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The development of recyclable plastics is a key research focus in today’s world due to their
environmental issues, and non-renewability concerns. Recently, vitrimeric materials have attracted
great attention as an exciting class of renewable plastic due to their potential to exhibit strength,
durability, and chemical resistance approaching that of traditional thermosets, while exhibiting end of
life recyclability. This is due to their chemical structure, as vitrimers possess dynamic covalent
crosslinks, which imparts stability while being reprocessable. This review summarizes the latest
progress and developing prospects of vitrimeric materials. Special emphasis is given to vitrimer design
strategies which paves the way for development of next-generation circular materials. The emerging
applications of vitrimers in terms of their properties, including self-healing, malleability, orthogonal

processability, and multiple shape memory, will also be discussed.
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Introduction

Plastics can be considered one of the key enabling materials in
the last 100 years [1]. Their adaptability is unparalleled among
materials, being pliable to mass-processing methods such as
molding, extruding, and hot-pressing [2]. Plastics are also durable
materials, often being resistant to moisture, oxidation, and
biodegradation. There are two main classes of plastics, namely
thermoplastics and thermosets. Thermoplastics such as poly
(styrene), poly(ethylene), poly(ethylene terephthalate), and
poly(vinyl chloride), can be readily melted and reprocessed at
elevated temperature. On the other hand, thermosets such as
melamine resins, epoxy resins, silicone resins, and urea-
formaldehydes, cannot be readily recycled after their initial pro-
cessing. However, they have significantly higher mechanical
strength, thermal, and chemical stability as compared to thermo-
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plastics. This difference can be understood by considering their
chemical structures. Thermoplastics comprise linear polymeric
chains which associate mainly by intermolecular forces. At
higher temperatures, these forces are overcome, and the plastic
turns from a solid into a viscoelastic liquid. In contrast, ther-
mosets comprise three-dimensional (3D) networks with covalent
crosslinks, which are formed during the curing step, such that
the entire polymeric can be considered a single molecular unit
[3]. These covalent crosslinks cannot be easily broken even at
high temperatures, and the polymer usually decomposes before
melting. While most plastics cannot be readily degraded into
their corresponding monomers in a cost effective manner, ther-
moplastics can be recycled to some degree by mechanical pro-
cessing [4,5]. The same cannot be said for thermosets, which
are usually suitable only for reuse as filler materials, or as fuel
[6]. There is thus motivation to develop new types of plastics
with thermoset-like strength and durability, yet having end of
life reprocessability. This would be a key enabler in the develop-
ment of a circular economy, whereby products at the end of their
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lifespan may become the feedstock for other materials or reused
in other ways.

A significant step towards such materials is the development
of Covalent Adaptable Networks (CANs) [7-11]. CANs are poly-
meric materials with covalent crosslinks which become reversi-
bly dynamic when a specific stimuli such as heat, catalyst,
light, or pH is applied. In the absence of the corresponding stim-
uli, their cross-linked structure can impart to them thermoset—
like properties such as increased strength and durability. Unlike
traditional thermosets, which are essentially non-recyclable,
CANs are in principal recyclable due to the dynamic nature of
their crosslinks. In addition, CANSs are also able to exhibit prop-
erties such as malleability, shape memory, and self-healing. In
the last two decades, the field of CANs have seen great progress,
with a dazzling array of crosslinks, polymers, and applications
being reported [12-16].

In 2011, Leibler’s group reported a new class of CANs, which
he named vitrimers as their viscosity-temperature relationship
resembles that of vitreous silica, following an Arrhenius-like
dependence [17]. This can be attributed to the nature of their
dynamic crosslinks. Traditionally, the crosslinks of CANs are dis-
sociative in nature, being broken before reforming in the net-
work. In contrast, the crosslinks of these vitrimers are
associative in nature, with their crosslinks being broken only
when new bonds are formed. As a result, the crosslink density
of associative CANs can be considered almost constant regardless
of external stimuli [18-22]. This has two main effects. Firstly, an
extended rubbery phase can be observed when heated, as com-
pared to dissociative CANs which transforms from a solid-like
state to a liquid-like state more abruptly [23]. Secondly, some
groups have also noted a greater creep/solvent resistance for asso-
ciative CANs [21,24,25]. However, classification simply by the
type of chemical bonds may be misleading, as certain chemical
bonds may operate via either mechanism depending on the
specific condition. For example, the carbamate bond undergoes
associative transcarbomylation in the presence of excess hydro-
xyl groups [26], while the dissociative urethane reversion mech-
anism is predominant in the absence of those groups [27]. In
addition, the mechanism of these materials may also not be
easily elucidated simply by observing their physical properties;
in some cases, materials operating via the dissociative mecha-
nism may have rheological properties indistinguishable from vit-
rimers [23,28]. This happens when the rate constant of bond
formation is significantly greater than that of bond cleavage,
such that the proportion of dissociated bonds is small. As a
result, the viscosity—temperature dependence of these materials
still follow Arrhenius’ law, and these materials can still be consid-
ered vitrimer-like materials (Fig. 1.1) [24]. Moreover, in real mate-
rials, polymer networks are crosslinked via not only covalent
bonds, but also intramolecular interactions, such as van der
Waals interactions, hydrogen bonding interactions, and metal—-
ligand coordination. These physical interactions support the
mechanical properties of the materials along with the chemical
bonds in the network. In this review, our focus will be on both
vitrimers and materials with vitrimeric properties.

Since Leibler’s seminal report, the number of vitrimeric poly-
mers in the literature have increased tremendously. Numerous
reversible chemical bonds such as those based on addition—elim-

ination reactions, conjugate addition—elimination reactions,
transalkylation, and even heteroatom exchanges such as boro-
nates and siloxanes have been shown to be effective as crosslinks
in vitrimeric materials (see Section 3). Within each type of chem-
ical bonds, different catalytic systems and polymeric backbones
have also been explored. More recently, strategies such as the
use of covalently bonded catalysts [29], neighboring group catal-
ysis [30-33], and even catalyst free reactions [34,35] have been
developed to make these materials more reprocessable. Vitri-
meric materials have also been explored in numerous applica-
tions (see Section 4 and 5). To meet the environmental
challenges, the re-processibility and recyclability of vitrimers
have been demonstrated. In addition, various groups have also
reported applications such as self-healing materials, re-usable
adhesives, shape memory materials, and even in 3D printing.
Vitrimers have also been combined with nano-materials to form
composites with synergistic properties.

In this review, we aim to comprehensive summarize the
recent developments in vitrimeric materials, giving special con-
sideration towards the design principles behind them, as well
as their emerging applications in various fields (Fig. 1.2). In Sec-
tion 2, we will discuss the chemical and material fundamentals of
CANs, with particular focus on vitrimeric properties. Next, we
will give a review of vitrimers and vitrimer-like materials which
have been developed, classifying them according to their key
crosslinking chemical bond. Unique strategies used in these
materials will also be highlighted (Section 3). In Sections 4 and
5, we will give an overview of the emerging applications of these
next-generation materials and their composites.

Characteristics and chemical roots of CANs and

vitrimers

Transition temperatures

In thermally activated vitrimers, distinct physical properties are
observable at different temperatures. Two important transition
temperatures describes the different behaviours. The first is the
glass transition temperature (Ty), corresponding to the tempera-
ture at which polymer chain segmental movement happens,
resulting in a change from a rigid state to a moldable state. This
is usually measured by dynamic mechanical analysis (DMA) or
differential scanning calorimetry (DSC). The second is the topol-
ogy freezing transition temperature (7T5), corresponding to the
temperature where rapid bond exchange occurs, resulting in
polymer flow, and the material changes from a viscoelastic solid
to a viscoelastic liquid. The temperature whereby a viscosity of
10'? Pa s is reached, is typically chosen to denote this point.

As Ty and Ty arise from different interactions, both tempera-
tures are independent of each other. In most cases, T is lower
than Ty, and the vitrimer transits from a rigid solid below to
Ty, to an elastic solid between T, and Ty, to a viscoelastic liquid
above T, (Fig. 2.1a(i)). At temperatures above Ty, the decrease
in viscosity can be modelled by the Arrhenius equation, as the
rate of flow is essentially controlled by the rate of chemical
exchanges. On the other hand, in some cases, the T, can be
potentially below that of T, (Fig. 2.1a(ii)). In such cases, below
Ty, no extensive segmental motion occurs, and thus no exchange
reactions occur. As a result, the network can be considered to be
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Scheme and image illustration of vitrimers and vitrimer-like materials. The crosslink density of these materials is almost constant at different temperatures.

fixed. When the temperature rises above Ty, the viscosity sharply
decreases over a small temperature range as predicted by the
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Schematic illustration of dynamic covalent bonds used in vitrimeric
materials and their applications.

Williams-Landel-Ferry equation [36], Further heating results in
chemical kinetics controlling the rate of exchanges again, and
the slope follows Arrhenius equation again. This type of behavior
is relatively less common, and was first reported by Guan’s group
in 2017 [37].

Arrhenius equation

The Arrhenius equation, k = Aew (k = rate constant, A = pre-
exponential factor, E, = activation energy, R = universal gas con-
stant, and T = temperature), is an empirical equation which has
been used to describe the viscosity dependence of vitrimers on
its temperature. At temperatures above Ty, the rate of reaction
k rises sharply, resulting in rapidly decreasing viscosity
(Fig. 2.1B). A feature of this relation is that while the use of cat-
alysts can sometimes decrease the T, due to the lowered activa-
tion energy, changes in catalytic loading has no effect on Ty, as
it does not affect the activation energy, although increasing the
catalytic loading does increase the overall rate of exchange due
to increasing the pre-exponential term. This has been verified
experimentally by Ji’s group in 2019, where the T, of an transes-
terification based vitrimer with different catalytic loadings of tri-
azabicyclodecene (TBD) was found to be constant at 85 °C [38].
In the context of vitrimers, the Arrhenius equation can also be
written in the form Iny =1InA + £, where n represents the vis-
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(a) Idealised viscosity-temperature relationship of vitrimers with (i) Ty lower than T,, and (ii) T, lower than Tj,. (b) Plot of rate of reaction against temperature
showing reaction with different catalyst loading with arbitrary units. The T, is independent of the catalyst loading.

cosity, and a plot of Iny against 1 gives the apparent £ as the
slope.

Eyring’s equation
Another equation which has been used to describe the rate of

. . ., . _ kkpT 0160
reactions is the Eyring’s equation, k = == ¢ &r

(k = rate constant,

kg = Boltzmann’s constant, h = plank’s constant, A { G° = Gibbs
energy of activation, R = universal gas constant, and T = tempera-
ture) [39,40]. Unlike the Arhenius equation, Eyring’s equation
takes into account the activation entropy, which becomes partic-
ularly significant for some vitrimers, such as those employing
neighbouring group participants. The proper orientation of
molecules’ design increases the statistical probability of these
reactions occurring.

Dynamic equilibrium

In associative CANs, as bond formation and bond dissociation
occurs in a single step, the enthalpy change (AH) of the reaction
is typically close to zero, and the equilibrium between the cross-
linked state and the dissociated state shows only a small depen-
dence on temperature. On the other hand, in dissociative CANSs,
there can be significant enthalpy difference between these two
states. As a result, the density of crosslinks is a function of tem-
perature. As breaking of the crosslinks is usually an endothermic
reaction, increasing the temperature shifts the equilibrium
towards the dissociated state. This property can be exploited to
form polymers with temperature controlled properties. One
example is found in the work of Pei’s group, where the density

of Diels—-Alder crosslinks were tuned by subjecting the polymer
to temperatures between 90 °C and 160 °C, followed by rapid
cooling to room temperature, which prevents the crosslinks from
reforming completely [41]. This enabled the tuning of the mate-
rial’s elastic modulus from between 35% and 85% of the original
fully cross-linked polymer.

Cross-link density
The density of crosslinks in a polymer can be experimentally

obtained by the equation d = ﬁ, where d = crosslinking
8

density per unit volume (mol m~%), F’; represents the storage
modulus in the rubbery plateau (MPa), R is the universal gas con-
stant, and T, is the glass transition temperature [42,43]. For
incompressible materials (Poisson’s ration ~ 0.5), the equation
M. = % may also be used to calculate the crosslink density

(M. = the average molecular weight between crosslinks, v = Pois-
son’s ratio, p = density, R = universal gas constant, and E' = storage
modulus (above Ty)) [24,37]. Related to the crosslink density is
the gel point, which refers to the point whereby the crosslink
density is high enough such that an essentially infinite molecu-
lar weight network is formed. The properties of the polymer with
relation to its gel point is closely related to the Semenov-
Rubinstein model [44]. This model predicts that the crosslinks
has little effect on the viscoelastic properties of the material
when the crosslink density is significantly below the gel point.
Approaching the gel point, the chains associate in larger groups,
and above the gel point, the network is fixed, and can only be
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deformed by dissociation of the crosslink. This results have later
been experimentally verified by Sheridan’s group in a Diels-Alder
based cross-linked network [45]. In dissociative CANSs, the gel-
point is also closely related to the gel-point temperature, as the
crosslink density at equilibrium is closely related to its
temperature.

