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ABSTRACT: The classical division of polymeric materi-
als into thermoplastics and thermosets based on covalent
network structure often implies that these categories are
distinct and irreconcilable. Yet, the past two decades have
seen extensive development of materials that bridge this
gap through incorporation of dynamic crosslinks, enabling
them to behave as both robust networks and moldable
plastics. Although their potential utility is significant, the
growth of covalent adaptable networks (CANs) has
obscured the line between “thermoplastic” and “thermo-
set” and erected a conceptual barrier to the growing
number of new researchers entering this discipline. This
Perspective aims to both outline the fundamental theory
of CANs and provide a critical assessment of their current
status. We emphasize throughout that the unique
properties of CANs emerge from the network chemistry,
and particularly highlight the role that the crosslink
exchange mechanism (i.e., dissociative exchange or
associative exchange) plays in the resultant material
properties under processing conditions. Predominant
focus will be on thermally induced dynamic behavior, as
the majority of presently employed exchange chemistries
rely on thermal stimulus, and it is simple to apply to bulk
materials. Lastly, this Perspective aims to identify current
issues and address possible solutions for better funda-
mental understanding within this field.

1. INTRODUCTION

The year 2020 will mark the 100th anniversary of Hermann
Staudinger’s revolutionary macromolecular hypothesis, which
first postulated the extended covalent structure of polymers
and radically reshaped their chemical understanding.1 From
this foundation, nearly a century of research has led to a
profound understanding of how macroscopic properties of
polymeric materials emerge from molecular structure, and how
this structure can in turn be manipulated to achieve efficient
polymer production, processing, and performance.2,3 There is
perhaps no clearer example of how structure affects function
than in the comparison of thermoplastics, which contain
unlinked polymer chains that may freely reptate throughout
the material, with thermosets, in which covalent crosslinks bind
the polymeric matrix into a single molecular unit. Con-
sequently, thermoplastics can often be readily melted,
deformed, and processed in the molten state,4 whereas
thermosets feature exceptional thermal, chemical, and dimen-
sional stability due to their permanent network structure. Yet
this fixity comes at a pricethermosets are virtually

unrecyclable except through use as filler materials or
decomposition through specialized chemical approaches.5

Considering the explosive growth of plastics waste resulting
from difficulties in addressing end-of-life usage of polymeric
materials,6,7 there is a pressing need for a new generation of
materials that can be reprocessed like thermoplastics yet still
retain the beneficial properties of a crosslinked thermoset
material. Such a material could have scarcely been realized by
historical polymer chemistry, but the emergence of covalent
adaptable networks (CANs) over the past two decades has
both highlighted the power of modern polymer chemistry
while also challenging the traditional understanding of
thermoplastics and thermosets.
Generally, adaptable networks are materials with crosslinks

that are dynamic under specific stimuli, enabling recyclability8

while still retaining many of the beneficial properties of
thermosets.9,10 These dynamic crosslinks can be either
covalent bonds that undergo exchange with one another (i.e.,
CANs), or they can also consist of non-covalent interactions
such as hydrogen bonding, host−guest interactions, or metal−
ligand coordination (i.e., supramolecular adaptable net-
works).11−14 While we do not wish to understate the utility
or elegance of materials crosslinked with supramolecular
bonds15 (especially considering Nature utilizes many of these
interactions to assemble exquisitely complex biomacromole-
cules), our discussions in this Perspective will focus on CANs
as this crosslinking approach provides an exceptional
combination of high mechanical performance, good recycla-
bility, and facile implementation into applications.
Since the landmark report by Wudl in 2001 on heat-healable

networks crosslinked with Diels−Alder adducts,16 numerous
other reversible reactions and polymerization methods have
been employed for CAN synthesis, and they are summarized in
several of the excellent reviews on this subject.17−19 Bond
exchange typically proceeds by one of two mechanisms: either
a “dissociative” process in which crosslinks are cleaved into
their individual constituent reactive partners before regenerat-
ing, or an “associative” process in which a pendent reactive
group within the network undergoes a substitution reaction
with an existing crosslink (Figure 1). This latter, associative
process is characteristic of the recently developed and highly
exciting “vitrimer” materials,20 which exhibit properties that are
beneficial for many high-performance applications. Yet, the
rapid pace of recent developments has obscured the previously
distinct line between thermoplastics and thermosets, and there
have also emerged challenges and misconceptions in
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distinguishing dissociative and associative mechanisms of bond
exchange in CANs. Our objectives in this Perspective are
therefore to highlight the most enticing methods of accessing
CANs while also summarizing the fundamental properties and
behavior of these materials. We hope that in doing so, we will
provide both new and experienced researchers in the field with
a thorough sense of the state of the art as well as an
unambiguous understanding of the characteristics of each class
of CAN.

2. DISSOCIATIVE CANs
Overview. Dissociative CANs are crosslinked with

reversible covalent bonds that, under a stimulus such as light
or heat, enter into in an equilibrium between open
(dissociated) and closed (associated) states. Bond-breaking
events lead to crosslink cleavage, and the network segments
bearing the released reactive moieties can then diffuse through
the network. After eventually encountering a complementary
reactive moiety, the network segments can react and regenerate
a crosslink. This repetitive process of dissociation, diffusion,
and association, when occurring across an entire material,
enables constructive deformation of otherwise unprocessable
crosslinked materials. However, the necessity of initial
crosslink dissociation imposed by the dissociative exchange
mechanism introduces some practical challenges when working
with dissociative CANs. As the instantaneous crosslink density
of the CAN depends on the value of the equilibrium constant
between associated and dissociated crosslinks (vide infra), the
material properties can be quite sensitive to changes in
stimulus and therefore less predictable than associative CANs.
Additionally, full recovery of the original network integrity
together with the mechanical properties of the materialafter
removal of the stimulus requires all dissociated crosslinks to
eventually react and reassociate. In reality, chain rearrange-
ment, vitrification, or crosslink degradation can impede full
crosslink reformation;17 therefore, dissociative CANs often
exhibit different crosslink densities after processing.
Temperature is perhaps the simplest and most universal

stimulus for modifying chemical processes, so it is unsurprising
that thermoreversible networks are the most common type of
dissociative covalent adaptable materials. Numerous thermor-

Figure 1. Depiction of dissociative and associative bond exchange
pathways for covalent adaptable networks (CANs).

