fit from the stress relaxation

Arrhenius treatment of HDPE-v:

Int*(T) = 5.888 x @ —14.573 3)

we can extrapolate to the temperature at which the siloxane exchange has been arrested. It

was found that the T, for HDPE-v is 196 K (-76 °C).

4.6 References:

(D Tretbar, C. A; Neal, ]. A.; Guan, Z. Direct Silyl Ether Metathesis for Vitrimers with
Exceptional Thermal Stability. J. Am. Chem. Soc. 2019, 141 (42), 16595-16599.
https://doi.org/10.1021/jacs.9b08876.

(2)  Brandrup, J.; Immergut, E. H. Polymer Handbook, 3rd ed.; John Wiley & Sons, 1989.
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Chapter 5: Progress Towards a General Strategy for Polymer
Compatibilization
5.1 Introduction and current state of compatibilizers

Despite the seemingly limitless combination of polymers, relatively few are
miscible.l2 Most polymer blends have a positive free energy of mixing (AGm > 0) since AGn
is largely determined by the enthalpic contribution of mixing high molecular weight
polymers. Macromolecules have a low entropy of mixing, therefore the entropic contribution
to AGn is low.3 The blending of immiscible polymers results in a phase segregated material
with poor physical properties, coarse morphology, and weak adhesion between domains.*
Since polymers derive their strength from chain entanglement, a discontinuity of
entanglement at the phase-separated interface dramatically weakens polymer blends.>¢ To
improve performance, the interface between domains can be strengthened by the addition
of a compatibilizer.!

Compatibilizers work to reduce interfacial tension and act as emulsifiers between the
phases. When compatibilizers are added, the mechanical strength is dramatically increased
due to the formation of covalent bonds across the interface.! Compatibilizers can be grouped
into two major categories that work through: i) addition of a pre-made compatibilizer such
as block copolymers, 72 random copolymers, %19 and mutually miscible homopolymers,! and
ii) reactive compatibilization which generates linkages between immiscible polymers in situ
such as the direct reactive compatibilization of homopolymers!112 and preparation of graft-
from homopolymers.1314 Neither method of compatibilization is a general solution and each

method remains limited in application scope. In the case of pre-made compatibilizers, the
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compatibilizer structure needs to be tailored for the individually immiscible polymers, and
in the case of reactive compatibilization, the immiscible polymers must have complementary
reactive motifs. Due to the expansive variety of polymer backbones, a generalized
compatibilizer has not been developed to date. Such a development would be of great

importance for combining unknown types and compositions of immiscible blends.

5.2 Our design for a general polymer compatibilizer

We propose that immiscible blends can be kinetically trapped by the addition of a
covalent adaptive network (CAN) which will dissociate under high temperature and stress
and would quickly reform once shear and heat are removed. Mechanically trapping the
immiscible polymers from phase segregating provides a novel route for compatibilization
that is distinctly different than previously reported approaches. This method of freezing the
topolgy would be independent of the polymer composition since it doesn’t rely on the
specific chemistry of the polymers in the blends. To achieve rapid and stable trapping, the
dynamic motif must i) utilize dissociative exchange ii) have thermal stability under
processing conditions, and iii) have chemical stability towards the functionalities observed
in most polymers.

A well-studied dissociative exchange motif that fits the above criteria is the Diels-
Alder (DA) adduct, which has been studied extensively due to the wide variety of available
diene and dienophiles.’> By changing the DA constituents, the temperature window of
cycloaddition and retro-Diels Alder (r-DA) can be tuned to match the specific application.
Herein, we report progress towards the development of DA-based compatibilizers (Figure

5.1). Specifically, we aim to prepare DA-functional polymers and melt blend them into a
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Figure 5.1. Design concept for generalized compatibilizer. By mixing a polymer-grafted
diene (a) and dienophile (b) in a blend of polymers (c), the topology can be arrested with
cooling (d) prior to phase segregation of the mixture. The network can be reprocessed
with further heat and mixing.

several immiscible polymer blends. Upon cooling, the DA adducts will form crosslinks that

trap the blend from phase separating.

