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Dynamic Polyester Networks for Advanced Functional Materials

by

Jeffrey Lucas Self

Abstract

Polyesters are of particular interest as they are well-established materials of industrial and
manufacturing interest; poly(ethylene terephthalate)—the most common polyester—currently
makes up nearly 20% of all plastic materials produced globally. Similarly, poly(lactic acid) is
an increasingly important polymer as it can be readily sourced from natural and renewable
sources (e.g., corn starch). Therefore, advances in polyester technologies, including the
development of robust dynamic network systems, is of great interest to the polymer science
community. To that end, we investigated 1) the effect of Brgnsted acid catalyst strength on
dynamic network properties in a rubbery polyester system, 2) the development of a dynamic
network system using polyester bottlebrush polymers, and 3) the demonstration of a dynamic
polyester bottlebrush polymer composite with CNT-filler particles to generate soft and
conductive materials.

In the study of Brgnsted-acid catalyzed dynamic networks, we found that with a rubbery
polyester (4-methylcaprolactone) stress relaxation occurred even at mild conditions (25 to 75
°C). In comparison to the more conventional Lewis acid-catalyzed systems, Brgnsted-acid-
catalyzed systems have significantly lower activation energies (49 to 67 kJ mol~' as compared
to 90 to 150 kJ mol™!). The rates of stress relaxation have a clear dependence on acid strength.
The benefit of lower temperature compatibility was demonstrated by the reprocessing of a

cylindrical sample at 85 °C over two cycles of damaging and then healing. Analysis reveals
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that with increasing acid strength (pKa), the apparent activation energy increases and the
kinetic prefactor decreases.

In the study of bottlebrush polymer dynamic networks, we found that the advantageous
mechanical properties of bottlebrush polymer networks could be realized in conjunction with
dynamic network properties. The samples generated showed very low moduli, from 8 to 60
kPa, significantly lower than is attainable with conventional linear networks. Furthermore,
through formulation design and varying of precursor polymer molecular weight, the modulus
of the final material can be targeted and predicted. In terms of their dynamic character, these
networks showed activation energies in approximate agreement with reported Lewis acid
activation energy systems (89 kJ mol™!) and was invariant over the crosslinking loadings
investigated. As a demonstration of the ability to self-heal, tensile samples were generated,
strained to break, and re-annealed. Over two cycles of healing, the network retained >85% of
its toughness.

Lastly, we report a carbon nanotube composite that uses bottlebrush polymer precursors
for the matrix material. Bottlebrush polymer networks have shown promise as super-soft
elastomers. While the inclusion of CNT-filler raises the modulus relative to the unfilled
samples, at loadings of 0.25wt% and 0.5wt% CNT the generated composites were still
characteristically soft, with modulus values of 66 kPa and 140 kPa, respectively. Despite the
low loadings, the CNT-filler imbues the materials with significant conductivities. While the
unfilled samples behave as insulating material, the reported composites have conductivities
of 0.006 S/m? and 0.054 S/m?. There is ongoing work to fully understand the dynamic nature

of these materials and the impact of the CNT filler particles.
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Chapter I. Introduction to dynamic polymer networks

A brief history of crosslinked networks

Materials science developments are often driven by the demands of technology and
manufacturing. One insightful example of such is in the development of rubber. At the
turn of the 20" century, a chemist—Charles Goodyear—discovered that natural latex from
trees could transform from a sticky, viscous material to an elastic and tough solid upon
heating in the presence of sulfur. Prior to his discovery, latex and rubber had experienced
a tumultuous start: though initially hailed as revolutionary, these materials were found to
be susceptible to cracking in the cold and melting in the heat, rendering them inadequate
for many product applications. However, when subjected to Goodyear’s sulfur-based
process, these products became durable over a wider range of temperatures thus triggering
a boom in interest. This fortuitously coincided with the development of the automobile,
where rubber played an integral role as the material foundation for tires. Goodyear named
his solidification process “vulcanization”, after Vulcan—the Greek god of fire and forge.
In the time since, this idea of transforming viscous polymers into solid materials has
enabled a wide range of critically important technologies, touching almost all areas of the
industrial sector.

To contextualize this discussion in a molecular framework, it is important to
understand what is meant by “polymers.” Polymers, or macromolecules, are entities
composed entirely of covalent bonds with many repeating structural units called
monomers. These compounds permeate our existence in significant ways: our very DNA

is a polymer composed of monomer units of nucleotides. Another important division is
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the polymers found in our natural world (natural polymers) versus those made by
conscious design (synthetic polymers). During the time of Goodyear’s work, rubber was
sourced exclusively from nature (typically rubber trees), but modern advancements have
led to the majority of today’s rubber being produced synthetically.

Bulk polymeric materials can be divided into one of two categories: thermoplastics
and thermosets. The first is simply polymers whose intermolecular forces cause them to
solidify. The defining feature of thermoplastics is that above a certain temperature, they
become a viscous liquid which can then reform a solid upon cooling. The reason for this
transformation is that only intermolecular forces are present to hold the polymers together
such that heating provides enough energy to disassociate the polymers, as shown in Figure
1a. This feature has allowed for a plethora of products to be made cheaply and easily by
simple heating and cooling. However, similar to the materials made before Goodyear’s
discovery, thermoplastics are incompatible with any application requiring elevated
temperatures and typically have poor mechanical performance and chemical resistance.
Conversely, thermosets are polymeric materials whose defining characteristic is that upon
heating (or chemical curing) form solids which are then incapable of flowing. The reason
for the irreversible change is the formation of “crosslinks” (strong covalent bonds) that
transform the individual polymers into an interconnected polymer network, as shown in
Figure 1b. These crosslinked materials typically have far superior mechanical properties
and solvent resistance as well as a much wider range of compatible temperatures, making
them ideal for various applications requiring more robust materials. Bakelite, a fully
synthetic thermosetting material developed by Leo Baekeland in 1909, saw enormous

economic success and was used in everything from toys to electrical components.! Since
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then, synthetic thermosets have played an integral role in various industrial and
manufacturing applications, but have one unfortunate drawback: their inability to be

reprocessed.

a) Thermoplastic b) Thermoset

l

lntcrmolccular bonds “ Intramolecular covalent bonds
dlssocmte when heated do not dissociate when heated

;4

Figure 1. Differences in the structural connectivity of a) thermoplastics and b) thermosets result

in distinct thermal properties.

Unsustainable practices in manufacturing materials that cannot be reprocessed have
risen to the forefront of modern issues plaguing our world, with plastics and rubbers being
major contributors. While thermoplastics can be efficiently recycled with thermal
treatments, difficulties in developing an infrastructure to support a circular economy has
resulted in single-use plastics often ending up in landfills or polluting our oceans.
Conversely, thermosets are entirely incapable of being reprocessed due to their chemical
nature as previously discussed. Instead, the usual end-of-life outcomes for these materials

include being ground up as filler for composites, burned for energy, or consigned to



landfills. Just as Goodyear’s development of crosslinking polymers into thermosets
resulted in a substantial advancement for polymer-based technologies, the next
advancement of crosslinking technologies is underway with the development of

dynamically crosslinked materials.

Dynamic networks from dynamic bonds

Dynamic covalent bonds are robust, covalent bonds that under certain stimuli can
undergo exchange reactions resulting in a dynamic equilibrium (in which the two species
are interconverting at a steady state). Strategic incorporation of these dynamic bonds into
a polymer network should therefore exhibit the desirable properties of a thermoset under
certain conditions, but under appropriate stimuli allow for reprocessing (similar to a
thermoplastic). The realization and implementation of these ideas has developed gradually
(and somewhat serendipitously) in the century following Goodyear’s initial discovery.

Beginning in the late 1940s, Arthur Tobolsky and coworkers noted that at elevated
temperatures, some elastomers were capable of relaxing stress in situ, even in the absence
of catalysts or apparent reactive components.? In those early studies, the dynamic bonds
were typically introduced incidentally to the curing chemistry (i.e., through the
crosslinking agents®>? or bonds from the polymerization itself*), and limitations in
characterization techniques available at the time made it difficult to ascertain the exact
nature of the bond exchange. However, through clever experiment design and careful
investigation, researchers correctly hypothesized that the dynamic nature of the networks
could be attributed to the inclusion of the dynamic bonds, claiming “the stress relaxation

process may consist in the breaking and reformation of these interchain bonds.”>
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Specifically, the bonds identified as being potentially dynamic (and later confirmed as
such) were disulfides,*? urethanes,* and siloxanes.> In initial investigations, this idea
of stress relaxation at elevated temperatures was seen as an interesting, but ultimately
detrimental, phenomenon in the elastomers studied.’

It wasn’t until 1969 that James Craven at Dupont had the idea to exploit this
phenomenon in thermosetting materials to generate robust and reprocessable polymer
networks.® Instead of using the previously described reactions, he chose to employ Diels—
Alder chemistry that had previously been shown (in 1928 by Otto Diels and Kurt Alder)’
to dissociate at elevated temperatures and subsequently reform when cooled. In his
original patent, Craven describes the use of these Diels—Alder crosslinks between linear
polymers to allow for reprocessing via thermal treatments; in 2002 Wudl and coworker
further developed this idea by generating networks where the Diels—Alder bonds were
incorporated throughout the polymer network and not just at the crosslinking points. '° The
result of this development was a robust thermoset that upon heating to 120 °C had 30%
of its mass revert to the liquid monomer precursor and then, upon cooling, reform the
thermoset. By having such a dramatic change in network connectivity, this material could
be readily remolded and healed, a substantially different behavior than the slowly relaxing
elastomers previously described by Tobolsky. Although limited characterization was done
on the material properties before and after the thermal treatment, this discovery was a
notable advancement for crosslinking technologies and motivated a huge amount of

research in the two decades since.



Mechanisms of dynamic polymer networks

As the study of dynamic polymer networks has expanded, nuances have arisen in the
classification and understanding of these systems. Early work from Wudl'® used Diels—
Alder bonds to induce dynamic bond exchange in crosslinked networks. In this case, the
dynamic bond of interest could be stimulated to disassociate and—upon removal of the
stimulus—would reform the original bond. This loss of connectivity results in a dramatic
transformation of the material properties (namely, viscosity) as the network is transiently
un-crosslinked. Systems that utilize chemistries with this mechanism are said to have a
“dissociative” bond exchange, as shown in Figure 2a.

Leibler!! and Bowman'? took this concept a step further by introducing a dynamic
bond that would exchange directly by reaction with other bonds without disassociation.
This alternative exchange mechanism was hypothesized to improve the system design by
maintaining the crosslink density throughout the transformation and became known as an
“associative” bond exchange. Leibler demonstrated this associative exchange with
transesterification, wherein a hydroxy group reacts with an ester to generate an unstable
tetrahedral intermediate (with all the reaction components being covalently bound) which
then collapses to reform an alcohol and an ester. The collapse of the intermediate either
results in the reformation of the original reactive partners (no change) or swaps the two
reactive groups to generate a new ester and alcohol pair (dynamic bond exchange). This
process is shown in Error! Reference source not found.b. When the latter case occurs in a
thermosetting network, the rearrangement of crosslinking points and connectivity enables
the material to self-heal and be reprocessed—all while maintaining a constant crosslinking

density.



a) Dissociative exchange:
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b) Associative exchange:
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Figure 2. The different categories of dynamic bond exchange via a) a dissociative exchange
reaction where the connectivity is transiently lost and b) an associative exchange reaction where

the connectivity is preserved during the transformation.

Leibler and coworker found that these materials were able to relax stress efficiently at
elevated temperatures and that the rate of relaxation increased proportionally to
temperature. In measuring the zero-shear viscosity at various temperatures, they also
found that the materials showed an unusual Arrhenius-like dependence on inverse
temperature. Most thermoplastics experience a sharp decrease in viscosity above their
glass transition temperature (as shown in Error! Reference source not found.), while
thermosets show very little dependence of viscosity on temperature. In contrast, the
material Leibler and coworker developed showed a very broad viscosity range that was
accessible via variations in temperature. It was noted that the viscosity behavior was very

similar to molten SiO, (vitreous silica) and that these materials could be considered



“strong organic glass formers,” which led them to coin the term “vitrimers” to describe
these dynamic polymer networks with associatively exchanging bonds. '*
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Figure 3. Angell fragility plot showing the viscosity dependence on inverse temperature of various

materials. From reference '!, Copyright 2016 AAAS. Reprinted with permission from AAAS.

In Leibler’s seminal 2011 paper, they also set the standard for characterization of these
systems (Figure 4). Though there exists a plethora of different ways to demonstrate and
highlight various aspects of a dynamic materials, a few experiments are key in establishing
the nature of the network and generating the metrics necessary for comparison with other
work in the literature. The first and most critical component of the investigation should be
confirmation of a percolated covalent network. Insufficiently crosslinked networks can
exhibit many of the same qualitative behaviors of dynamic polymer networks (such as

stress relaxation and “self-healing”) which can potentially lead to improper conclusions



about the nature of the material. The confirmation of insolubility lends itself well to a sol—
gel experiment wherein the gel-fraction of the network can be determined, further
assessing the extent of crosslinking. Another important experiment is mechanical
confirmation of the dynamic nature of the network, usually done through iterative stress
relaxation at different temperatures. Evans and coworker recently published an incredibly
insightful study on the various methods for quantifying temperature-dependent stress
relaxation, highlighting the need for a broad temperature window and sufficiently high
temperatures above the glass transition temperature to properly probe the exchange
reaction and not network dynamics.'* The temperature dependence of stress relaxation
can then be fit to an Arrhenius function to calculate the activation energy (Ea.) associated
with the relaxation process. This analysis has been particularly standardized and allows
for comparison with published precedents. Lastly, a demonstration of the dynamic nature
(e.g., self-healing of a damaged sample) is often useful to confirm the molecular dynamic

exchange can be translated into macroscopic properties.
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Figure 4. The classic suite of experiments as demonstrated by Leibler and coworker for
characterizing a dynamically crosslinked network: a) confirmation of an insoluble network, b)
characterization of dynamic exchange via mechanical methods (stress relaxation is shown here)

and analysis of the temperature dependence of the exchange, and finally demonstrations of either



the c) self-healing of the material or d) demonstration of the reprocessability. From reference 11,

Copyright 2016 AAAS. Reprinted with permission from AAAS.