Figure 2. Overview of crosslinking chemistries utilized for dissociative covalent adaptable networks. See refs 23 and 24 (1a), 25 and 26 (1b), 30
(2a), 27−29 (2b), 31 and 32 (3a), 33 (3b), 35 (4), 40 (5), 43 and 44 (6a), 45 (6b), and 36 and 37 (7).
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eversible crosslinking chemistries for healable and reprocess-
able materials have been explored such as Diels−Alder (DA)
cycloadditions,16,21−24 triazolinedione Alder−ene reac-
tions,25,26 hindered urea exchange,27−29 oxime-enabled trans-
carbamoylation,30 1,2,3-triazolium31,32 and anilinium33 trans-
alkylation, boronate ester34 and aminal bond35 exchange, thiol-
Michael36 and aza-Michael37 reactions, radical oligosulfide
exchange,38,39 ring-opening metathesis polymerization
(ROMP),40 and persistent radical approaches using nitro-
xide,41,42 thionitroxide,43,44 or biaryl radicals.45,46 (Figure 2).
Although photoreversible systems are beyond the scope of this
Perspective, it is also worth noting that a remarkable degree of
spatiotemporal control over bond exchange has been achieved
in these types of dissociative CANs.9,47,48 In the following
sections, we will explore many of these dynamic chemistries to
illustrate the fundamental interrelationship between the
association−dissociation equilibrium, gelation behavior of
CANs, and ultimately the emergent material properties.
Dynamic Equilibrium between Associated and Dis-

sociated Crosslinks. Two fundamental attributes of dis-
sociative CANs profoundly impact their temperature-depend-
ent viscoelastic behavior: the dynamic equilibrium of
dissociative bond exchange, and the gel-point in association
with the gel-point temperature. In thermoreversible dissocia-
tive CANs, the equilibrium between dissociated (open) and
associated (closed) crosslinksand thus the crosslinking
densityis a function of temperature. For exothermic
reactions (ΔH < 0), increasing temperatures shift the
equilibrium toward the reactants, thus lowering the crosslink
density of the network and facilitating diffusion of network
strands (Figure 3A).18 At high enough temperatures, when the
equilibrium highly favors crosslink dissociation, the material

depolymerizes to a fluid (either a monomeric mixture or
polymeric melt depending on the network composition), and
upon cooling, it reverts back to a solid in a sol-to-gel transition
when the reformation of crosslinks is favored.17 This was
illustrated by work from Bowman and co-workers, who
investigated the interdependence of temperature, chemical
equilibrium, and the mechanical properties of networks
crosslinked with furan-maleimide DA adducts (Figure 3B).24

Upon heating, the mechanical properties of the material
followed the trend expected for a thermoreversible network: at
lower temperatures, the material behaved like a solid, whereas
further heating of the sample led to a continuous decrease of
the material’s dynamic modulus until liquefaction occurred due
to the shift of the chemical equilibrium toward dissociated DA
crosslinks. In accordance with the observed viscoelastic
behavior, Keq decreased 13-fold from 10.7 to 0.8 M−1 upon
increasing the temperature from 45 to 112 °C, indicating a
significant shift of the equilibrium toward crosslink dissociation
(Figure 3C).
This unique dependence of crosslink density on a

thermodynamic equilibrium imbues thermoreversible dissocia-
tive CANs with highly tunable, temperature-controlled
mechanical properties. For instance, Pei and co-workers
prepared DA crosslinked poly(acrylate) elastomers with
tunable moduli by subjecting fully cured networks to
temperatures between 90 and 160 °C to induce partial DA
crosslink dissociation, followed by rapid cooling to room
temperature, which prevented the complete reformation of the
crosslinks.49 Depending on the heating temperature, the
moduli of the temperature-treated elastomers could be
adjusted from 35 to 85% of the material’s original elastic
modulus. The lowest modulus was found in the network
heated at the highest temperature (correlating to a high extent
of crosslink dissociation), whereas lower heating temperatures
(lower extent of crosslink dissociation) led to higher moduli.
However, since DA association is thermodynamically favored
at room temperature, an increase in the crosslink density and
modulus of the temperature-treated elastomers over time could
be observed.
It is important to note that at constant temperature, the

crosslink density of thermoreversible CANs remains constant
(Figure 3A). However, even at low temperatures where
crosslink association is favored, dynamic bond exchange is
still operative and can imbue networks with viscoelastic
properties. For example, Xie and co-workers exploited the
dynamic character of a furan−maleimide DA network to create
remoldable shape-memory materials with solid state plasti-
city.50 Linear bisphenol A-based polymers with furan side
chains were crosslinked with a sub-stoichiometric amount of
bismaleimide to obtain a DA network with a glass transition
temperature of 35 °C. Even at temperatures as low as 60 °C,
where the chemical equilibrium heavily resides on the side of
the associated DA adducts, there was still sufficient bond
exchange to dissipate applied stress, allowing the networks to
exhibit complete stress relaxation. Exploiting this dynamic
behavior, the crosslinked networks exhibited not only elastic
shape adaptability (above Tg) and remoldability (after the gel-
to-sol transition) but also plasticity in the solid state (at
intermediate temperatures around 100 °C) for permanent
shape reconfigurations. In the most extreme cases, DA
networks can be fully depolymerized at high temperatures to
recover the initial (macro)monomers, introducing a conven-
ient mechanism for material reuse and recycling.51 In fact,

Figure 3. Relationship between temperature, chemical equilibrium,
and material properties in thermoreversible dissociative CANs. (A)
Thermoreversible dissociative CANs undergo dynamic bond ex-
change dictated by the rate constants for the forward and reverse
reaction (kf and kr, respectively), corresponding to an equilibrium
constant between open and closed crosslinks, Keq. (B) Evaluation of
equilibrium thermodynamics shows that, for an exothermic (ΔH < 0)
crosslink association process like the exchange of furan-maleimide
Diels−Alder adducts, crosslink concentration decreases with increas-
ing temperatures (see ref 18). (C) The van’t Hoff plot obtained from
a Fur-Mal crosslinked network shows a 13-fold decrease of Keq upon
increasing the temperature from 45 to 112 °C along with a gel-to-sol
transition at 93 °C. Adapted with permission from ref 24. Copyright
2008 American Chemical Society.
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recyclable DA-crosslinked materials based on industrially
relevant polymers such as polyketones52 or ethylene−
propylene rubbers53 have been realized.
Gel-Point and Gel-Point Temperature. For irreversibly

crosslinked materials, the gel-point describes the well-defined
stage of a polymerization at which an infinite network arises.
Mathematically, this can be defined as the reactive group
conversion where the weight-average molecular weight
diverges.54,55 CANs are no different, but the thermoreversible
nature of crosslinking also introduces a temperature depend-
ence of crosslink conversion. Therefore, a new parameter
describing the gel-point needs to be considered: the gel-point
temperature (Tgel).

