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Reprocessable and Chemically Recyclable Hard Vitrimers

Based on Liquid-Crystalline Epoxides

Thi En Trinh, Kyosun Ku, and Hyeonuk Yeo*

The rapid increase in demand for recyclable and reusable thermosets has
necessitated the development of materials with chemical structures that
exhibit these features. Thus, functional mesogenic epoxide monomers bearing
both ester and imine groups that can be vitrimerized and recycled are reported
herein. The compounds show mesophase characteristics at 100-200 °C

and can be converted into hard epoxides by a common curing reaction. The
obtained hard epoxides have high isotropic thermal conductivity (=0.64 W m™'
K™), which is derived from their highly ordered microstructures. The cured
products can be easily reprocessed through imine metathesis and transesteri-
fication, and decomposed products can be obtained through imine hydrolysis
under acidic or basic conditions and subsequently be re-cured. Surprisingly,
recycled materials can be repeatedly reprocessed or chemically decomposed.
The reprocessed materials retain the properties of their pristine counterparts,
and the recycled products preserve the advantages of the hard thermosets
without alteration to any of their unique properties. A dehydration reaction
occurs between the residual hydroxyl groups during the re-hardening, which
dramatically increases the glass transition temperature by =60 °C. These
reprocessable and recyclable vitrimers demonstrate the effectiveness and

insoluble and infusible after curing, which
hinders their reprocessing and recycling,
thereby leading to environmental prob-
lems.*-®l To solve this reuse-related issue,
numerous studies have recently been
conducted on thermosetting resins that
behave as thermoplastic resins when their
crosslinked structure dissociates under
certain conditions owing to their dynamic
crosslinking covalent bonds."-! These
new-class polymers, which were named
vitrimers in 2011, have monomers that con-
tain two or more polymerizable functional
groups, one of which comprises reac-
tive functional groups capable of revers-
ibly crosslinking and dissociating under
certain conditions.'™12 Alternatively, vit-
rimers can be designed by introducing a
dynamic crosslinking functional group to
thermoplastic polymers.[31¥1  Commonly
used dynamic crosslinking functional
groups include esters,”1® carbonates,!"]

environmental friendliness of the molecular design strategy reported herein.

1. Introduction

Thermosetting resins such as epoxy resins exhibit several excel-
lent properties, facilitate the fabrication of composite materials,
and are extensively used in a diverse range of materials ranging
from daily-use substances to aerospace materials.' However,
unlike thermoplastic resins, most thermosetting resins are
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urethanes,?”! and disulfides.?!! Addition-
ally, the topological freezing temperature
(T,), which is the temperature at which
the melt viscosity reaches 10'? Pa s, can be
tuned depending on the system design parameters, such as the
chemical structure and the presence or absence of a catalyst.[?223]
Vitrimers possess the mechanical durability of thermosetting
resins at temperatures below T, and have potential utility as
environmentally friendly, innovative materials because of their
processability and recyclability at temperatures above T;,[*4%]
However, existing cutting-edge materials typically exhibit a
trade-off relationship between their environmental friendliness
and functionality. Therefore, materials such as vitrimers, which
have been found to show limitations in fundamental investi-
gations, require enhancements in their electrical, optical, and
thermal properties.[?®27] Vitrimers essentially inherit the charac-
teristics of the base thermosetting resin, because of which they
exhibit properties such as adhesion and excellent insulation in
the case of epoxy resin systems, as well as transparency and
heat resistance in the case of acrylic resin systems.>?8 Addi-
tionally, most vitrimers including urethane resin systems can
serve as advanced stimulus-responsive materials owing to their
elasticity.?*3% From the viewpoint of applying plastics in prom-
ising industries, vitrimers can facilitate the development of
advanced electronic products. In this regard, the development
of vitrimers for composite materials and improvement of their
properties are underway, with their heat dissipation characteris-
tics, in particular, requiring enhancements for use in small and

© 2023 Wiley-VCH GmbH
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ABSTRACT: Bismaleimide (BMI) resins are high-performance
thermosets that are primarily used in aerospace because of their
exceptional heat resistance and physical properties. However, their
growing demand has led to significant environmentally unfriendly
waste. To address this, our research proposes a reprocessable BMI
system using a newly synthesized BMI vitrimer (BMIV) with
functional groups that form covalent adaptable networks (CANS).
To enhance the properties, a symmetrical BMI with two ester
groups introduced into the rigid rod molecule was designed as a
CAN component. After confirming the structure using various
spectroscopic techniques, BMIV was coupled with aromatic
diamines via an additional aza-Michael reaction to obtain the
cured resins. Subsequently, the mechanical properties and reprocessing behavior of the thermally stable and optimized thermosetting
material with the best performance were evaluated, and the evidence, mechanism, and activation energy of the topology
rearrangement are reported in detail.

