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H istorically, thermosets have been exactly what their name
implied—permanent, intractable, insoluble, largely inert,
covalently crosslinked polymer networks. These polymers
are ideal for various high-temperature, structural, or compo-
site applications ranging from wind turbine blades to adhe-
sives; however, their performance and implementation are
limited by their irreversible chemical structure.

Recent approaches combine the desirable attributes of
conventional thermosets with the dynamics of controllably
reversible bond structures to yield covalent adaptable net-
works or CANs.[' The combination of these two material
features is broadly enabling; mending or self-healing?
triggerable shape change or stress reduction,” and recycling
or reprocessing of thermosets have been achieved.! CANs
are broadly classified into two types, the dynamic structure of
which is achieved either kinetically through bond exchange or
by equilibrium shifts resulting in reversible depolymerization.

Adaptive network behavior is facilitated in networks that
incorporate exchangeable chemical bonds throughout the
elastically active network chains. Exchangeable bonds, as
illustrated in Figure 1, undergo cleavage and reformation in
a manner which conserves the total number of bonds, and
therefore the crosslinked structure and modulus. When the
characteristic time for bond rearrangement is slower than the
duration of an applied stress, the material behaves as
a classical, elastic thermoset; however, when the bond
exchange dynamics are sufficiently rapid relative to the
duration of an applied stress, the CAN becomes viscoelastic.

While recently implemented more broadly, crosslinked
networks that incorporate dynamic bond structures have been
used for decades. Crosslinked rubbers with disulfide bridges
have long been known to undergo bond exchange where
relatively weak, unstable disulfide bonds undergo bond
cleavage and reformation.”! The result of this dynamic
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Figure 1. Bond exchange reactions within polymer networks. a) An
active species undergoes an exchange reaction that results in bond
exchange and formation of a new active species, which subsequently
undergoes additional exchange reactions. b) When the exchange
reaction occurs within the backbone of a polymer network, the effective
diffusion of reaction events rearranges the overall network connectivity
while preserving the total bond and crosslink density.

response is a complex rheological behavior including plastic
deformation, that is, creep, of otherwise elastic networks.
Figure 2 illustrates two bond exchange mechanisms imple-
mented in CANs. Addition—fragmentation chain transfer
(AFT) capable moieties such as allyl sulfides or trithiocar-
bonates were recently incorporated in CANs. Radical gen-
eration and the subsequent bond exchange (Figure 2a) occur
upon exposure to light in the presence of a radical-based
photoinitiator to achieve photoinduced plasticity,* photo-
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Figure 2. Two examples of bond exchange reactions. The top reaction
(a) is the thiyl radical-mediated addition—fragmentation of an allyl
sulfide, and the bottom reaction (b) is the transesterification reaction
between hydroxy and ester functional groups. For both reactions, the
reactants and products are identical and the reaction outcome is
simply exchange of bond connectivity.
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lithographically defined features,*! and even photoinduced
healing.[°!

Excitingly, recent work by Montarnal et al.”! has signifi-
cantly extended and expanded the scope of the CAN
approach by creating a polymer network that employs highly
temperature sensitive transesterification (TE) reactions (Fig-
ure 2b) in epoxy networks. In contrast to AFT-based ex-
change reactions,®™ the approach by Montarnal et al. uses
a thermal stimulus to induce the bond exchange and plastic
flow, is fully reversible, does not require a radical generator,
and enables complete reprocessing of the network (Figure 3).
The successful approach of Montarnal etal. depends on
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Figure 3. Tensile stress as a function of strain before (solid line) and
after (dashed line) reprocessing (adapted from Montarnal et al.').
Montarnal et al. formed a network using diglycidylether bisphenol A
and glutaric anhydride in the presence of zinc acetate (10 mol %) and
subsequently performed the tensile test (solid line). The material was
ground to a powder, remolded, and tested again (dashed line). Note:
only two representative data sets from ref. [4] are shown.

strong temperature dependence of the catalyzed TE reaction.
The TE kinetics are three orders of magnitude faster at 100°C
than at ambient temperature and increase further at higher
temperatures. Thus, the material flows and is processed like
a thermoplastic at elevated temperatures, while performing as
anearly ideal, irreversible thermoset at ambient temperature.
Critically, in both AFT and TE systems, the steady-state bond
concentration does not change significantly upon application
of the stimulus. In AFT the number of bonds broken at any
time is on the order of the radical concentration, that is, 107~
10-%m, while in the TE case, no shift in the equilibrium ester
concentration was observed.

In contrast to the bond exchange approach, Chen et al.”!
incorporated thermoreversible bond structures, particularly
Diels—Alder (DA) adducts, throughout the network to
achieve a temperature-sensitive polymerization—depolymeri-
zation equilibrium (Figure 4). The equilibrium extent of DA
adduct formation, for example, a furan-based diene and
a maleimide-based dieneophile, strongly favors low-temper-
ature adduct and network formation and high-temperature
depolymerization. Crack healing and mechanical recovery
were achieved in this highly crosslinked network simply by
elevating the temperature. Interestingly, these DA networks
are such that they are also undergoing a temperature-
dependent bond exchange process resulting from the constant
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Figure 4. Reversible polymerization in a polymer network. a) The
Diels—Alder reaction between furan and maleimide is an example of
a reversible crosslinking reaction as the enabling depolymerization
and, ultimately, b) adaptation in a covalently crosslinked network.

cleavage and reformation of the DA adduct. Thus, at a fixed
temperature, both the mechanical properties and the healing
behavior of these networks become time-dependent in
a complex manner strongly dependent on the DA kinetics.

Specialized applications of polymer networks place an
ever-increasing demand on the thermoset behavior whereas
demands for recyclable and reprocessable structures are
ubiquitous. In response, CANs have been synthesized and
shown to achieve these desirable performance metrics by
synergistically combining the formation of a crosslinked
network with the ability to induce plastic deformation and/
or flow upon demand. However, recent work has only
scratched the surface of the potential reactions and behavior.
There have been only a few reversible covalent reactions
employed for either the bond exchange or depolymerization
approach. As Montarnal showed, each reaction will have
unique behavior and significant advantages.

In considering depolymerizing CANs, novel reactions and
triggers for the depolymerization should be explored. Barner-
Kowollik and co-workers!”! have recently explored a hetero-
DA reaction that uses a cyclopentyl and dithiocarbamyl
functional group to form the adduct where the DA kinetics
were much faster than conventional maleimide—furan sys-
tems. Networks of this type would respond much more rapidly
and hybrid networks containing multiple DA adduct struc-
tures would have unique mechanical and physical behavior. It
would also be advantageous to develop depolymerizing
systems that respond to different stimuli. For many thermo-
setting applications high-temperature thermal stability is
critical to the overall material performance; however, it
remains desirable to heal cracks or to reprocess these
thermally stable systems. Other stimuli such as light of an
appropriate wavelength!® or the use of a particular solvent
would enable this outcome.

Ultimately, CANs will be used in composites, adhesives,
coatings, and other applications for which smart, responsive,
healable, and/or recyclable materials are needed. The behav-
ior achieved by combining reversible covalent bond structures
with thermosetting polymers will drive future research into
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the chemistry, fundamentals, properties, and applications of
these materials.
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