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ABSTRACT: Vitrimers have been investigated in the past decade for their promise
as recyclable, reprocessable, and self-healing materials. In this Viewpoint, we focus
on some of the key open questions that remain regarding how the molecular-scale
chemistry impacts macroscopic physical chemistry. The ability to design
temperature-dependent complex viscoelastic spectra with independent control of
viscosity and modulus based on knowledge of the dynamic bond and polymer
chemistry is first discussed. Next, the role of dynamic covalent chemistry on self-
assembly is highlighted in the context of crystallization and nanophase separation.
Finally, the ability of dynamic bond exchange to manipulate molecular transport
and viscoelasticity is discussed in the context of various applications. Future
directions leveraging dynamic covalent chemistry to provide insights regarding
fundamental polymer physics as well as imparting functionality into polymers are
discussed in all three of these highlighted areas.

Polymer networks containing dynamic covalent bonds are a
promising platform for reconfigurable, recyclable, self-

healing, and dissolvable polymers.1−6 Such systems are called
covalent adaptable networks (CANs) regardless of the bond
exchange mechanism, while the subclass of CANs containing
associative dynamic covalent bonds are commonly called
vitrimers. Vitrimers pose a plethora of fundamental questions
about the role of molecular scale chemistry on the complex,
temperature-dependent, viscoelastic response of dynamic
polymer networks. The viscosity profile of vitrimers is distinct
from both thermoplastics (sharp non-Arrhenius drop on
heating above the glass temperature) and thermosets (no
flow);7 however, their temperature-dependent moduli have
been less investigated. Dynamic networks are a potentially
transformative way to independently control the modulus (via
cross-link density) and the viscosity (through bond exchange
kinetics), as well as their temperature dependences, without
changing polymer chemistry, using copolymerization strategies,
or adding plasticizer/antiplasticizers or other fillers. Dynamic
bonds also have the potential to impart functionality into
polymers and can affect the ability of materials to self-assemble
and crystallize. In this Viewpoint, we discuss how vitrimers can
serve as a model platform to advance our understanding of
three main areas: viscoelastic design, self-assembly, and
functional polymers (Figure 1).

■ DYNAMIC BONDS DICTATE VISCOELASTIC
RESPONSE OF VITRIMERS

Dynamic bonds can be either dissociative, where bonds break
prior to exchange, or associative, where the dynamic bonds

remain intact through the exchange event (Figure 2a).1,4−6,8 In
Leibler and co-workers’ pioneering work,9 a vitrimer has been
defined as a polymer network with associative, dynamic
covalent bonds that displayed an Arrhenius temperature
dependence of viscosity approaching Tg. The past decade has
seen a large variety of dynamic bonds incorporated into a range
of polymer matrixes including commodity polymers like
ethylene,10 and the Arrhenius behavior of stress relaxation
times or viscosities has been observed with activation energies
typically spanning ∼30−160 kJ/mol,11−15 although values
greater than 300 kJ/mol have been reported.16 Adding a
catalyst decreases the relaxation time and can also change the
activation energy (Figure 2b).11,14,17−27

The Arrhenius dependence of viscosity or macroscopic
stress relaxation time has also been observed in networks with
dissociative bonds,11,28−34 raising the question of how the
mechanism of bond exchange gives rise to the temperature-
dependent viscosity. Du Prez and co-workers have found two
distinct slopes in a vitrimer with temperature such that a lower
activation energy was observed at lower temperature,
corresponding to a breakdown of Arrhenius behavior.35 A
qualitatively similar phenomenon has also been observed in
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PDMS vitrimers,36 and recent work from Ricarte and co-
workers has implicated the increasing role of polymer
backbone dynamics as the cause for this change of slope.37

Conversely, viscosity can show a stronger temperature
dependence upon approaching Tg in some vitrimers, indicating
that these effects are clearly nonuniversal and require further
study.38,39 It has also been noted that many Arrhenius fits of
vitrimers have been made over small temperature windows,

and these systems may show deviations if probed over a wider
range.36

Dynamic cross-links can also impact the modulus in two
ways. The first is the well-known result that increasing the
cross-link density increases the rubbery modulus. The second
is through the temperature dependence of the modulus,
because the network topology is conserved in vitrimers and,
therefore, the modulus should increase upon heating as is

Figure 1. Dynamic bond exchange can impart functionality into polymer networks and control of both static and dynamic properties. Viscoelastic
properties are tunable in vitrimers via control of the polymer backbone and cross-linker chemistry, density, and kinetically distinct cross-linkers
(illustrated as orange and green spheres). Adding salt to vitrimers yields networks that are both conductive and self-healing (cations shown as
purple spheres), which can improve battery electrolytes and actuators. In polymer networks that can self-assemble, the dynamic bond can facilitate
assembly in otherwise trapped structures.