Development of dynamic bond motifs

In the decades since dynamic polymer networks were identified as a promising new
material platform, a wealth of different bond chemistries has been developed and
demonstrated, with both associative and dissociative exchange mechanisms. These

include acetals,”® alkylated C-N species,'®!” alkylated C-S species,'®! allyl

22-27

sulfides,'>?*?!  boronic esters, boroxines,'#?*?®  Diels—Alder adducts,®'%>*34

47-52 53,54

disulfides, 2735738 esters,>**° hydrazones,?’***" imines, olefins,>*** oxime-esters,>”

6,56,57 58-60 64-66

siloxanes, silyl ethers, thioester anhydrides,“‘63 thiourethanes, urethanes,®’~

"!'and more. The structures and catalysts corresponding to these dynamic bonds are shown

in Table 1.

Table 1. Demonstrated exchange chemistries with corresponding chemical structures of the

reaction and references to literature sources.

Dynamic Representative Mechanism Catalysts Refs.
bond structure
R~ O_OC_R
Acetals ~ \r 2 Associative -Catalyst-free 15
R
Z>N_R
Alkylated. R ) ® Dissociative -Catalyst-free 16,17
C—N species ©
X
Alkylated e
yate' R. .S. .R Dissociative -Catalyst-free 18,19
C-S species v@v o)
X
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Allyl Jj\/ . - Radical
12,20,21
sulfides RS SR Associative generators
. 0 ..
Boromic R/\B\ j/\R A.Ssom.an.v © -Catalyst-free 22-27
esters o) dissociative
R‘B’O‘B’R
| .
Boroxines Q$,O ?issss(;ilf:g\//% -Catalyst-free 14,26,28
R
@ o
Diels—Alder 7 . _y 8,10,29—
adducts M—R Dissociative -Catalyst-free 14
R
(0]
Disulfides RVS\S/\R Dissociative -Catalyst-free 3’2;’835_
0 -Lewis Acids
Esters R \)L ~ Associative -Brensted acids 4;3A§0;2
0" R -Bronsted bases
Hydrazones RMN‘NA R A.ssom.an.ve, —Catalyst—freg S
H dissociative -Bronsted acids
Imines ANCR A.ssoc1.at1.v © -Catalyst-free 48-52
R dissociative
Olefins R/\?\/ R Associative ;‘,Str;gts)ts 53,54
Oxime- /Nso)oj\,R Associative -Catalyst-free 55
esters R/\r y
\/ ; :
Siloxanes R/\O,Si\o/\R Associative _Egﬁg::g ?)Sllsiss 6,56,57
\/ -Catalyst-free
Silyl ethers RS ™~R Associative -Lewis Acids 58-60
-Bronsted acids
(o)
Thioester S” R Associative
. . . - 61-63
anhydrides R OH dissociative Bronsted bases
(o)
Thio- ~ i —~ Associative, -Catalyst-free 466
urethanes R H $" R dissociative -Brensted bases
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-Catalyst-free

Urethanes ~ /ﬂ\ ~ Associative, -Lewis acids 771
R” 'N" 0" R dissociative -Bronsted acids
H
-Bronsted bases

.. -Catalyst-free
R Associative, y

1\1?;{11;%?5 /ﬁ\ﬂ/Nk dissociative -Lewis acids 73-76
R0 -Bronsted acids

Recently, the advantage of associative over dissociative exchange has been called into
question as they often show indistinguishable mechanical properties, but the importance
of understanding the exchange mechanism for proper design of dynamic systems is widely
acknowledged.”” The emphasis in early research direction in this field was on the
discovery and implementation of new dynamic chemistries so as to widen the scope of the
polymer chemist’s “toolbox.” Special emphasis was placed on catalyst-free chemistries
as their performance would be least affected by solvent exposure and would be least likely
to leech harmful chemicals (such as the potent acids/bases commonly used to promote
bond exchange). With ready access to a wealth of dynamic bond motifs, research emphasis
has shifted to the application of these materials in addressing engineering problems

beyond self-healing and reprocessable thermosets.

Dynamic polymer networks for advanced applications

Various industrial and manufacturing processes would benefit from the incorporation
of dynamic polymer network concepts. The ability to repair a thermosetting material is a
clear advantage and has been well-explored, but the next phase of development seems to
be at the interface of other technologies, for example composites with advanced function,

additive manufacturing, and liquid crystal actuators. Although these examples represent
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only a few of the technologies impacted by the incorporation of dynamic bonds, they
highlight the great potential for innovation in a wide range of areas.

Composite materials are polymeric solids with heterogenous components (“filler”)
dispersed throughout. Compared to the original polymer material, composites typically
have far superior mechanical and thermal properties and, depending on the type of filler

used, can have others like conductivity as well.”®

Some filler materials (like carbon fibers)
give particularly impressive mechanical benefits, but are cost-prohibitive for many uses.”
Currently, there are various demonstrations of the use of dynamic polymer networks being
used in conjunction with these fillers to allow for complete recycling and recovery, which
is expected to significantly impact their lifetime and cost.**%#2  Beyond the recovery of
filler, the incorporation of dynamic bonds also allows for functionalities that conventional

thermosetting composites cannot achieve, such as repairing of damage®*~*°

and welding
of multiple parts into more complex structures.*®®” Some filler materials (ex. silica
nanoparticles) can also be designed with specific surface functionality, enabling the direct
reaction between the matrix and the filler which has been shown to improve the
mechanical and dynamic properties of resulting composites.®>#% Given the industrial
interest in these materials, it is clear they will continue to be an important thrust in the
investigation of dynamic polymer networks.

Additive manufacturing has traditionally been used to generate thermoplastic parts
when extrusion/deposition methods are used and thermosets when light-based printing
methods are used, where each has its own drawbacks intrinsic to these fundamental

differences in structure.®® The strategic incorporation of dynamic bonds allows for

materials that exhibit the stability of thermosetting parts with the reprocessability of
13



thermoplastic parts.’®*? This concept of printing dynamic networks has been extended to

1 25,93,94
b

hydrogels as wel aided by their proclivity towards shear-thinning and motivated

by evidence that the biomimetic ability to relax stress makes them more viable materials

for cell cultures.?’%3%

Future work in this area could explore the use of multiple
orthogonal dynamic bond motifs to imbue a more granular control of relaxation timescales
to balance printability with functional utility of the parts. Similarly, an important future
direction for this area would be the facile incorporation of dynamic moieties in
commercially available printing resins to minimize re-optimization of existing systems,
interface more closely with industrial needs, and take advantage of already available
resources.

Another area that has benefited enormously from the introduction of dynamic bonds
is liquid crystal polymer actuators.”’?® Typical liquid crystal actuators work by
crosslinking polymers such that liquid crystal moieties (mesogens) are embedded in the
network. When these materials are heated, the mesogens undergo a phase change from an
ordered to a disordered state that results in macroscopic motion.”” Due to conventional
crosslinking chemistry, these materials are typically “cast” in a particular configuration
after which they cannot be further altered. Recent work has enabled incredible
advancement of these materials by crosslinking with dynamic bonds which allows for the
network to be recycled and re-cast between various configurations.?>*”® Beyond
reprogramming the actuation behavior, researchers have taken advantage of the dynamic
nature of these materials in other clever ways. One example of such is the “welding” of

multiple actuators together to create objects with complex functions.>®#*>¢ Furthermore,

these technologies can be employed synergistically to create elegant systems such as a 3D
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printable, liquid crystal actuating resin with light-responsive dynamic bonds.”” This last
example highlights an interesting direction in the field: developing non-thermal stimuli
for dynamic bonds such that they can be employed orthogonally to thermally responsive

chemistries to generate systems with a complex response.

Thesis scope

This thesis describes the study and development of dynamic polymer networks
based on polyester transesterification as the dynamic bond motif. Chapter II details a study
of the effect of Bronsted acids with varying catalytic activity (as determined from their
pKa values) on the dynamic behavior of polyester polymer networks. These networks
exhibited stress relaxation even at mild temperatures (25 to 75 °C). Interestingly, stronger
acid catalysts led to significantly faster stress relaxation, and further analysis revealed a
clear correlation between pK,, activation energy (Ea.), and the kinetic prefactor (z0). In
Chapter 111, a bottlebrush polymer architecture is combined with dynamic bond chemistry
to generate networks with unique properties. Due to the bottlebrush architecture, these
polymer networks exhibit moduli as low as =10 kPa (of order tissue and hydrogels) that
can be tuned through formulation design. The tissue-like properties of this system were
further demonstrated by damaging and repairing a tensile sample over two cycles, during
which it recovered and retained the majority of its toughness. In Chapter IV, the
bottlebrush polymer network platform is further developed to incorporate carbon
nanotubes. The CNT-filler raises the modulus relative to the unfilled samples, but at

loadings of 0.25wt% and 0.5wt% the generated samples were still characteristically soft,

15



with modulus values of 66 kPa and 140 kPa. The inclusion of the CNTs also results in a
significant rise in conductivity, from a largely insulating material to composites with
conductivities of 6e-3 S/m? and 54e-3 S/m?. Self-healing studies also indicate that the
composites retain the dynamic nature of the original polyester bottlebrush polymer
network. Combined, these chapters present several developments in the area of dynamic

polyester network systems.
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Chapter II. Bronsted-acid-catalyzed dynamic polyester network

Ry OH R,” OH
+ Fast +
0 0
RZAOJJ\'R1 Rs/\O’Lk/R1

Exchange Rate

Abstract

The effect of catalyst strength on polyester—alcohol dynamic covalent exchange was
systematically studied using Brensted acids and a low-T7; poly(4-methylcaprolactone)
vitrimer formulation. Relaxation times, activation energies, and Arrhenius prefactors are
correlated with pK,. Strong protic acids induce facile network relaxation at 25 °C on the
order of 10°-10° s, significantly faster than Lewis acid alternatives that function only
above 100 °C. Activation energies span 49—67 kJ/mol and increase as pKa decreases. The
opposite trend is observed with the Arrhenius prefactor. We anticipate that the quantitative
understanding of Brensted acid effects disclosed herein will be of utility in future studies

that exploit acid-catalyzed dynamic covalent bond exchange.

This chapter was originally published in ACS Macro Letters. Reproduced with permission

from ACS Macro Lett. 2018, 7,7, 389—397. Copyright 2018, American Chemical Society.
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Introduction

Dynamic covalent bonds imbue polymer networks with unique properties, for
example, self-healing!® and reconfigurability'® in response to heat!®! or light.>!%> The
macroscopic behavior of these so-called covalent adaptable networks'%* (CANSs) crucially
depends on the mechanism of exchange between pendant reactive functional groups and
crosslinks.!”! Both dissociative and associative are possible, but only the latter occurs
without a transient change in crosslink density, producing thermoset (sometimes referred
to as “vitrimers”!'!) that exhibit the unusual combination of solvent resistance and
plasticity. Consequently, significant effort has been invested to develop different types of
chemistries that undergo associative exchange, culminating in a diverse array of options
including esters,'! allyl sulfides'?, alkenes,>* carbonates,'® (vinylogous’) urethanes,'®
boronate esters,'% and Meldrum’s acid derivatives.'®” Many vitrimers require catalysts to
stimulate bond rearrangement, for example Lewis Acids that promote transesterification, >
Grubbs-type complexes for metathesis,>* and photo-initiators that generate radicals.!??
Despite the success of these systems, a quantitative connection between catalyst strength
and exchange kinetics remains poorly developed; catalyst—when necessary—are often
selected merely to establish the efficacy of a new associative dynamic covalent bond.
Here, we describe Brgnsted acids as a new platform to systematically study the influence
of catalyst strength on polyester vitrimer exchange (Figure 5) via correlation with the

established scale that describes their activity (pKa). The results reveal how relaxation time,

activation energies, and Arrhenius prefactors track with Brgnsted acidity.
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Figure 5. Bronsted acids promote exchange reactions in polyesters vitrimers and offer

several advantages relative to other catalysts.

CANS comprising main-chain esters and pendant alcohols were selected as a model
vitrimer system to study with Brgnsted acid catalysts. This choice was motivated by
considerations related to both the dynamic covalent bond and catalyst chemistry.
Polyesters are a versatile material platform that is synthetically accessible (via

8 or ring-opening!®® polymerization) with a wide range of possible

condensation'”
mechanical properties. Leibler!! and Hillmyer''® have pioneered the development of
polyester vitrimers using Lewis acids to promote transesterification at elevated
temperatures (2100 °C), and we reasoned that Brgnsted acids might broaden the scope of
available relaxation times in addition to facilitating the quantification of catalyst strength
effects. Since Brgnsted acids catalyze the transesterification of small molecules''! and

vinylogous urethane CANs,” it seems reasonable to anticipate they should also trigger

polyester vitrimer exchange.
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We developed a one-pot synthesis of polyester vitrimers (Figure 6) using ring-
opening polymerization catalyzed by a range of Bronsted acids (Figure 7) to cleanly form
the networks of interest. This approach, inspired by recent work,'!? exhibits two notable
differences. First, use of the bislactone crosslinker (4,4'-bioxepane-7,7’-dione!!?) enables
in situ crosslinking instead of necessitating post-polymerization reaction with
diisocyantes.!'” Our networks are thus exclusively composed of ester linkages, which
avoids other crosslinker (e.g. urethanes) that can undergo competitive exchange
reactions.!® Second, the monomer 4-methylcaprolactone produces an amorphous
polymer with a low glass transition temperature!!® (T = =55 °C) (Table 9) that facilitates
the analysis of vitrimer exchange at room temperature. Such rubbery mechanical
properties complement the glassy and semicrystalline variants previously reported with
poly(lactide)''® and poly(caprolactone)'!* vitrimers. An additional advantage of this
process is that introducing a Brgnsted acid catalyst into the network during synthesis
avoids any subsequent swelling/deswelling manipulations, which would complicate

processing.