5.3 Results and Discussion
5.3.1 Initial efforts with furan and maleimide DA adducts

Furan-maleimide DA adducts are thermally stable, insensitive to common functional
groups, and have been well studied in literature for their high efficiency and mild

temperature window for DA/r-DA.16 At approximately 100 °C the r-DA begins to dominate,
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and below 80 °C the adduct begins to form. This temperature window was initially targeted
as it meant that we could anneal the freshly mixed blend at room temperature without
further processing. To synthesize the compatibilizer (Scheme 5.1), the monomer 2-(((4-
vinylbenzyl)oxy)methyl)furan was synthesized and radically grafted to both high density
polyethylene (HDPE, MFI = 2.2 g/10min) and isotactic polypropylene (PP, M, = 97,000
g/mol) using dicumyl peroxide (DCP). The radical grafting was achieved using a benchtop
twin screw extruder heated to 190 °C and operating at 60 RPM for five minutes. The extruder
has a recirculating valve that allows for extended residence time to mimic large-scale
production extruders. The material was ejected and residual monomer was removed

through precipitation from heated xylene into methanol. Through 'H-NMR it was found that

Scheme 5.1. Synthesis of furan-functionalized polymers.
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the HDPE-g-furan had an average ratio of 1:238 furan to ethylene repeat units while the PP-
g-furan had an average of 1:243 furan to propylene repeat units. Higher degrees of
functionality were not achievable under this process due to observed side-reactions. Other
monomers such as 2-(nitrovinyl)furan, furan-2-ylmethyl acrylate, and furan-2-ylmethyl
methacrylate were attempted, however the grafting yield to HDPE was low while no grafting
was achieved with PP. Separately, polystyrene-co-furan was prepared from the imidation of
poly(styrene-co-maleic anhydride) (Scheme 5.1c). These three compatibilizer backbones
provide different levels of miscibility with the bulk polymer blend. The maleimides used
were BMI-358 and BMI-1500, which are commercially available bifunctional maleimides of
4,4’-methylenedianiline and a low molecular weight fatty imide-extended oligomer. The
number following BMI represents the molecular weight of the bismaleimide.

After preparing the three types of furan-grafted polymers, they were screened against
several commodity polymer blends using maleimide as the dienophile. Different levels of
compatibilized material were melt blended using a twin-screw extruder heated to 190 °C
operating at 60 RPM. After extrusion, the samples were flushed from the extruder and
immediately annealed at 70 °C for 2 hours under vacuum to promote Diels-Alder formation.
After annealing, samples were characterized by SEM, DSC, DMTA, and FTIR. Scanning
electron microscopy (SEM) micrographs were taken of the fractured interface to observe
compatibility. If compatibilized, the phases should have stronger adhesion and resist
breakage. This can be tested by looking at the fractured surface for stretched polymer
strands as the compatibilized interface resists separation. It has also been observed that
compatibilization promotes smaller droplet size for the minor phase, however it is unknown

if our kinetic trapping design will have similar behavior to literature. If there is no

183



compatibilization, the interface should have clean separation as the phases are cleanly de-

bonded.
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Figure 5.2. Representative SEM micrographs of immiscible polymer blends. (top left)
50% iPP + 50% HDPE (top center) 50% PP-g-furan + 50% HDPE-g-furan + 1 equiv. BMI-
358 (top right) 50% PP-g-furan + 50% HDPE-g-furan + 1 equiv. BMI-1500 (middle left)
50% iPP + 40% HDPE + 10% PP-g-furan + 1 equiv. BMI-358 (middle center) 50% iPP +
40% HDPE + 10% PP-g-furan + 1 equiv. BMI-1500 (middle right) 50% iPP + 50%
polystyrene (lower left) 50% iPP + 40% polystyrene + 10% PP-g-furan + 1 equiv. BMI-
1500 (lower center) 50% iPP + 50% polyvinyl chloride (lower right) 50% iPP + 40%
polyvinyl chloride + 10% PP-g-furan + 1 equiv. BMI-1500.
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The SEM micrographs in Figure 5.2, show low levels of compatibilization for a several
blends. The iPP + HDPE control (top left) showed large scale tearing and relatively large
dispersions. Upon the addition of our compatibilizer to PP + HDPE blends, smaller features
begin to emerge, and hair-like strands can be observed as the blend resists the shearing
force. In the case of the PP + PS control and the PP + PS + compatibilizer, the change is less
dramatic. Pitting can be observed where one of the phases cleanly de-bonds from the other
and leaves craters, indicating challenges in compatibilizing PP and PS. For PP + PVC control
and PP + PVC + compatibilizer, the change is more dramatic. The PP + PVC control has clear
dark lines surrounding the domains which indicates clean de-bonding of the phases,
however upon the addition of a compatibilizer the separation lines disappear, and the blend
becomes more homogenous. The difference in compatibilization in the blends is likely to
arise from the dispersion ability of PP-g-furan and BMI-1500 in the molten state. Both DA
polymers must have similar miscibility to find each other and form the adducts upon cooling.
If there is a large difference in miscibility, then the DA polymers will likely not find each
other, and phase separation will continue to occur. This observation prompts a proposed
design change to where both diene and dienophile are bound to the same polymer backbones
to ensure mutual miscibility, which will be covered in Section 5.4 Troubleshooting and
Future Directions.