Figure 2. (a) Dynamic bonds can exchange in either an associative or dissociative manner, which may impact the resultant physics of the network.
(b) Activation energies for vitrimers can vary with the type and loading of catalyst as seen in the case of Bronsted acids. Reprinted with permission
from ref 26; copyright 2018 American Chemical Society. (c) The storage modulus of vitrimers is shown to increase with temperature as in
permanently cross-linked networks due to entropic elasticity. Reprinted with permission from ref 36; copyright 2021 American Chemical Society.
(d) Tv can be determined from a viscosity criterion or by a region of temperature-independent properties such as the storage and loss moduli.
Reprinted with permission from ref 47; copyright 2020 American Chemical Society. (e) The selection of fast or slow bond exchange leads to
differences in rheological properties, where the fast cross-linker shows a G′ = G′′ crossover and the slow network does not crossover on the
experimental time scale. Such phenomena cannot yet be quantitatively predicted. Reprinted with permission from ref 24; copyright 2015 American
Chemical Society.
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observed in permanently cross-linked networks. Indeed, this
entropic elasticity has been observed in vitrimers (Figure 2c)
for a range of dynamic chemistries,34,36,39,40 while some
dissociative CANs show softening.30 It must be noted that
there are exceptions where dissociative networks with large
equilibrium binding constants can exhibit a small temperature
window of rubbery stiffening41 because the number of
dissociated bonds has only a negligible temperature depend-
ence. From an applications standpoint, the decoupling of
modulus and viscosity will be important for areas such as 3D
printing,42,43 pressure sensitive adhesives,44 and vibrational
damping.45

Another parameter frequently discussed in vitrimers is the
topology freezing or vitrimer temperature, Tv, defined by
Leibler as the value where the network is frozen due to the
inability of dynamic bonds to exchange.9 An extrapolation of
the viscosity to a value of 1012 Pa s is commonly used as the Tv
criteria,27 which is the same as that used for the glass transition
in small molecules. If a vitrimer has a viscosity of 1012 Pa s,
then the value of the storage or Young’s modulus should
distinguish whether the value is due to the glass transition (∼1
GPa) or a frozen network (<1 GPa). According to the Maxwell
relation (η = Gτ, where η is viscosity, G is the storage modulus,
and τ is the relaxation time), for a fixed viscosity, Tv can
correspond to relaxation times, which vary by orders of
magnitude depending on the modulus of the network, which
can vary by orders of magnitude through the cross-link density.
Thus, measurable relaxation times can be obtained even in
frozen networks. As pointed out in a recent review article, Tv is
also frequently determined from large extrapolations of
viscosity (up to 100 K) where many factors may intervene
(e.g., change of mechanism, glassy dynamics) to change the
temperature dependence.46 In recent work, Fang and Winter
performed rheology measurements on an epoxy vitrimer that
exhibited a 20 K region where material functions, such as the
normalized storage modulus, had frequency-independent

behavior and a power law relaxation modulus (Figure 2d).47

As an analogue to gelation rheology, this frequency
independence has been assigned to a solid−solid transition
that they have called Tv and which does not invoke a specific
viscosity criterion. Recent simulation work has also defined Tv
by finding the local minimum of the thermal expansion
coefficient versus temperature.48,49 Further investigations into
the significance of Tv, and how it is measured, are necessary for
understanding how it may intervene in the temperature-
dependent viscoelastic response of dynamic networks.
In addition to bulk relaxation, dynamic processes can impact

polymer networks over a broad range of time and length scales.
The quantitative relationship between the macroscopic time
scale for self-healing or reprocessing of vitrimers and the time
scale for bond exchange is not well understood. For example,
Guan and co-workers have examined two cross-linkers for
boronic ester networks that differed by the presence of a
neighboring group that destabilizes the dynamic bond and
leads to faster exchange reactions (Figure 2e).24 Using small
molecule model compounds and NMR, they have observed
exchange rates that varied by 5 orders of magnitude. When the
two cross-linkers are incorporated into a polymer network, the
fast cross-linker shows a crossover of G′ and G′′ while the slow
cross-linker does not crossover on the experimental time scale.
In dissociative networks, the dynamic interactions are typically
thought of as “sticky” groups that break and re-form on some
time scale and lead to a delay in the onset of flow.50 Recently, a
variation of the sticky Rouse model has been applied to
vitrimers to incorporate effects from bond exchange as well as
the inherent dynamics of the polymer backbone.37 A transition
from a regime in which bond exchange and network strand
relaxation control dynamics to one controlled purely by
monomer friction is observed. The impact of dynamic bond
sequence and placement along the backbone has also been
described in this framework. The interplay of reaction kinetics,
thermodynamics, and chain dynamics in vitrimers has also