5a. Rheology
—
1. Room temperature 3. Dry under Argon S

(20 hours) 8 (1 hour)

2. Remove from vial 4. Anneal at 75 °C
(4 hours)

—) %
5b. SS 13C NMR

Figure 6. Flow process diagram for one-pot preparation of Brensted-acid-catalyzed polyester

vitrimers, from initial small molecule formulation to final solid network sample.
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Discussion
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Acid FsC g—o:-l FC% dre"ch @-g-OH 2C 3 C|3cJL0H
Triflic HTFSI BSA MSA TCA
pK, -12 -9.7 -7.0 -1.9 0.81

Figure 7. (a) Schematic describing the ROP synthesis of low-Tg polyester vitrimers. (b)
Brensted acid catalysts (used to promote ROP and subsequent exchange reactions via

transesterification. pK, values are referenced in H20.

As shown in Figure 7b, we wused five Bronsted acid catalysts
(trifluoromethanesulfonic acid, “Triflic”; bis(trifluoromethylsulfonyl)imide, “HTFSI”;
benzenesulfonic acid, “BSA”; methanesulfonic acid, “MSA”; and trichloroacetic acid,
“TCA”) spanning a wide range of pKa, (from —12 to 0.81) to generate the low 7 polyester
vitrimers. All samples were formulated with a 1:25:3 ratio of tri-functional
initiator/monomer/crosslinker to produce reasonably stiff materials (shear moduli ca. 0.5
MPa) with a sufficient density of free chain ends to facilitate the bond exchange. One
molar equivalent of the given acids is added to each formulation, which catalyzes both the
network formation as well as the subsequent transesterification. Qualitatively, gel time
was inversely proportional to acid strength, but to verify near-complete conversion of both
the monomer and crosslinker, solid-state '*C NMR spectra were collected for TCA and
MSA—the two weakest acids tested (Figure 8 to Figure 11).
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Figure 8. Solid state '*C NMR spectrum of a polyester network containing TCA catalyst. Inset:
magnification of the methyl resonance. Near quantitative conversion of the monomer is evidenced

by the shift to lower frequency after polymerization.
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Figure 9. The same solid state *C NMR spectrum as Error! Reference source not found.

(containing TCA catalyst) demonstrates =96% conversion of the cross-linker.
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Figure 10. Solid state 13C NMR spectrum of a polyester network containing MSA catalyst. Inset:
magnification of the methyl resonance. Near quantitative conversion of the monomer is evidenced

by the shift to lower frequency after polymerization.
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Figure 11. The same solid state *C NMR spectrum as Error! Reference source not found.

(containing MSA catalyst) demonstrates quantitative conversion of the cross-linker.

Solvent (dichloromethane) was removed during processing and samples were
subsequently analyzed by oscillatory rheology. Step—strain stress relaxation experiments
indicate these materials indeed behave as dynamic networks, with a characteristic
relaxation time (7*) that depends on both temperature (Figure 12a) and acid chemistry
(Error! Reference source not found.Figure 12b). Additional data for each acid sample
are provided in the Materials and Methods section. Note that 7* is typically identified as
the point in time when the normalized relaxation modulus G'(¢)/G’(0) reaches a value of
¢! (=0.37), but these data do not perfectly adhere to a simple exponential decay. Instead,
the dashed lines in Figure 12 depict a fit to the stretched exponential (Error! Reference

source not found.):
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GO _ )
G(0)

Equation 1. Stretched exponential function used to fit stress relaxation data. Variables include

plateau modulus in kPa (G), time in seconds (¢), characteristic relaxation time in seconds (z*), and

exponential stretch factor (8).

(a) 1 OO

G'(H/G'(0)

MSA

S
o
=
)
0.1
10’ 10° 10° 10*
Time (s)

Figure 12. Oscillatory rheology step-strain stress relaxation experiments on low-7, polyester

vitrimer formulations containing Brensted acid catalysts. (a) Methanesulfonic acid measured at
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different temperatures. (b) Various acids compared at 55 °C. Dashed lines are fits to Error!

Reference source not found..

The stretched exponential function is commonly used to model stress—relaxation
data!'> when there is a distribution of relaxation rates,!'® which seems reasonable to apply
herein since primary alcohols and esters are surrounded by subtly different chemical
environments depending on the exact network connectivity. Fits are in excellent
agreement at all of the temperatures studied for each acid (25-75 °C, see Figure 13 to
Figure 17), and Error! Reference source not found. permits the extraction of * even
for samples that do not fully relax past G(£)/G(0) = ¢! (see Table 2 to Table 6). To test
the veracity of the model, empirically determined relaxation times were compared with
relaxation times extracted from the fits. This comparison shows good agreement between

the fitted values and the empirical values, as shown in Figure 1 and Table 7.

--------...-.-
= 40°C
2 50 °C
o
55 °C

i 60 °C
0-94r  1ca

10 10° 10° 10*

Figure 13. Select TCA normalized stress relaxation traces with fit model superimposed. Note

the small y-axis range to better visualize the data.
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Table 2. Fit parameters for stress relaxation of TCA-catalyzed sample.

Run # T (°C) (RT)! 7* x107° (s) In 7* a
1 45 0.378 7.71 13.6 0.79
2 55 0.367 3.00 12.6 0.90
3 60 0.361 2.71 12.5 0.88
4 50 0.372 431 13.0 0.91
5 40 0.384 7.09 13.5 0.92

G'(t)/G'(0)

Figure 14. Select MSA normalized stress relaxation traces with fit model superimposed. Note

the y-axis bounds differ from the previous figure.

Table 3. Fit parameters for stress relaxation of MSA-catalyzed sample

Run # T (°C) (RT)! * x107 (s) In 7* a
1 45 0.378 9.04 9.11 0.80
2 35 0.391 18.0 9.80 0.82
3 55 0.367 5.62 8.63 0.81

28



4 25 0.404 34.9 10.5 0.83
5 65 0.356 3.30 8.10 0.82
1
¥ 25 °C
v 35 °C
S
o a5 °C
o
55°C
65 °C
0.1 75 °C

Figure 15. Select BSA normalized stress relaxation traces with fit model superimposed. Note

the y-axis bounds differ from the previous figure.

Table 4. Fit parameters for stress relaxation of BSA-catalyzed sample.

Run # T (°C) (RT)! 7 x1073 (s) In * a
1 35 0.391 19.3 9.87 0.77
2 55 0.367 5.36 8.59 0.78
3 75 0.346 1.65 7.41 0.78
4 65 0.356 2.77 7.93 0.77
5 25 0.404 43.9 10.7 0.72
6 45 0.378 10.3 9.23 0.83
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G'(t)/G'(0)

Figure 16. Select HTFSI normalized stress relaxation traces with fit model superimposed.

Table 5. Fit parameters for stress relaxation of HTFSI-catalyzed sample.

Run # T (°C) (RT)! 7 x107 (s) In 7* a
1 55 0.367 4.07 8.31 0.81
2 45 0.378 7.77 8.96 0.78
3 35 0.391 17.1 9.74 0.80
4 25 0.404 36.7 10.52 0.82
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G'(/G'(0)

Triflic

Table 6. Fit parameters for stress relaxation of Triflic-catalyzed sample.

Figure 17.Select Triflic normalized stress relaxation traces with fit model superimposed.

(RD)! * x107 (s) In 7* a

0.367 7.77 0.78
2 0.378 8.47 0.75
3 0.391 9.24 0.74
4 0.404 10.2 0.72
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Figure 18. Comparison of experimentally determined characteristic relaxation times to those

calculated using the fit model shows good agreement.

Table 7. Characteristic relaxation times, both empirically determined and those calculated from

the fit model, with their respective relative residual errors.

T*
Acid T(°C) Experimental Fit model 9% error
(s) (s)
Triflic 35 9,865 10,291 —4.3
45 4,731 4,774 -0.9
55 2,332 2,363 -1.3
HTFSI 45 7,852 7,767 1.1
55 4,060 4,065 —0.1
BSA 55 5,436 5,367 1.3
65 2,785 2,773 0.4
75 1,661 1,652 0.5
MSA 45 9,194 9,040 1.7
55 5,704 5,623 1.4
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65 3,322 3,299 0.7
As shown in Figure 19a, the temperature-dependent relaxation time, 7%(7),

determined using Error! Reference source not found. shows a strongly linear Arrhenius
dependence for all acids tested. In this case, to characterize the activation energy of the
relaxation process, an “inverse” Arrhenius equation is used. While typical Arrhenius
analysis is done using reaction rates (s '), this analysis instead uses relaxation time (s),

hence the “inverse” qualifier. Solid lines are fits to the following equation:

Eq
’[* = ’[Oe(ﬁ)
Equation 2. Inverse Arrhenius equation. Variables include characteristic relaxation time in

seconds (t*), kinetic prefactor in seconds (ty), activation energy in kJ mol™ (E,), universal gas

constant in kJ K™! mol™! (R), and absolute temperature (K).

The linear trend observed for each acid (on a semi-log scale) is a hallmark of
associative network rearrangement, one distinctive trait of all vitrimeric materials.'®! Both
E. and 1o are monotonic functions of Brensted acid pKa, (Figure 19b). Stronger acids have
higher activation energies, implying the characteristic relaxation time will depend more
strongly on temperature than that of weaker analogues. 10 can be interpreted as the
characteristic relaxation time at infinite temperature when the exponential asymptotes to
1. We find this trend to be inversely related to that of the activation energy, with weaker

acids exhibiting larger 1o values.
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Figure 19. (a) Characteristic relaxation time (z*) exhibits an Arrhenius temperature dependence
for all five Bronsted acids. Solid lines are fits to Error! Reference source not found.. Arbitrary
vertical shifts a were applied to improve the clarity of presentation. (b) Activation energy (Ea,
filled symbols) and Arrhenius prefactor (to, open symbols) are strongly correlated with Brensted

acidity (pK.). Error bars are taken as the standard deviations determined from Figure 23.

Conclusion

Brensted acid strength is clearly correlated with vitrimer exchange kinetics and

thermodynamics as evidenced by Figure 12 and Figure 19. Consequently, relaxation

34



times and their temperature dependence are tunable over a relatively broad range by the
choice of Brensted acid. While we have selected 5 catalysts that span a fairly disparate
pKa. range, many other options are commercially available and presumably follow similar
trends. In contrast, no studies to date have established firm quantitative relationships using
more conventional Lewis acid catalysts. Such a correlation is in principle possible, for
example using Gutmann-Beckett acceptor numbers that assess Lewis acid strength via
reference chemical shifts in nuclear magnetic resonance spectra.!!” Nevertheless, Lewis
acid catalysts exhibit important qualitative and quantitative differences with the Bronsted
acids described herein. Liu et al. reported a systematic study of different tin-based
catalysts and found that activation energy and characteristic relaxation time increase
concurrently.** Bronsted acids seemingly exhibit the opposite trend; stronger acids relax
faster (having a smaller t* at a given temperature, as seen in Figure 12) while having
higher activation energies (Figure 19) than their weaker analogues. The underlying cause
for this behavior is not yet fully understood, but has been recently reported in a similar
system; thiol-acrylate derived vitrimers with transesterification as the dynamic motif were
catalyzed by Bronsted acids and the trend presented here between pKa. and E. was also
observed, further supporting our findings.*! Moreover, typical Lewis acids tend to activate
significant transesterification rates only at elevated temperatures (>100 °C) with
essentially no exchange observed at room temperature. Bronsted acids clearly promote
transesterification at much lower temperatures (Figure 12). Even though the activation
energies we measure for Brensted-acid-catalyzed transesterification (circa 55 kJ mol ')

are roughly half that of Lewis acids (100 — 150 kJ mol ),!143!1% extrapolation of the

Arrhenius fits from Figure 19a indicate that select Bronsted-acid-catalyzed systems
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would still relax stress at comparable rates to some Lewis acids at elevated temperatures.
For example, a triflic acid-containing networks at 140 °C is predicted to have t* = 16 s,
in contrast to systems catalyzed by either Zn(acetate)> (which was measured to have t* =
10* s) or Sn(2-ethylhexanoate), (measured to have 7* = 10! s). Parallels with Grubbs-
catalyzed olefin metathesis vitrimers that exchange at room temperature are also
interesting.>* The activation energy reported herein are again two times smaller, yet the
Brensted acid t* values are around ten times larger at 25 °C. These comparisons require
acknowledgement that the backbone chemistry, catalyst loading, and crosslinking density
vary across these literature reports, but in an approximate sense, order-of-magnitude
differences or similarities in kinetics and thermodynamics likely reflect at least in part the
effect(s) of catalyst choice.

Factors other than pK, could theoretically account for the trends in relaxation behavior
(Figure 12) and Arrhenius parameters (Figure 19) calculated for the various Breonsted

18 and catalyst loading*>»''® have been

acids. For example, both crosslink density
demonstrated to influence relaxation times and Arrhenius parameters. To circumvent
these complicating factors, all samples were prepared with identical constituent molar
ratios in an attempt to constrain materials to a single crosslink density and catalyst loading.
However, as noted above, weaker acids exhibited a slower transesterification rate and
therefore required longer reaction times to form a gel. To probe if this potentially resulted
in a higher sol fraction and incomplete network formation (which would result in a lower
effective crosslink density), solid-state '*C NMR experiments were conducted. These

results indicate that even the weakest acids reach >95% conversion of both monomer and

crosslinker after processing (Figure 8 to Figure 11). Moreover, the modest variability
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observed in the initial storage modulus across samples (Figure 20) likely cannot account
for the orders-of-magnitude changes in stress relaxation behavior as a function of acid
chemistry. All processing conditions and rheology analysis were performed at
temperatures of 25 to 75 °C, well below the boiling point of each catalyst, to minimize
evaporative changes in acid concentration (as that can also affect calculated Arrhenius

parameters, as seen in Figure 21).

6 Storage Modulus:

10° F
= = = = = = = = = = WY FREVIR

Loss Modulus:

9+7KPa

Modul_ys (Pa)

101 TCA MSA BSA HTFSI Triflic
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10' |
0.01 0.1 1

Strain (%)

Figure 20. Comparison of moduli across different samples. The relative standard deviation is

21% for storage moduli at a frequency of 1 Hz.
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Figure 21. Effect of catalyst concentration of Arrhenius parameters for two MSA-containing

samples.