Other methods of characterization such as DSC, DMTA, and FT-IR provided no
evidence for compatibilization. The Flory-Fox equation predicts that in miscible polymer
blend a new T, will form between the two Tys of the main constituents.l” We were hoping to
observe the Ty using DSC or DMTA measurements, however no Ty was observed for any of

the compatibilized blends (data not shown). Our rationale is that the DA adduct-bearing
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polymers are not totally miscible with either of the main components and may instead reside
at the interface. As such, the kinetic trapping will only occur at the thin interface between
phases. Such behavior would be difficult to detect through DSC and DMTA measurements as
they don’t have the sensitivity to detect such small glass transitions. In FT-IR measurements,
the furan and maleimide signals could not be observed despite their observation in TH-NMR.
We attribute this to the low abundance of furan and maleimide due to the low grafting
efficiency from the reactive extrusion process. Alternatives to the grafting process are
proposed in Section 5.4. Separately, an additional screen of polymer blend compatibilization
was attempted using the polystyrene-based furan (Scheme 5.1c). We hoped that a
modification to the backbone would promote better mixing with the main blend
components, however little compatibilization was observed (data not shown). The positive
results from SEM imaging in Figure 5.2 indicate there is some compatibilization effect we are
observing, however without further characterization data it is problematic to draw

conclusion from our limited observations.

5.3.2 Current efforts towards anthracene-maleimide DA adducts

The results from the furan-maleimide DA adducts suggest that we need faster
cycloaddition between the diene and dienophile as well as an increase in the thermal
window for the DA/r-DA. With these new targets, the trapping process can occur more
quickly post-extrusion which will give the immiscible phases less chance to phase separate.
After searching for compatible DA adducts, we settled on anthracene as the diene and alkyl-
substituted maleimide as the dienophile. Anthracene-maleimide DA adducts are extremely

stable and have been well studied in literature, however the DA reaction only occurs above
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Scheme 5.2. Synthesis of substituted anthracenes and maleimides.
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180 °C and the r-DA at temperatures >250 °C. While this temperature window is too high for
our applications, the window can be tuned by the addition of alkyl substituents to the
maleimide (Scheme 5.2b). The alkyl substituents introduce steric hinderance to the adduct
and lower the DA/retro-DA window down into our extrusion temperature zone.

To determine the DA/r-DA temperatures for methyl-substituted maleimides, a model
compound screen of anthracene and maleimide were performed. For anthracene and un-
substituted maleimide (Figure 5.3a), the adduct did not form until temperatures reached 180
°C, however the reaction was practically irreversible as the adduct decomposed at 250 °C
before any retro-DA was observed. Dimethyl maleimide (Figure 5.3c) was on the opposite
end of the reactivity spectrum in that no DA adduct was observed at when held at 25 °C, 160
°C, and 200 °C. In the apparent Goldilocks zone, the monomethyl maleimide was found to
start forming the DA adduct above 160 °C and the retro-DA was observed at temperatures

above 200 °C (Scheme S4, Figure S1). This thermal window is better suited for the processing
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Figure 5.3. Model reactions of substituted anthracene and maleimides (a) Equilibrium
between acetylated anthracene and unsubstituted maleimide. (b) Equilibrium between
acetylated anthracene and monosubstituted maleimide. Two isomers are available for
the product resulting from the asymmetric adduct formation. (c) Equilibrium between
acetylated anthracene and the disubstituted maleimide.

conditions of the extruder since most plastics are processed in the temperature range of 180-
230 °C.