18 Critically, once the crosslink exchange
process reaches equilibrium, the crosslink density is time-
independent but can be modified by changing the temperature.
This feature was leveraged by Bowman and co-workers to
conveniently and accurately measure the viscoelastic properties
of a network linked by furan-maleimide adducts near the gel-
point.24 Using the Winter−Chambon criterion for gelation
(i.e., tan δ is frequency-independent at the gel-point) to
precisely find the gel-point temperature of the network, the
authors found that the equilibrium conversion of DA adducts
at Tgel (70.9 ± 0.5%) was in excellent agreement with the
theoretical gel-point as predicted by Flory−Stockmayer theory
(70.7%). The consistency between theory and experiment is
particularly appealing, because the prediction of the
viscoelastic properties of dissociative CANs requires the
assessment of the crosslink conversion relative to the Flory−
Stockmayer gel-point.
Mathematically, this can be rationalized through the

Semenov−Rubinstein (SR) model of thermoreversible gelat-
ion.56 Treating thermoreversible networks as clusters compris-
ing multiple joined polymer chains with reversible crosslinks as

junction points, SR theory shows that the viscoelastic response
of a thermoreversible network can be predicted by taking into
account the time scale of deformation, the effective lifetime of
the reversible crosslink, and the crosslink conversion with
respect to the Flory−Stockmayer gel point. At crosslink
conversions well below the gel-point (T ≫ Tgel), the presence
of dynamic crosslinks has little effect on the material response,
and the viscoelastic properties are dominated by unreacted
(macro)monomers. Close to the gel-point (T ≈ Tgel), the
longest conformational relaxation time increases as more and
more chains associate in larger clusters, and depending on the
average crosslink lifetime, these clusters break into a set of
smaller sub-clusters with shorter relaxation times. Above the
gel-point (T ≪ Tgel), when the cluster size is above the
percolation threshold, full relaxation of the network can only
occur via reversible crosslink dissociation. In this regime, the
terminal relaxation time scales with the crosslink lifetime and
the distance from the Flory−Stockmayer gel-point in terms of
conversion. However, it should be noted that, in this regime,
the ef fective lifetime of a dynamic bond is much longer than the
time scale of individual association/dissociation events.
Conformational changes (and therefore network relaxation)
through dynamic bond cleavage require a released reactive
group to find a dif ferent partner, yet the instantaneous
concentration of free reactive groups is very low above the
gel-point (T ≪ Tgel). Therefore, in the example of a network
crosslinked with furan−maleimide adducts, a particular adduct
may dissociate and reassociate many times before its furan or
maleimide constituents will be able to find a different reaction
partner. This phenomenon also leads to an activation energy
(Ea) of viscous flow that is higher than the Ea of the bond
exchange itself.57 Agreement between the SR model and the
viscoelastic behavior of DA networks above the gel-point was

Figure 4. Effect of N-substituent sterics on the properties of hindered urea bond (HUB)-crosslinked networks. (A) Dissociative exchange of HUBs.
(B) Schematic illustration of the chemical structure of the HUB network investigated by Rowan et al.29 (C) Chemical structures of the HUB
crosslinks displayed in order of their steric bulk (top). Dynamic mechanical analysis of the different networks shows constant rubbery plateaus for
HUBs with lower steric hindrance (bottom). (D) The Arrhenius plot of the characteristic relaxation time τ* versus inverse temperature shows a
linearity within the boundaries of constant network integrity. Adapted with permission from ref 29. Copyright 2017 American Chemical Society.
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proven in a seminal study by Sheridan et al.,58 and later by
Wang and co-workers.59 Although more dissociative CAN
chemistries need to be analyzed, the applicability of the SR
model (and potentially modifications thereof)60,61 to this type
of material with strong reversible covalent crosslinks could
pave the way for better understanding and description of the
rheological behavior of dissociative CANs.
Vitrimer-Like Thermoreversible Dissociative CANs.

The crosslink density in thermoreversible dissociative CANs
inevitably decreases with increasing temperature, as dictated by
the temperature-dependent dynamic equilibrium (Figure 3B).
However, isochronal dynamic mechanical analysis of various
thermoreversible dissociative CAN systems (e.g., hindered
urea,29 1,2,3-triazolium,31,32 nitroxide,42 DA,59,62 acetoacetyl
amide,63 or oxime-carbamate30 networks) revealed a rubbery
plateau of constant modulus between the glass transition and
the gel point (Figures 4, 5, and 6). This suggests that, since the

modulus at the rubbery plateau can be related to the network’s
crosslink density, Keq at these temperatures is large and
strongly favors crosslink association. Therefore, the absolute
variability of crosslink density within this temperature range
appears to be too small to significantly impair the overall
network integrity, causing dissociative CANs to behave
similarly to vitrimers in this temperature region, as will be
shown in upcoming examples.
This vitrimer-like behavior is clearly shown through work by

Rowan and co-workers on the behavior of dissociative
poly(urethane-urea) networks containing hindered urea
bonds (HUBs) (Figure 4).29 Unlike typical urea linkages,
HUBs contain a bulky N-substituent that distorts the
conjugation between the nitrogen and the carbonyl orbitals,
thus facilitating thermoreversible dissociation into isocyanate
and amine components (Figure 4A).27,28 A series of poly-
(urethane-urea) networks was generated by reacting a

triisocyanate with four different amino alcohols bearing
increasingly bulky ethyl (EAE), isopropyl (IPAE), tert-butyl
(TBAE), and 2,2,6,6-tetramethylpiperidine (TMP) groups as
N-substituents (Figure 4B,C).29 The onset temperature of
network dissociation, seen as a sharp decrease in modulus
upon heating, exhibited a clear dependence on substituent
bulk, with decreasing network dissociation temperatures
observed for increasingly bulky HUBs (Figure 4C). While
TMP-containing networks began to flow immediately after the
glass transition, the less sterically encumbered EAE-, IPAE-,
and TBAE-containing networks exhibited distinct rubbery
plateaus, suggesting that the Keq value for these materials
remains high until the dissociation temperature is reached.
This was confirmed through variable-temperature Fourier
transform-infrared (FT-IR) spectroscopy, which indicated that
the dissociation of EAE and IPAE HUBs remained below 1%
up to 170 °C, while the dissociation of TBAE reached ∼8% at
130 °C. Importantly, similar behavior has also been observed
for other CAN chemistries and topologies, such as chain-
growth networks with reversible crosslinks pendent to the
backbone42,59,62 and pure step-growth materials.29−32 Finally,
stress relaxation of TBAE, EAE, and IPAE networks in the
range of their rubbery plateau scaled according to an Arrhenius
relationship, with lower Ea values calculated for bulkier HUB
substituents (Figure 4D).
Although also observed in thermoplastic polymer melts well

above Tg (∼Tg + 100 °C),64,65 the Arrenhius dependence of
viscosity on temperature is usually ascribed to associative
CANs, and is commonly considered as a hallmark property
unique to associative exchange. However, like the hindered
urea networks, many thermoreversible dissociative CANs also
exhibit an Arrhenius temperature dependence of viscosity and
stress relaxation at temperatures below Tgel, where Keq and
crosslink conversion are high.26,29−32,35,45,46,59,62,63 In accord-
ance with the SR theory (vide supra), this suggests that within
a certain temperature range below Tgel, where network integrity
is maintained with a sufficient crosslink density, that stress
relaxation is governed by bond exchange, and therefore

Figure 5. Exchange mechanism and mechanical properties of oxime-
blocked isocyanate networks. (A) Proposed mechanism for the
dissociative transcarbamoylation of oxime-carbamates. (B) Dynamic
mechanical analysis (left) of linear oxime carbamate polymers (POU
5) and networks (POU 6a−6c) showing a glass transition of the
glassy oxime-carbamate block followed by a constant rubbery plateau
for the networks dependent on their crosslink density (Mx). The
Angell fragility plot (right) of PUO 6a−6c indicates a gradual
decrease of viscosity with temperature similar to silica. Reproduced
with permission from ref 30. Copyright 2017 American Chemical
Society.