Note also that there is no correlation between acid strength and boiling with the acids
used herein, which might otherwise explain the monotonic dependence of activation
energy (Ea), kinetic prefactor (7o) and characteristic relaxation times (z*) on pKa. There is
some sensitivity of the Arrhenius parameter to recycling, but an MSA sample that
experienced two additional iterations of grinding/remolding can still undergo stress
relaxation at room temperature at similar rates (Figure 22). Finally, replicate samples of
MSA demonstrate reasonable reproducibility and activation energies in agreement within

4% relative standard error (Figure 23).
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Figure 22. MSA polyester networks show excellent recyclability as expected for dynamic

networks that undergo associative exchange.
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Figure 23. Four samples of MSA demonstrate reasonable reproducibility in the temperature

range studied. Activation energies agree within 4% relative standard error (49 + 2 kJ mol ™).

The logarithmic acid dissociation constant (pKa,) reflects the thermodynamic
equilibrium between a given Bronsted acid and its conjugate base plus a proton. However,
disassociated protons in general interact with solvent molecules and their effective
concentration thus depends on the medium in which they are embedded.!!® The pK, values
of the five acids referenced in Figure 7b are taken from literature reports in water: triflic
acid (—12),'?° bis(trifluoromethane)sulfonimide (—9.7),'?! benzenesulfonic acid (=7.0),'??

methanesulfonic acid (—1.9),'*® and trichloroacetic acid (0.81).!2* While these absolute
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values probably change when the acids are incorporated into poly(4-methylcaprolactone)
networks, the relative trend between values should still hold. The measurement of pKa
within our materials is difficult, but two factors are of anticipated importance to
understand any differences. Pendant network alcohol functionality is slightly less basic
than water (as measured in an aqueous environment)'>> which would decrease the
donating power of the surroundings and also the apparent Brensted acidity of the a
catalyst.!" This effect is amplified by a significant reduction in dielectric constant (as a
reference, water =~ 80 and isopropanol = 18) that would destabilize ionic species, thereby
pushing the equilibrium back towards the conjugate acid. Thus, we propose that the
monotonic trend plotted in Figure 19 would still persist if the matrix-induced difference
in pK, for every acid is similar, simply with a corresponding shift along the x-axis.

One of the most striking features of Figure 12 is that MSA and BSA exhibit nearly
indistinguishable stress relaxation traces at 55 °C, yet evidently different Arrhenius
parameters (Figure 19). In Figure 24 both data sets are plotted together as In(z*) vs
(RT)'. A crossover point exists near room temperature, which explains this apparent

incongruity. We have opted to report the behavior of both acids for this reason.
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Figure 24. The temperature-dependent relaxation behavior of MSA and BSA samples exhibits a
cross-over point at 52 °C (dashed line). This observation explains their similar characteristic

relaxation time at the temperatures tested despite different Arrhenius parameters.

Brensted acids catalyze polyester-alcohol dynamic covalent bond exchange. Reaction
kinetics are significantly accelerated at lower temperatures compared to Lewis acid
analogues, and exchange at 25 °C is facile in materials with sufficiently low 7,. Relaxation
times, activation energies, and Arrhenius prefactors are all correlated with Brensted acid
pKa. Stronger acids tend to relax stress faster, exhibit higher activation energies, and
asymptote to shorter relaxation times as 7" approaches infinity. Expanding the scope of

catalysts used to induce vitrimer plasticity, in conjunction with a quantitative
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understanding of the associated kinetics and thermodynamics, should prove useful in the

future design of materials with tailored properties, for example, shape memory

39,114 48,86

polymers, particles with controlled topology,’? and high performance composites.

Materials and Methods
Reagent and solvent information

Reagents and solvents were used as received except where otherwise stated. Triflic
acid (98%), benzenesulfonic acid (98%), methanesulfonic acid (HPLC grade, >95%),
trichloroacetic acid (=99%), and 4-methylcyclohexanone (>=99%) were purchased from
Sigma-Aldrich. Tone 3031 (triol initiator) and 4,4'-bicyclohexanone (>98%) were
purchased from TCI America. Bistriflimide (=99%) and 3-chloroperoxybenzoic acid (70—
75%) were purchased from Acros Organics. Dichloromethane (ACS grade, >99.5%) was
purchased from Fisher Chemicals and passed through activated alumina before use. The
summary of catalyst properties and glass transition temperature for resultant polyester

networks are given below in Table 8 and Table 9.

Table 8. Physical properties of acid catalysts included in study.

. Molar Mass Melting Boiling p'2
Acid (2/mol) pka point'® (°C)  point(°C)  (g/em?)
TCA 163.4 0.81'24 57-58 196 1.63
MSA 96.10 ~1.9'% 20. 167 1.48
BSA 158.2 ~7.0'22 51 190. 1.32

HTFSI 281.2 -9.712! 46-57 91.0 1.36
Triflic 150.1 —12120 —40. 162 1.70
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Table 9. Measured glass transition temperatures for select polyester network samples.

Acid T, (°C)
TCA —55
MSA -52
BSA 56

Instrumentation

Proton nuclear magnetic resonance ('"H NMR) spectra were collected using a 600 MHz
Varian spectrometer. All chemical shifts (0 ppm) are reported relative to residual protic-
CHCI3 (7.26 ppm) in deuterated CDCls. The 13C solid-state MAS NMR measurements
were performed on a Bruker AVANCE III 500 MHz (11.7 T) wide bore spectrometer,
operating at 500.24 MHz and 125.79 MHz for 'H and '3C, respectively, with a 4 mm
zirconia rotor system at a spinning frequency of 10 kHz. The 13C MAS experiments were
performed with a 30-degree '>C excitation pulse of 1.33 ps, a 3 s relaxation delay, a 80.9
ms acquisition time, and an acumination of about 20,000 scans. 60 kHz proton decoupling
was applied during '*C data acquisition. The chemicals shifts were referenced to a TMS
standard. Parallel plate oscillatory rheology experiments were conducted on a TA

Instruments AR-G2 magnetic bearing rheometer with a Peltier heating stage.

Synthesis

4-methylcaprolactone (4mCL): The following procedure was adapted from Hillmyer
et al.'’® In a typical reaction, a 500 mL round bottom flask was charged with a stir bar and

3-chloroperoxybenzoic acid (72 g, 321 mmol, 1.2 eq). To this vessel was added
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dichloromethane (300 mL) while stirring. Due to impurities in the 3-chloroperoxybenzoic
acid, an aqueous layer formed on top after complete dissolution, which was promptly
removed. The reaction vessel was then degassed with a purge of Ar gas for 10 minutes
while stirring and cooled to 0 °C. 4-Methylcyclohexanone (30 g, 267 mmol, 1.0 eq) was
added dropwise to the solution, which was left stirring for 16 hours. Afterwards a large
quantity of precipitated 3-chlorobenzoic acid was observed, to which 100 mL of
dichloromethane was added, followed by aqueous washes: 400 mL of 10% sodium
bisulfite (twice), 400 mL of saturated sodium bicarbonate (twice), and 400 mL of saturated
brine (once). The organic layer was dried over magnesium sulfate and the solvent removed
in vacuo to yield a colorless liquid. This crude product was distilled from calcium hydride
to give 4-methylcaprolactone in >95% purity and 66% isolated yield (23 g, 203 mmol).
"H NMR (600 MHz, Chloroform-d) § 4.22 (ddd, J=12.9, 5.8, 1.9 Hz, 1H), 4.14 (dd, J=
12.9, 10.4 Hz, 1H), 2.60(m, 2H), 1.89(dt,J = 15.3, 4.0Hz,1H), 1.83 (m, 1H), 1.73 (m, 1H),
1.45 (dtd, J=15.3,10.8, 1.9 Hz, 1H), 1.28 (dtd, J=14.0, 11.3, 2.6 Hz, 1H), 0.95 (d, J= 6.6
Hz, 3H).

4,4'-bioxepane-7,7'-dione (BOD): The following procedure was adapted from
Wiltshire et al.''? In a typical reaction, a 250 mL round bottom flask was charged with a
stir bar and 3-chloroperoxybenzoic acid (11g, 46 mmol, 3eq.). To this vessel was added
dichloromethane (150mL) while stirring. Due to impurities in 3-chloroperoxybenzoic
acid, an aqueous layer formed on top after complete dissolution which was promptly
removed. The reaction vessel was then degassed with a purge of Ar gas for 10 minutes
while stirring and subsequently cooled to 0°C. 4,4’-Bicyclohexanone (3.0 g, 15 mmol, 1

eq) was dissolved in a minimal amount of dichloromethane, added dropwise to the
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solution, and the resulting solution was left stirring for 16 hours. Thereafter, 200 mL of
dichloromethane was added to the solution, followed by four aqueous washes: 400 mL of
10% sodium bisulfite (twice), 400 mL of saturated sodium bicarbonate (four times), and
saturated brine (once). The organic layer was dried over magnesium sulfate and the
solvent removed in vacuo to give 2.6 g of a white solid (26 g, 203 mmol) in 74% isolated
yield with 97% purity. 'H NMR (600 MHz, Chloroform-d) & 4.33 (dd, J = 5.1, 7.2 Hz,
2H), 4.15 (dd, J=13.1,9.2 Hz, 2H), 2.72 (ddd, J=14.2, 7.4, 1.6 Hz, 2H),2.59 (ddt, J=14.5,
12.5, 2.3 Hz, 2H), 1.89 (m, 2H), 1.84 (m, 2H), 1.4(m, 4H), 1.48 (q, J=12.1 Hz, 2H).
Network formation: A dram vial was with the initiator Tone 3031 (0.035 g, 0.1
mmol, 1.0 eq). 4mCL monomer (0.320 g, 2.5 mmol, 25 eq), BOD crosslinker (0.068 g,
0.3 mmol, 3.0 eq), and dichloromethane (0.2 mL) were sequentially added and the vial
was sonicated until all reagents were completely dissolved. Finally, 1 stoichiometric
equivalent of acid catalyst was added. For liquid catalysts, the acid was measured by
micro-syringe and injected directly into the reaction vial. Conversely, for solid catalysts,
the acid was first dissolved in 0.1 mL of dichloromethane and then added to the reaction
vial. In both cases, the vial was rapidly shaken to ensure homogeneity and then left
quiescent at room temperature for 20 hours to gel. Thereafter, the dram vials were broken,
and the polyester gel was gently removed. The gel was then subjected to a flow of argon
for 1 hour to promote evaporation of residual dichloromethane and then annealed on a hot
block at 75 °C. To ensure the correct geometry for characterization experiments, a
rheology punch was used to isolate the center of the samples (where they tended to be
most uniform). The sample was left annealing at 75 °C for 4 hours before being removed

and immediately loaded on the rheometer for testing. For samples containing TCA and
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MSA, excess material was removed by hand and submitted for solid state '3CNMR

analysis to quantify conversion.
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Chapter III. Dynamic Bottlebrush Polymer Networks: Self-Healing in

Super-Soft Materials

Dynamic Bottlebrush Net
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Abstract

We introduce a design strategy to expand the range of accessible mechanical
properties in covalent adaptable networks (CANSs) using bottlebrush polymer building
blocks. Well-defined bottlebrush polymers with rubbery poly(4-methylcaprolactone)
side chains were cross-linked in formulations that include a bis-lactone and strong
Lewis acid (tin ethyl hexanoate). The resulting materials exhibit tunable stress-
relaxation rates at elevated temperatures (160—180°C) due to dynamic ester cross-links
that undergo transesterification with residual hydroxy groups. Varying the cross-linker
loading or bottlebrush backbone degree of polymerization yields predictable low-
frequency shear moduli ca.10—100 kPa, well below values typical of linear polymer
CANSs (IMPa). These extensible networks can be stretched to strains as large as 350%
before failure and undergo efficient self-healing to recover >85% of their original

toughness upon repeated fracture and melt processing. In summary, molecular
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architecture creates new opportunities to tailor the mechanical properties of CANs in
ways that are otherwise difficult to achieve.

This chapter was originally published in the Journal of the American Chemical Society.
Reproduced with permission from J. Amer. Chem. Soc. 2020, 142, 16, 7567-5737.

Copyright 2020, American Chemical Society.

Introduction

Dynamic covalent bonds provide a unique opportunity to tailor the viscoelasticity

of crosslinked polymers (i.e., covalent adaptable networks, CANs) for a variety of

22,24,58

applications including self-healing rubbers and plastics,!!**1% three-dimensional

25,95,96

cell culture, and recyclable thermosets.’>!27-128 While significant efforts have been

18,24,51,54,58,107 and

directed toward developing new types of dynamic bond chemistries
catalysts**4373105.129 t5 promote exchange reactions in CANs under various stimuli (e.g.,

temperature,*>!% light,'>?3 and carbon dioxide'?), far fewer studies have addressed other

design principles that are known to influence the properties of conventional polymeric

131,132 35,114

materials. For example, only recently have block sequence and crystallinity
been exploited to tailor the macroscopic creep resistance and shape-memory behavior of
CANs despite decades of prevalence in traditional thermoplastics and thermosets. '3
Sparser yet are reports discussing the impact of architecture on CAN performance—the

most common network topology involves linear chains connected on both ends to a

network junction.
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Of the various polymer architectures that can be constructed with controlled

134-136 137

polymerization techniques (e.g., stars, combs,?” cycles,!8...), bottlebrush polymers
are a particularly attractive target for CANs since they should broaden the spectrum of
available physical properties to include “super-soft” elastomers (herein defined as
networks with a high gel fraction and an equilibrium shear modulus Gx < 100 kPa for
consistency with previous reports'*>1%%). Individual bottlebrush molecules are highly
branched, containing a polymeric side chain protruding from each backbone repeat
unit."*1"'* When crosslinked via chemical’®!*1% or physical'*”"!* bonds to form
rubbery, non-dynamic networks, past work has established that the resulting bottlebrush
polymer elastomers are unusually soft due to the suppression of entanglements and a high
density of network defects (non-crosslinked, dangling side chains).!3*!'* The shear
modulus (G) of these materials can approach 1-100 kPa, even in the absence of solvent,
which is significantly smaller than the plateau modulus of a typical entangled rubber
without plasticizer (~1 MPa).!4>»15%151 Qych softness is advantageous in a number of
emerging applications ranging from high-sensitivity capacitive pressure sensors!*? to

3> and biomimetic materials!*>!>* (the low values of G

efficient dielectric actuators'
approximate various types of living tissue!>). However, because bottlebrush polymers are
usually crosslinked with static covalent bonds, these traditional approaches do not enable
self-repair, which is critical to mitigate device damage or emulate biological healing
processes. To the best of our knowledge, there are only two literature examples that have
started to explore dynamically cross-linked bottlebrush polymers, both of which rely on

the use of dissociative bonds (disulfides® or Diels—Alder adducts'*®). Like all dissociative

CANs, decomposition of the polymer crosslinks occurs before bond exchange, yielding a
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temporary decrease in mechanical integrity. In contrast, CANs with dynamic bonds that
rearrange via an associative mechanism, also known as “vitrimers”,'1°%127 maintain a
constant crosslink density and therefore desirable mechanical properties throughout the
exchange process. Broadening the scope of reconfigurable bottlebrush polymer

1L45 would

elastomers to include associative dynamic pathways such as transesterification
therefore create opportunities to tailor properties in new ways.