Stimuli response

Fundamentally, CANs function on the basis of reversible stimuli
response (Fig. 2.2). In the absence of stimuli, the covalent bonds
should ideally be static, and the material acts as normal ther-
mosets to meet the requirement. However, when the appropriate
stimulus is applied, the exchanging between linkages (i.e. repeat
breaking and reforming of chemical bonds) allows the possibility
of the movement between polymer chains and the rearrange-
ment of network topology, and overall resulting in the
macrostructure change, such as stress relaxation, reprocessing,
reshaping, damage healing as well as mechanical strength recov-
ering. Ideally, the material returns to a dormant state when the
stimulus is removed and serves as thermosets again.

The most commonly used stimulus is temperature. As pre-
dicted by Arrhenius’s equation, the kinetics of chemical reactions
are almost universally dependent on their temperature, due to
the input of kinetic energy, leading to greater frequency of pro-
ductive collisions, increasing the rate of reaction. In addition,
the equilibrium of many reactions also depends on the tempera-
ture, especially in cases dissociative CANs. However, due to the
universality of thermal activation, the activation temperature
cannot be raised indefinitely, as the polymeric backbone may
also begin to decompose, and other undesirable side reactions
may occur. As a result, many thermally activated vitrimers also
make use of some catalysts to selectively promote the dynamic
covalent reaction at a lower temperature without affecting other
parts of the polymer backbone.

Another attractive stimuli which could be used in vitrimeric
materials is light. Three main classes of these reactions have been
reported in CANs [12,46,47]. The first class are the photo-
induced cyclisation, such as [2+2] or [4+4] cycloadditions
[48,49]. These reactions can be controlled by the wavelength of

C—)
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Solvent Humidity = Redox reaction
FIGURE 2.2

lllustration of external stimuli used to trigger the reversible bonds in CANs.

the incident light, as the wavelength promoting cleavage and
cycloadditions tend to be different [50]. For instance, anthracene
[4+4] dimerization occurs upon exposure to UV in the 360 nm
region, while the cleavage occurs at 250 nm [51]. Another class
of these reactions are photoreversible radical cleavages, such as
in allyl sulphides [52,53], disulfides [54], and dimethacrylates
[55]. More recently, a third class of non-radical photo-cleavage
has also been developed in thioester-based thiol-ene elastomers,
whereby an anionic exchange was promoted by exposure of UV
in the presence of photo-bases [56]. Temperature and light are
two complementary techniques to activate dynamic covalent
bonds, with some recent reports combining both methods to
achieve orthogonal activation [57].

A third stimuli seen in the literature is pH, which can be con-
sidered a special type of catalyst. Some crosslinks which pH has
been used as an activator include imines [58,59], and acylhydra-
zones [60,61]. For instance, imine formation is usually catalysed
at a pH of about 4, balancing between acid activation of the car-
bonyl without over-protonation of the amine. Some of these
types of activation have been used in hydrogels with self-
healing properties as well as in drug delivery applications. Apart
from the stimuli mentioned above, other external stimuli, such
as solvent, humidity, and redox agent, have also been studied
to trigger the reversible bonds in vitrimeric materials (Fig. 2.2).

Vitrimer design

In this Section, vitrimer(-like) CANs are discussed based on their
type of dynamic covalent bonds. Previously, in the seminal mini-
review by Du Prez et al. (2016) [62], these materials were classi-
fied broadly by their reaction mechanisms — associative or disso-
ciative. However, as the same type of chemical bond can undergo
different mechanism, we have classified the materials by the type
of dynamic bonds (Table 3.1). The most common type of
dynamic covalent exchange is addition-elimination at a
carbon-center, which can be found in esters and related func-
tional groups such as carbamates, carbonates, and carbamides
(Section 3.1), as well as acetals and imines (Section 3.2). An alter-
native related exchange is the conjugate addition—elimination,
which is exhibited by vinylogous urethanes and thioethers (Sec-
tion 3.3). In polyionic vitrimers, transalkylation occurs at Nitro-
gen and Sulfur-centers (Section 3.4), while in cross-linkers such
as boronic esters, silyl ethers, and disulfide bonds (Section 3.5),
bond formation and cleavage occurs between heteroatoms. By
detailing this classification, we hope to enable the judicious
choice of chemistry and cross-linkers in the design of vitrimers.
We also endeavour to highlight important considerations in
the design strategies of vitrimer(-like) materials.

Dynamic transesterification and related exchanges

Ester bond exchange

The first example of a vitrimer was reported by Leibler and co-
workers in 2011 [17]. The authors prepared epoxy-acid and
epoxy-anhydride networks with pendant hydroxyl groups
(Figs. 3.1 and 3.2a), which could perform dynamic transesterifi-
cation reactions catalysed by Zn(OAc), or Zn(acac), at elevated
temperatures. While at room temperature the rate of reaction is
insignificant and the polymers behaved as conventional ther-
mosets, at high temperatures (ca. 200 °C) these exchange reac-
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TABLE 3.1

Overview of dynamic covalent bonds found in vitrimers(-like) materials.

Dynamic bond Scheme Mecha- E,/kJ Catalyst” Ty/°C Mechanical Ref."
nism* mol™’ Properties
Ester (3.1.1) 0 0 A 60- Uncat; 80 1.8 GPa *° [17]
WA r toron ==, & R™-OH 150 Zn(ll;
base
Carbamate (3.1.2) o) i o . \ A/D 90-  Sn(ll) 54 72 + 11 MPa ?[26]
w ARt Ron == _r R'-OH 140 22+ 04 GPa
H H b
Carbonate (3.1.2) o) 0 A 80-  Ti(lV) 15-35 0.1-1.2 GPa ” [63]
w Al R Ron === MRt RMH, 120
Carbamide (3.1.3) o} o A/D/M 70-80 Uncat. —70 >20 MPa ®  [64]
""‘NJ'LN’R1 +  R%NH, =—= mNJLN,Rz Y RS-NH,
H H H H
Acetal (3.2.1) o-R' O-R! A/D/M 55-  Uncat; 66-71 27.2— [65]
R +  RZOH @ —= R-( *  R.“OH 140  acid 333 MPa ®
0-R' 0-R? 0.8-1.1 GPa ®
Imine (3.2.2) ~ 1 2 A/M 10- Uncat. 55-135 10-64 MPa ° [66]
R 2.2 —_— .R + 1.
@ tORMNHS == RrTN RI“NH; 130 0.13-1.0 GPa
b
Vinylogous Urethane Ho _R' H. _R? A 30-80 Uncat; 87 90 MPa *° [67]
(3.3.1) Q N + R2-NH, _— Q N * R'-NH, acid; Sn 24 GPa®
Y M Y M
(0] (o) ()]
Diketo-enamine (3.3.1) H. R H. R? A 30-50 Uncat. 125 38 MPa ? [68]
o N’ o N’ 1.8 GPa ®
ij::/k +  RXNH, =— Z +  R“NH,
6] o
Thioether (3.3.2) g g A 55-70 Uncat. - 110 0.4-1.5 MPa € [69]
Rls X EWG  + R2SH = S R%S EWG  + RISH
EWG EWG
Triazolium (3.4.1) Be N [e) N D 140- Uncat. —8to23 15 MPa“ [28]
r 2 Br 1
® 1+ N? OIN-R @ 1+ N7 SR 150
#~N7 SR _ = &SN RN
Pyridinium (3.4.1) ) D 45 Uncat. —22 1.3-3.4 MPa " [70]
Br Br
N NZ
,Jr'\%é\ + /\+R2 —_— ...J"\Né\l + /\:—R1
A A
NS NS
Anilinium (3.4.1) B! '!‘/ /| B! r!l/ /’L D 50-60 Uncat. 11-15 525—380 kPa [71]
{@ /I_R1 + 2 R = {®\@R2 + /,_R1
~ ) N ~ ~ )
Sulfonium (3.4.2) R l@ R2 R2 R A 113 Uncat. 30-60 " 40-60 MPa " [72]
s® + s Sl s@ o+ f
‘R1 R2 R2 R'
Dioxaborolane (3.5.1) 0 HO 0 HO A/M 40-80 Uncat. 98 28 MPa ? [73]
—_— b
e”_B\oj\ - S | 1.8 GPa
R! HO R2 O R2 HO R!
Boroxine (3.5.1) Rl _O. _R' Rl _O. _R? A 80 Uncat. 68 329 MP:?\)a [74]
8" R2 BTB + HOL L OH 0.7 GPa
0._.0 + B -~ 0.,.0 T,
i HO”~ ~OH g R
R R
Silyl Ether (3.5.2) I I A/M 80— Uncat; 125 1.8GPa®  [37]
msli_OR1 + R2-OH _— ww-sli—ORZ + R™-OH 180 acid
Disulfide (3.5.3) ws—srR!  + RlSSH =—=  ws-sr? + Risy D 50-60 Uncat. 127 25GPa®  [75]

¥ Mechanisms: A = associative; D = dissociative; M = metathesis. * Uncat. = uncatalyzed. * Temperature of malleability. > Tensile strength. ® Young’s modulus. ¢ Storage modulus.
d Ty and mechanical properties values mentioned in the table are only for the specific polymer examples.

tions (E, ~ 88 k] mol™!) enabled the polymer network to exhibit
viscoelastic properties such as stress relaxation and malleability.
The group later showed that different catalysts and catalyst load-
ings could be used for these exchange reactions, resulting in dif-
ferent E,, T, and stress relaxation properties [76,77].

Until recently, transesterification vitrimers were typically
catalysed by Lewis acids or strong organic bases. More recently,
catalyst-free vitrimers based on internal activation [30] have
been reported. In 2019, Du Prez developed catalyst-free vitrimers
based on phthalate monoester transesterification with relaxation
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FIGURE 3.1

(a) lllustration of transesterification in hydroxyl-ester networks. (b) Normalized stress relaxation at different temperatures. The inset shows the temperature
variation of zero-shear viscosity. (c) Reprocessing the broken pieces in an injection machine to recover its initial aspect and properties. (d) Reshaping the
sample into a fusilli-shape. Reproduced with permission [17]. Copyright 2011, American Association for the Advancement of Science.

times of ~63 s at 150 °C (Fig. 3.2b) [66]. Internal catalysis was
achieved through the close proximity of the neighbouring car-
boxylic acid group, which could attack the ester moiety to rever-
sibly form an activated phthalic anhydride, which is more
susceptible to attack by another alcohol. Although this reaction
proceeds through a dissociative mechanism, the stress relaxation
of this CAN follows Arrhenius behaviour (Ea ~ 120 kJ mol-1) and
the overall network integrity was retained even after 3 cycles of
reprocessing, indicating vitrimer-like behaviour.

Another example of catalyst-free transesterification vitrimers
was reported by Ojha et al. in 2020 [34]. Here, the authors uti-
lised diethyl malonate as cross-linkers with poly(hydroxymethyl
methacrylate (Fig. 3.2¢), with the B,p’-activated diester promot-
ing the rate of transesterification such that the catalyst-free
exchange could occur at 150 °C (E, ~ 110 KJ mol %), while addi-
tion of Sn(Oct), could lower the processing temperature to
110 °C (E, ~ 82 k] mol™'). Replacing catalysts with well-
designed monomers could increase the safety and recyclability
of transesterification vitrimers since catalyst leaching is no
longer an issue.

As an alternative to tuning the carboxylic acid group, the “al-
cohol” can also be modified to lower the E, of transesterification.
He et al. incorporated the oxime moiety into polyesters to pro-
duce poly(oxime-ester) (POE) [79]. As the pK, of oxime is lower
than that of aliphatic alcohols, the replacing conventional ester
bonds with oxime-ester bonds allowed for a catalyst-free oxime-
transesterification exchange reaction (Fig. 3.2d). The results from
small molecule model study revealed that the Arrhenius activa-
tion energy of catalyst-free oxime transesterification (E, ~ 63.5-

k] mol!) is lower than that of conventional epoxy ester
system containing catalysts (E, ~ 88 k] mol~!). An excess amount
of free oxime was incorporated in the polymer to promote asso-
ciative exchange mechanism. Increasing the amount of free oxi-
mes resulted in vitrimers with faster relaxation times (from 5102
to 2725 s at 100 °C) and lower Ty (from 43 to 12 °C).