BMI (bulk)

BMI ipowder)

Heating
Compression

Ill mlwll'lﬂ
o 1 2 3

hermosets are a family of polymers categorized by their decades ago,” vitrimers have been extensively researched, and

profound thermal and mechanical durability, which various methods of designing CANs have been explored.
makes them favorable for use in intense working environ- Vitrimers can undergo several chemistries, including trans-
ments."”” These characteristics stem from the irreversible and esterification, transalkylation, disulfide metathesis, transamina-
stable three-dimensional networks formed through covalent tion, transcarbamoylation, and imine exchange, with or without
bonds as cross-links between linear polymer chains.’ the use of a catalyst.”' ~**
Thermosets include epoxies, bismaleimides (BMlIs), unsatu- To date, researchers have reported numerous thermosetting
rated polyesters, and polyurethane. Among these, BMI resins materials that exhibit vitrimer-like behavior and leverage the
have been recognized as a high-performance material that advantages of CANs to demonstrate reprocessability, remold-
possesses properties strictly required for aerospace and ability, reconfigurability, and self-healing ability.zs_28 However,
aeronautic applications.” These properties include high glass in the field of BMI resins, reports on BMI resins remain very
transition temperatures, high thermal and oxidative stability, limited even though there are many reports on utilizing
excellent mechanical properties, a relatively low dielectric maleimide as a component in Diels—Alder chemistry.””*"

. .59
constant, 'a'nd low moisture absorption.” ) o Shibata’s group developed reprocessable and self-healable BMI
In addition to these advantages, the irreversibility of the thermosets that contain disulfide bonds capable of undergoing

chemical structure of thermosetting polymers, particularly BMI thermally induced disulfide metathesis.*** Additionally, Ning
resins, renders them incapable of being reprocessed or

reshaped once cured, which results in cross-links."” Con-
sequently, even the smallest mistake during the shaping
process or the spoilage of thermoset pieces causes these
materials to become a permanent waste burden on the
ecosystem.'”'? Generally, covalent adaptable networks
(CANs) are incorporated to overcome the challenge of
producing sustainable thermosets without sacrificing their
most desirable properties.”>~'" These networks feature
dynamic linkages that can be exchanged under external stimuli,
such as heat and pressure, making it possible for thermoset
pieces such as vitrimers to be reprocessed and reused multiple
times. Since their initial introduction by Leibler et al. over two

et al. introduced synthetic curing agents for triple-shape
memory BMI thermosets that can be remolded based on
transesterification.”® Their reports demonstrate reprocessabil-
ity derived from curing systems designed for commercial BMIs.
The issue is that the reported BMI systems face challenges,
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ARTICLE INFO ABSTRACT

Keywords: Liquid crystal networks (LCNs) are advanced materials with applications in medical devices and aerospace owing
Liquid crystal to their reversible adhesion, shape memory, and self-healing properties. Traditional LCN synthesis involves
Elastomers acrylate-based liquid crystal (LC) monomers and photopolymerization; however, it has limitations such as ox-
E?Z:s}llinker ygen sensitivity, shrinkage, and thickness constraints. Epoxy-based LCNs using anionic ring-opening polymeri-

zation overcome some of these issues but still face challenges such as the need for high-purity solvents and
reduced thermal and mechanical properties due to short-chain polymers. Here, we present a solvent-free, one-
step, fast-curing method for synthesizing LCNs via heat compression in an atmospheric environment. This process
incorporates LC diepoxide (D), acting as a chain extender and crosslinker, with LC monoepoxide (M), forming the
side-chain linear polymer. Imidazole initiates the curing reaction at LC temperatures, ensuring fast curing and
optimized crystallinity, which successfully induces LCN formation. Increasing the D content improves chain
extension or crosslinking, forming LCN networks with varying crosslinking densities. All samples exhibit thermal
conductivity over 0.55 Wm™'K~!. Samples with a higher D content demonstrate superior mechanical properties
and thermal stability. Notably, samples with a balanced epoxide ratio exhibit crystalline structures and the
highest thermal conductivity. This method efficiently enables the cost-effective production of epoxy-based LCNs
with customizable properties.

Side-chain polymer
Thermal conductivity

1. Introduction polymerizable groups such as acrylates. The former results in elasto-

meric properties, which are beneficial for actuators and sensors [12,13],

Liquid crystalline networks (LCNs), which include liquid crystalline
elastomers (LCEs) and liquid crystalline thermosets (LCTs), represent
polymer classes with significant potential for advanced functional ma-
terials. These materials exhibit exceptional properties owing to their
anisotropic shapes, making them suitable for applications in soft ro-
botics, responsive surfaces, and photonics [1-4]. LCEs have a low
crosslinking density, enabling high deformation, whereas LCTs exhibit
greater rigidity due to higher crosslinking, thereby limiting their
deformation. LC epoxy resins enhance properties such as fracture
toughness, thermal stability, and moisture resistance [5-11].

LCNs can be produced using different starting materials and through
different polymerization techniques. There are two primary methods
commonly employed: one involves crosslinking liquid crystal side-chain
linear polymers, while the other utilizes reactive LC monomers with

whereas the latter produces highly crosslinked networks suitable for
optical applications and soft robotics [14-19]. Photopolymerization, a
frequently used technique in LCN production, encounters challenges
such as light penetration issues, shrinkage, and sensitivity to oxygen
[20]. To overcome these challenges, LC monomers containing epoxide
groups are preferred over traditional acrylates due to their advantages
such as reduced shrinkage, enhanced alignment, and the ability to un-
dergo post-curing [21-26]. However, polymerizing reactive LC mono-
mers through cationic ring-opening and ionic coordination pathways
may lead to low yields and the formation of side products [27-31].
Anionic ring-opening polymerization using t-BuOK and 18-crown-6 can
enhance control but still results in low yield and limitations in molecular
weight [31-37]. Recent advancements have been made using LC epoxy
monomers with short spacer chain lengths and low temperatures,
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