To further investigate the thermal window of DA/retro-DA equilibrium for the
monomethylmalide adduct, thermal sweeps using DSC were utilized to measure the
endothermic and exothermic transitions. The adduct formation is an exothermic process
while the retro-DA is an endothermic process. Butyric anthracene and monomethylmale-
imide (Figure 5.4a) were added in a 1:1 ratio in 1,2,4-trichlorobenzene and heated to 180 °C
for 1 hour. The solution was then precipitated into methanol and filtered and dried to yield

the isolated DA adduct. On the first heating cycle in DSC (Figure 5.4b), an exothermic peak
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can be observed at 91 °C indicating some further DA adduct formation is occurring.
Immediately following, two endothermic peaks at 140 °C and 161 °C indicate a retro-DA
process is occurring. The first peak is likely the cis isomer and the second peak is likely the
trans isomer in reference to the monomethyl peak’s relationship to the alkyl substituent on
anthracene. The two isomers were likely caused by the rapid cooling of the initial DA adduct

formation. The heat-cool was repeated several times and the more gradual cooling process
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Figure 5.4. DSC thermogram of the anthracene-monomethylmaleimide DA equilibrium.
(a) Equilibrium between the butyric anthracene and monomethylmaleimide. With rapid
cooling, both cis and trans conformations can be detected. (b) DSC heat-cool thermograms
indicating adduct formation and reversion at different temperatures.
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seems to promote the formation of the more thermodynamically favored trans product. The
DA chemistry has good reversibility and should translate well to the compatibilizer system

where it may experience several reprocessing cycles.

5.4 Troubleshooting and future directions

The furan-maleimide DA adducts showed some promise, however no other
characterization methods were able to detect compatibilization. By moving to the more
thermally stable anthracene-maleimide adduct, we hope to observe better compatibilization
effects that are detectable by more methods of characterization.

Some issues of grafting efficiency were encountered during the grafting process of
furan onto HDPE and iPP. [t became very difficult to graft more than approximately 0.4 mol%
furan relative to repeat units. Increasing the grafting efficiency through radical grafting is
unlikely due to side reactions, so we must turn towards different chemistries to prepare DA-
active polymers. We envision that post-polymerization modification of a different
commercially available polyolefin copolymer through more traditional chemistries such as
transesterification and transamination will allow for higher degrees of functionality. One
such polymer is poly(ethylene-co-methyl methacrylate), which can be purchased in several
grades of acrylate content. Transesterification of 9-methoxyanthracene onto the backbone
would provide an excellent method for increasing the available anthracene to promote
kinetic trapping.

In addition to increasing the DA adduct concentration, it would be conceptually more
elegant to design a single polymer backbone that contained both diene and dienophile. Such

a polymer would reduce the number of variables in the melt and ensure that diene and
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dienophile are in close proximity at all times. Initial work was put forth to develop a single

polymer backbone bearing both the furan and maleimide groups through copolymerization

of furan and maleimide monomers. Unfortunately, premature gelation prevented this route

to be explored further. With the more recent discovery of maleimide-anthracene adducts,

the gelation would be suppressed until the temperature was raised above ~70 °C and the

adducts had sufficient energy to form. Alternatively, the adducts can be copolymerized at

much lower temperatures using photo-initiated radical polymerizations.
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5.6 Experimental

Unless otherwise noted, reactions were carried out with dry solvents using a
magnetic stir bar. Commercial reagents were used as received with no further purification
unless otherwise noted. 'H NMR spectra were recorded at either 500 MHz on a Bruker
DRX500 spectrometer or at 600 MHz on a Bruker AVANCE600 spectrometer. NMR spectra
peaks are reported as & values in ppm relative to TMS or residual solvent: CDClz (1H = 7.26
ppm), C/Dg (*H = 7.10-7.20, 2.34 ppm). Differential Scanning Calorimetry (DSC)
thermograms were evaluated using a TA Instruments DSC2500. Thermogravimetric
Analysis (TGA) thermograms were evaluated using a TA Instruments Q500. Dynamic
Mechanical Thermal Analysis (DMTA) analysis was evaluated using a TA Instruments Q800.
Gas chromatography-mass spectrometry experiments (GC-MS) were taken using a Thermo
Scientific ISQ GC Ultra. Scanning electron microscopy (SEM) micrographs were taken on a
Tescan GAIA-3 XMG FIB by first sputter coating samples with carbon. SEM acceleration
voltage was set to 5.0 kV and both backscattering and secondary electron detectors were