Figure 6. Exchange mechanism and mechanical properties of 1,2,3-
triazolium networks. (A) Proposed mechanism of counterion-
mediated dissociation of 1,2,3-triazolium crosslinks. (B) Dynamic
mechanical analysis (left) of a 1,2,3-triazolium iodide network shows a
constant rubbery plateau spanning from 50 to 175 °C. The linear
Arrhenius plot shows similar values for the energy of activation (Ea) of
viscous flow for 1,2,3-triazolium iodide networks with different
crosslink densities (Mx). Adapted with permission from ref 32.
Copyright 2017 Wiley.
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dissociative CANs can exhibit properties resembling associative
CANs. For example, Liu et al. generated highly dynamic
polyurethane derivatives by employing thermoreversible
oxime-blocked isocyanate crosslinks (Figure 5).30 DMA
analysis showed a rubbery plateau for all oxime-carbamate
networks after the glass transition around 30 °C. Notably, the
network with the highest crosslinking density (PUO 6c)
maintained its network integrity over the widest temperature
range. Viscosity was obtained from stress relaxation experi-
ments using the Maxwell relation and was found to gradually
decrease with temperature according to the Arrhenius law.
Molecular modeling of the oxime-enabled transcarbamoylation
reaction supported a dissociative pathway (Figure 5A), which
was further corroborated by the complete dissolution of the
networks at 110 °C in N,N-dimethylacetamide. Notably, the
slightly basic oxime nitrogen in the β-position to the carbonyl
could facilitate an intramolecular proton abstraction from the
amide nitrogen in the first step of the exchange reaction,
suggested as the reason for the rapid bond exchange of oxime-
carbamates at moderate temperatures in comparison to
conventional urethanes. In fact, a similar reaction sequence
(tautomerization followed by intramolecular proton transfer) is

also believed to endow vitrimer-like dissociative acetoacetyl
amide networks with remarkably fast exchange kinetics.63

Assessment of the bond exchange kinetics in combination
with rheological analysis is pivotal for a full description of the
properties of thermoreversible dissociative CANs. Using an
innovative combination of X-ray photoelectron spectroscopy
(XPS) and rheology, Obadia et al. were able to elucidate the
exchange mechanism of 1,2,3-triazolium crosslinked ionic
networks.32 As described in an earlier report from the same
group, CANs were accessed via a Huisgen 1,3-dipolar
cycloaddition of linear α-azido-ω-alkyne monomers followed
by in situ crosslinking of the resultant internal 1,2,3-triazoles
with alkyl dihalides or dimesylates.31 While an associative
mechanism for bond exchange could be imagined via a
concerted SN2 transalkylation between free 1,2,3-triazoles and
N-alkylated 1,2,3-triazolium junction points, it was instead
shown that bond exchange proceeded through initial deal-
kylation of the 1,2,3-triazolium crosslink by the halide
counterion (dissociation) followed by attack on the newly
formed alkyl halide by a different 1,2,3-triazole (association,
Figure 6A). Using 1,2,3-triazolium networks with varying
crosslink densities, a correlation of the characteristic relaxation
time (obtained from stress relaxation experiments) with the

Figure 7. General mechanism of associative bond exchange and overview of crosslinking chemistries utilized for associative covalent adaptable
networks. See refs 66−68 (transesterification), 69−71 (vinylogous urethanes), 72 (thiol exchange), 76 (diketoenamines), 77 (olefin metathesis), 78
(dioxaborolanes), and 74 and 75 (silyl ethers).
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total concentration of alkyl iodide moieties (determined by
XPS) was discovered, which corroborates with the dissociative
exchange mechanism.32 In a similar example, a dissociative
mechanism involving a counterion-mediated transalkylation of
quaternary nitrogen compounds was also suggested by
Konkolewicz and co-workers, using dynamic networks cross-
linked by quaternary anilinium compounds.33 The 1,2,3-
triazolium-crosslinked networks exhibited a constant rubbery
plateau over a long temperature range before depolymerization
(∼175 °C) and Arrhenius temperature dependency of viscosity
(Figure 6B), which evokes the properties exhibited by
vitrimeric materials. This stands in sharp contrast to the
common assertion that vitrimers and dissociative CANs exhibit
clearly distinct viscoelastic properties. We therefore argue that
the conventional method of proving vitrimeric behaviorthe
observation of Arrhenius stress relaxationis insufficient and
should be accompanied by further evidence of an associative
crosslink exchange mechanism versus a dissociative mecha-
nism.

3. ASSOCIATIVE CANs: “VITRIMERS”

Overview. Like their dissociative counterparts, associative
CANs are crosslinked polymer materials with exchangeable
covalent bonds that can enter into a dynamic equilibrium for
crosslink exchange. However, bond-breaking and bond-
forming in associative CANs occur in a single reaction rather
than in discrete dissociation and association steps (Figure 7).
As a result, these materials exhibit a viscosity−temperature
relationship similar to that of vitreous silica, which inspired
Leibler to coin the term “vitrimers” for these materials.20,66

The key advantage imparted by the associative exchange
mechanism is the retention of crosslink density, even at very
high temperatures or in the presence of solventconditions
that would promote crosslink dissociation in dissociative
CANs. Accordingly, significant effort has been devoted toward
new methodologies for achieving associative exchange. To
date, transesterification20,66−68 and transamination of vinyl-
ogous urethanes69−71 are perhaps the most developed
chemistries for associative CANs, and new approaches relying
on thiol exchange,72 transalkylation of trialkylsulfonium salts,73

silyl ether transalkoxylation,74,75 diketoenamine exchange,76

olefin metathesis,77 and dioxaborolane metathesis78 have also
been suggested. In the upcoming discussion, we will outline
the key rheological features of associative CANs followed by an

exploration of the chemistries that have been utilized for their
synthesis.

Viscous Flow in Associative Networks: Arrhenius
Relationship. Unlike dissociative networks, crosslink ex-
change in associative networks is a degenerative process; that
is, the chemical entities on both sides of the equilibrium are
identical, and thus neither side of the reaction is favored with
temperature. With no thermodynamic bias to either side of the
reaction, Keq remains constant with increasing temperature,
and only the exchange rate is accelerated.18 Furthermore,
because the constant crosslink density limits diffusion of
network strands, it is often assumed that the rate of dynamic
crosslink exchange dictates viscous flow. As a result, the
gradual decrease of viscosity with increasing temperature for
associative CANs can be modeled with an Arrhenius
relationship. Since viscosity and the characteristic relaxation
time τ* are connected via the Maxwell relation, one can use
stress relaxation experiments to examine the temperature
dependence of viscosity by fitting τ* to the general Arrhenius
equation:

τ τ* = i
k
jjj

y
{
zzz

E
RT

exp0
a

(1)

where τ0 is the Arrhenius prefactor and Ea is the activation
energy for viscous flow. However, it should be noted that this
Ea can be markedly different from the Ea of an analogous small
molecule exchange reaction, particularly in networks where
crosslink exchange requires significant network strand
reorganization (e.g., networks that contain a low fraction of
exchangeable moieties).72,75,78 In addition to providing insight
into the chemical and physical processes that lead to network
reorganization, the Ea of viscous flow describes the sensitivity
of the viscosity of associative CANs to temperature changes,
which is also illustrated in the Arrhenius plot where Ea
determines the slope of the curve (Figure 8A). High values
for Ea indicate a fast decrease of viscosity upon increasing
temperatures, whereas vitrimers with low Ea show less
pronounced viscosity changes. This behavior could be
conveniently utilized for the implementation of vitrimer
materials into practical applications, in which systems with
high Ea values should show improved dimensional stability at
service temperatures due to the high energy barrier of bond

Figure 8. Schematic Arrhenius plots for systems with a different activation energy (Ea) and Arrhenius prefactor (τ0), as well as the effect of the glass
transition temperature (Tg) and topology freezing temperature (Tv). (A) Ea as the slope of the Arrhenius fit is a measure for the temperature
sensitivity of viscosity. A larger Ea (i.e., a higher slope, shown in blue) indicates more rapid changes of viscosity with temperature. The y-intercept of
the Arrhenius fit marks τ0, which can be interpreted as the relaxation time without thermal constraints. (B) Hypothetical Arrhenius plot for a
system with Tv > Tg. (C) Hypothetical Arrhenius plot for a system with Tv < Tg. After traversing Tg, the viscosity follows a Williams−Landel−Ferry
(WLF) model before entering an Arrhenius fit.
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exchange, yet the rapid decrease of viscosity with increasing
temperatures would enable fast processing on demand.32

The Arrhenius prefactor (τ0) is the extrapolation of the
Arrhenius plot to infinite temperature and can be interpreted
as the characteristic relaxation time if network rearrangement is
barrierless (Figure 8A).68 In general, a network with a lower τ0
value will relax faster than a network with the same Ea for
viscous flow but a higher τ0 value. However, it is important to
note that neither Ea nor τ0 are absolute parameters by
themselves. For a concise description of the flow properties of
vitrimers, both Ea of viscous flow and τ0 must be taken into
consideration, and care should be taken when comparing
vitrimers with different exchange chemistries and network
topologies.
Viscous Flow in Associative Networks: Glass Tran-

sition and Topology Freezing Transition. Viscous flow in
vitrimers requires both sufficient network strand mobility (T >
Tg) as well as a sufficient rate of crosslink rearrangement to
accommodate deformations. Although crosslink exchange
theoretically occurs to some extent at all temperatures, an
additional transition temperature, the topology freezing
temperature (Tv), can be defined that relates to the
temperature at which crosslink exchange becomes sufficiently
rapid to enable network reorganization. This transition is
typically observed as a transition from an elastic solid to a
flowing viscoelastic material in situations where the network is
not vitrified (i.e., above the Tg), and by convention, Tv is
defined as the temperature at which the network reaches a
viscosity of 1012 Pa·s.20 Generally, one can imagine two
different scenarios: When Tv is greater than Tg, the material is a
glass below and an elastomer above Tg. Once the temperature
is above Tv, the material’s viscosity gradually decreases
following the Arrhenius law (Figure 8B). In the second
scenario, Tg is greater than the hypothetical Tv, so the material
is a glass at all temperatures below Tg as bond exchange is
suppressed due to the lack of chain mobility. As the
temperature passes the Tg, the material briefly behaves
according to the Williams−Landel−Ferry (WLF) model before
following the Arrhenius dependence (Figure 8C).75 Therefore,
the start of flow for vitrimer materials is dictated by the highest
transition temperature of the material (Tg or Tv).
Catalytically Activated Vitrimers. Having outlined the

fundamental chemical and physical properties of vitrimers, we
will now highlight several key advances in the field since its
recent inception. The first practical vitrimer materials, reported
by Leibler and co-workers in 2011, were epoxy-carboxylic acid
networks, where bond exchange was enabled by the Zn(acac)2-
catalyzed transesterification of ester linkages with free hydroxyl
groups (Figure 9A),20 a technique that has been widely used
for the modification and processing of polyester and
polycarbonate materials.79,80 Below the glass transition
temperature (∼80 °C), the material was found to behave as
a glassy thermoset, yet at 200 °C it could be reversibly
deformed. Furthermore, even after being ground into a
powder, the network could be fully recovered after heating
for only 3 min at 200 °C. The mechanism behind the high
efficiency of crosslink exchange was later revealed by extended
X-ray absorption fine-structure spectroscopy and FTIR studies,
which showed that the zinc cation (Zn2+) of the catalyst
becomes tetracoordinated to the oxygen atoms of the β-
hydroxyester moieties, simultaneously bringing the exchange
partners in spatial proximity and activating the ester carbonyl
bond.81

It should be noted that the use of an external catalyst is not
solely a synthetic necessity; in fact, manipulation of the catalyst
can enable a remarkable degree of control over the viscoelastic
behavior of the vitrimers. Leibler and co-workers demonstrated
this property by incorporating 1, 5, and 10 mol% Zn(OAc)2
catalyst into β-hydroxyester vitrimers and showing that
increased catalyst loading corresponds to faster stress
relaxation.82 Interestingly, Arrhenius fits of the stress relaxation
data revealed that the Ea for viscous flow did not change with
catalyst concentration, but instead a progressive decrease of τ0
was observed (Figure 9B). This behavior implies that
increasing the catalyst loading will improve the processability
of the material at elevated temperatures due to faster stress
relaxation arising from a short τ0, but the change in the rate of
bond exchange as a function of temperature (governed by the
Ea) will remain unaltered. Accordingly, Tv was found to
increase with decreasing Zn(OAc)2 content (Figure 9B)an
attractive feature for the generation of vitrimer materials with
improved creep resistance, since excellent dimensional stability
was observed in creep experiments with Zn(OAc)2-catalyzed
transesterification catalysts at temperatures below Tv.

82

Figure 9. Influence of catalyst loading and catalyst identity on the
viscoelastic properties of transesterification vitrimers. (A) Trans-
esterification in β-hydroxyester epoxy networks. Reproduced with
permission from ref 20. Copyright 2011 AAAS. (B) Arrhenius plot of
the characteristic relaxation time (τ*) obtained from stress relaxation
experiments for 1 mol% (blue), 5 mol% (red), and 10 mol% (black)
Zn(OAc)2 (left), and elongational creep experiments at 70 °C (below
Tv) and 150 °C (above Tv) (right). Reproduced with permission from
ref 82. Copyright 2012 American Chemical Society (C) Trans-
esterification of vitrimer networks under Brønsted-acid catalysis.
Stress relaxation data depicts an Arrhenius dependence of τ* on
temperature for all five Brønsted acids (left), and both activation
energy (Ea, filled symbols) and Arrhenius prefactor (τ0, open symbols)
are strongly correlated with Brønsted acidity (pKa). Reproduced with
permission from ref 68. Copyright 2018 American Chemical Society.
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An alternative approach to tuning the rate of bond exchange
in vitrimers is to change the identity of the catalyst rather than
simply varying its concentration. In the previously discussed
work, Leibler and co-workers studied the effect on network
stress relaxation of changing the catalyst from Zn(OAc)2 to
either triazabicyclodecene (TBD) or triphenylphosphine
(P(Ph)3). As would be anticipated, changing the catalyst alters
the mechanism of bond exchange, and different values of Ea