Figure 3. (a) Semicrystalline polyethylene vitrimers phase separate into hierarchical meso- and nanostructures due to the incompatibility of
dynamic bond with the polymer. Reprinted with permission from ref 52; copyright 2019 American Chemical Society. (b) Dynamic bonds allow for
linker rearrangements and crystallization, which is not observed in analogous permanent networks. Reprinted with permission from ref 59;
copyright 2022 Royal Society of Chemistry. (c) Microphase-separated network structure contributes to the reduced macroscopic flow (creep) at
longer time scales and larger deformations in a block vitrimer. Reprinted with permission from ref 72; copyright 2020 American Chemical Society.
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been investigated recently by varying the degree of cross-
linking and free small molecules to quantify deviations from
Rouse-type behavior.51 While these works attempt to relate
single bond exchange events to bulk responses, there is a lack
of direct measurements of bond exchange kinetics in polymeric
systems. Model small molecule experiments can be performed,
but it is not clear if the kinetics or thermodynamics are
preserved once the same bonds are incorporated into a
network. In situ measurements of local dynamics using
techniques such as dielectric spectroscopy, probe reorientation,
or NMR will be needed to make the connection between these
time and length scales.
An unresolved question for dynamic network classification is

if they all sit on some spectrum ranging from linear stiffening
with temperature (G ∼ vkT, where G is the storage modulus
(G), v is the network strands per volume, k is the Boltzmann
constant, and T is temperature) to decreasing modulus when
network cross-links dissociate. More investigations into the
rheological properties of associative and dissociative networks
are needed, with an emphasis on temperature-dependent
moduli and viscosity profiles. A systematic study between
networks of identical polymer linkers cross-linked by using
either dissociative or associative cross-linkers (with similar
kinetics and activation energies) would provide much needed
results on how their viscoelastic properties differ with
temperature and time. Investigating the placement of dynamic
bonds within the network, for example, in telechelic linkers or
in strands with multiple cross-links per chain, will also be
crucial to developing molecular-scale structure property
relationships.

■ SELF-ASSEMBLY IN VITRIMERS
Much of the work to date on vitrimers has focused on their
dynamic properties (such as stress relaxation times or
viscosities) as well as the mechanical properties before and
after recycling. Most vitrimers are studied in the amorphous
state, but recent investigations have probed how dynamic
bonds impact the nanostructure, including phase separa-
tion52−58 and crystallization.36,59−62 If vitrimers are slated to
be replacements for commodity plastics, an improved under-
standing of assembly, crystallization, and phase separation is
needed for the broad range of polymer applications. One of the
earliest examples of this was in polyethylene vitrimers, which
have been shown to form nanoscale clusters of the
dioxaborolane cross-linking moieties within the incompatible
matrix, which provides additional cross-linking and impacts the
stress relaxation of the network (Figure 3a).52,58 Under-
standing when the dynamic bonds will phase separate from the
matrix is critical for the interpretation of stress relaxation and
self-healing investigations.
While the crystallization of polymers has been heavily

investigated for decades, melting temperatures (Tm) have only
been reported in a limited number of vitrimers based on
PE,59,60 PDMS,36 poly(butylene terephthalate),61 and poly-
(butylene succinate).62 It has recently been reported that the
presence of dynamic bonds in vitrimers allows for crystal-
lization, which is not possible in a permanent network with the
same linker (Figure 3b).59 The concomitant increases in
percent crystallinity and enthalpy of fusion (relative to the
permanent network) will lead to large effects on other
properties such as thermal conductivity.63 Quantitatively
relating the bond exchange processes to the kinetics of
crystallization and Tm evolution is an outstanding challenge.

The linking of two immiscible polymers to form a block
copolymer (BCP) can lead to microphase separation in a wide
array of nanostructures depending on the composition,
architecture, and incompatibility of the blocks.64,65 This
thermodynamically driven polymer self-assembly is a critical
aspect of many current and emerging technologies including
nanolithography,66,67 toughened rubbers and epoxies,68 battery
electrolytes,69,70 and photonic materials.71 Block copolymers
containing one block that can participate in associative
dynamic bonding have recently been investigated and can
self-assemble at the nanoscale.72 The resulting self-assembled
structures have been shown to reduce macroscopic flow
(creep) in vitrimer block copolymer relative to a statistical
copolymer with the same monomers and dynamic bond
densities (Figure 3c). Such studies build upon the work of
block polymers containing permanently cross-linked blocks
that display rich physics distinct from linear AB type
diblocks.73−75 It will be important to understand how bond
exchange impacts the kinetics of assembly and alignment in
these systems relative to permanently cross-linked diblocks, as
well as linear block polymers, which can be investigated via
shear alignment,76 solvent annealing,77 use of magnetic or
electric fields,78 and graphoepitaxy.79,80