used.
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Scheme S1. Synthesis of styryl furan
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To prepare the styryl furan monomer, furfuryl alcohol (2.5 equiv., 65.5 mmol, 6.43 g)

was dissolved in 15 mL anhydrous THF and added to a flame dried, nitrogen flushed, 3-
necked round bottom fitted with a condenser and stir bar. The solution was cooled to 0 °C.
Sodium hydride (60% in mineral oil, 1.1 equiv., 28.8 mmol, 1.15 g) was dissolved in 20 mL
anhydrous THF to form a suspension. The suspension slowly to the round bottom, turning
the solution from light yellow to pale orange. After bubbling ceased, 1-(chloromethyl)-4-
vinylbenzene (1 equiv., 26.2 mmol, 4.00 g) dissolved in 15 mL anhydrous THF was added
dropwise. The solution was slowly brought to reflux where the color changed to a
transparent brown. The reaction progress was monitored by TLC in 100% hexanes. After
completion, the sodium hydride was quenched with 25 mL saturated ammonium hydride
and the mixture was transferred to a 250 mL separatory funnel. The crude product was
extracted with dichloromethane (50 mL x 3), dried over magnesium sulfate, and purified by
column chromatography (1:10 ethyl acetate:hexane). The diluted product was reduced in

vacuo to yield 4.12 g (73.4%).

1H NMR (500 MHz, CDCl13) 6 7.43 (s, 1H), 7.40 (d,] = 7.9 Hz, 2H), 7.31 (d, ] = 7.8 Hz, 2H), 6.72
(dd, ] =17.2,10.5 Hz, 1H), 6.35 (s, 1H), 6.33 (s, 1H), 5.75 (d, ] = 17.7 Hz, 1H), 5.24 (d,] = 10.9
Hz, 1H), 4.54 (s, 2H), 4.48 (s, 2H). Low resolution MS (ESI+): m/z calcd. for C14H14NaO2

[M+Na]: 237.1; found 237.6.
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Scheme S2. Representative synthesis of acetylated anthracene
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Substituted anthracenes were prepared according to literature procedure.! Into a
nitrogen-flushed round bottom flask, 9-methoxyanthracene (1 equiv., 14.41 mmol, 3.000 g)
was dissolved in anhydrous dichloromethane (50 mL) and cooled to 0 °C. Once cooled,
pyridine (5 equiv., 72.03 mmol, 5.80 mL), acetic anhydride (3 equiv., 4.412 g, 4.09 mL), and
dimethyl aminopyridine (0.1 equiv., 176 mg, 1.44 mmol) were added and stirred for 1 hour.
The solvent was then evaporated in vacuo and the crude mixture was dissolved in 300 mL
ethyl acetate. The organic layer was washed with saturated copper sulfate (3 x 100 mL) to
remove residual amines. The organic layer was then washed with brine (2 x 100 mL) and
dried with magnesium sulfate. The solvent was removed and the product was purified with
flash chromatography (80:20 hexanes:ethyl acetate) to afford acetylated anthracene (3.4032
g, 94.4% yield).

R = CHs3: 'TH NMR (500 MHz, CDCl3) 6 8.52 (s, 1H), 8.34 (d, /] = 8.9 Hz, 2H), 8.04 (d, /] = 8.4 Hz,
2H), 7.54 (dt, ] = 14.9, 6.9 Hz, 4H), 6.16 (s, 2H), 2.09 (s, 3H). 13C NMR (125 MHz, CDCI3) &
171.39,131.45,131.10, 129.26,129.18, 126.72, 126.25,125.17, 123.97, 58.88, 21.07.