were measured for each different catalyst (Ea,TBD > Ea,Zn(OAc)2 >

Ea,P(Ph)3). Later, this effect was elegantly illustrated by Bates and

co-workers, who used Brønsted acid catalysis to tune the
mechanical properties of low-Tg polyester vitrimers and in fact
discovered that the rate of bond exchange correlated with the
pKa of the acid catalyst (Figure 9C).68 Stronger acids led to
higher Ea values while providing faster stress relaxation at
sufficiently high temperatures (shorter τ0) than weaker acids.
Similar results have also been reported in other trans-
esterification vitrimers using zinc acetylacetonate83 or tin-
based catalysts84,85 as well as in the realm of vinylogous
urethane vitrimers,70 suggesting that rational catalyst design

can be a powerful tool to tune the viscoelasticity of vitrimeric
materials.

Catalyst-Free Vitrimers. While the use of catalysts can
enable associative bond exchange in otherwise inert linkages
and control over viscoelastic properties of a given network,
there are some situations in which the presence of a catalyst
can be disadvantageous. Exogenous catalysts can degrade or
leach over time, and it may also be desirable to incorporate
structural units in a network that are incompatible with the
employed catalyst. There has therefore been significant effort
devoted toward developing new associative bond exchange
reactions that are thermally activated under uncatalyzed
conditions. In a seminal report, Du Prez and co-workers
utilized transamination of vinylogous urethanes at 100−140 °C
for the preparation of catalyst-free vitrimers.69 Similar to acyl
substitution, associative exchange in vinylogous urethane
vitrimers proceeds through an addition−elimination mecha-
nism that involves attack of a free primary amine on the
vinylogous urethane β-carbon, subsequently releasing a new
primary amine (Figure 7). At elevated temperatures (130−170
°C) in the absence of catalyst, vitrimers containing these
dynamic crosslinks exhibited complete stress relaxation, and

Figure 10. Vitrimeric polymer plastic mimetics from commodity plastics. (A) Chemical structures and mechanical properties of dioxaborolane
PMMA, PS, and HDPE vitrimers. The viscosity and relaxation time for the dioxaborolane PMMA vitrimer increase significantly with increasing
molecular weight (top). The elongation at break is reduced for the HDPE vitrimer compared to HDPE, but stays constant over three reprocessing
cycles. Reproduced with permission from ref 78. Copyright 2017 AAAS. (B) Chemical structures and stress relaxation of silyl ether PS vitrimers.
The Arrhenius plot of viscosity shows the change from Williams−Landel−Ferry (WLF) to Arrhenius behavior for silyl ether vitrimer networks.
Reproduced with permission from ref 75. Copyright 2017 American Chemical Society. (C) Chemical structure and Arrhenius plot of vinylogous
urethane PMMA vitrimer with 1 and 3 equiv excess amine. Faster stress relaxation is observed at higher amine content. Reproduced with
permission from ref 71. Copyright 2019 American Chemical Society.
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fragmented samples could be fully reprocessed into healed
materials by compression molding within short time scales (30
min or less). While bond exchange in vinylogous urethane
materials appreciably proceeds in the absence of catalyst, it was
later shown by the same group that viscoelastic properties
could be tuned by introducing a Brønsted base or Brønsted/
Lewis acid additive.70 Notably, the addition of the strong base
TBD slowed down exchange significantly and even inhibited
bond rearrangements at higher loadings, whereas acidic
additives (e.g., p-toluenesulfonic acid and dibutyltin dilaurate),
were shown to accelerate bond rearrangements.
The catalyst-free concept was further developed by Kalow

and co-workers, who successfully adapted a recently developed
reaction86 involving the exchange of thiols via a conjugate
addition−elimination reaction with an acceptor derived from
Meldrum’s acid for the synthesis of vitrimeric silicone
elastomers (Figure 7).72 The use of a catalyst-free protocol
was necessary in this case due to the sensitivity of Si−O bonds
to acids and bases; nevertheless, the materials could be
reprocessed over 10 total cycles with no observable change in
thermal or mechanical properties. Intriguingly, these materials
featured exceptionally low Tg (−106 °C) and Tv (−6 °C)
values, which suggests the probability of creep at room
temperature. However, these materials were observed to lack
appreciable creep even under a constant 37 kPa stress at room
temperature. The authors therefore concluded (a conclusion
with which we concur) that this result may indicate that a
simplistic view of the interplay between Tg and Tv might be
insufficient to predict the properties of vitrimer materials.72

Finally, we wish to emphasize that several other catalyst-free
vitrimers have been developed in addition to the discussed
approaches, such as materials that rely on the exchange of silyl
ethers,74,75 vinylogous ureas,87 dioxaborolanes,78 borox-
ines,88,89 and hydroxyurethanes.90 There is also a particular
advantage to using systems that can operate with or without a
catalyst. The use of a catalyst enables a wide range of tunable
mechanical properties, yet the material still retains an inherent
degree of bond exchange and reprocessability without a
catalyst. This could allow the beneficial aspects of catalyzed
associative bond exchange (e.g., rapid reprocessability) to be
accessed while mitigating the potential deleterious impact of
catalyst loss from the material over time.
Vitrimeric Mimetics of Commodity Materials. Arguably

the critical bottlenecks in the translation of the vitrimer
concept to everyday use are the availability of methodologies
that source vitrimers from inexpensive chemical feedstocks and
the development of vitrimeric materials with many properties
analogous to those of the current commodity polymers.
Nicolaÿ, Leibler, and co-workers took the first steps in this
direction by applying the vitrimer concept to commercially
relevant polymers, such as high-density polyethylene (HDPE),
polystyrene (PS), and PMMA (Figure 10A).78 The exchange-
able moieties implemented were dioxaborolanes that were
proposed to undergo metathesis with each other to allow the
material to flow, and straightforward protocols were developed
to enable their incorporation in each polymer. HDPE vitrimers
were observed to have similar mechanical strength (E ≈ 19
MPa) but lower elongation at break (∼800%) compared to the
commodity materials (∼1300%) due to the permanent
network structure of the vitrimer (Figure 10A). Furthermore,
the tensile strengths of the PS (E ≈ 1.4 GPa) and PMMA (E ≈
1.8 GPa) vitrimers were similar to those of the thermoplastic
commodity materials (EPMMA ≈ 1.7 GPa, EPS ≈ 1.5 GPa).