Here, we introduce a robust synthetic platform that combines the benefits of
molecular architecture and CANs to access dynamically crosslinked bottlebrush polymer
elastomers with super-soft and reconfigurable properties via associative bond exchange.
Our approach involves the stepwise isolation of well-defined bottlebrush polymer
precursors and subsequent thermal crosslinking to generate networks with fast curing
kinetics, tunable stress-relaxation rates, and predictable shear moduli that are 10-100x
lower than traditional CANs. As evidenced by tensile experiments, these dynamic
bottlebrush polymer elastomers exhibit >300% strain-at-break and retain >85% toughness
after repeated cycles of fracture and annealing. The design concept outlined herein—
rooted in molecular architecture—represents a new strategy to tune the performance of

CAN-based materials beyond the conventional constraints imposed by linear dynamic

networks.

Discussion

We opted to design bottlebrush polymer CANs with polyester side chains as a
model system that undergoes associative dynamic covalent bond exchange via

transesterification.!!#>:110:128.157 poly(4-methylcaprolactone) (P4MCL) was specifically
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selected as the side-chain chemistry due to its low glass transition temperature (7 = —60
°C), lack of crystallinity, and synthetic accessibility.*>!!135 As depicted in Figure 25,
macromonomers of PAMCL were generated from norbornene—alcohol initiators using
ring-opening polymerization'®> and characterized by size-exclusion chromatography with
multiangle light scattering detection to determine absolute side-chain degrees of
polymerization (Nsc). Two different macromonomers were synthesized, denoted A (Nsc
= 47) and B (Nsc = 33). The macromonomers were then further polymerized into
bottlebrush polymers via ring-opening metathesis polymerization (ROMP). From a single
batch of macromonomer, multiple distinct bottlebrush polymers are easily synthesized on
multigram scales with different backbone degrees of polymerization (Ngp) by varying the
equivalents of Grubbs catalyst. For example, with macromonomer B, four bottlebrush
polymers were synthesized spanning N = 53—380 while maintaining a constant average
side-chain length (Nsc = 33) and low molar-mass dispersity (P = 1.1-1.3). An advantage
of this approach to forming networks is the ability to fully characterize each well-defined

bottlebrush polymer precursor before cross-linking, as summarized in Figure 26.
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Figure 25. Reaction scheme for generating dynamic bottlebrush polymer networks that undergo
associative bond exchange. (i) Ring-opening polymerization of 4-methylcaprolactone from a
norbornene—alcohol initiator, catalyzed by Sn(Oct), and run in the bulk at 110 °C until reaching
approximately 80% conversion. (ii) Ring-opening metathesis polymerization of P4MCL
macromonomer catalyzed by the Grubbs 3rd generation catalyst; 10 wt% in DCM at 25 °C for 1
h. (iii) Cross-linking bottlebrush polymers by reaction with a bis-lactone as catalyzed by Sn(Oct)»

at 180 °C for 5 h. Yellow highlighting depicts the cross-linker before and after reaction.

53



)
—

4
©
£
(o]
P
6
Retention time (min)
b)
ID'  Nsc Ngg M, e (kDa) M, (kDa)! b
1A 47 54 310 340 1.01
1B 33 53 220 240 1.02
2B " 180 670 820 1.07
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Figure 26. (a) Normalized size-exclusion chromatography (SEC) traces (differential refractive
index detection, dRI) of the macromonomers and bottlebrush polymers studied herein. (b)
Summary of bottlebrush characterization data. Absolute molecular weights were determined by

SEC equipped with dRI and multiangle light scattering (MALS) detectors using dn/dc = 0.071

Bottlebrush precursors were then cross-linked by reacting hydroxy groups at the
termini of PAMCL side chains with 4,4’-bioxepane-7,7'-dione and a Lewis acid catalyst.
Note that the catalyst used in this step will remain in the material after cross-linking and
promote dynamic bond exchange via transesterification. Although both Bronsted*® and

Lewis acids44’1 10,128,157

are viable choices, we opted for the latter because they require
elevated temperatures to promote exchange in polyester networks, °! which facilitates the
characterization of nondynamic mechanical properties near room temperature. During

formulation, bottlebrush, cross-linker, and tin(II) 2-ethylhexanoate (Sn(Oct)z) were

homogenized with a minimal amount of dichloromethane (DCM); these mixtures are
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bench stable for at least 5 days without premature crosslinking as evidenced by SEC

analysis, given below in Figure 27. To ensure full removal of the solvent prior to cross-

linking and testing, samples were dried under vacuum for 48 h.

a) T T T T T T
m—= AS prepared
=5 days later
Lo
~
o
5 6 7 8 9 10
b) Elution time (min)
Sample ID* Ngc Ngg M, (kDa) D
As prepared 35 260 1,300 1.11
5 days after 35 283 1,400 1.12

Figure 27. a) SEC traces (normalized differential refractive index signal) and b) characterization

results from a formulation stability experiment wherein a sample was prepared (Nsc= 35, Ngg=

260, na= 15, 0.2 wt% catalyst) and left at room temperature for 5 days. The before and after

traces show negligible differences in their molecular weight distribution, indicating adventitious

curing at room temperature is not an issue for these materials.

Two representative formulations of bottlebrush 1B (Ngs = 53, Nsc = 33) were cured

at 180 °C in situ in an oscillatory rheometer to continuously monitor the curing process

(Figure 28). In both samples, the stoichiometric ratio of crosslinker to bottlebrush

molecules (n¢1) was held at 15 equiv. Note that this definition of n¢ implies bottlebrush

polymer precursors with larger Ngg and Nsc will have a lower crosslink density at identical
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crosslinker loading. The modulus of both samples plateaued to a constant value but with
different time scales needed to reach 95% completion (83 vs 200 min) depending on
catalyst loading. The higher catalyst loading (1.7 wt%) was used for all subsequent
formulations with a curing time of 5 hours (approximately three times longer than 95%

conversion) to ensure complete cross-linking.
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Figure 28. Normalized curing profiles demonstrate the cross-linking of two bottlebrush polymer

1B formulations with 15 equiv of crosslinker and different catalyst loadings.

We initially established the dynamic properties of PAMCL bottlebrush networks with
various formulations of 1A (Nsc = 47, N = 54). Three samples were cured with 5, 10,
or 25 equiv of the bis-lactone crosslinker (7)) while maintaining a constant catalyst
loading (15 equiv, 1.7 wt %) (frequency sweeps are given in Figure 44). Selected
compressive stress-relaxation experiments at elevated temperatures (160—180 °C) are
shown in Figure 29. All three samples exhibit significant stress relaxation. The rate
increases monotonically with increasing temperature (Figure 29a) and decreases with

larger n¢ (Figure 29b). The characteristic relaxation time (t*) in each case was extracted
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by fitting to a stretched exponential decay (non-normalized traces are given in Figure 45
to Figure 47. Raw stress-relaxation data for sample 1A-5 with superimposed fits. and the
fitting parameters are given in Table 11 to Table 13). Values of t* range from 18 m (7=
180 °C, nei=15) to 86 m (T'= 160 °C, nc = 25). While this is a longer time scale than some

dynamic chemistries,?>?*%

it is fairly comparable to other Lewis-acid-catalyzed dynamic
polyester networks.!! Further analysis revealed a linear Arrhenius dependence of In t*
with 7-! as shown in Figure 29¢, which is common for dynamic networks that undergo
associative bond exchange.!!"!?”!8 In all cases, similar activation energies were observed
(89 + 2 kJ mol™") that are roughly consistent with several other studies involving Lewis

acids within a polyester matrix.' #4157
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Figure 29. Stress-relaxation experiments with sample 1A indicate PAMCL bottlebrush networks
are dynamic at elevated temperatures. Fits to a stretched exponential decay (Equation 1) are
represented by dashed white lines.*>127-15%160 () Inverse temperature dependence at constant cross-
linker loading (nq = 10). (b) Effect of cross-linker loading at constant temperature (160 °C). (¢)

Arrhenius relaxation behavior; dashed lines are fits to the Arrhenius equation (Equation 2).

To showcase the tunable mechanical properties of PAMCL bottlebrush CANs, four

samples derived from macromonomer B (constant Nsc = 33) with Ngg = 53 (denoted 1B),
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180 (2B), 270 (3B), and 380 (4B) at nc =25 were cured in molds, loaded on the rheometer,
and analyzed by oscillatory experiments (Figure 30a). The measured value of G’ at low
frequencies, which we define as the plateau modulus Gx pottiebrush, Varies in the range 10—
100 kPa depending on Ngg. As Npp increases at constant 7ci, Gxpottlebrush decreases due to
a reduction in cross-link density. Consequently, a long bottlebrush precursor (Ngs = 380)
produces materials as soft as 15 kPa at 25 °C, even with a fairly high n¢ =25. The loading
of cross-linker also determines Gy pottiebrush. By changing n¢i from 5 to 45 with bottlebrush
2B (NBB = 180), Gx pottiebrush Varies between 8 and 62 kPa (Figure 30b). Collectively, these
moduli are far smaller than CANs derived from linear network building blocks (most
reported materials have Gx > 1 MPa®!2>16%) and are more typical of highly solvated
hydro- or organogels.'*>!¢! Gel fraction experiments indicate this is not the result of a
large sol fraction, in contrast to commercially available soft (nondynamic) elastomers like
EcoFlex. For example, the gel fraction of our softest material (4B, Ngs = 380) averages
>90% across three different cross-linker loadings, ne = 15, 25, and 35. These results are
given below in Moreover, all formulations reported in Figure 30 show good network
integrity as evidenced by the prominent plateau in G’ at low frequencies and a 1-2 order-

of-magnitude separation between G’ and G".'¢?

Table 10. Gel-fraction and moduli of networks derived from the largest Ngg polymer (4B)

Sample name M, (kDa) Hel Modulus (kPa) Gel-fraction (%)
4B-15 1,680 15 11.3 91
4B-25 1,680 25 15 92
4B-35 1,680 35 22.6 89
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Figure 30. PAMCL bottlebrush polymer CANs are super-soft with a tunable storage modulus at
temperatures (T = 25 °C) below the onset of dynamic exchange. (a) Frequency sweeps of
formulations derived from 1B, 2B, 3B, and 4B with nq = 25 (filled markers: storage modulus;
open symbols: loss modulus). A linear PAMCL network is included for comparison. (b)
Frequency sweeps of formulations generated from bottlebrush polymer 2B (Ngs = 180) with

varying nq. (¢) Linear scaling of the low-frequency plateau modulus ( Gy potticbrush) With prc/ M.

For comparison, Figure 30a also includes a linear PAMCL network with a low
frequency plateau modulus Gy jinear = 200 kPa >> Gx potticbrush that is significantly larger than
all of the bottlebrush polymer CANs (Figure 30a). This sample was designed with a target
molecular weight between cross-links (Mxmeo = 9.6 kDa) slightly larger than the
entanglement molecular weight (M. = 2.9 kDa!'®) in an attempt to maximize softness by
striking a balance between trapped entanglements (Mx heo = 3M.) and crosslink density,
both of which contribute to Gx jinear at low frequencies.'®? Gy jinear in this case is dominated
by the crosslink density since its value is roughly consistent with rubber elasticity theory
based on Mx theo (G linear = pRT/Mx heo = 266 kPa calculated using ppamcr = 1.04 g/em?, T

=295 K, the gas constant R, and Mxeo = 9.6 kDa). While decreasing Gx lincar Somewhat
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further may be possible through careful formulation optimization, it is unlikely to ever
approach Gx pottlebrush; 1n the limit of vanishing crosslinker loading, a strongly entangled
P4MCL melt is even stiffer: Ge = pRT/M. = 880 kPa.''* In contrast, bottlebrush polymer
networks generate far softer materials while retaining excellent network integrity,
highlighting a unique advantage imparted by molecular architecture.

A quantitative understanding of the structure—property relationships in dynamic
bottlebrush polymer networks would allow for targeting specific moduli without tedious,
Edisonian optimization, for example to mimic different types of biological tissue. Similar

144 there exists a linear correlation between

to nondynamic bottlebrush polymer networks,
Gx bottlebrush and pre/ My, where p is the mass density (ppamcr = 1.04 g/cm?) and M, is the
number-average molar mass of a bottlebrush polymer precursor molecule as shown in
Figure 30c. Physically, pnc/M, is the number density (mol/volume) of cross-linker in a
bottlebrush polymer network. The relationship in Figure 30c¢ remains true for four
different combinations of Ngg and Nsc (samples 1A, 2B—4B) below a threshold value of
pna/My, (about 60 mol/m®), above which the crosslinker is not fully soluble in a given
bottlebrush polymer. (At higher cross-linker loadings, some persistent cloudiness or, in
extreme cases, small white crystals remain visible by eye.) Overall, Figure 30 provides
quantitative insight into the connection between molecular design, formulation, and
mechanical performance of bottlebrush polymer CANs.