R = C3H7: 'H NMR (500 MHz, CDCI3) 6 8.55 (s, 1H), 8.40 (d,J = 8.9 Hz, 2H), 8.08 (d, ] = 8.4 Hz,
2H), 7.64 (t,] = 7.4 Hz, 2H), 7.56 (t,] = 7.5 Hz, 2H), 6.22 (s, 2H), 2.39 (t,] = 7.4 Hz, 2H), 1.77 -
1.67 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (125 MHz, CDCl3) 6 174.01, 131.45, 131.10,

129.16, 126.66, 126.46, 125.15, 124.01, 58.69, 36.25, 18.55, 13.70.
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Scheme S3. Representative synthesis of maleimide synthesis
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Substituted maleimides were prepared according to similar literature procedure.?
Into a dried round bottom flask, citraconic anhydride (1.05 equiv, 21.53 mmol, 1.94 mL) was
dissolved in anhydrous dioxanes (50 mL). n-Butyl amine (1 eqiuv., 20.51 mL, 2.00 mL) was
added dropwise and the mixture was brought to 100 °C and heated for 1 hour. The reaction
was brought to room temperature and ZnBr; (1.05 equiv., 21.53 mmol, 4.849 g) and
hexamethyl disilazane (1.5 equiv., 30.76 mmol, 6.4 mL) were added. The suspension was
then heated to 100 °C for 1 hour and progress monitored by TLC. The solvent was removed
in vacuo and the slurry resuspended in ether. The suspension was filtered through a cellulose
filter to remove ZnBr». The ether was removed in vacuo and the crude product was purified
through flash chromatography (80:20 hexanes:ethyl acetate) to yield N-butyl
monomethylmaleimide (1.208 g, 43% yield).
R1 =H, Rz = H, R3 = Ph: Yield = 46%, 'H NMR (500 MHz, CDCI3) 6 7.53 - 7.29 (m, 5H), 6.86
(s, 2H). 13C NMR (125 MHz, CDCI3) 6 169.6, 134.3,131.3,129.2,128.0, 126.1
R1=CH3, Rz =H, R3 = Bn: Yield = 43%, 'H NMR (500 MHz, CDCl3) 6 7.43 - 7.16 (m, 5H), 6.32
(s, 1H), 4.65 (s, 2H), 2.08 (s, 3H). 13C NMR (125 MHz, CDCI3) § 171.6, 170.5, 145.8, 136.5,

128.7,128.4,127.8,127.5,41.5,11.0
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R = CHs, Rz = CHs, Rs = Bn: Yield = 59%, 'H NMR (500 MHz, CDCl3) § 7.40 - 7.19 (m, 5H),
4.64 (s, 2H), 1.95 (s, 6H). 13C NMR (125 MHz, CDCl3) § 171.9, 137.3,136.8, 128.6, 128.4, 127.7,

41.5, 8.8.

Isotactic polypropylene grafting procedure

[sotactic polypropylene pellets (iPP, M, = 97,000, 3 mm diameter) were cryogenically
milled using a Fritsch rotary mill through a 2.0 mm sieve cassette to produce a fine powder.
The powder was dried at 80 °C for 4 hours prior to grafting. Into a mixing tube, iPP powder
(8.00 grams), styryl furan (8 wt%, 640 mg), and dicumyl peroxide (0.5 wt%, 40 mg) were
added and vigorously mixed for 10 minutes. The mixture was split into two portions and
were fed into a twin-screw extruder heated to 180 °C with nitrogen flushing. The speed was
set to 60 RPM and the molten polymer was cycled for 10 minutes before expelling and
pelletizing. The PP-g-furan was dissolved in refluxing xylenes and precipitated into
vigorously mechanically stirred methanol to remove residual un-grafted monomer. The
powder was dried and used for compatibilization experiments without further purification.

ITH-NMR spectra can be found in Section 5.7.

High density polyethylene grafting procedure

High density polyethylene pellets (HDPE, MFI = 2.2 g/10 minutes (190 °C/2.16 kg), 3
mm diameter) were cryogenically milled using a Fritsch rotary mill through a 0.5 mm sieve
cassette to produce a fine powder. The powder was dried at 80 °C for 4 hours prior to
grafting. Into a mixing tube, HDPE powder (8.00 grams), styryl furan (8 wt%, 640 mg), and

dicumyl peroxide (0.5 wt%, 40 mg) were added and vigorously mixed for 10 minutes. The
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mixture was split into two portions and were fed into a twin-screw extruder heated to 190
°C with nitrogen flushing. The speed was set to 60 RPM and the molten polymer was cycled
for 10 minutes before expelling and pelletizing. The HDPE-g-furan was dissolved in refluxing
xylenes and precipitated into vigorously mechanically stirred methanol to remove residual
un-grafted monomer. The powder was dried and used for compatibilization experiments

without further purification. TH-NMR spectra can be found in Section 5.7.