One of the open questions for vitrimers is how phase-
separated domains and crystallites will impact dynamic bond
exchange if they sit within or at the interface of the crystalline
regions. The local environment of the bond may impact the
stress relaxation and may lead to a reduction in creep of the
network. An understanding of how the distribution of
amorphous and crystalline regions impacts vitrimer static and
dynamic properties is also currently lacking. Most vitrimers are
composed of distributions in linker lengths, and the role of
precise lengths may give rise to odd−even effects on Tm and
crystallinity. Key scientific questions for dynamic diblocks
center around the role of bond exchange on the assembly and
alignment processes. In addition to the aforementioned cross-
linked blocks, another iteration where a single dynamic bond is
placed at the junction may lead to large effects on the kinetics
of phase separation. Depending on the choice of dynamic
bond, diblocks could be forced to only form AB linkages or to
sample a combination of AA, AB, and BB in a binary system.
Diblocks with a single dynamic junction may always favor
macrophase separation, and a judicious combination of
permanent and dynamic junctions may be required to stabilize
the microphases. Understanding self-assembly in block
copolymers with dynamic junctions could also inform the
design of multistrand vitrimers leading to greater control and
tunability of the static and dynamic properties. Knowledge of
how to elicit or suppress macrophase separation in dynamic
networks will be critical in these cases.

■ VITRIMERS FOR FUNCTIONAL MATERIALS
The tunability afforded in dynamic polymer networks makes
them excellent candidates for a range of applications including
electrolytes, damping materials, and stimuli-responsive poly-
mers.81−84 In all cases, the control of viscosity, modulus, self-
healing, and dissipation will be key to performance. In this
section, a small subset of applications is discussed where
vitrimers have begun to show promise in advancing the current
state-of-the-art in materials design.
Solid electrolytes are often pursued as a safer alternative to

liquids due to their reduced flammability. Ion-conducting
permanent network electrolytes have shown impressive Li
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dendrite suppression when cycled as Li-ion battery electrolytes
even with a low shear modulus of ∼105 Pa,85 much softer than
the glassy materials typically pursued.86 It has been shown that
vitrimers can have rubbery moduli >105 Pa and stiffen upon
heating,20,36,39,40,87 reflecting a conserved network architecture
that may mitigate dendrite propagation. Vitrimers can function
as solid electrolytes due to the network structure, and dynamic
bonds can facilitate ion transport compared to permanent
networks of the same cross-link density as recently shown in
poly(ethylene oxide) (PEO) networks.88 Increasing the
molecular weight of PEO between cross-links also leads to
higher conductivity, even after accounting for changes in the
network Tg (Figure 4b).88−90 For the dynamic networks that
have been explored, a large variability in linker chemistry and
cross-linking density exists, making it difficult to determine the
direct impact of the exchange mechanism on ion mobility.
Salt addition can impact the rheological properties in

addition to conductivity. Boronic esters have an empty p-
orbital and are Lewis acids, which can coordinate with anions
to form Lewis adducts.91−94 This leads to a significant change
in the viscoelastic behavior with salt addition, as the bulk
relaxation times decrease and bond exchange is accelerated as
inferred from a drop in viscosity.40,90 Additionally, the modulus
is substantially reduced as the linker strands compete with
anions to interact with boronic esters (Figure 4c). The salt
anion can undergo dissociative events with the boronic ester,
and it is an open question if the linkers begin to mix associative
and dissociative exchange. The drop in modulus is in contrast

to PEO networks with disulfide bonds, which stiffen upon salt
addition.88 The library of dynamic covalent chemistries is vast,
and tuning ionic interactions with dynamic bonds can be used
to control viscoelastic behavior and conductivity. Some
dynamic bonds can coordinate with cations, such as vinylogous
urethanes,95 and have recently been shown by Bao and co-
workers to exhibit relaxations catalyzed by the cation of the
salt.96