Finally, the extensibility and recyclability of PAMCL bottlebrush polymer CANs were
investigated (Figure 31) with a network of intermediate backbone length (2B, Ngg = 180)

and cross-linker loading (nc1 = 15). Three uniaxial tensile experiments were performed on

the following: (1) a pristine dogbone that was formulated and hot-pressed at 180 °C for 5
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h, (2) the broken specimen from (1) that was re-hot-pressed under the same conditions,
and (3) the sample resulting from (2) that was reprocessed a third time. In all cases, similar
values of the strain-at-break (325-350%) and toughness (>85% recovery) were measured.
The good recovery of mechanical properties upon repeated reprocessing is likely tied to
dynamic bond formation/exchange rather than other mechanisms, e.g., reptation across
fresh interfaces, since the bottlebrush polymer architecture suppresses backbone
entanglements and the PAMCL side chains are relatively short (of order M.). Moreover,
any entanglements that happen to form would not support a significant amount of stress
since PAMCL is rubbery at room temperature. We suspect the stress—strain behavior in
Figure 31 can be further tailored by the values of N and Nsc which are synthetically
encoded into the well-defined bottlebrush polymer precursors before cross-linking. These

studies highlight the self-healing and recyclability of CANs derived from bottlebrush

polymer elastomers.
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Figure 31. Uniaxial tensile experiments demonstrate the self-healing and extensibility of PAMCL
bottlebrush polymer CANs (sample 2B: NSC = 33, Ngg = 180; 1o = 15). The toughness recovered

to >85% after three cycles.

Conclusion

In conclusion, we have introduced a new type of covalent adaptable network (CAN)
comprising bottlebrush polymer building blocks that undergoes dynamic bond exchange
via an associative mechanism. The use of rubbery poly(4-methylcaprolactone) side chains
produces materials with tunable exchange dynamics that are exceptionally soft (shear
moduli 10-100 kPa), extensible, and tough. We anticipate this class of dynamic networks
will find use in applications that would benefit from the combination of super-soft and
self-healing properties, for example, next-generation sensors, actuators, and tissue-
mimetic biomaterials. Expanding the scope of covalent adaptable networks to include
nonlinear molecular architectures creates new opportunities at the intersection of

chemistry, materials science, and engineering.

Materials and Methods
Reagents and solvent information

Reagents and solvents were used as received except where otherwise noted. 4,4’-
bicyclohexa-none (>98%) was purchased from TCI America. Methylene chloride
(“DCM”, ACS grade, >99.5%), methanol (“MeOH”, 99%), and ethyl vinyl ether (“EVE”,
99%) were purchased from Fischer Scientific and used as received. Tin(Il) ethyl
hexanoate (Sn(Oct)2, Aldrich, 92.5-100%) was purified by fractional distillation (3x)

under reduced pressure (0.05 Torr, 150 °C) and kept in a nitrogen-filled glovebox. 4-
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Methylcaprolactone (“4MCL”) was prepared according to previously reported methods!!?

and further purified by three consecutive fractional distillations over calcium hydride
(CaHaz, Fisher Scientific, 93%). Crosslinker (4,4’-bioxepane-7,7’-dione, “BD”) was
prepared according to previously reported methods* and further purified by
recrystallization from ethyl acetate. Macromonomer initiator (N-(hydroxyethyl)-cis-5-
norbornene-exo-2,3-dicar-boximide, “NbOH”) was also prepared according to previously
reported methods*® and further purified by recrystallization from chloroform. Grubbs
second-generation metathesis catalyst [(H2IMes)(PCy3)2(Cl)Ru=CHPh, “G2”] was
generously provided by Materia. G2 was converted to Grubbs third-generation metathesis
catalyst [(Hz2IMes)(Pyr)2(Cl)Ru=CHPh, “G3”] following a previously reported

method.'®3

Instrumentation

'H NMR spectra were collected on a Varian Unity Inova AS600 600MHzusing the
residual un-deuterated solvent peak as an internal reference (CHCl3 at 7.26 ppm). The
following abbreviations (or combinations thereof) were used to explain the multiplicities:
s =singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. FTIR spectra
were collected on a Thermo Nicolet iS10 FTIR Spectrometer equipped with a Smart
Diamond attenuated total reflectance (ATR) accessory. Size-exclusion chromatography
with multi-angle light scattering detection (SEC-MALS) was performed using two
Agilent columns (PLgel, Sum Mini MIX-D, 250x4.6 mm) connected to a Waters Alliance
HPLC System, 2690 separation module pump, Wyatt 18-angle DAWN HELEOS-II light

scattering detector, and Wyatt REX differential refractive index detector using THF as the
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mobile phase. The absolute molar mass was determined by light scattering using online
determination of dn/dc by assuming 100% mass elution under the peak of interest. Mass
spectrometry data were collected on a Waters GCT Premier high-resolution time-of-flight
mass spectrometer in the electron ionization mode. This instrument has a working mass
range up to 800 m/z.

Frequency and strain sweeps were run on a TA Instruments AR-G2 with an 8 mm
parallel-plate geometry. After running strain sweeps from 0.1% to 100%, frequency
sweeps were collected at a sufficiently low strain to ensure they were within the linear
viscoelastic regime (with a typical value being 1% strain). The plateau modulus was taken
to be the modulus at the lowest measured frequency (0.01 Hz). In situ curing experiments
were run on a TA Instruments ARES-G2 equipped with a nitrogen-purged forced
convection oven. The advanced sensitivity of the instrument allowed for high-resolution
characterization of the uncured polymer melt while also enabling in situ monitoring of the
entire curing process. A room-temperature frequency sweep was collected on both the
cured and uncured material from 0.01 Hz to 10 Hz and a strain of 1%. Curing was
monitored during a rapid temperature ramp from 25 to 180 °C (<3 minutes) followed by
holding at 180 °C until completion. Stress-relaxation experiments were conducted on a
TA Instruments DMA 850 in compression mode with a sample diameter of 8 mm to allow
for the same specimens to be used from the rheology experiments. For the stress-relaxation
experiments, samples were first brought to thermal equilibrium for 20 minutes at the
desired testing temperature, after which a preload force of 0.2 N was first applied and the

sample was subjected to a 1% strain.
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Synthesis

N-(hydroxyethyl)-cis-5-norbornene-exo-2,3-dicarboximide, “NbOH initiator”: In
a 500 mL round-bottom flask charged with a stir bar, 20 g of cis-5-norbornene-exo-2,3-
dicarboxylic anhydride (121.8 mmol, 1.0 eq) was combined with 7.8 g (7.8 mL, 127.9
mmol, 1.05 eq) of ethanol amine and 240 mL of toluene. A Dean—Stark trap equipped
with a condenser was placed on top of the round-bottom flask, and the reaction was
refluxed at 120 °C overnight until all the cis-5-norbornene-exo-2,3-dicarboxylic
anhydride was consumed, as determined by NMR. The reaction was then cooled, and the
solvent was removed in vacuo. The contents were dissolved in 500 mL of DCM, washed
three times with 100 mL of 0.1 M HCI, and once with100 mL of brine before drying over
MgSOs4. Solvent was removed in vacuo and compound was recrystallized from
chloroform."H NMR (500 MHz, Chloroform-d) § = 6.29 (s, 2H), 3.78 (t, J= 5.8, 4.4 Hz,
2H), 3.71 (t, J= 5.8, 4.4 Hz, 2H), 3.29 (s, 2H), 2.72 (s, 2H), 1.52 (d, J=10.0, 1.7 Hz, 1H),
1.35 (d, 1H).13C NMR (125MHz, CDCI3) & = 178.8, 137.9, 60.6, 47.9, 45.3, 42.8,

41.4.MS for C11H13NO3Na [M+Na]",calculated: 230.0793, and found: 230.0783.

(o) o0 Toluene ‘\‘
(reflux)

Figure 32. Synthesis of NbOH initiator
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Figure 33. Fourier-transformed infrared (FTIR) spectrum of NbOH initiator

4-methylcaprolactone, “4MCL monomer”: Synthesized according in the same

method as described in the synthesis section of Chapter 2.
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Figure 34. Fourier-transformed infrared (FTIR) spectrum of 4mCL monomer

4,4’-bioxepane-7,7’-dione, “BD crosslinker”: Synthesized according in the same

method as described in the synthesis section of Chapter II.
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Figure 35. Fourier-transform infrared spectrum of BD crosslinker

4mCL macromonomer by ring-opening polymerization (ROP): The following
procedure was used to prepare both macromonomer batches (A and B); the representative

spectroscopic characterization reported is for macromonomer B.

2,
2 oA

Sn(Oct),, 110 °C

OH

OH

Figure 36. Synthesis of 4mCL macromonomer.

In a nitrogen-filled glovebox, 50 g of 4mCL monomer (390 mmol, 40 eq.) were added
to an oven-dried round-bottom flask equipped with a stir bar. To this reaction vessel,
initiator NbOH (9.76 mmol, 1 eq.) and catalyst Sn(Oct)> (0.97 mmol, 0.1 eq.) were also
added before sealing the reaction vessel. This mixture was then removed from the

glovebox and stirred in a pre-heated oil bath at 110 °C, during which the initiator rapidly
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dissolved to form a homogeneous reaction solution. An aliquot was periodically extracted
to determine the conversion of monomer by '"H NMR. Once the desired conversion was
achieved, the vessel was immediately removed and quenched to 0 °C in an ice bath. DCM
was added to dilute the polymerization after which it was precipitated into cold MeOH
(=78 °C). The cold methanol was then decanted off to yield a concentrated and viscous
polymer. This dissolution/precipitation process was repeated twice more to thoroughly
remove unreacted monomer and catalyst. The final pAmCL was then rigorously dried
under high vacuum (10 mTorr) for 24 hours to ensure adequate removal of residual DCM
and MeOH. The product was isolated as 46.2 g of a clear oil (92% yield). '"H NMR (600
MHz, Chloroform-d) 6 = 6.26 (s, 2H), 4.27 —4.12 (m, 4H), 4.11 —4.03 (m, 56H), 3.73 —
3.70 (m, 2H), 3.25 (p, J= 1.7 Hz, 2H), 2.67 (d, J= 1.4 Hz, 2H), 2.66 —2.55 (m, 2H), 2.34 —
2.21 (m, 58H), 1.70 —1.60 (m, 60H), 1.58 —1.50 (m, 31H), 1.49 —1.39 (m, 59H), 1.32 —
1.25 (m, 2H), 0.89 (d, J= 6.6 Hz, 88H).13C NMR (126 MHz, CDCI3) 6 = 177.8, 174.0,
173.7, 173.7, 173.2, 137.8, 68.0, 62.6, 62.5, 60.6, 47.8, 45.2, 42.6, 39.4, 37.6, 37.2, 35.2,
33.2,31.9,31.7,31.5, 31.4, 30.8, 29.5, 29.4, 29.1, 22.1, 19.3, 19.0.Mn(1H NMR) = 4.0

kg mol-1. MALS SEC (dn/dc= 0.071): Mn= 4.5 kg mol™!, D =1.06.
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Figure 37. Fourier-transform infrared of pAMCL macromonomer
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Bottlebrush polymer by ring-opening metathesis polymerization (ROMP): The
following procedure was used to prepare all bottlebrush polymers (1A, 1B, 2B, 3B, and

4B); the representative spectroscopic characterization reported is for bottlebrush polymer

ORO G3 © "
P > X

(0) DCM, 25 °C

1B.

4
o]

OH OH

Figure 38. Synthesis of 4mCL bottlebrush polymer.

In a nitrogen-filled glovebox, 20 g of PAMCL macromonomer (50 eq., 4.4 mmol) were
added to an oven-dried round-bottom flask equipped with a stir bar. DCM was added until
a concentration of 20wt% macromonomer was reached. Separately, 65 mg of G3 (1 eq.,
0.1 mmol) was added to a scintillation vial and dissolved in a minimal amount of solvent
(typically, <0.5 mL DCM). The solution with macromonomer was stirred vigorously to
ensure full dissolution and to promote rapid mixing upon the addition of catalyst. To the
stirring solution, G3 was quickly added. As the reaction progressed, the color of the
solution changed from its initial green to a dull brown. After an hour of stirring, a large
excess of EVE (approximately 1 mL, 120 eq.) was added to quench the G3. The reaction

was then stirred an additional two hours to ensure sufficient quenching and precipitated
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into cold methanol three times, with the precipitate being centrifuged, filtered, and re-
dissolved between each precipitation. To ensure complete removal of solvent, the
bottlebrush polymer was dried in a vacuum oven for 24 hours at room temperature. The
final material was isolated as 16.6 g of a clear, slightly yellow oil (83% yield). '"H NMR
(500 MHz, Chloroform-d) 8 = 5.74 (br, s, 2H), 4.08 (br, tt, J=11.0, 5.5 Hz, 154H), 3.98 —
3.88 (br, m, 1H), 3.76 —3.58 (br, m, 7H), 2.52-2.02 (br, m, 163H), 1.67 (br, ddt, J=20.6,
14.4, 6.4 Hz, 168H), 1.60 —1.50 (br, m, 89H), 1.52 —1.34 (br, m, 162H), 1.27 —1.06 (br,
m, 5H), 0.91 (br, d, J= 6.5 Hz, 242H). 1*C NMR (125MHz, CDCls) & 173.8, 62.6, 60.8,

50.8,39.5,35.2,31.9,31.8, 29.6, 29.1, 19.0.
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Figure 39. Fourier-transform infrared of 4mCL bottlebrush polymer.

Network curing: The procedure for network generation was the same across all
sample sets used, but the values in the following representative procedure were calculated
based on the molecular weight for bottlebrush polymer 1B. First, 300 mg of bottlebrush
polymer (1 eq., 1.3 umol) were weighed out in a dram vial. Next, a stock solution of 20
mg mL~' was made for both the crosslinker and catalyst. From the crosslinker stock

solution, 215 pL (4.3 mg, 15 eq., 19 umol) of solution were added to the bottlebrush. Next,
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from the catalyst stock solution, 256 uL (5.1 mg, 10 eq., 12.7 pmol) of solution were
added to the bottlebrush. Another approximate 0.5 mL of DCM was then added to ensure
good mixing. After mixing to homogeneity, the solution was then dried under vacuum
(approximately 25 mTorr) for 48 hours. The resulting homogeneous paste was loaded into

a mold and heated at 180 °C for five hours to yield a cured network.

o] x
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>’_ sn(Oct),, 180 °C o
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Figure 40. Synthesis of bottlebrush polymer network
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Figure 41. Experimental setup for Fourier-transform infrared (FTIR) spectral analysis of PAMCL
bottlebrush polymer networks. The piston was hand-tightened to form good contact, also

demonstrating the compliance of dynamic bottlebrush polymer networks.
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Figure 42. Fourier-transform infrared (FTIR) spectrum of PAMCL bottlebrush polymer networks

formed from bottlebrush polymers 1B, 2B, 3B, and 4B, and cured with n¢ = 25.
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Figure 43. Fourier-transform infrared (FTIR) spectrum of PAMCL bottlebrush polymer networks

formed from bottlebrush polymer 2B and cured with ng = 25, 35, and 45.
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Figure 44. Frequency sweeps of 1A-5, 1A-10, and 1A-25, demonstrating the tunability of
bottlebrush polymer properties through formulation. Filled circles are storage modulus values and

open circles are loss modulus values.
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Figure 45. Raw stress-relaxation data for sample 1A-25 with superimposed fits.