Other stimuli, such as light and solvent, have also been
explored in transesterification vitrimers. For instance, light-
activated vitrimers were developed by incorporating carbon nan-
otubes (CNTs) [81] or gold nanospheres [82] into the polymer
network (Section 4.5.1). Light energy could be absorbed by these
nanoparticles and converted to heat, enabling localised healing
of the vitrimers through the photothermal effect. Solvent acti-
vated vitrimers were developed by Ji’s group to program 2D flat
epoxy-based vitrimer sheets into sophisticated 3D architectures
at room temperature [29]. This vitrimer was synthesized by using
TBD as a catalyst during the polymerization of epoxy and acid
monomers. In doing so, TBD was also covalently incorporated
into the network. During reprocessing, by employing good sol-
vents for TBD (such as tetrahydrofuran and dichloromethane),
chain stretching could be induced, activating the incorporated
TBD to act as catalysts, reducing the activation energy of transes-
terification, and enabling reshaping, self-healing, and repurpos-
ing. At the same time, no catalyst leeching was observed under
ambient operating conditions.

There has also been avid interest in bio-based transesterifica-
tion vitrimers to minimise dependence on non-renewable chem-
ical feedstock. These include polylactide vitrimers [83], as well as
vitrimers based on poly-functional epoxidized soybean oil

Please cite this article in press as: J. Zheng et al., Materials Today, (2021), https://doi.org/10.1016/j.mattod.2021.07.003

H
2
S
@
[
I
v
3
<<
w
"
|
[



https://doi.org/10.1016/j.mattod.2021.07.003

RESEARCH

Materials Today ® Volume xxx, Number xx ® xxxx 2021

X

associative

Ester Bond Exchange

—_—
—~—

associative

* I

@) o (c) OH
o Sl —_— ,HJ\/{O o
R _RZ + R!
» ‘\-‘,)L ——— "“5/{\0 "u.)l\o e O associative OMOA“'
E associative | OMO A,
>
a
x (b) " T ()
= H R2 _H 0, H R3._N.
o \ (e} o R2 _H ! Z “OH o 1
< OO — ~or" 050 i 3 2 RN
2 - J—— )\;8: = N o i, Pl R7‘_—‘R /N‘OJLR’ T’ .
dissociative JR? R H T =
(] 41O @ associative
vy R H
R .
\. J
n - N
Urethane Exchange Reactions
(e) 0 ()
o) Os2 -0 O-R? o) 0
H R H=O O-R
rt M R R R == rt J__r? RUM NPh & Ne_ _Ph
~ o —_— ~ - —~—— ~ od N o 1 < =
H associative H O H N 1’; diceeoiatve [R5 ,C + HO 1’:
(o)
R M _R?
= N O
(ii) H
dissociative ©)
0 3 o 9 o O 2 0
Rl .C* 2 ’ o R2 H-O O-R
N® == r R Y R R R R == | rI X _r'| == R R
R H O“C R? H O N™ O o™ O associative o™ O
o X H
\. =N J
s " " N\
Carbamide Exchange Reactions
(h) urea
H H H H metatheSIs H H H H
T, gro = Oro - ogrgL
R ¥ R u R ¥ R
(i
dissociative o
‘M\T\'J)LN/M" —— wv\N’,C',O 5 HN
nQ
bulky amine-
\__blocked isocyanate )

Ester bond exchange: (a) associative transesterification in epoxy-acid

vitrimers; (b) catalyst-free dissociative mechanism in phthalate monoester

transesterification by Du Prez et al. [78]; (c) catalyst-free B,f’-activated diester-promoted transesterification [34]; (d) catalyst-free associative oxime-ester

transesterification [79]. Urethane exchange reaction via (e) (i) associative
alcohol; (f) oxime-promoted dissociative transcarbamoylation [80]; (g) carbo

transcarbamoylation or (ii) dissociative urethane reversion via isocyanate and
nate exchange via associative transcarbonation [63]. Carbamide exchange: (h) N,

N’-diaryl urea metathesis; (i) dissociation of urea linkages with bulky amine substituent via isocyanate and amine.

[84-86] or lignin derivatives [87,88]. The use of biomass feed-
stock for vitrimers has multi-fold advantages — renewability, recy-
clability, biocompatibility and even biodegradability (under
specific conditions) — and further refinement and adoption of
these technologies could drastically improve the sustainability
of plastics.

Carbamate and carbonate bond exchange

Instead of using the carboxylic acid esters, carbamic acid esters
have also been utilised to synthesise transcarbomylation vit-
rimers. Hillmyer and co-workers first developed polylactide vit-
rimers based on isocyanate-alcohol exchange reactions in 2014

[83]. Using a highly active Sn(Oct), catalyst, these polymers pos-
sessed T, (~60 °C) similar to Ty values and exhibited compara-
tively short stress relaxation times of 50 s at 140 °C
(Ea ~ 150 k] mol™%).

While polyurethanes (PUs) represent a class of polymeric
materials with extensive industrial applications, the re-
processability of PU-based thermosets was poorly understood
and re-processing was inefficient until recently. Recently, a
mechanistic study of stress relaxation in urethane-containing
polymeric networks was presented by Hillmyer et al. [27]. The
study thoroughly examined the stress relaxation behaviour of
PEO-based and PLA-based polymers cross-linked with carbamate
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bonds and suggested that the likely mechanism of stress relax-
ation is a dissociative tin-catalysed carbamate exchange reaction
which proceed via isocyanate intermediates (Fig. 3.2e(ii)). The
effects of temperature, catalyst content, and polymer structure
on the relaxation behaviour of the polymeric network were also
examined and it was shown that both materials exhibit
Arrhenius-like stress relaxation.

While the discovery of re-processable PUs is a welcomed pro-
gression, the use of tin catalyst remains highly undesirable due to
issues such as catalyst leaching and deactivation which limits
material longevity, as well as the high toxicity of tin-based cata-
lyst. Considering these issues, a network based on catalyst-free
urethane exchange reaction is highly desired. Furthermore, an
associative urethane exchange reaction mechanism is also highly
desired to endow other beneficial properties such as solvent resis-
tance. One way of achieving such material properties relies on
the introduction of co-functional moieties into the polymeric
network to effect changes in exchange mechanism. Pertinent
to the topic, Hillmyer et al. reported the introduction of free
hydroxyl moieties to produce poly(hydroxyl-urethane), a new
class of PU-like materials with catalyst-free relaxation behaviour
[26]. The polymer produced was glassy at room temperature
(Tg = 53 °C) and exhibited Arrhenius-like stress relaxation beha-
viour (8 hours for ca. 75% relaxation at 160 °C). The topology-
freezing transition temperature (7,) was determined to be
111 °C. The authors attributed the stress relaxation behaviour
to mechanically activated associative transcarbamoylation pro-
moted by the free hydroxyl groups (Fig. 3.2e(i)). Another advan-
tage of this system is that the synthesis from cyclic carbonates
and amines, as well as the exchange mechanisms both do not
require the use or production of toxic isocyanates.

In 2017, Zhang and Rowan synthesised catalyst-free poly
(alkylurea-urethane) networks by reacting the trimer of 1,6-
hexamethylene diisocyanate with aminoethanols bearing N-
alkyl substituents of different sizes [89]. While the polymer from
the bulky 2,2,6,6-tetramethyl-4-piperidinol showed conven-
tional dissociative behaviour of blocked isocyanates (Fig. 3.2e
(ii)), the equilibrium constant of carbamate formation increased
for less bulky aminoethanols; with concentrations as low as <1%
isocyanates species at 200 °C for the ethyl and isopropyl sub-
stituents. Despite the small amount of isocyanate dissociation,
and almost constant cross-linking density even at high tempera-
tures, these polymers could still be reprocessed at temperatures
between 110 to 190 °C, exhibiting vitrimer-like Arrhenian flow
(Ea ~ 132 K) mol™Y) and T, ~ 74 °C (for ethyl). This study high-
lighted that polymers based on dissociative dynamic bonds
could be tuned to exhibit vitrimers-like behaviour by controlling
the equilibrium constant of the reaction.

Analogous to the work by He’s group [79], oxime chemistry is
another promising strategy that can be exploited to prepare
catalyst-free vitrimeric PUs. One such work was recently pre-
sented by Liu et al. involving the integration of oxime with
urethane to produce poly(oxime-urethane) (POU) as a PU-like
material [80], The POUs exhibited Arrhenius-like stress relax-
ation behaviour which was attributed to the oxime-promoted
transcarbamoylation via a dissociative mechanism (Fig. 3.2f).
Experimentally, the oxime-carbamate bond was shown to be
reversible at ca. 100 °C, a facile re-processability condition rela-

tive to conventional PU materials (>200 °C). Theoretically, it
was revealed that mild temperature to achieve bond reversibility
is mediated by the characteristic oxime-nitrone tautomerization.

In addition to transcarbomylation, replacing the carboxylic
acid with carbonic acid likewise generates carbonate vitrimers.
Hillmyer’s group developed hydroxyl-rich polycarbonate vit-
rimers (Ty ~ 25 °C), which could undergo transcarbonation
exchange reactions (Fig. 3.2g), in 2018 [63]. Catalysed by Ti(Oi-
Pr)4, these polymers displayed stress relaxation times of ~200 s
to 1000 s at 170 °C (E, ~ 80-120 k] mol '), with kinetics increas-
ing with both catalyst loadings and pendant alcohol concentra-
tion. Zhao and co-workers utilized similar carbonate vitrimers
to form composites with cellulose [90] to form a hydrophobic
paper with self-healing properties.

Carbamide (Urea) bond exchange

An alternative functional moiety that can be employed as a cross-
linker is the urea moiety. Li et al. reported the introduction of
free urea moieties to produce poly(urethane-urea) [64]. The intro-
duction of the urea moiety produced a copolymer consisting of
hard and soft segments; the former endowed enhanced mechan-
ical properties while the latter imparted the flexibility required
for dynamic exchanges. In this instance the vitrimer-like prop-
erty of the PU-like material arises as a result of an N, N’ -diaryl
urea exchange (Fig. 3.2h) rather than a carbamate bond
exchange.

Polyurea represents another class of nitrogen-containing poly-
mer which holds industrial significance. In 2013, Cheng et al.
reported an instance of exploiting steric factor of bulky amines
to induce dynamic exchanges in polyurea (Fig. 3.2i) [91]. The iso-
cyanate functional group presents a viable solution for the design
of dynamic covalent interactions. In contrast with ketenes which
are unstable, isocyanates are reasonably stable under ambient
conditions, and rapidly reacts with amines to form ureas.
Through the incorporation of bulky substituents on the nitrogen
atom of the urea bond, urea linkages can reversibly dissociate
into the corresponding isocyanate and bulky amines, giving rise
to dynamic relaxation properties. Polyurea incorporating such
steric effects can be readily synthesized by replacing regular
amine with bulky counterparts. Through examining a series of
five amines, this work showed that the dynamic exchange of
urea linkages can be controlled by tuning the steric bulkiness
of the substituent attached to the urea nitrogen. Subsequently,
the optimal urea moiety, 1-(tert-butyl)-1-ethylurea, was intro-
duced into a poly(urethane-urea) network which exhibited
vitrimer-like properties. These results suggest that such design
incorporating the role of steric effects may be readily integrated
into wide range of materials, bringing modular and tunable
dynamic properties to traditional polyurea and urea-containing
polymers such as poly(urethane-urea).

Dynamic transacetalation and transimination

Acetal bond exchange

Acetal chemistries have been extensively explored as a synthetic
strategy for syntheses of complex supramolecular assemblies
[92,93]. Recent works have suggested that the dynamic nature
of acetal exchange reactions could also be adopted to develop
vitrimer(-like) materials. Acetal exchange can occur through
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two distinct mechanisms: transacetalization and acetal metathe-
sis. The former refers to the alcoholysis of acetal (Fig. 3.3a(i)),
that is, a free hydroxyl group reacts with an acetal and replaces
part of the acetal structure to form a new acetal while the latter
refers to the exchange reactions between two acetals (Fig. 3.3a
(ii)).