A key open question for ionic vitrimers is how the time
scales for molecular97 or ionic98−100 hopping events compare
to the bond exchange rates in vitrimers.11,46 Both time scales
vary by many orders of magnitude with temperature, and
systems can be designed where the time scales are comparable
by selection of the dynamic chemistry and polymer Tg such
that bond exchange may influence ionic transport. Another
question is if the associative exchange mechanism of vitrimers
can lead to a conserved topology such that dendrite
suppression can be achieved akin to prior permanent network
electrolyte studies.85 In dense vitrimers, the mesh size can be
made on the order of ∼5 Å,90 and in the case of salts like
lithium bis(trifluoromethane sulfonamide) (LiTFSI), the anion
(∼8 Å) may be disproportionately hindered leading to
improved transference numbers. Finally, the presence of
anion coordinating dynamic bonds (boronic esters) may also
lead to a greater fraction of current carried by the cation.
In the first section, we have discussed the design of vitrimer

viscoelasticity through the choice of backbone, dynamic bond,
sequence, and cross-link density. This knowledge is critical for

Figure 4. (a) Ions move through a dynamic polymer network where bond exchange or ion coordination can modify conductivity, viscosity, and
modulus. (b) Dynamic PEO networks (red data) show increased conductivity when the mesh size is larger. Reprinted with permission from ref 89;
copyright 2020 Royal Society of Chemistry. (c) PEO networks with boronic esters can coordinate with anions, leading to a drop in both viscosity
and modulus with salt addition, in contrast to linear PEO electrolytes. Reprinted with permission from ref 40; copyright 2019 American Chemical
Society. (d) Dynamic bond exchange in electrolytes can be triggered to generate reversible adhesion. Reprinted with permission from ref 88;
copyright 2020 American Chemical Society.
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improving polymers for damping and dissipation applications.
Historically, this has been pursued by tuning the segmental
dynamics through Tg or copolymerization. When the peak
frequency of a quantity such as tan δ aligns with the frequency
of a sound wave, damping occurs.45 Control of the relaxation
spectrum and tan δ peaks has been demonstrated in soft
hydrogels by using a combination of metal ions that lead to
different exchange rates with organic ligands.101 Two tan δ
peaks have been observed in these metallogels (a dissociative
dynamic network) when two different metal ions are used, but
not in boronic ester hydrogels with two kinetically distinct
dynamic bonds.102 Dry vitrimers have also used kinetically
different bonds103 and have shown either one or three modes
depending on the difference between the bond relaxation time
scales. Mixed networks with both associative and dissociative
bonds have also been explored recently with mixed systems
tending to have faster network relaxation times than the
corresponding pure systems.104−107 Our understanding of how
multiple dynamic bonds give rise to multiple peaks in a
damping spectrum is still limited. Some work has implicated
dynamic bonds as an efficient route to shockwave energy
dissipation (∼1 GPa peak pressure in ∼10 ns),108 where the
dissipation increases as more dynamic bonds are incorporated
into the network. More work is needed to make quantitative
comparisons between bond exchange rates and the time scale
of the input pressure wave. Precise selection of the dynamic
bonds, polymer chemistry, and presence of multiple dynamic
moieties could be utilized to design materials for a range of
damping applications, in addition to the aforementioned Tg
and copolymerization strategies, which will ultimately provide
even greater tunability.
The dynamic nature of vitrimers also provides an ideal

platform for designing responsive polymers. In one recent
example, ionic vitrimers have been used as reversible adhesives
(Figure 4d), where UV light reversibly triggers the bond
exchange in dynamic networks leading to greater adhesion
strength.88 Vitrimers have also received recent attention as
actuators,81,109−113 in many cases combining liquid crystalline
elastomers with dynamic bonds. These systems can actuate
either by heat or light stimuli and often operate as shape
memory systems. Depending on the temperature, the dynamic
bonds can be highly active or effectively static, leading to either
plastic or elastic deformations, respectively. There exists a large
design space for selecting the polymer backbone and dynamic
chemistries to control the temperature of shape programming,
or possibly the existence of multiple shape transitions. An
ongoing push to incorporate multistimuli response113 will also
allow for greater control of actuation.

■ CONCLUSION
This Viewpoint has explored three key areas of vitrimer design
and functionality. Vitrimers open a vast rheological design
space, with tunability not present in linear polymers,
permanently cross-linked networks, or even dissociative
dynamic networks that could be essential for unprecedented
control of polymer modulus and viscosity. Key open questions
remain, including the role of associative versus dissociative
bonding on a broad range of macroscopic properties. The
dynamic nature of vitrimers is also important for tuning and
understanding self-assembly in crystallizable or multicompo-
nent systems where heterogeneity may play a major role in
structural and dynamic phenomena. For adoption into real-
world applications, the interplay between polymer chemistry

and dynamic bonds should be leveraged to design next
generation functional materials including electrolytes, damping
materials, and stimuli-responsive systems.
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