Finally, the mechanical properties of the vitrimer materials
were maintained over four destruction−injection molding
cycles. We emphasize that these vitrimers, by virtue of their
crosslinked structure, would likely exhibit superior mechanical
and solvent resistance compared to their uncrosslinked
counterparts while still retaining similar physical properties.
It was additionally shown that HDPE and PMMA vitrimers
could be welded together as a result of dynamic bond exchange
at the interface of the two materials, resulting in strong
adhesion between the two polymersan unattainable result
with conventional thermoplastic materials.
Additional chemistries have since been employed for the

synthesis of vitrimeric derivatives of commodity materials. The
Guan group used the exchange of silyl ethers to develop
vitrimeric PS mimetics by crosslinking pendent hydroxyl-
functional PS (Mn = 29.0 kg/mol) with a sub-stoichiometric
amount of silyl ether to form vitrimer networks (Figure
10B).75 Associative bond exchange was enabled by the
exchange of the resultant silyl ether crosslinks with residual
free hydroxyl groups. It was additionally shown that by
changing the identity of the silyl ether γ-substituent from a
methylene group to a secondary amine, the rate of crosslink
exchange could be accelerated through neighboring group
participation (Figure 10B), evidenced by a decrease in Ea for
viscous flow from 174 kJ mol−1 for methylene-containing
vitrimers to 81 kJ mol−1 for amine-containing vitrimers.
Remarkably, these latter materials also provided the first
experimental verification of a vitrimer with a Tv (47 °C) lower
than its Tg (125 °C), and the behavior predicted a year earlier
by Denissen, Winne, and Du Prez19 was confirmed: the
viscosity rapidly decayed following a WLF dependence as the
temperature initially increased above the Tg followed by a
more gradual Arrhenius decay in viscosity at higher temper-
atures (Figure 10B).
Recently, our group leveraged vinylogous urethane ex-

change91 for a straightforward synthesis of vinylogous
urethane-containing PMMA vitrimers from inexpensive and
commercially available monomers and crosslinkers (Figure
10C).71 We pre-synthesized linear polymers of MMA and 2-
(acetoacetoxy)ethyl methacrylate (AAEMA), a reactive β-
ketoester-containing monomer, through controlled radical
polymerization, enabling us to precisely tune the molecular
weight and composition of network strands within the eventual
vitrimer material. Poly(MMA-co-AAEMA) was crosslinked
with the use of excess tris(2-aminoethyl)amine by solution
casting followed by compression molding. These vitrimers
retained their chemical and thermal properties over multiple
reprocessing cycles, and the mechanical properties were
comparable with those of commodity PMMA counterparts.
We also found that increasing the concentration of the moiety
that promotes exchange (in our case free amino groups) within
the network produced faster stress relaxation, which agrees well
with other examples previously discussed.67,92

The modification of non-exchangeable polymer backbones
such as HDPE, PS, or PMMA certainly represents an attractive
avenue for the generation of commodity bulk vitrimers.
However, phase separation effects93 must be taken into
account if crosslinker and network strands are only moderately
miscible. For example, PE modified with dioxaborolane
moieties formed hierarchical nanostructures in which dioxa-
borolane-rich regions packed into a fractal-like arrangement.94

Similar effects were also observed with DA-crosslinked
ethylene−propylene rubber, where the heterogeneously cross-
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linked rubber exhibited an enhanced Young’s modulus.95

Rather than being viewed as a detrimental effect, however,
perhaps immiscibility effects can be harnessed as a means to
tune the mechanical and rheological properties of CANs in
general, regardless of the crosslinking chemistry.

4. CANs WITH MIXED MECHANISMS OF BOND
EXCHANGE

During our description of associative CANs, we discussed the
concept and advantages of modifying viscoelastic properties
through the use of chemical additives (e.g., catalysts, bases,
modified crosslinkers, etc.). This strategy involves changing the
mechanismand consequently Eaof dynamic bond ex-
change, which in turn influences the temperature-dependent
material properties. Yet, an exogenous reagent is not always
required. In some vitrimer systems, the mechanism of bond
exchange is proposed to inherently change as a function of
temperature. In an illustrative example by Du Prez and co-
workers, fluorinated vinylogous urethane vitrimers were
synthesized by the crosslinking of perfluoropolyethers bearing

chain-end β-ketoester moieties with trifunctional amines to
target elastomers with 0, 5, and 10 mol% excess primary
amines.92 Interestingly, the networks containing 5 and 10 mol
% excess amines were observed to have a dual temperature
response as shown in the Arrhenius relationship, with a change
in Ea for viscous flow from 70−76 kJ mol−1 at lower
temperatures to 99−141 kJ mol−1 at higher temperatures
(Figure 11A). It was hypothesized that this response is due to a
change in mechanism, from a lower energy pathway involving
transamination via an activated iminium intermediate to a
higher energy pathway involving transamination via the more
commonly cited conjugate addition reaction to the enaminone.
This dual behavior has not been observed in other vinylogous
urethane vitrimer systems, suggesting that the network
structure of these vitrimers may facilitate one mechanism
over another. In view of this result, we again argue that the
behavior of vitrimers should not be simplified to merely the
exchange reaction of the dynamic crosslinks; instead, it is the
confluence of the exchange mechanism, network topology, and

Figure 11. Illustration of covalent adaptable networks (CANs) with multiple bond exchange mechanisms. (A) Proposed mechanisms for
vinylogous urethane exchange at different temperatures. The change in mechanism, from the lower activation energy (Ea) protic iminium pathway
to the higher Ea aprotic Michael-type pathway at elevated temperatures, was observed by a dramatic Ea change observed in Arrhenius plot.
Reproduced with permission from ref 92. Copyright 2018 American Chemical Society. (B) Urethane exchange can occur via associative addition−
elimination with free hydroxyl groups or via a Lewis acid-catalyzed dissociative elimination-addition reaction (top). The Arrhenius plot of
methylated and non-methylated urethane networks shows similar activation energies of 101 ± 7 and 111 ± 10 kJ/mol, respectively. Reproduced
with permission from ref 90. Copyright 2015 American Chemical Society. (C) Radical-mediated aromatic disulfide exchange can proceed via
associative radical addition or a dissociative radical recombination (top). The Arrhenius plot for the disulfide network shows a slight curvature,
potentially due to increased disulfide cleavage at higher temperatures (left). Representative images of disulfide epoxy networks after reprocessing
(right). Reproduced with permission from ref 98. Copyright 2016 Royal Society of Chemistry.
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physical/thermal behavior of the network strands, among other
factors, that begets the material’s properties.
Urethane exchange with hydroxyl groups is another

commonly employed reaction for the generation of thermally
activated CANs,96 and it is also one that can be imagined to
proceed by either an associative or dissociative mechanism.
When excess free alcohol is present, associative exchange could
occur via an addition−elimination mechanism, while dis-
sociative exchange would involve initial β-elimination to
release an alcohol and an isocyanate (Figure 11B). Dichtel
and co-workers devised a clever strategy to distinguish the two
mechanisms, in which polyurethane networks bearing either N-
methyl or N-hydrogen substituents were prepared and
characterized.90 In the hydrogen-bearing derivative, either an
associative or dissociative mechanism would be feasible,
whereas the methylated derivative is unable to undergo
dissociation into a neutral isocyanate and alcohol; therefore,
bond exchange is possible only by an associative mechanism. A
comparison of the stress relaxation behavior revealed similar
activation energies of viscous flow; therefore, it was deduced
that associative transcarbamoylation of the N-hydrogen
network was likely operative in the presence of a stoichiometric
amount of hydroxy groups.8 However, in a later study it was
found that urethane dissociation catalyzed by Lewis acids
results in fast bond exchange in networks without an excess of
hydroxyl groups.97