In their recent work, Zhu et al. exploited acetal chemistry for
the design of a malleable and recyclable polymer networks
(Fig. 3.3d) [65]. Taking into consideration the impact of toxic
metal catalysts, the acetal dynamic networks were prepared via
the catalyst-free “click” addition of poly(styrene-co-styrene-OH)
and 1,4-cyclohexanedimethanol divinyl ether which proceeds
without the release of any small molecules by-products. The
heat-induced stress relaxation behaviour of the polymer network
based on the acetal motif exhibited Arrhenius-like temperature
dependence. It was found that relaxation rate was dependent
on the free hydroxyl content of the network, indicative of

hydroxyl-promoted transacetalization being the main relaxation
mechanism. The T, of the network, depending on the hydroxyl
content, ranged from 61 °C to 103 °C. Furthermore, these acetal-
based network demonstrated excellent mechanical and chemical
recyclability. Hot press recovery could be achieved in 10 min
under 15 MPa at 150 °C with well-preserved mechanical proper-
ties. The monomer recovery of these acetal-based network was
also efficient and simple, achieving a 92% recovery after a 1-h
treatment in hot water at 100 °C (Fig. 3.3d). However, owing
to the high relaxation temperature, sample aging occurred,
resulting in slight deterioration in relaxation property. In
follow-up work, the same team showed that the chemical stabil-
ity and mechanical properties can be adjusted by finetuning the
chemical environment adjacent to the acetal linkages (Fig. 3.3b)
[94]. Additionally, this work showcased how a conventional
thermoset resin, such as phenolic resin, could be adapted to form
a vitrimeric network through one-step “click” cross-linking.
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(a) Acetal exchange via (i) transacetalization between acetal and free hydroxy moiety or (ii) acetal metathesis. (b) Catalyst-free dissociative acetal exchange in

phenolic vitrimers with cyclohexyldimethanol divinyl ether cross-linkers [94].

(c) Catalyst-free acetal metathesis in spirocyclic acetal network [95]. (d)

Degradation recycling of the acetal dynamic network in hot water: mechanism and photographs [65] Reproduced with permission [65]. Copyright 2019, Royal

Society of Chemistry.
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Yu et al. demonstrated a re-processable elastomer operating
on the basis of catalyst free acetal metathesis in a cross-linked
spirocyclic acetal polymer (Fig. 3.3¢) [95]. The mechanism and
kinetics of the exchange process were studied using model com-
pounds and the Arrhenius activation energy of the catalyst-free
metathesis was determined to be ~57 k] mol~!. Under this con-
text, the presence of free hydroxyl groups within the polymeric
network was not necessary, eliminating potential side reactions
(such as dehydration and oxidation) at high re-processing tem-
perature. Meanwhile, the elimination of acidic catalysts also
avoids acid-mediated degradation. Additionally, spirocyclic acet-
als showed improved thermal stability over acyclic acetals. The
high refractive index of these polymers also make them promis-
ing canidates for applications in optical devices.

Imine bond exchange

In 2014, Zhang et al. reported an instance of catalyst-free poly-
imine material with water-driven malleability at ambient tem-
perature [96]. The polymer produced was hard and glassy at
room temperature (T, = 56 °C) and exhibited Arrhenius-like
stress relaxation behaviour (30 min for ca. 90% relaxation at
80 °C). The material exhibited excellent recyclability being
remouldable even from powdered states under facile conditions
(45 min under 90 kPa at 80 °C) with well-preserved mechanical
strength. More interestingly, the polyimine materials possess
hydrolytic resistance which allowed it to relax in water. Further-
more, it was revealed that the stress relaxation of the polyimine
in water is comparable to the behaviour observed at elevated
temperature. As this was not observed in other solvents, the
authors hypothesised that hydrolysis of a small percentage of
imine (insignificant based on solid-state 13C NMR) promoted
amine/imine exchange (Fig. 3.4a). This water-induced re-
processability also alleviates material aging caused by conven-
tional high temperature re-processing conditions which typically
limits the lifespan of the recycled material.

In a more recent work, Smulders et al. reported a quantitative
structure—property relationship (QSPR) between dianiline mono-
mers and the macroscopic material properties of their corre-
sponding polyimines [98]. The physical properties of five
selected dianiline monomers with differing electronic properties
(quantified by their respective Hammett parameter o, where a
higher ¢ value relates to a greater electron-withdrawing effect)
were studied (Fig. 3.4¢). The study revealed a simple, often linear,
correlation between ¢ values and a range of dynamic material
properties such as E,, T, and creep (y) (Fig. 3.4c). Through this
direct correlation based on the Hammett equation of a
molecule-based physical parameter (¢) to macroscopic property
of polymer, dynamic material properties could be tuned in a
quantitative and predictable manner, representing a step forward
for the designability of vitrimers with highly precise material
properties for specific applications.

Bio-based polymers hold great promise for the development
of green and sustainable materials. The integration of dynamic
covalent interactions with bio-based polymers to endow intrinsic
controlled degradability to bio-based polymers is highly sought
after. To this end, Dhers et al. reported on the instance of bio-
based polyimine vitrimer fabricated from 100% renewable
monomer sources (Fig. 3.4b) [97]. The polyimine network was

prepared from fructose-based monomer furandialdehyde and a
mixture of amine monomers derived from vegetable oil. Remark-
ably, the fabricated materials exhibited superior mechanical
properties, thermal stability and chemical resistance as well as
excellent re-processability. The materials showed typical
Arrhenius-like stress-relaxation with an experimental activation
energy of ca. 60 k] mol~'. Short relaxation times (for full relax-
ation) ranging from ca. 20 min at 40 °C to 40 seconds at 80 °C
were observed. The fast relaxation time was attributed to the
associative transamination of the imine linkages in the presence
of excess amines. The fabricated materials were also found to be
extremely stable under hydrolytic conditions which can be par-
tially attributed to the hydrophobic nature of the amines used.

Dynamic exchange of conjugated systems

Ketoenamine bond exchange

Du Prez and co-workers reported one of the first catalyst-free vit-
rimers in 2015 [67]. The group’s vinylogous urethane (Vur-
ethane) vitrimers were based on ketoenamines, formed from
amine attack on p-keto esters, which are remarkably stable
towards hydrolysis. A follow-up study in 2017 demonstrated that
the exchange reaction proceeds via conjugate addition followed
by elimination, with low uncatalyzed E, of ~ 60 k] mol~! and
rapid stress relaxation (~3 min at 150 °C) [99]. The authors also
elucidated the impact of various additives on stress relaxation.
While protic acids (e.g. p-TsOH, H,SO,) accelerated the stress
relaxation with little change in E, (Fig. 3.5a), Lewis acids (e.g.
dibutyltin laurate) drastically lowered the E,, indicating a differ-
ent exchange mechanism (Fig. 3.5b). Addition of bases (e.g. triaz-
abicyclodecene, 1,5-diazabicyclo[4.3.0]non-5-ene) instead
increased both the E, and stress relaxation time (Fig. 3.5¢). These
findings enabled the authors to tune the viscoelastic properties of
not only elastomeric vitrimers (Ty ~ —25 °C), but also rigid vit-
rimeric networks (Tg ~ 87 °C) [99]. Following these studies, viny-
logous urethane vitrimers have been synthesised from many
different commodity polymers, such as polydimethylsiloxane
(PDMS) [100], poly(methyl methacrylate) (PMMA) [101] and
epoxy [102].

Ketoenamine-type vitrimers based on other vinylogous acyl
compounds have also been discovered. Du Prez et al. systemati-
cally studied the dynamic exchange reactions of vinylogous
urethane, amides and urea. The authors found that more elec-
tron donating groups at the carbonyl led to increased exchange
kinetics, with vinylogous ureas (Vureas) thus possessing the most
rapid exchange. Vurea vitrimers prepared had uncatalyzed stress
relaxations of as low as 57 s at 170 °C, and with 0.5 mol% p-
TsOH, this could even be lowered to 2.4 s. These Vureas were fur-
ther explored for use in prepeg composites together with carbon
fibres [104].

Fluoropolymers are a class of polymer characterized by their
high chemical resistance and friction reducing surface properties,
which are significant in various high-performance material appli-
cations. Du Prez et al. introduced the catalyst-free vinylogous
urethane vitrimer chemistry into perfluoropolyether (PFPEs) to
endow the thermosetting material with viscoelastic properties
(i.e. fluorinated vitrimers) [103]. The PFPEs were synthesised via
a facile solvent-free protocol and demonstrated a novel dual vit-
rimer relaxation behaviour (Fig. 3.5d). The observed phe-
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nomenon was attributed to the co-existence of two mechanisti-
cally distinct transamination processes with significantly differ-
ent activation energies which occur at different temperature
ranges. The gradual and moderate decrease of the viscosity in
the lower temperature range was ascribed to an amine exchange
which proceeded via a pathway involving an activated iminium
intermediate (Fig. 3.5d(i)). At a higher temperature range how-
ever, a higher energy barrier Michael-type conjugate addition
becomes the dominant transamination pathway due to its
greater temperature dependence (Fig. 3.5d(ii)), resulting in a
sharper and more pronounced temperature response. The results
from the study also showed that transition point of the two tem-
perature ranges is seemingly dependent on the free amine com-
position, further substantiating the notion that the low barrier

process is outcompeted by the high barrier process at higher tem-
peratures. In summary, the novel dual viscosity profile arises
from the same transamination occurring via two distinct
exchange mechanisms, involving different reactive species. The
discovery of such novel material properties illustrates the need
to further our understanding the mechanism behind vitrimeric
material behavior. Undoubtedly, the understanding of the pecu-
liarities behind well-established chemistries when integrated into
existing material will facilitate design of more new materials with
precise rheological profiles for niche application.

More recently, poly(diketoenamine) (PDK) vitrimers have
been reported. In 2019, Helms and co-workers reported that con-
densation of -triketones with amines via ball-milling forms PDK
networks with high T, (>120 °C) and catalyst-free low E,
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FIGURE 3.5

Transamination of ketoenamines via (a) pathway at low temperature or under acidic/netutral conditions involving an iminium intermediate. (b) Lewis acid-
catalysed pathway. (c) Michael-type pathway at high temperature or under basic conditions. (d) Arrhenius plots indicating the temperature-dependent
mechanistic change in PFPEs with vinylogous urethane cross-links. Reproduced with permission from Ref. [103]. Copyright 2018, American Chemical Society;
(e) Reaction mechanism showing the reversible formation of diketoenamines. Triketones and amines favour the spontaneous formation of diketoenamine
bonds, which will hydrolyze under strongly acidic conditions to reform a triketone and an ammonium salt.

(~50 kJ mol™!) exchange reactions [68]. Another advantage of
this system is the ability to recover both the triketone and amine
monomers in >90% purity under acid depolymerisation
(Fig. 3.5e); this ease of recovery is rare even the broader field of
covalent adaptable networks (CANs). In 2020, the group studied
how polymer design could impact the thermal and rheological
properties of the vitrimers: incorporation of flexible (linear
long-chain) amines lowered the vitrimer T,, while rigid amines
increased Ty, following the Flory-Fox equation [105]. Increasing
conformational entropy also led to decreasing the E, and relax-
ation times of the vitrimers. These findings provide useful guide-
lines for tuning vitrimers properties through polymer design.

Thiol ether conjugate addition—eliminations

Apart from amines, Meldrum’s acid derivatives can also form
reversible covalent bonds with other nucleophiles. In 2018, Ishi-
bashi and Kalow developed silicone vitrimers based on thioether-
ification of Meldrum’s acid alkylidene (Fig. 3.6) [69]. Catalyst-
freee  “click” conjugate addition-elimination of thio-
functionalised PDMS (13-17%) to Meldrum’s acid derivative
MA (2 mol%) at 120 °C resulted in cross-linked silicone networks
which could be reprocessed at 150 °C under 9 tons in a hot press
at least 10 times. The reversible, associative exchange mecha-
nism enabled the vitrimers to exhibit Arrhenius stress relaxation
(E, ~ 64 k] mol™!) behaviour with T, ~ —6 °C. Following up on
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(a) Reaction mechanism of the conjugate addition—elimination exchange reactions of a thiol ether-based cross linker. (b) Chemical structures of the various
conjugate acceptor cross-linkers that were studied in Ref. [106], with the derivative CY having the fastest stress-relaxation.

this work, the group studied a series of conjugate acceptor cross-
linkers (Fig. 3.6b) and the properties of their resulting vitrimers
with the same thio-functionalised PDMS [106]. Stress-
relaxation studies revealed that while the E, of networks with dif-
ferent cross-linkers were similar, the relaxation time for the
cyclohexanedione derivative CY was the fastest, which could
be attributed to the unhindered structure and heightened reac-
tivity of the cross-linker to nucleophilic attack.