Table 11. Fit parameters for 1A-25

T(°C) A (kPa) T* (sec) 8 b(kPa)  (RT)™ In(t*)
180 221 1,700 0.71 -183 0.266 7.45
170 270 3,200 0.87 -201 0.272 8.05
160 341 5,100 0.78 -236 0.278 8.54
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Figure 46. Raw stress-relaxation data for sample 1A-10 with superimposed fits.

Table 12. Fit parameters for 1A-10

7(°C) A(kPa)  T*(sec) 6 b (kPa) (RT) ! In(t*)
180 157 1,500 0.65 125 0.266 7.28
170 188 2,600 0.72 140 0.272 7.86
160 220 4,400 0.82 ~149 0.278 8.39
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Figure 47. Raw stress-relaxation data for sample 1A-5 with superimposed fits.

Table 13. Fit parameters for 1A-10

T(°C) A (kPa) T* (sec) B b (kPa) (RT) ! In(T*)
180 205 1,100 0.73 -167 0.266 7.00
170 240 2,200 0.68 -172 0.272 7.71
160 247 3,200 0.77 -159 0.278 8.08
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Chapter IV. Carbon nanotube-containing dynamic bottlebrush polymer

composites for soft electrodes

Abstract

The advancement of wearable electronics and biointerfacing technologies requires
materials that are simultaneously compliant and conductive. Conventional rubbery materials
are already at the limit of stiffness compatible with biotissue (0.1 MPa) and the addition of
filler particles generally leads to a substantial increase in modulus, so a strategy to generate
soft composites is highly desirable. Herein, we report carbon nanotube (CNT) composites
containing super-soft bottlebrush polymers as the matrix to generate soft and conductive
materials. At loadings of 0.25 wt% and 0.5 wt% CNT the generated composites had modulus
values of 66 kPa and 140 kPa, respectively. These materials are several orders of magnitude
softer than comparable composites in the literature. Despite the low loadings, the CNT-filler
imbues the materials with significant conductivities. While unfilled samples are insulating,
the reported composites have conductivities of 0.006 S/m? and 0.054 S/m2. Preliminary self-
healing studies indicate these composites also retain some of the dynamic nature of the
original polyester bottlebrush polymer network. We anticipate this new strategy of designing
soft composites by using tailored bottlebrush polymer architecture will be of great interest to

the community.
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Introduction

Electronic devices made with soft and elastic components offer unique functionality
compared to conventional, rigid silicon-based technology.'®* Flexible and stretchable
electronics have been developed for applications such as biomonitoring of physiological
signals (e.g., electrocardiography, electroencephalography),'® electronic skin for prosthetics

and soft robotics, 166167

and body motion tracking for injury rehabilitation monitoring and the
assessment of motor control disorders.!%® Biointerfacing or biomimicking devices require
elastomers with electrical and mechanical properties not typical of conventional rubbery
networks. The electrical properties of elastomers can be modified through the addition of a
second material, including blends (e.g., adding semiconducting polymers to create an elastic
semiconductor) and composites (e.g., adding a conductive particle to create an elastic
conductor).'®1"* Carbon nanotubes (CNTs) are ideal fillers due to their flexibility and high
aspect ratio, which enables percolation at lower loadings than spherical particles.!”* Inclusion
of these particle fillers in polymer systems presents as intrinsic challenge—the percolated
particle network that imparts conductivity also increases stiffness.!”®

Bottlebrush polymer networks have been demonstrated to have comparable bulk
mechanical properties to hydrogels without the use of solvent or plasticizer.**13%!4> The
development of bottlebrush polymer networks has impacted many technologies, from
elastomers with unusually low moduli'*® to capacitive pressure sensors with enhanced

152 and dielectric actuators with increased actuation.!>*!% The underlying principle

sensitivity
behind these advancements is the suppression of physical entanglements due to the highly

branched polymer architecture, resulting in a final polymer network with a significantly

lower modulus than linear polymer analogues. '3 We reasoned that this same advantage could
79



be realized in CNT-containing composites to generate bulk materials with high conductivity
and compliance which could further improve the performance of flexible electronics.
Previously, the incorporation of CNTs into dynamic networks was shown to create stiff,
conductive, and self-healing materials.!””"!” Here, the choice of a polyester bottlebrush
polymer generates low modulus materials despite the inclusion of filler materials. We present
a series of dynamically crosslinked CNT-filled bottlebrush elastomers which are soft (shear
modulus 66—-140 kPa) and conductive (0.006—-0.054 S/m). These findings broaden the utility

of bottlebrush polymers to improve the properties of advanced composites.

Results and discussion

Molecular design and synthesis

PAMCL side chains were used as the bottlebrush matrix chemistry due to its low 7, and
lack of crystallinity, which are crucial properties for soft elastomers.*** Similarly, tin ethyl-
hexanoate (SnOct;) was used as the transesterification catalyst as it has been well-established
to promote exchange at elevated temperatures while being largely dormant under ambient
conditions.**!!%!”8 The previously used bis-lactone crosslinker had limited solubility in
4MCL monomer so a newly reported bis-lactone with a PEG-based linker was synthesized
to have improved solubility.*>!!? The network curing chemistry is given below in Figure 48.

Bottlebrush polymer network design principles suggest that longer backbones (i.e.,
higher degree of polymerization of the backbone, Nap) are preferable for soft networks as
they allow access to lower crosslinking densities, but the viscosity of bottlebrush polymers
also scales with Npp (assuming the sidechain M, is held constant). Thus, high Ngg (= 400)

samples were too viscous to be incompatible with our CNT dispersion process (as detailed
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in the experimental methods). More moderate Npp polymers (= 100) better balanced the trade-
off of pre-cured viscosity and post-cured softness. To further facilitate mixing, the
bottlebrush polymer was plasticized 4MCL monomer. Due to the living nature of the ring-
opening polymerization, this plasticizer is incorporated directly into the network—by
propagating from the ends of side chains or alcohols generated from crosslinking—during
the annealing process as shown in Figure 48. Full synthetic methods and characterization of

the materials used in this study are described in the experimental methods section.
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Figure 48. a) Two step synthesis of a bis-lactone crosslinker with improved solubility. i)
Cyclohexanone (2.2 eq.) was added to a solution of dithiol in dichloromethane with a catalytic amount
of triethylamine (0.1 eq.) and stirred overnight at room temperature; ii) meta-Chloroperoxybenzoic
acid (9 eq.) was added to a 0 °C solution of the precursor in dichloromethane and stirred overnight.
b) Networks formation proceeds in a single step: iif) At room temperature, Sn(Oct), (1.5 wt% relative

to the reaction mass) was added to the reaction solution and heated to 180 °C for 20 minutes.
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Mechanical characterization of polymer and composite networks

A series of samples was prepared from a 170 kDa bottlebrush polymer (Npg = 85, Nsc =
15) with varying amounts of crosslinker (from 0.5 wt% to 3 wt%) to assess the efficiency of
the new crosslinker. The catalyst and crosslinker loadings were kept constant at 1.5 wt% and
20 wt%, respectively (complete formulations with calculated equivalents are provided in
Table 15Table 16Table 17Table 18). Network formation proceeds rapidly at 180 °C,
nearing complete conversion within 20 minutes (Figure 49a). After curing, the samples were
cooled immediately to 25 °C and frequency sweeps were used to measure the rubbery plateau
modulus (Figure 49b). The final material showed low plateau moduli from 18 kPa to 160
kPa (values well within range of various biological tissues)'>® that were easily tuned through
formulation. For composite samples, the lowest crosslinker loading was used to determine if

the bulk polymer softness could be retained despite the inclusion of CNT-filler particles.
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Figure 49. Mechanical data showing a) the curing traces of various bottlebrush polymer resins
(truncated to highlight region of interest, for full trace refer to Figure 58) and b) frequency-

dependent modulus data capturing the room temperature rubbery plateau.

The dispersion of carbon nanotubes was achieved by mechanically mixing CNT bundles

into a bottlebrush polymer precursor (M, = 150 kDa, Ngs = 88, Nsc = 12) plasticized by 14
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wt% 4MCL monomer. For the composite materials, guided by previous formulation results,
a crosslinker loading of 0.5 wt% was targeted to minimize the resulting sample stiffness. The
final formulation of these samples was analogous to those shown in Figure 49, but with the

inclusion of CNT-filler: 0, 0.25, and 0.5% by weight (full formulations given in Table 19,

Table 20, and Table 21). As evidenced by optical microscopy (Figure 52), the simple
mixing process works well on a gram scale to generate homogeneously dispersed CNT-doped
bottlebrush polymer resins. Because high quality dispersion is critical to achieve optimal
composite properties, various strategies for improving dispersion have been developed.
These include, increasing the chemical compatibility of the CNTs and polymer matrix (e.g.,
CNT surface functionalization or addition of surfactant/dispersant molecules) and employing
aggressive mixing techniques (e.g., ultrasonication or bead milling). To our delight, we found
that a simple, solvent-free mixing process resulted in composites with good electrical and
mechanical properties. Our process involved centrifugal mixing with ceramic cylinders
added to promote shear forces to break up the CNT agglomerates. Although batch sizes in

our studies rarely exceeded one gram, this mixing process can be readily scaled up.

The curing traces in Figure 51a show that the inclusion of CNT-filler obfuscates the
development of a plateau, so the composite samples were annealed under the same conditions
as the unfilled samples. Analysis of the curing traces is complicated by the fact that these
materials behave elastically even prior to crosslinking as a result of their percolated filler
content. This is readily observed in the pre-curing frequency sweeps, which show a rubbery

plateau at low frequencies (Figure 50).
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Figure 50. Frequency sweeps of the samples from Figure 51 before curing. Samples with CNT-

filler are elastic.

When cooled to room temperature, samples with 0, 0.25, and 0.5 wt% CNTs have shear
moduli (G') of 31, 66, and 140 kPa, respectively. Another reported dynamic polyester CNT
composite of similar filler loading (i.e., 0.25 wt% CNT) had a shear modulus of =70 MPa,
nearly three orders of magnitude stiffer than the composites reported here.!”® Notably, a
recently reported dynamic composite with a similar modulus (0.5 wt% CNT, 64 kPa) was
achieved, but required 70 wt% solvent.!*® However, directly comparing modulus values of
composites can be difficult as they are highly dependent on both the dispersion process and

polymer matrix chemistry.'’®!%!
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Figure 51. a) Composite bottlebrush polymer samples rapidly cure at 180 °C. b) Room temperature

frequency sweeps after curing show a rubbery plateau.
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b) 0.25wt% 0.5 wt%

Figure 52. a) Optical images of two thin films with 0.25 wt% and 0.5 wt% CNTs. b) Optical

microscopy (1000x zoom) showing even CNT dispersion in the bottlebrush polymer matrix.

When heated beyond the 20 minutes which is required to cure the matrix network, the
composite samples show a steady rise in modulus. This secondary curing process happens
on a much longer timescale than the initial network formation and shows a nearly linear slope
over time, in contrast to the characteristic S-shaped curing curves for samples without CNTs.
We hypothesize that this secondary curing could stem from reactions between the bottlebrush
polymer (specifically, terminal hydroxyl groups on the side chains) and functional group
defects on the CNT surface (e.g., carboxylic acids and esters).!®? Interestingly, even in the
absence of crosslinker and catalyst, this behavior persists (as shown in the experimental
methods Figure 59), further indicating that deleterious side reactions between the bottlebrush

polymer and the CNT surface could account for the rise in modulus.
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Electrical properties of bottlebrush/CNT composites

The electrical properties of our bottlebrush—-CNT composites were measured by AC
impedance spectroscopy. Both the 0.25 and 0.5 wt% CNT composites exhibited stable
conductivity across a wide frequency range (Figure 53). The samples had frequency-
independent resistance and in-phase current and voltage (ideal resistor behavior) in this
frequency range, with negligible capacitance (Figure 54). The DC conductivity, opc, was
calculated from the plateau value of the resistance in the low frequency limit (0.1 Hz). The
0.25 and 0.5 wt% samples had DC conductivities of 0.006 and 0.054 S/m, respectively.
Conductivity increased with CNT loading as expected and the values were in the range of

previously reported composites of similar CNT loadings.
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Figure 53. Conductivity of the 0.25 and 0.50 wt% CNT composite samples measured in the

frequency range of 0.1 Hz to 10 kHz.
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Figure 54. Bode plots of the 0.25 and 0.50 wt% CNT composite samples showing ideal resistor

behavior in the range of 0.1 Hz to 10 kHz.

Table 14. Summary of PAMCL-CNT composite properties.