Preparation of poly(styrene-co-furan)

Poly(styrene-co-maleic anhydride) (7 wt% maleic anhydride) pellets of
approximately 3 mm diameter were dried in a PTFE dish in a vacuum oven at 175 °C for one
hour. After drying, 10.00 grams of pellets and a stir bar were added to a nitrogen-flushed
round bottom. Approximately 100 mL of dry toluene was added to the flask and the mixture
was heated to 90 °C. After pellets had dissolved, furfuryl amine (3 equiv., 1.89 mL) was added
and the flask was wrapped in aluminum foil. The mixture was stirred for 16 hours followed
by precipitation into cold methanol. The precipitate was concentrated through
centrifugation, filtered, and dried under vacuum at 175 °C. Conversion was determined to be

98% via TH-NMR. 'H-NMR spectra can be found in Section 5.7.

Representative compatibilized polymer blending procedure

Into a mixing tube 5 mg BHT inhibitor and the necessary amounts of ground polymer
pellets were added. The pellets were vigorously shaken for 5 minutes to sufficiently coat the
surface with BHT to prevent unwanted oxidation. The mixture was extruded at 190 °C at 60

RPM with nitrogen flushing for 5 minuets before expelling. Extruded strands were then
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annealed for 2 hours at 70 °C. For SEM measurements, the strands were submerged into
liquid nitrogen for 5 minutes and then snapped by hand. The fractured surface was then

sputter coated with carbon filament and characterized using SEM.

DSC measurements on the DA/r-DA for anthracene-monomethylmaleimide adducts
The anthracene-monomethylmaleimide DA adduct was first prepared by adding
acetylated anthracene (anthracene-9-ylmethyl butyrate, 1.00 equiv., 83.4 mg) and
monomethyl maleimide (1-benzyl-3-methyl-1H-pyrrole-2,5-dione, 1.00 equiv., 60.3 mg) in
2 mL tetraglyme and heating to 200 °C for 20 minutes. The solution was cooled to room
temperature and precipitated into cold methanol, filtered, and dried to yield a white powder.
Approximately 10 mg of powder was placed in a hermetically sealed DSC pan and ramped at
20 °C/min and cooled at 10 °C/min between 50 °C and 250 °C in a heat/cool/heat/cool/heat

cycle (Figure 5.4).

1H-NMR studies of r-DA temperatures using trapping reagent

At high temperatures, observation of the r-DA reaction temperature for anthracene-
monomethylmaleimide adducts become experimentally challenging due to rapid adduct
formation during cooling back to room temperature for standard chemical characterization.
As such, we proposed a trapping method to find the initial r-DA temperature by adding a
trapping agent, maleic anhydride, that would preferentially react with the anthracene after
its dissociation from the maleimide. By monitoring for the appearance of maleimide, we can

determine the initial r-DA temperature.
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Scheme S4. Scheme for the dissociation of the anthracene-monomethylmaleimide adduct

and trapping of anthracene with maleic anhydride.

First, an anthracene-monomethylmaleimide DA adduct was prepared by adding
acetylated anthracene (anthracene-9-ylmethyl acetate, 1.00 equiv., 75.0 mg) and
monomethyl maleimide (1-benzyl-3-methyl-1H-pyrrole-2,5-dione, 1.00 equiv., 60.3 mg) in
2 mL of tetraglyme and heating to 200 °C for 20 minutes. The solution was cooled to room
temperature, precipitated into cold methanol, filtered, and dried under vacuum to yield a
white powder. An oil bath was preheated to 135 °C, and anthracene-monomethylmaleimide
DA adduct (1 equiv., 43.7 mg, 0.1 mmol) was added to a vial containing 1.00 mL of 1,2,4-
trichlorobenzene and a magnetic stir bar. Maleic anhydride (10 equiv., 98.0 mg, 1.0 mmol)
was added to the vial and dissolved. The vial was sealed and placed in the oil bath for 10
minutes. After 10 minutes, an aliquot was taken and diluted in CDCI3 for TH-NMR analysis.

This procedure was repeated at 190 °C and 210 °C.
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Figure S1. TH-NMR studies of r-DA temperatures using trapping reagent at 135 °C, 190 °C

and 210 °C.
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