Dynamic transalkylation in polyionic systems

Transalkylation of N-centred salts

Ionic vitrimers were first reported in 2015 by the group of Drock-
enmuller. A network comprising poly(1,23-triazole) cross-linked
by difunctional alkylating agents, exhibited malleability and
reprocessability at 170 °C (Fig. 3.7a) [107]. Poly(1,2,3-
triazolium ionic liquid)s (PTILs) with the bromide counterion
exhibited Arrhenius stress-relaxation (E, ~ 140 k] mol™!) and
short relaxation times (30 min at 130 °C), while the iodide coun-
ter ion led to slower stress-relaxation. As vitrimers were originally
established as materials in which the polymeric networks can
undergo topology rearrangement due to an associative dynamic
exchange reaction between functional moieties in the network,
the initial mechanism proposed was associative-nucleophilic
attack of pendant triazoles on the alkyl triazolium species. How-
ever, a more in-depth mechanistic study from the same group
showed that a dissociative pathway - nucleophilic attack of
halide counterion on the alkyl triazolium species, releasing free
triazole and alkyl halide — was actually dominant (Fig. 3.7b)
[28]. Despite the dissociative exchange mechanism, PTILs still
possessed vitrimeric properties. To explain this phenomenon,
the authors showed that the rate-limiting step of the overall
exchange was the dissociation of the alkyl triazolium, and re-
formation of cross-links was rapid. Hence, the cross-link density
remained constant across a wide temperature range (100-
170 °C), in contrast with networks based on Diel-Alder adducts.
This finding, in conjunction with the work by Rowan et al., [89],
that cross-link density could be maintained even with a dissocia-
tive exchange mechanism, widened the field of vitrimers-like
materials.

Guo et al. recently reported an instance of C-N trans-
alkylation of pyridinium salt [70]. As an alternative to vulcaniza-
tion, nanofillers are often used as mechanical reinforcement for
neat rubber to produce rubber composites. However, its applica-
tion usually results in additional obstructions for chain mobility
and network rearrangement in the resultant composite. This
work reported the incorporation of exchangeable covalent cross-
links in the interfaces between the rubber and nanoparticles as a
resolution to this dilemma. The butadiene-styrene-vinylpyridine
composites were prepared using (3-bromopropyl)-trimethoxy-sil
ane modified silica (Si-Br) as crosslinkers, forming pyridiniums
in the rubber-nanoparticle interfaces. As expected, the mechani-
cal properties of the composite were improved compared to neat
rubber and Young’s modulus is a function of Si-Br loading. The
composites demonstrated vitrimeric viscoelasticity ~with
Arrhenius-like stress relaxation behaviour. Small model mole-
cules study revealed the C-N trans-alkylation of pyridinium salt
with alkyl halide at elevated temperature (Fig. 3.7c) and the fast
relaxation behaviour of the composites was attributed to the C-N
trans-alkylation of pyridinium at the rubber-nanoparticle inter-
face. The composites were also shown to be thermally re-
processible without significant loss of mechanical properties.

Another transalkylation system was reported by Konkolewicz
et al.,, who demonstrated that anilinium salts could also form vit-
rimeric materials [71]. The authors copolymerised 2-
hydroxyethylacrylate with 4-(N,N-dimethylamino)styrene and
anilinium cross-linkers to obtain networks with high mealleabil-
ity at 60 °C and Arrhenius stress-relaxation (E, ~ 60 KJ mol ™)
[108]. The authors studied the correlation between kinetics of
dynamic exchange of anilinium salts in small molecules and
the vitrimer-like flow behavior of polymeric materials with
anilinium linkages [108]. Similar to the PTIL systems [28], the
exchange proceeds via an indirect Sy2 mediated by the bromide
counter-anion (Fig. 3.7d). Despite the dissociative exchange
pathway, constant crosslink density was observed over a wide
range of temperatures. The results from the small model mole-
cule study revealed that both the association and dissociation
of anilinium linkages have similar activation energies, suggesting
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that the retention of constant cross-link density could be due to a
rapid de-crosslinking and re-crosslinking phenomena. In con-
trast to traditional dissociative CANs such as the Diel-Alder
adducts, in which the thermodynamics at elevated temperature
significantly favors the dissociation of adducts, in the anilinium
system the drive toward an increase in dissociation rate is bal-

anced by an equally large drive for the reassociation of reactive
species back into anilinium adducts. As such, anilinium linkage
proves to be a unique dissociative system with its measurable
and nontrivial fraction of the dissociated bond (dissociative nat-
ure) while at the same time temperature-independence of the
fraction of cross-linkers (associative nature).
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Transalkylation of sulfonium salts

In addition to cationic N-centred salts, sulfonium salts can also
undergo dynamic covalent exchange. The reversibility of
sulfide-sulfonium salt reaction was previously reported by
Goethals et al. [109]. Based on this precedence, Du Prez et al.
recently reported the fabrication of catalyst-free poly(thioether)
networks based on the dynamic sulfide-sulfonium salt exchange
reaction [72]. Through a model small molecule study, it was
established that the exchange mechanism proceeded via a classi-
cal Sn2-type reaction of sulfonium salts with thioether nucle-
ophiles with Arrhenius activation energy ca. 108 k] mol~'. The
associative, concerted cross-linking reaction produced polymers
which exhibited vitrimer-like properties (T, = 65 °C), thus
endowing simple recyclability at elevated temperature (few min
at 160 °C).

Today, rubber is generally recognized as a strategically impor-
tant material. However, to produce rubber with sufficient elastic-
ity, toughness, as well as solvent resistance, the most common
approach to date is still vulcanization - the treatment of rubber
with sulfur to form C-S bonds which inevitably hinder the sub-
sequent recycling, reprocessing or even re-use of rubber products
due to the formation of strong C-S linkages. Encouraged by the
results from Du Prez et al., Zhang and co-workers reported on a
facile yet efficient way (60 min at 160 °C) to recycle existing
sulfur-cured rubbers through the addition of trimethyl-
sulfonium iodide (TMSI) during re-molding procedure to initiate
the of sulfide-sulfonium salt exchange [110].

Dynamic heteroatom bond exchange

Boronic ester (B-O) exchange

Guan and co-workers first demonstrated the use of boronic ester
metathesis in bulk solid-state polymers in 2015 [111]. The
authors showed that polycyclooctene polymer containing 20%
1,2-diol groups could be cross-linked by metathesis with a bis-
dioxaborolane (Fig. 3.8a). The rate of dynamic transesterification
could be tuned with the design of cross-linker, with the bis-
dioxaborolane cross-linker bearing a neighbouring N atom pos-
sessing 5 orders of magnitude faster exchange compared to the
corresponding O-bearing cross-linker in small molecule studies.
Stress-relaxation studies of the vitrimers showed similar results
— vitrimers with N-containing cross-linker released stress much
faster (<5 min for 2% strain) compared to O-containing cross-
linker (>20 min) for temperatures between 35 to 55 °C; and only
the N-containing cross-linker could facilitate self-healing of the
polymer at 50 °C. Surprisingly, while small molecule boronic
esters are susceptible to hydrolysis, these vitrimers could be
immersed in water overnight without any changes in mass or
mechanical properties.

Leibler et al. introduced these dioxaborolane cross-linkers into
commodity thermoplastics to prepare catalyst-free vitrimers
(Fig. 3.8b) [73]. PMMA and polystyrene (PS) vitrimers were pre-
pared by incorporation of dioxaborolane-functionalized mono-
mers during polymerisation, and cross-linked via metathesis
with a bis-dioxaborolane. The PMMA vitrimers had stress relax-
ation time of ~35 to 1300 s at 160 °C, viscosity activation energy
of ~76.7 k] mol~}, and could be molded at 200 °C under 12 bars
in only 15 s. High-density polyethylene (HDPE) vitrimers were
prepared by reactive grafting of maleimide-dioxaborolane to

the as-formed polymer before cross-linking. In all the above
examples, the vitrimers possess similar T, to the original thermo-
plastics and could be reprocessed several times by extrusion or
compression- or injection-moulding, but they showed better sol-
vent and creep resistance even at higher temperatures. Nicolay’s
group followed up with demonstrations that reactive grafting of
dioxaborolane functional groups could be achieved by nitroxide
radical coupling to HDPE [112] and radical thiol-ene addition to
polybutadiene [113].

Boroxines are formed from dehydration of boronic acids, and
thus can also undergo similar dynamic B-O exchange reactions.
Guan et al. synthesised boroxine networks (Fig. 3.8c) with
>89% of boroxine (~11% unreacted boronic acid) but found that
these were brittle; addition of 4-undecylpyridine (1:1 ratio, coor-
dinated to boroxine) as plasticiser resulted in strong and mal-
leable vitrimers, which exhibited relaxation times of ~ 100 s at
75 °C and Arrhenius flow (E, ~ 79.5 k] mol™!), with T, ~ —0.5 °C
[74]. In addition to reprocessing, the monomers could be recy-
cled by boiling in water. This work paved the way for further
explorations into N-coordinated boroxine vitrimers networks,
such as dual-dynamic covalent networks with imine-
coordinated boroxines (discussed in Section 3.6.1) [114,115].

Silyl ether (Si-O) exchange

In addition to B-O bonds, Si-O bonds can also be harnessed in
vitrimer chemistry. Guan and co-workers reported the first exam-
ple of a silyl ether exchange-based vitrimers in 2017 Fig. 3.9a(i))
[37]. Similar to their study on boronic esters [111], the authors
showed that bisalkoxysilane cross-linkers bearing a y-N atom
possessed 3 orders of magnitude faster exchange than the corre-
sponding y-C cross-linker in small molecule studies. When PS
containing 9 mol% hydroxy groups was reacted with these
cross-linkers (0.75 mol% wrt hydroxyl on PS), the bis-y-N cross-
linked vitrimers exhibited a shorter stress relaxation time at
180 °C (260 s) in comparison to the y-C cross-linked vitrimers
(779 s). Similarly, bis-y-N cross-linked vitrimers possessed lower
E,~81KkJ] mol !and Ty, ~ 47 °C than the bis-y-C cross-linked vit-
rimers (E, ~ 174 k] mol™?}, T, ~ 117 °C).

In the above study, excess hydroxyl groups in the PS enabled
associative exchange with the cross-linkers but could also partic-
ipate in undesired side reactions at elevated temperature such as
dehydration. These limitations were addressed through direct
silyl ether metathesis in 2019 reported by the same group
[116]. PE containing 6 mol% trimethylsiloxyl groups was cross-
linked with bis(methoxydimethyl)silyloctane via silyl ether
metathesis at 80 °C with camphorsulfonic acid as catalyst
(Fig. 3.9a(ii)). The resulting vitrimer exhibited stress relaxation
time of 130 s at 170 °C, with calculated T ~ 45 °C. Despite the
relatively low Ty, the vitrimer showed better creep resistance at
80 °C compared to the linear polymer; it also transited into a rub-
ber state above T,, ~ 93 °C, while the linear polymer flowed
freely. The vitrimer had high thermal stability (minimal loss
below 400 °C) due to the lack of free hydroxyl groups, and could
be reprocessed at 150 °C at least 3 times with mechanical proper-
ties and gel fractions remaining almost constant.

Lu and co-workers harnessed the silyl ether motif to develop a
vitrimers with the highest known T, to date [117]. The authors
designed a benzoxazine resin (P-mdes) with high density of
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dynamic Si-O-Ph crosslinks (Fig. 3.9b), resulting in a polymer
with high Ty ~ 301 °C and high thermal stability up to
~396 °C. This polymer could be reprocessed under 10 MPa at
220 °C for 2 h, maintaining >75% of its original tensile strength
after 3 cycles. While the polymer could tolerate immersion in dif-
ferent solvents at 50 °C for 24 h, it could be recycled to its mono-
mer by treatment in acid under those conditions.

Disulfide (S-S) bond exchange

The dynamic covalent character of disulfide bonds has been
exploited in the synthesis of vitrimers. Generally, most studies
have indicated that the self-healing properties of vitrimeric mate-
rials with aromatic disulfide bonds are promoted by the radical-
mediated reactions [118] instead of metathesis (Fig. 3.10a). For

[37] or (ii) direct silyl ether metathesis [116]; (b) Synthesis of benzoxazine poly

instance, spectroscopic studies conducted by Nevejans et al. have
revealed the mechanism of spontaneous aromatic disulfide
exchange to involve the homolytic cleavage of the disulfide bond
followed by the radical transfer of sulfur-containing radicals
[119]. When a nucleophile such as triethylamine or tri-n-
butylphosphine (TBP) is added as catalyst, the reaction proceeds
also via thiolate anions, generated by reduction of the disulfides.
Thus, both radical-mediated and thiol-mediated exchange reac-
tion occurs simultaneously. In addition, a higher nucleophilicity
may also favour the formation of these sulfur-based anions to
promote disulfide exchange.