CNT Concentration (wt%) Modulus (kPa) Conductivity (S/m)
0 31 -
0.25 66 0.006
0.5 140 0.054
Self-healing

Previously, polyester bottlebrush polymer networks have been shown to be dynamic and
capable of efficient self-healing.*® However, given the secondary curing that we observe

during extended heating in the presence of CNTs, stress-relaxation experiments were not
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performed at elevated temperatures on the composite networks. Instead, to gauge whether
the dynamic bottlebrush matrix can be exploited in CNT composites, a simple self-healing
experiment was attempted. Two rectangular samples were created; one was kept as a pristine
control while the other was damaged, then re-healed by annealing in a mold at 180 °C for 1
hour. Macroscopically, the damaged pieces reformed a cohesive solid, but with a very
apparent surface roughness. To more quantitatively evaluate healing efficiency, the moduli
of the two samples were measured by DMA (Figure 55a). The pristine sample had a tensile
modulus (£') of 200 kPa, which agrees with the value predicted from rheology under the
assumption of volume-conserved deformation, £’ = 3G'= 3(66) = 198 kPa,'®? while the healed
sample had a significantly lower £’ = 82 kPa. This result indicates that the material recovers
approximately 40% of its original stiffness, lower than we would have expected from
previous work on self-healing bottlebrush elastomers, perhaps due to the presence of the CNT
filler particles.
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Figure 55. Self-healing study of a 0.25 wt% CNT composite sample with 0.5 wt% crosslinker. a)
Dynamic mechanical thermal analysis showing partial recovery of the tensile modulus (measured on
cooling ramp at 5 °C/min). b) Optical microscopy of pristine and healed samples; the scale bars are

1 mm. ¢) Pictures taken through the healing procedure.
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Conclusion

In this chapter, we explored a novel concept to access super-soft composites that exploits
the bottlebrush polymer architecture. By using carbon nanotubes as the filler particles, the
resulting composites achieve percolation at relatively low loadings. Specifically, two
compositions were investigated with CNT loadings of 0.25 wt% and 0.5 wt%. Although
stiffer than unfilled samples of similar composition (G’ = 31 kPa), the resulting composites
had low modulus values (G’ = 66 kPa and 140 kPa) and comparable conductivities (0.006
and 0.054 S/m?) to linear analogues. We anticipate the findings reported here will be of
significant interest to the community as a novel strategy for achieving composites with both

high compliance and conductivity.

Experimental methods
Reagents and solvents

Reagents and solvents were used as received except where otherwise noted.
Methylene chloride (“DCM”, ACS grade, >99.5%), methanol (“MeOH”, 99%), and ethyl
vinyl ether (“EVE”, 99%) were purchased from Fischer Scientific and used as received.
Tin(IT) ethyl hexanoate (Sn(Oct)2, Aldrich, 92.5-100%) was purified by fractional
distillation (3x) under reduced pressure (0.05 Torr, 150 °C) and kept in a nitrogen-filled
glovebox. 2,2'-(Ethylenedioxy)diethanethiol (95%), 2-cyclohexen-1-one (295%), and 3-
chloroperbenzoic acid (>70%) were purchased from Millapore Sigma. 4-
Methylcaprolactone (“4MCL”) was prepared according to previously reported methods'!?
and further purified by three consecutive fractional distillations over calcium hydride
(CaH2, Fisher Scientific, 93%). Macromonomer initiator (N-(hydroxyethyl)-cis-5-
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norbornene-exo-2,3-dicar-boximide, “NbOH”) was also prepared according to previously
reported methods*® and further purified by recrystallization from chloroform. Grubbs
second-generation metathesis catalyst [(H2IMes)(PCy3)2(Cl)Ru=CHPh, “G2”] was
generously provided by Materia. G2 was converted to Grubbs third-generation metathesis
catalyst [(Hz2IMes)(Pyr)2(Cl)Ru=CHPh, “G3”] following a previously reported

method.'®3

Size-exclusion chromatography instrumentation

Size-exclusion chromatography with multi-angle light scattering detection (SEC-MALS)
was performed using two Agilent columns (PLgel, Sum Mini MIX-D, 250%4.6 mm)
connected to a Waters Alliance HPLC System, 2690 separation module pump, Wyatt 18-
angle DAWN HELEOS-II light scattering detector, and Wyatt REX differential refractive
index detector using THF as the mobile phase. The absolute molar mass was determined by
light scattering using online determination of dn/dc by assuming 100% mass elution under
the peak of interest. Mass spectrometry data were collected on a Waters GCT Premier high-
resolution time-of-flight mass spectrometer in the electron ionization mode. This instrument

has a working mass range up to 800 m/z.

Synthetic details

Crosslinker was synthesized by a two-step method as shown in Figure 48a. In the first
step, 2.6 g (14.2 mmol, 1 eq) of 2,2'-(ethylenedioxy)diethanethiol was diluted in 20 mL of
dichloromethane. To the stirred solution, 0.14 g (1.4 mmol, 0.1 eq) of triethylamine was

added and the reaction vessel was cooled to 0 °C. To the cooled solution, 3.0 g (31.2 mmol,
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2.2 eq) of 2-cyclohexen-1-one is added dropwise. The reaction is stirred overnight and
allowed to warm to room temperature, at which point the conversion was determined to be
near quantitative. The product was isolated by removing the excess reagents in vacuo,
giving 4.6 g (14.2 mmol, 98% yield), and used in the subsequent transformation without
further purification. "H NMR (600 MHz, Chloroform-d) & = 3.60 (t, J = 6.8 Hz, 4H), 3.57
(s,4H), 3.10 (tt, J=10.3, 4.1 Hz, 2H), 2.71 (t, J = 6.69 Hz, 4H), 2.67 (m, 2H), 2.33 (ddd, J
=1.3,10.56, 14.26 Hz, 4H), 2.27 (m, 2H), 2.1 (m, 4H), 1.67 (m, 4H).

For the following reaction, 2 g of the product from the previous reaction (5.3 mmol, 1
eq) is diluted in 50 mL dichloromethane and cooled to 0 °C. To the stirring and chilled
solution, 11.1 g (48.1 mmol, 9 eq) of meta-chloroperoxybenzoic acid was added and
allowed to react overnight. Conversion was monitored by NMR and upon complete
conversion, the reaction was filtered (to remove precipitated meta-chlorobenzoic acid) and
purified by column chromatography using a solvent gradient from pure dichloromethane to
pure acetone. The final product was isolated as 1.46 g (58% yield) of a waxy solid. 'H
NMR (600 MHz, cdclz) 6 =4.34 (dd, J=13.1, 5.5 Hz, 2H), 4.22 (dd, /= 13.2, 10.4 Hz,
2H), 3.93 —3.83 (m, 4H), 3.60 (d, /=4.2 Hz, 4H), 3.43 (td, J=11.6, 2.8 Hz, 2H), 3.42 —
3.22 (m, 4H), 3.18 (dd, J=13.8, 3.3 Hz, 2H), 2.93 (dd, /= 13.7, 11.6 Hz, 2H), 2.49 - 2.43
(m, 2H), 2.21 (dq, J = 14.8, 4.7 Hz, 2H), 2.01 — 1.91 (m, 2H), 1.90 — 1.81 (m, 2H). *C
NMR (126 MHz, cdclz) 6 171.52, 171.43, 70.40, 70.36, 70.30, 68.59, 68.57, 64.58, 64.46,
57.77, 57.69, 50.93, 50.86, 33.46, 33.40, 33.18, 32.64, 30.92, 27.27, 27.22, 27.14, 27.04,

26.83, 21.05.
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Macromonomer and bottlebrush polymers were synthesized according to the synthetic
procedures described in Chapter III. The SEC traces and characterization for the first

macromonomer and bottlebrush system described are given below in

Normalized dRI

—
| | | 1 |
6 7 8 9 10 11

Retention Time (min)

Figure 56. SEC trace of macromonomer (M, = 2.1 kDa, M, = 2.3 kDa, B = 1.1) and bottlebrush
polymer (M, = 170 kDa, My, = 190 kDa, B =1.1).
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Figure 57. SEC trace of macromonomer (M, = 1.7 kDa, My = 1.9 kDa, B = 1.1) and bottlebrush

polymer (M, = 150 kDa, My, = 170 kDa, B =1.1).

Carbon nanotube dispersion

Single-walled carbon nanotubes (Single Walled Carbon Nanotubes 95, Cheap Tubes Inc.)
were incorporated into PAMCL bottlebrush polymer using centrifugal mixing (FlackTek
SpeedMixer) with ceramic cylinders to promote particle dispersion. Advantages of this
dispersion method include solvent-free processing and safe, contained mixing suitable for
powders such as CNTs; one requirement of this technique is a minimum batch size of
approximately 1 g to achieve proper mixing. To help promote good mixing, the bottlebrush

polymer was plasticized with approximately 14% by weight 4MCL monomer. The mixing
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protocol began with a slow ramp in the mixing speed to 1500 RPM, at which point the sample

was mixed for 45 minutes. The ceramic cylinders are not stable at speeds above 1750 RPM.

Mechanical analysis

Frequency sweeps and in situ curing traces were obtained on a TA Instruments ARES-
G2 with an 8 mm parallel-plate geometry and a nitrogen-purged forced convection oven.
Strain sweeps were first collected to ensure the subsequent experiments would be within the
linear viscoelastic regime (with a typical strain value being 1%). Frequency sweeps were
collected from 100 rad/s to 0.1 rad/s and the reported plateau moduli correspond to the
modulus as measured at the lowest frequency. Temperature-dependent modulus data were
obtained on a TA Instruments DMA 850 with a film clamp geometry and a nitrogen-purged
oven using a strain of 0.01% at a frequency of 1 Hz and a temperature ramp rate of 3 °C/min.

Samples were approximately 3 mm by 8§ mm by 1.5 mm.

Impedance spectroscopy

The complex impedance was measured in the range of 0.1 Hz — 10 kHz using a Solartron
1260 Frequency Response Analyzer (100 mV AC amplitude, 4.5 V DC bias). Conductivity

was extracted from the resistance using the electrode area and sample thickness.

Network formation procedure

For samples without CNT filler, the crosslinker and catalyst were first weighed into a

tared vial. 4MCL monomer was then added to help homogenize the crosslinker and catalyst
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in solution. Lastly, PAMCL bottlebrush polymer was weighed into the vial and the contents
were stirred until solution was well-mixed. The resulting viscous paste was held under
vacuum overnight to facilitate the removal of any bubbles that formed during the mixing
step. The reaction mixture was then loaded onto the parallel plates of the rheometer and cured

in situ at 180 °C for 20 minutes. The full curing traces of the unfilled samples are given below

in Figure 58.
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Figure 58. Non-truncated curing traces for unfilled samples.

For CNT-composite samples, a similar procedure was used. First, the crosslinker and
catalyst were weighed into a tared vial. Then, a portion of the 4AMCL monomer was added to
help homogenize the crosslinker and catalyst in solution. Lastly, a mixture of PAMCL
bottlebrush polymer with approximately 14% by weight 4MCL monomer and a variable
amount of dispersed carbon nanotubes was added to the tared vial. This mixture was
rigorously stirred until it was well-mixed. The resulting composite paste was held under

vacuum overnight to facilitate the removal of any bubbles that formed during the mixing
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step. The reaction mixture was loaded onto the parallel plates of the rheometer and cured in
situ at 180 °C for 20 minutes, exactly analogous to the non-CNT samples.

Before curing, the non-filled samples flow like viscous polymers as expected, but the
CNT-filled samples behave very differently. Once the CNT-filler is dispersed, the
CNT/bottlebrush polymer mixture has a distinct elasticity. This is presumably due to

mechanical percolation of the filler.

Table 15. Formulation details of the sample with 0.5 wt% crosslinker from Figure 49.

Molecular weight

Compound (g mol™) Mass (mg) wt%  mmol X103 Eq
P4MCL bottlebrush polymer 170,000 250.0 77.9% 1.47 1.0
4MCL monomer 470.13 64.2 20.0% 501 341
Crosslinker 405.12 1.7 0.5% 3.68 2.5
Sn(Oct)? 128.17 5.0 1.6% 12.4 8.4

Table 16. Formulation details of the sample with 1 wt% crosslinker from Figure 49.

Molecular weight

Compound (g mol™) Mass (mg) wt%  mmol X103 Eq
P4MCL bottlebrush polymer 170,000 250.0 77.4% 1.47 1.0
4MCL monomer 470.13 64.6 20.0% 504 343
Crosslinker 405.12 3.5 1.1% 7.35 5.0
Sn(Oct)? 128.17 5.0 1.5% 12.4 8.4

Table 17. Formulation details of the sample with 2 wt% crosslinker from Figure 49.

Molecular weight

Compound (g mol™) Mass (mg)  wt%  mmol x10°  Eq
P4MCL bottlebrush polymer 170,000 250.0 76.4% 1.47 1.0
4MCL monomer 470.13 65.5 20.0% 511 347
Crosslinker 405.12 6.9 2.1% 14.7 10.0
Sn(Oct)? 128.17 5.0 1.5% 124 8.4
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Table 18. Formulation details of the sample with 3 wt% crosslinker from Figure 49.

Compound MOIZ‘E?&YY)G ight Mass (mg) wt%  mmol X103 Eq
P4MCL bottlebrush polymer 170,000 250.0 75.4% 1.47 1.0
4MCL monomer 470.13 66.3 20.0% 518 352
Crosslinker 405.12 10.4 3.1% 22.1 15.0
Sn(Oct)? 128.17 5.0 1.5% 12.4 8.4

Table 19. Formulation details of the 0 wt% CNT composite sample from Figure 51.
Molecular weight o 3

Compound (g mol™) Mass (mg) wt%  mmol X10 Eq
P4MCL bottlebrush polymer 170,000 350.0 77.9% 2.22 1.0
4MCL monomer 470.13 90.0 20.0% 702 317
Crosslinker 405.12 2.4 0.5% 5.10 2.3
Sn(Oct)? 128.17 6.7 1.5% 16.3 7.5
Carbon nanotubes n/a 0.0 0.00% n/a n/a

Table 20. Formulation details of the 0.25 wt% CNT composite sample from Figure 51.

Compound MOIZ‘E?&YY; ight Mass (mg) wt%  mmol X103 Eq
P4AMCL bottlebrush polymer 170,000 170.9 77.5% 1.08 1.0
4MCL monomer 470.13 44.6 20.2% 348 322
Crosslinker 405.12 1.2 0.5% 2.55 2.4
Sn(Oct)? 128.17 33 1.5% 8.15 7.5
Carbon nanotubes n/a 0.5 0.25% n/a n/a

Table 21. Formulation details of the 0.5 wt% CNT composite sample from Figure 51.
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Molecular weight

Compound (g mol™) Mass (mg)  wt%  mmol xX10° Eq
P4AMCL bottlebrush polymer 170,000 171.6 77.5% 1.09 1.0
AMCL monomer 470.13 443 20.0% 345 318
Crosslinker 405.12 1.2 0.5% 2.55 24
Sn(Oct)? 128.17 33 1.5% 8.15 7.5
Carbon nanotubes n/a 1.1 0.51% n/a n/a
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Figure 59. Curing of a 0.25 wt% CNT bottlebrush polymer mixture in the absence of catalyst or

crosslinker shows secondary curing events over a long time-scale.
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