One final example of potentially hybrid crosslink exchange
that we wish to describe is the metathesis of aryl disulfides. As
an example of the utility of this chemistry, Odriozola and co-
workers synthesized disulfide-crosslinked epoxy vitrimers
employing the rapid exchange of aryl disulfides.98 Within the
probed temperature range, the disulfide-epoxy material
exhibited viscoelastic properties typical for vitrimers (Figure
11C). However, radical-mediated disulfide exchange could
occur via associative disulfide exchange (in which a thiyl radical
derived from a cleaved disulfide undergoes addition to a
different disulfide) or dissociative disulfide cleavage followed
by recombination. Recent work by Asua and co-workers
illustrated the potential for both of these mechanisms to be
active through small-molecule studies.99 Moreover, it was
shown that reductants such as tertiary amines could reduce the
intermediate thiyl radical quickly to thiolates, which can then
undergo thiolate−disulfide exchange. This potential pathway is
particularly important for epoxy systems where tertiary amines
are used as polymerization catalysts.

5. CONCLUSIONS AND OUTLOOK
Throughout this Perspective, we have primarily explored the
fundamental properties of CANs while illustrating the diversity
of reactions that can give rise to crosslink reversibility. Yet
while the study of CANs has matured remarkably in less than
two decades, there still remain several theoretical, exper-
imental, and practical challenges that should be resolved before
these materials can be applied in more ambitious directions.
We will specifically emphasize the need for thorough and
unambiguous material characterization, methods to supple-
ment crosslink exchange in CANs for enhanced properties, and
finally incorporation of CANs in industrially useful materials.
On several occasions in the previous sections, we noted that

both dissociative CANs and vitrimers can exhibit Arrhenius
stress relaxation, particularly under conditions where dis-
sociative CANs retain a high degree of crosslink association.
Yet, Arrhenius stress relaxation is sometimes used as sole

evidence of associative bond exchange, though it is by no
means exclusive to vitrimers. More thorough characterization
of crosslink exchange should therefore be provided if it is
desired to specify an associative or dissociative mechanism. In
the event that determining the bond exchange kinetics in the
networks themselves is challenging, small molecule model
reactions and, if spectroscopic methods reach their limits,
simulations of the reaction pathway should be employed. We
additionally wish to point out that even in the absence of
corroborating an exchange mechanism, caution should be
taken when analyzing and interpreting stress relaxation data. If
this data is used to determine the characteristic relaxation time
of a network, it should be remembered that the relaxation of
polymers and networks is usually comprised of a multitude of
different relaxation modes68,100 and therefore should often be
modeled by a stretched exponential101−103 rather than a single
Maxwell element.
The dynamic crosslink is the key distinguishing feature of

CANs and is responsible for many of their properties; however,
the incorporation of orthogonal crosslinks, both dynamic and
non-dynamic, can be cleverly leveraged to improve the
mechanical properties of covalent adaptable materials without
impeding their reprocessability. For example, the incorporation
of secondary sacrificial dynamic crosslinks that can dissipate
energy greatly enhances the toughness and tensile strength of
the covalent adaptable material.104 Hydrogen bond-containing
crosslinks in particular are useful due their dissociation at high
temperatures, which improves network strand mobility and
enhances flow during reprocessing.105 On the other end of the
spectrum, as we have shown in organoboron-containing
materials,106 permanent crosslinks can be incorporated to
improve dimensional stability (i.e., creep resistance) at service
temperatures while still allowing reprocessability at elevated
temperatures. As elegantly described by Torkelson and co-
workers, partially permanently crosslinked thermoreversible
networks with maximum creep resistance can be generated by
limiting the fraction of permanent crosslinks to a degree where
no percolating permanent network is formed.100 This critical
degree of permanent crosslinking can be conveniently
determined via modified Flory−Stockmayer theory. However,
the incorporation of permanent crosslinks ultimately limits the
complete chemical recycling of the material. Perhaps, replacing
the permanent crosslinker with an orthogonal stimuli-
responsive crosslinker that reverts upon a stimulus other
than heat could be a solution to this drawback. A promising
approach to modulating bond exchange and potentially
enhancing dimensional stability is the use of photoresponsive
thermoreversible DA crosslinkers. For example, a diarylethene
photoswitch conjugated with the DA linkage can undergo a 6π
electrocyclization upon UV irradiation and suppress the
thermoreversibility of the DA crosslink.107 Although visible
light will eventually induce retro-electrocyclization and restore
the thermoreversibility of the DA photoswitch linkages, which
could impede the long-term stability of these materials, the
concept of switchable bond exchange bears great potential for
future applications in CANs.
With a plethora of exchange chemistries and polymer

backbone types available for the generation of thermoreversible
CANs, future research should further promote the translation
of these materials from the laboratory to industrially relevant
procedures in terms of production and processing. One
approach is the incorporation of CANs into high-performance
materials, such as covalent adaptable network composites that
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contain CANs reinforced with fillers such as carbon fibers98,108

or silica particles.109 Like in conventional polymer composites,
the interactions between filler and the CAN matrix play a
pivotal role in determining the material’s mechanical proper-
ties. For example, fillers modified with functional groups that
can participate in the dynamic bond exchange can accelerate
stress relaxation; however, the covalent interaction between
network and filler can result in a loss of crosslink density after
reprocessing.109

Equally important to translating CANs to industrially
relevant materials is developing methodologies that are
compatible with commercial synthetic techniques. Inspiring
results have been achieved generating transesterification
vitrimers via solid-state polymerization,110 reactive extru-
sion,111 additive manufacturing,112,113 or emulsion polymer-
ization.114 Another enticing example where CANs outperform
commercial plastics is the generation of crosslinked melt-blown
fibers.115 Melt-blowing of DA-based CANs provided cross-
linked non-woven fiber sheets in one step, while conventional
crosslinking techniques are not amenable to melt-blowing and
require additional post-fabrication curing steps to generate
those materials. Ultimately, the successful commercialization of
a covalent adaptable material will require significant cost
optimization and scalability at all stages, including chemical
feedstocks, synthetic protocols, and processing. We are
optimistic about the future prospects of CANs and believe
they hold great promise in terms of outperforming current
commodity materials. We therefore urge researchers in the area
to continuously seek to expand the toolbox of fundamental
CAN techniques while also considering means by which
existing approaches can be made more translational.
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Du Prez, F. E. Vinylogous Urethane Vitrimers. Adv. Funct. Mater.
2015, 25, 2451−2457.
(70) Denissen, W.; Droesbeke, M.; Nicolaÿ, R.; Leibler, L.; Winne, J.
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