Based on aromatic sulfide as the dynamic moiety, Odriozola
and co-workers synthesized epoxy vitrimer materials from inex-
pensive and commercially available precursors diglycidyl ether
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of bisphenol A (DGEBA) and diethyltoluenediamine (DETDA)
with 4-aminophenyl disulfide (4-AFD) as the cross-linker [75].
The authors reported that such a novel vitrimer exhibited rapid
exchange reactions with fast relaxation times from 180 min at
130 °C to 20 seconds at 200 °C, and with a sufficiently low Arrhe-
nius activation energy (55 kJ mol™'). More importantly, the
hypothetical Ty value of the vitrimer (—13 °C) is lesser than its
Ty (127 °C) highlighting the nature of a rapid disulfide exchange
reaction associated with the epoxy vitrimer. Good reprocessing,
repairing, and recycling properties are also reported which are
not possible with conventional epoxy composites after the cur-
ing process. Such properties would greatly favour the use of the
epoxy vitrimer in industrial applications, including fiber-
reinforced polymer composites (FRPCs). Another disulfide-

based epoxy vitrimer was also used by Odriozola and co-
workers to investigate its mechanochromic properties via
mechanical stress with changes in time and temperature [120].
Mechanochromism of the vitrimer was evident either by hitting
it with a hammer or grinding with a mortar at room temperature.
In both instances, an immediate green colouration was observed
and disappeared gradually after the vitrimer was left alone for 24
h. The mechanically assisted excision of the aromatic disulfide
crosslinks resulted in the formation of sulfenyl radicals with a
characteristic green coloration upon hammering or grinding.
When the epoxy vitrimer was hit with a hammer and placed in
an oven at 150 °C, the disappearance of the green colouration
was more rapid and lasted in less than 30 seconds. The similar
effect of colour disappearance was attributed to the radical-

18

Please cite this article in press as: J. Zheng et al., Materials Today, (2021), https://doi.org/10.1016/j.mattod.2021.07.003



https://doi.org/10.1016/j.mattod.2021.07.003

Materials Today ® Volume xxx, Number xxx ® xxxx 2021

RESEARCH

mediated exchange mechanism of the sulfenyl radicals in the
polymeric network and would accelerate when heated above its
Tg-value.

Non-aromatic disulfides can also be used as cross-linkers in
vitrimeric materials. Yan et al. synthesized an inverse vulcanized
sulfur-polymer network that is capable of thermal reprocessing
and plasticity (Fig. 3.10b and c) [121]. The reshaping is possible
by heating the fully cross-linked vitrimer film to its T, value
(45.6 °C), and its desired shape can be locked with the freezing
of its polymer chains. In a different study, Tsuruoka et al.
reported the infinite possibility of fine tuning the mechanical
properties of the polymer synthesized via the fusion of two
heterogeneous cross-linked polymers (CLPs) in varying mixing
ratios and using bis(2,2,6,6-tetramethylpiperindin-1-yl)disulfide
(BiTEMPS) as a crosslinker for dynamic covalent bonding [122].
More importantly, self-healing and reprocessing properties are
also evident with the synthesized polymer that exhibit dynamic
sulfide exchange at various mixing ratios of the CLPs crosslinked
by BiTEMPS and conventional covalent bonds between 2:1 to
5:1.

Besides the disulfide (S-S) bond exchange, the light-driven
and wavelength-controlled reversible exchange between disul-
fides and diselenides (Se-Se) to form Se-S bonds is an example
of a dynamic metathesis and is important for controlling the
composition of the mixture of light-sensitive vitrimers at various
wavelengths. Fan et al. employed the aforementioned dynamic
metathesis with di-(1-hydroxylundecyl)-diselenide and diphenyl
disulfide as the precursors [123]. The manipulation of the wave-
length of the irradiated light is critical for metathesis of the dis-
elenide and disulfide compounds under UV irradiation to form
Se-S bonds, while visible-light irradiation can drive the reversal
of the exchange reaction with the breakage of Se-S bonds.

Vitrimers with multitype dynamic exchange bonds

In the previous Sections, we have discussed the different types of
dynamic covalent exchange bonds used in vitrimers. Vitrimers
could also contain more than one type of dynamic exchange
bond, whether covalent (Section 3.6.1) or non-covalent (Sec-
tion 3.6.2), conferring several advantages to the network. These
include more rapid stress relaxation [114,115,124], increased
creep [125] or stress resistance [126,127], and response to addi-
tional stimuli or even orthogonal control of dynamism
(Section 4.5).

Vitrimers with dual dynamic covalent exchange bonds

The imine and boroxine chemistry of vitrimers were described in
the previous subSections (3.2.2 and 3.5.1 respectively). Vitrimers
possessing both of these dynamic exchange bonds are known as
dual-dynamic networks. For instance, Delpierre et al. synthesized
catalyst-free non-isocyanate polyurethane (NIPU) vitrimers with
boroxine/iminoboronate-based cross-linked double networks
[114]. The N-coordinated boroxine could reversibly exchange
under ambient conditions, governed by humidity. At 45% rela-
tive humidity for 48 h, Young’s modulus was at 502 MPa with
3.36% strain at break and 9.8 MPa stress at break, highlighting
its good self-healing property. At high temperatures both the
B-O boroxine bonds and C=N iminoborate bonds could simulta-
neously exchange. The dual-dynamic network thus ensured

excellent reprocessability (80 °C) and mechanical resistance
properties (Young’s modulus of 551 MPa with 3% strain at break
and 11 MPa stress at break, when neat). Utilising the same borox-
ine/iminoboronate cross-linker, Yang et al. prepared a
polybutadiene-based vitrimeric material [115]. Due to the
hydrophobic polybutadiene backbone, this vitrimer was resistant
to humidity, and only exhibited Arrhenius-dependent exchange
with E, ~ 58 kJ] mol~!. Upon heating, both the B-O boroxine
bonds and C=N iminoborate bonds simultaneously exchange,
resulting in sharp decrease in relaxation time (1.46 s at
100 °C). Consequentially, the polymer material prepared with
12% cross-linker possessed excellent properties such as strong
malleability (12.35 MPa tensile strength), high reprocessing
upon recycling over multiple times, and thermal-induced
shape-memory behaviour with restoration of the initial entropy
elastic shape upon heating.

In another instance, Chen et al. synthesized a dual dynamic
epoxy vitrimer based on two simultaneous exchange reactions
— disulfide metathesis and carboxylate transesterification
(Fig. 3.11) [124]. Using 4,4'-dithiodibutyric acid (DTDA) as the
disulfide-containing carboxylic acid and DGEBA as the epoxy
moiety, the vitrimer was formed with TB as transesterification
catalyst. Consequentially, the dual dynamic epoxy vitrimer pos-
sessed a rapid stress relaxation time at 180 °C that was 28 and
122 times faster than that of the single-disulfide (without TBD)
and single-ester (by replacing DTDA with sebacic acid) vitrimers
respectively. In addition, the highly efficient rearrangement of
the polymer chain network within the dual dynamic epoxy vit-
rimer can impart the property of plasticity into cross-linked poly-
mers and facilitate exchange reactions on the timescale that are
more rapid than the single dynamic vitrimer. The dynamic prop-
erties of the novel epoxy vitrimer are enhanced by the dual
exchangeable cross-linking properties of both disulfide bonds
and carboxylate ester bonds, thereby promoting a more rapid
rearrangement of polymer chains with a lower temperature of
malleability (65 °C) then the single vitrimers, and also much
lower than that of many permanently cross-linked polymers or
vitrimers.

Vitrimers with additional non-covalent interactions
Instead of dual dynamic networks, vitrimers may also comprise
dynamic covalent exchange bonds with non covalent interac-
tions such as metal coordination or hydrogen bonding.
Introduction of some permanent cross-links into vitrimers has
been explored as a viable solution to improve creep resistance
[128,129]. However, introduction of too many permanent cova-
lent cross-links would render the polymer unrecyclable. For
example, Torkelson and co-workers showed that while transes-
terification vitrimers with up to 40 mol% permanent cross-
links could achieve full reprocessibility with >65% creep resis-
tance, increasing the amount of permanent cross-links to
60 mol% resulted in poor reprocessibility [128]. As such, an alter-
native solution is to increase the stability of the dynamic cova-
lent bonds through metal cation coordination. Recently, Wang
and co-workers explored such a strategy in polyimine-metal
complex vitrimers [125]. A metal content of up to 5 mol % of
the polyimine-metal complex vitrimer is resulted in higher T,
values (132-170 °C for M = Cu(ll), Fe(Ill), or Mg(Il)) than the
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(a) Synthesis of the dual dynamic vitrimer with a cross-linked structure by reacting DGEBA and DTDA in the presence of the transesterification catalyst TBD at
180 °C for 4 h. (b) Simultaneous occurrence of disulfide metathesis and carboxylate transesterification to cause the rearrangement of the polymeric chains in
the dual dynamic vitrimeric network. (c) Successful reprocessing of the dual dynamic vitrimer by hot pressing. The stress—strain and stress-recycling graphs
show the full recovery of the mechanical strength after four cycles. This figure is reproduced from Ref. [124] with permission from American Chemical Society.

polyimine in the absence of a coordinating metal center due to a
greater crosslink density of the complex vitrimer and the rigidity
of its segmental chain. Creep reduction was also dependent on
the metal loading as well as the stability of the coordinated metal
complex.

Metal coordination can also act as sacrificial bonds. Chen
et al. prepared dynamic dual cross-linked elastomeric vitrimers
by incorporating boronic ester bonds and sacrificial Zn(II)-O

coordination bonds into a commercially available epoxidized
natural rubber (ENR) (Fig. 3.12) [126]. A dithiol-bearing boronic
ester was used as a cross-linker with ENR. The elasticity is attrib-
uted to the presence of the dynamic covalent boronic ester
bonds, while the sacrificial bonds are able to reversibly dissociate
and associate to allow energy dissipation. As a result, the elas-
tomeric vitrimers formed from ENR cross-linked with the
dithiol-bearing boronic ester ranging from 1 to 10 wt% are able
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to achieve 80% or more recovery ratios of the mechanical prop-
erties (elongation at break and Young’s modulus).

Sacrificial hydrogen bonds may also be incorporated into
these networks to further improve the mechanical properties of
the vitrimers. Liu and co-workers have successfully prepared a
vitrimer that incorporated sacrificial hydrogen bonds and
exchangeable p-hydroxyl ester linkages into the vitrimeric net-
work [127]. These bonds and linkages were realized with the
use of sebacic acid as a cross-linker with ENR, and to initiate
simultaneous grafting with N-acetylglycine (NAg) via the chemi-
cal reaction between epoxy and carboxyl groups. With various wt
% ratios of NAg relative to ENR up to 8 wt%, the recovery ratios
of the original mechanical properties (breaking strain and
Young’s modulus) are extremely high with percentage values
>90%. Moreover, stress—strain curve analyses have also indicated
good retention of the mechanical properties after single, double
and triple successive recycling of the vitrimer with 4 wt% NAg
relative to ENR. These excellent results of the experimental
mechanical properties are due to the sacrificial and reversible nat-
ure of the hydrogen bonds to dissipate significant mechanical
energy during stretching, while elasticity is governed by the pres-
ence of the exchangeable ester covalent cross-linkages.

Depending on their respective activation energies, the
dynamic covalent bond could be the sacrificial bond instead of

the hydrogen bond. A study conducted by Zhang et al. investi-
gated the hierarchical dynamics of a transient polymer network
using poly(n-butyl acrylate) (PBA) cross-linked by orthogonal
dynamic bonds with the use of rheology and solid-state NMR
spectroscopy [130]. The T value of the pyrimidinone derivative
with dynamic covalent boronic ester bonds from diboronic ester
(DE) (PBA-UPy-DE) as the cross-linker (—17.3 °C) is found to be
lower than the pyrimidinone derivative with the use of p-
divinylbenzene (DVB) as the permanent covalent cross-linker
(PBA-UPy-DVB, -19.3 °C). Moreover, rheological studies revealed
that the dynamic covalent B-O bonds exchange at much lower
temperatures than hydrogen bond interactions between the
UPy dimers, such that PBA-UPy-DE network has a lower activa-
tion energy (35.6 k] mol™!) than both the PBA-UPy-DVB and
PBA-UPy networks (both 43.6 k] mol ™).

Synergetic effects from the dual crosslinking systems will sig-
nificantly contribute to the desired properties of vitrimers, such
as enhanced mechanical strength, and improved creep and sol-
vent resistance. To design an effective dual cross-linked dynamic
system, two reversible bonds bearing large different activation
energies (active temperatures) will be attractive. It would be
advantageous to have greatly differing active temperatures in a
single material to intensify the dimensional stability at the ser-
vice temperature. Given the external stimuli-responsiveness pro-
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Schematic diagram showing the reversible breaking and reforming of Zn**-O coordination bonds during the loading and unloading tests. The epoxidized
natural rubber (ENR) has ENRx-y networks with dual cross-links of dynamic boronic ester bonds and noncovalent Zn**-0 coordination bonds. This figure is

reproduced from Ref. [126] with permission from American Chemical Society.
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file of vitrimeric materials, it will be appealing to introduce two
exchangeable bonds that respond to distinct stimuli respectively,
allowing the resultant vitrimers to tune properties in an on-
demand fashion. Beyond that, the good compatibility of the
two crosslinking systems is necessary as well.

Design strategies of vitrimers
In this Section, we have discussed a variety of dynamic covalent
bonds and their applications in vitrimers(-like) materials. Here,
we would like to highlight some of the recurring themes to tune
the properties of the vitrimers.

Choice of dynamic covalent bond. There are two main
strategies to develop a vitrimer: (1) employing new polymers that
involved exchangeable bonds to generate dynamic crosslinking
networks with rearrangeable backbones; and (2) introducing
crosslinkers into commercially available prepolymers, such as
incorporating a fraction of dynamic covalent cross-links into
thermoplastics. In both strategies, the choice of dynamic cova-
lent bond is key to the control of vitrimers properties (see
Table 3.1). For instance, if a room temperature malleability, or
a low Ty, is desired, dynamic covalent bonds with low E,, such
as boronic esters, imines and ketoenamines, should be chosen.
In contrast, if the vitrimer should only be malleable at higher
temperatures, then dynamic covalent bonds with high E,, such
as esters, carbamates, silyl ethers and triazolium salts, should be
incorporated.

Another key decision is in the compatibility of the polymer
backbone and the cross-linker, especially for thermoplastic-
based vitrimers. For example, for thermoplastics with pendant
hydroxyl groups can easily be functionalized for ester-type,
acetal, boronic ester and silyl ether cross-links; while those with
pendant amine groups can be functionalized for imine and
ketoenamine cross-links. If the polymer backbone has no reac-
tive groups, then the cross-linkers can be installed by reactive
grafting [73,112,113]. Similarly, it is important to select a
dynamic covalent bond suitable for the polymer application,
such as triazolium, pyridinium or anilinium salts for polyionic
vitrimers (Section 3.4).

Yet another possibility is to have more than one type of
dynamic covalent bond. The vitrimers produced with this strat-
egy could possess higher malleability and more rapid stress relax-
ation than single exchange bond vitrimer. Temperature-tunable
malleability and shape memory behavior can be achieved by
using dynamic covalent bonds with different activation energies,
thus when the vitrimer is heated, only the crosslinkers with
lower Ea can exchange initially, while both crosslinkers can
exchange once the temperature is sufficiently high. However,
care must be taken in the selection of the dynamic covalent
cross-linkers to ensure that there is no cross-reactivity between
the crosslinkers. For example, introducing imine crosslinks into
epoxy-acid vitrimers with pendant hydroxyl groups would result
in the hydrolysis of the imine crosslinks. In additional to orthog-
onal crosslinks, cooperative crosslinks can be used such as in the
boroxine/iminoboronate examples, where the N-coordination of
the boroxine lowers its Ea to enable room-temperature exchange.

Having chosen the polymer backbone and the cross-linker,
fine-tuning of the vitrimers properties can be achieved through
the following strategies:

Maintaining a constant crosslink density. Conven-
tionally, vitrimers are based on dynamic associative exchange
reactions. One strategy to promote the associative mechanism
in the vitrimer is to add an excess of free nucleophile in the poly-
mer network; transesterification and transcarbamation vitrimers
with pendant hydroxyl groups are key examples of this [17,26].
However, these reactive pendant groups can be easily oxidized,
resulting deterioration of the polymer properties and also
reduced recyclability of the vitrimer. Hence, other approaches
to maintain crosslink density are desirable.

Although there are many examples of vitrimer(-like) materials
with dissociative mechanism, it should be noted that their equi-
libriums lie towards bond formation and the cross-link density
remains unchanged with temperature. This consideration can
be incorporated through judicious selection of cross-linkers to
minimise the dissociative mechanism, such as by using less hin-
dered substituents in blocked isocyanates [89], or by choice of
counter-anion in polyionic systems [28,108].

Another approach to maintain constant crosslink density
without the requirement for super-stoichiometric nucleophiles
is by using dynamic covalent crosslinks which undergo exchange
via direct bond metathesis. Examples of these chemistry include
ureas [64], imines [96], dioxaborolanes [73], and silyl ethers
[116].

Lowering the reprocessing barrier. To lower the
stress-relaxation activation energy, one method is to introduce
and tune the reactivity through the use of different catalysts or
additives [76,77,99]. While catalysts help to speed up the kinetics
of dynamic bond exchange, they can also increase the side reac-
tions of the polymer, or leach out of the polymer. One strategy
for developing catalyst-free vitrimers is to tune the cross-linkers
so as to lower the E,. Using the transesterification exchange as
an example, one could either introduce an electron-
withdrawing group to the carboxylic acid functionality [34] or
lower the pK, of the alcohol functionality [79] to increase its reac-
tivity (Section 3.1.1).

Alternatively, several examples of internal catalysis through
neighboring group participation have also been demonstrated
[30] These include acid activation of phthalate monoesters
towards transesterification [78], hydroxyl activation of urethanes
towards transcarbomylation [26], and amino activation of diox-
aborolanes [111] and silyl ethers [37] towards hydroxyl attack,
albeit with possible changes in mechanism. In fact, Du Prez
and co-workers postulate that Leibler’s original epoxy-acid sys-
tems could also be described as internally activated pB-hydroxyl
esters [30], although catalyst is still required for this system.
While the obviation of catalyst is advantageous, the need for
excess reactive groups poses stability issues as discussed above.

Increasing the stability and reprocessability. While
vitrimers supersede traditional thermosets in their ability to be
reprocessed, they may lose some of their mechanical properties
after a few cycles. With respect to dimensional stability, an often
applied strategy is to introduce a percentage of permanent cross-
links [128,129], stronger dynamic cross-links [124,125] or weaker
stress-relieving cross-links [126,127] to the system (Section 3.6).
For the former, it should be noted that there is a fine balance
between the percentage of dynamic and permanent cross-links
to maintain good recyclability while reducing creep; Torkelson
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and co-workers have described theory to quantitatively predict
the optimal percentage of dynamic to permanent cross-links
using a modified Flory-Stockmayer theory which should prove
useful to vitrimer design [128].

As for hydrolytic stability, incorporation of hydrophobic
backbone or groups will help to protect moisture-sensitive moi-
eties in the vitrimer such as imines [96,97], or iminoboronates
[115] from hydrolysis. Minimizing the number of reactive groups
in the vitrimer can also increase the lifespan of the vitrimer; to
this end, it is favorable to employ exchange reactions based on
metathesis instead of attack from pendant moieties [95,116].

There are multiple examples of these design considerations
being implemented across many of the dynamic covalent bond
motifs, and it is our hope that these insight can be overarching
design strategies for the design of novel vitrimers with both high
malleability and stability.

The emerging applications of vitrimers

Vitrimers have aroused great enthusiastic interest in myriad
fields, such as functionally tunable devices, car industries, soft
robots, and aerospace [12,62,131-133]. Generally, vitrimers can
be prepared by two methods. Most vitrimers were developed by
using new polymers that involved exchangeable bonds between
the backbones to generate dynamic crosslinked networks.
Another more universal vitrimeric preparation method has also
been developed, in which, crosslinking agents were introduced
into commercially available and inexpensive prepolymers (i.e.
thermosets and thermoplastics) to form dynamic crosslinking
networks with a significantly improved performance. Taking
advantage of the reversible exchange of covalent motifs upon
heating, vitrimers with changeable topologies displays a variety
of functionalities, including recycling, self-healing, welding,
stress relaxation, and multiple shape changing, paving the way
for numerous opportunities in engineering for real applications.
Moreover, introducing multi-functional moieties into polymer
networks also generates new advanced vitrimeric materials that
respond to multi-triggers (such as light, pH and redox agent).

Vitrimers for material circulating applications

Thermoset materials, such as polyurethanes, formaldehyde
resins, and epoxy resins, though extensively used in industry
and our daily life, have resulted in growing environmental con-
cerns due to their high stability. Inappropriately managed ther-
moset waste sometimes end up in the oceans, where their
durability prevents them from being biodegraded, and their pres-
ence often adversely affects aquatic life [134]. In best-case scenar-
ios, thermoset waste management usually involve either
incineration, which releases carbon dioxide and other pollutants
into the atmosphere, or the landfill, where they persist in for a
long time due to their lack of biodegradability. More signifi-
cantly, in the long term, plastics are made from petroleum feed-
stock, which though abundant at present, is still a finite resource.
Hence, converting these unrecyclable thermoset materials and/
or wastes into recyclable materials for reuse is a valuable step
for the development of sustainable growth. This Section discusses
how vitrimers and vitrimerisation can be a viable solution to this
problem.

Recycling of vitrimers

Vitrimers are potentially able to function as a type of recyclable
thermosets. There are two main mechanisms of vitrimer recy-
cling, namely hot press, and solvent dissolution (Fig. 4.1) [135-
140]. In most cases, vitrimers can be reprocessed by hot-
pressing their fragments or debris into new robust integrated film
for reusing due to their dynamic covalent bonds [12,37,116,135].
Du Prez’s group also reported an imine based vitrimer which
could be reprocessed by extrusion [141]. The reformed vitrimer
specimen contains a continuous network architecture analogous
to the fresh sample, and exhibits comparable mechanical beha-
viours. The second vitrimer reprocessing system is solvent
depolymerization of the polymer network into monomers or oli-
gomers. These fragments can then be re-polymerised to generate
new vitrimer samples after solvent evaporation. For instance,
Evans and co-workers developed a poly(ethylene oxide)-based
network containing dynamic boronic ester bonds for ion trans-
port and electrolyte applications [142]. The mechanical proper-
ties and conductivity of the vitrimer were found to be
dependent on the concentration of (trifluoromethanesulfonyl)i
mide (LiTFSI). This polymer could then be dissolved in a solvent,
and recycled back to its original monomers, which could be
repolymerised to generate a new vitrimer with comparable con-
ductivity. Another example was reported by Feng et al., using
4-aminophenyl disulfide as a multifunctional amine crosslinker
in the amine-epoxy polymerization system [143]. In this system,
both heating and pressing could trigger the exchange of disulfide
bond, resulting in the rearrangement of the network. Both hot
pressing and solution processing could reprocess the vitrimer to
obtain mechanical properties comparable to the original sample.
Other examples of solution processing include the boroxine
based vitrimers reported by Guan [74], and the PDK vitrimers
reported by Helms [68].

Converting conventional thermosets into vitrimers for recycling
applications

Conventional thermosets sometimes contain dynamic covalent
bonds which exhibit high stability even at high temperatures
due to their high activation energy. A novel strategy to enable
their recycling is to apply the concept of vitrimers to them by
introduction of a catalyst in a process called “vitrimerisation”
by Manas-Zloczower and co-workers. In the first example, the
group infused Sn(Oct), catalyst into conventional polyurethane
or epoxy-anhydride samples by swelling the polymers in a solu-
tion of the catalyst in dichloromethane at room temperature, or
in dimethylformamide at 140 °C [144]. The vitrimerized samples
could then be reprocessed up to two times by compression mold-
ing and extrusion, albeit with noticeable reduction in modulus
and strength. In a later example, epoxy-anhydride thermoset
was ball-milled with Zn(OAc), to form metal-polymeric ligand
complexes through solid-state mechanochemical reactions
[145]. The resulting vitrimerized epoxy could be recycled at least
three times with similar mechanical performance.

Ji et al. demonstrated that conventional liquid crystalline
epoxy thermosets (LCETs) could be reprocessed even without
addition of catalyst simply by allowing the polymer more time
to relax under strain at high temperature [146]. This is known
as the time-temperature equivalence principle. An unaligned
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Schematic illustration of vitrimers recycling mechanisms.

epoxy-acid LCET was prepared and stretched by 30% at 180 °C
for 2 h. In this process, transesterification occurred in the isotro-
pic phase, leading to uniaxial alignment of the mesogens in the
liquid—crystal phase upon cooling. This work stemmed from the
group’s previous finding that even conventional epoxy ther-
mosets have T, which are independent of catalyst loading [38].
The transesterification reaction (E, ~ 100 k] mol ) simply occurs
at a slower rate and thus requires higher temperature and longer
time for reprocessing [147,148]. These findings are promising
starting points for the recycling of current thermoset polymers,
which may take many years to replace depending on industry’s
rate of adoption of new materials.

Vitrimers for self-healing and reusable adhesives applications
Polymer materials are vulnerable to damages from long-term
wear and tear as well as external forces, leading to performance
drop and potentially ending in catastrophic failures. As such,
polymers with crack-healing capability are highly desirable for
extending material lifetime by preventing fatal structural disinte-
gration, mitigating material-waste problems, and reducing the
overall cost. Different types of healing and welding can be
achieved depending on the interface, such as identical polymer
network surface self-healing (A-A fusion), incompatible polymer
networks interfaces adhesion (A-B fusion), and different type of
materials welding (Fig. 4.2).

Self-healing refers to the recovery of not just the external
macroscopic shape of the material, but also its internal mechan-
ical properties (such as modulus, mechanical strength, and
toughness) [149-152]. The self-healing of identical vitrimer deb-
ris (A-A fusion), can be ascribed to the presence of covalent
adaptable bonds, which enables dynamic chain-exchange reac-
tions and topology rearrangements under external stimuli. Gar-
cia and coauthors indicated that the identical polymer network
self-healing process underwent the following three steps
(Fig. 4.2a) [150]. Initially, an adhesive process would take place
with the genesis of a relatively weak 2D interfacial restoration.
Chain-interdiffusion would then convert this interphase interac-
tion into a volume interaction. Finally, the interphases disap-

pears, resulting in full healing of the material [150].
Theoretically, materials bearing the dynamic covalent bonds
are able to self-repair indefinitely if the healing is controlled by
reversible exchangeable motifs. To date, most examples of self-
healing polymers are relatively soft materials, restricting their
practical applications significantly. As such, self-healing vit-
rimers with high chain mobility, as well as an integrated cross-
linked network, resulting in excellent self-healing property along
with rigid mechanical properties, are of growing research
interest.

Lei and co-authors studied the self-healing capability of poly-
urea vitrimers (HTPUs) by using hindered urea bonds as the
dynamic cross-link [153]. Upon heating, the speed of hindered
urea bonds breaking and reforming is dramatically accelerated.
When the temperature was further raised to 120 °C, the
exchange rate was sufficiently high to activate the polymer
chains’ mobility and completely repair the scratches on the sam-
ple. Moreover, the repaired film possessed strong mechanical
properties, being stretchable up to 200% strain without tearing,
as well as lifting a 0.5 kg weight without breaking at the healed
part. Another example of self-healing vitrimers using a dynamic
polymer—polymer (P-P) interaction approach was reported by
Chen and co-workers [154]. The boronic ester based vitrimer dis-
played superior mechanical performances (i.e. tensile strength
value of 65 MPa, and Young’s modulus value of 2.1 GPa) com-
pared to their small molecular crosslinked counterparts and cor-
responding thermoplastics. Upon heating, the material displayed
fast self-repair behavior along with malleability and recyclability
due to the well-dispersed dynamic covalent motifs between poly-
mer chains.

To minimize undesired side reactions, the ideal healing mate-
rials should be repairable under mild conditions, which requires
the dynamic exchangeable reaction to be relatively facile. How-
ever, the crosslinks of a robust material would preferentially
employ more stable dynamic covalent bonds. This dilemma
was resolved by integrating special exchangeable bonds to poly-
mers, extending self-healing materials to thermal-sensitive
devices applications, or materials with complex geometries. For
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instance, Jdkle and co-workers utilized Lewis pairs (LPs) (i.e.
electron-poor Lewis acids (LAs) and electron-rich Lewis bases
(LBs)) as novel dynamic crosslinkers [155]. Transient polymer
networks were formed between LA-containing PS and LB-
terminated telechelic polydimethylsiloxane (PDMS). The
mechanical properties of the transient polymer network could
be tuned over a wide range by choosing an appropriate LP. Nota-
bly, due to the reversible LPs reactions, two edge touching pieces
of the polymer networks could spontaneously rejoin at room
temperature within around 2 weeks.

Effectively welding different polymeric materials is of great
interest in various fields, including microfluidic devices, packag-
ing, robotics, and electronics. However, due to the incompatibil-
ity of heterogeneous cross-linked networks, it is challenging to
assemble them without tie layers. Interestingly, in some cases,
the fusion of vitirmer networks with distinct structures (A-B
fusion) can be achieved by modification of the network surfaces
using particular dynamic moieties to promote the interface inter-
actions (Fig. 4.2b). For example, Leibler and co-workers utilized
the metathesis of dioxaborolanes to prepare vitrimers from dif-
ferent polymer substrates, including PMMA, PS, and even the

permanently cross-linked polyethylene (PE) (Fig. 4.2b(i)) [73].
Due to the presence of pendant polar dioxaborolanes, the hetero-
geneous polymer networks (such as PE and PMMA) showed some
compatibility and adhesion at the first stage. Strong covalent
bridges were later formed across the interface and the adhesion
was further enhanced via the robust dioxaborolanes exchange
reactions at 190 °C under 11 kPa pressure. The adhesion strength
of the resulting PE-PMMA vitrimer reached around 11500 N/m
after welding for 10 min, and exceeding the strength of pure
PMMA vitrimer when the welding time was prolonged to 20
mins. Recently, Otsuka and co-workers developed a novel
method to bond two distinct polymer networks using the ther-
mal bond-exchange reaction of BiTEMPS (Fig. 4.2b(ii)) [122].
Due to the topological and exchangeable BITEMPS moieties at
the material interface, two different networks could be fused at
the molecular level in the bulk material. The mechanical behav-
iors of the assembled bulk materials could also be adjusted by
varying the component ratios.

The use of dynamic exchange reactions to induce strong sur-
face interaction upon topology rearrangement are not only suit-
able to polymers, but also for other types of materials (such as
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metal, wood, ceramic, and engineering plastics), as vitrimeric
adhesives have the capability to weld onto the surface of other
materials. Compared to traditional adhesives (i.e. epoxy resins,
phenol-formaldehyde resins, organosilicons, and urea—formalde-
hyde resins), vitrimer adhesives possesses outstanding properties,
including high transparency, strong adhesion, excellent
mechanical properties, recoverability, as well as chemical resis-
tance [156,157]. Zhang and co-workers demonstrated a fully bio-
based epoxy vitrimer system (Se-EP/Oz-L) with high lignin
content as a recoverable adhesive (Fig. 4.2¢) [88]. This thermal-
responsive vitrimeric adhesive displayed outstanding self-
repairing and shape-changing properties. They demonstrated
that this new vitrimeric adhesive showed similar lap-shear
strength in the cohesive failure experiment with commercial
epoxy-based glues for the binding of aluminum sheets. In con-
trast to common disposable adhesives, the vitrimeric adhesive
gave the aluminum parts the ability to reversibly detach and
re-bonded on demand, due to the robust transesterification
exchange reactions at elevated temperatures. Another vitrimeric
adhesive from dynamic polythiourethane (PTU) was prepared by
introducing exchangeable thiocarbamate bonds [158]. The
obtained transparent PTU adhesive possesses good water-
resistance, reprocessability, and outstanding bonding property
for different types of materials including glass, metal, and wood.

Vitrimers for shape memory and smart actuators applications
Shape memory polymers (SMP) is a unique class of cross-linked
elastomer that features programmable shape morphing behavior
under external stimuli, having great potential in applications
including biomedical devices, smart actuators, robotics, elec-
tronic devices, and automation equipment. Generally, a polymer
film with a dramatic variation of modulus with temperatures
demonstrates great potential of becoming a thermal-responsive
SMP. Traditional SMPs have dual-shape changing behavior. At
a temperature above Ty, the polymer chain segment is activated
to allow the deformation under external force, causing the reduc-
tion of system entropy. The deformed shape will temporarily be
fixed after cooling. Because of the entropic nature of the chain
conformation change, the deformed polymer can recover its
original shape upon reheating above T,. This entropy change
directed dual-shape morphing behavior is polymer elasticity
(Fig. 4.3a). Another important polymer behavior is plasticity,
which is traditionally opposed to elasticity. Polymers with
dynamic exchangeable bonds exhibit plasticity, being capable
of reconstructing the polymer’s shape permanently in response
to external forces. The polymer is first programmed at a temper-
ature above Ty, whereby the dynamic covalent bond is suffi-
ciently activated to rearrange the network topology under
external load. Upon cooling, a new permanent shape is acquired.
This topology rearrangement is caused by covalent bond
exchange without corresponding change of entropy. This new
permanent shape is non-recoverable, and will be kept intact
upon temperature change in the absence of an external stress.
The elastic nature of SMPs enables their temporary shape fix-
ation and later recovery on demand. However, traditional SMPs
with only a single shape-changing cycle are unable to fulfill the
increasing requirement for geometric complex multifunctional
devices. In contrast, vitrimers combining both elasticity and

plasticity, could be programmed with multiple shape memory
effects. This enables the continually shifting of the material into
various sophisticated and geometrically complex 3D structures,
which could be wuseful in aerospace and soft robotics
applications.

A paradigm for introducing plasticity into an elastic polymer
network was demonstrated by Xie’s group, who used poly
(caprolactone)-diacrylate and a tetrathiol crosslinker to prepare
a network with ester crosslinkers that displays elasticity and plas-
ticity under distinct triggering temperatures (Fig. 4.3) [159]. In
this system, the cumulative nature of the plasticity allowed the
fabrication of parts with complicated 3D structures that are con-
sidered to be impossible in other systems. The same group also
modified a classical shape-changable polyurethane thermoset
to exhibit reworkability by introducing an exchangeable tran-
scarbamoylation reaction [160]. The modified polyurethane ther-
moset contains both thermal phase transition and dynamic
covalent motifs, and could undergo multi-type shape reshuffling.
Robust thermadapt shape memory polymers with high T, are
also highly desirable in high performance smart devices with
self-folding and self-deployable properties. Such materials have
been demonstrated by Gu and colleagues, who described a new
type of thermadaptable shape memory polymer (EPSi) based on
dynamic silyl ether linkages [43]. The resultant EPSis showed
adjustable high T, (from 118.1 to 156.4 °C) without compromis-
ing its mechanical strength. Notably, these EPSis exhibit excel-
lent thermadapt self-folding properties, with shape fixity ratio
(Re) ranging from 97.1 to 98.9%, shape recovery ratio (R,) ranging
from 95.6 to 99.8%, as well as a good shape retention ratio rang-
ing from 80.5 to 86.3%. The macroscopic shape of EPSis could be
converted from planar films into various 3D structures. Pan and
coworkers fabricated sequence-rearranged reconfigurable co-
crystalline networks, which showed great potential in biomedical
devices [161]. Due to the dynamic transesterification nature, the
obtained network exhibited tunable melting point, relatively
high crystallinity, and possesses excellent shape reconfigurability
property at body temperature, which facilitates the manufactur-
ing of sophisticated shapes.

Soft actuators with pre-set shapes undergoing defined loco-
motion in response to external stimuli (i.e. heat, light, solvent,
and electricity) are of great interests in fields such as soft robotics,
energy generators, motors, and fluid propellers. To date, polymer
materials, such as SMPs, liquid crystalline elastomers (LCEs) and
gels, have been extensively used for the fabrication of smart 3D
materials. Among which, LCEs with reversible shape-changing
property have attracted great attention. Generally, under exter-
nal programing, LCE polymer chains and mesogens undergo
gradual orientated aligning, and the mesogen alignment can be
fixed by crosslinking. By selectively tuning the LC alignment
and its crosslinking distribution, LCN actuators are able to
undergo an order—disorder phase-transition, giving rise to the
possibility of controllable reversible actuation (Fig. 4.4a) [162].
Recently, the exchangeable LCE (xLCE) has aroused extraordi-
nary interest, especially for the fabrication of elaborate 3D actu-
ators with robust mechanical, recyclable, and reprogrammable
functions as well as more efficient actuation.

The main technological barrier in thermal-responsive soft
actuator is the contradiction between thermal-induced repro-
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(a) Design of network with thermally distinct elasticity and plasticity. (b) Shape manipulation via thermally distinct elasticity and plasticity. Reproduced with
permission [159]. Copyright 2016, American Association for the Advancement of Science.

grammability, and stability. The programming of an actuator is
caused by network topology rearrangement due to the exchang-
ing of linking moieties, which is triggered by heating. However,
at high temperatures, some undesired network topology change
will also happen if the chain-connections are too weak, resulting
in low operational stability, and finally failing the pre-set archi-
tecture and actuation performance. Accordingly, the prudent
selection of exchangeable reactions to avoid the overlaps
between the actuator operation temperature and material pro-
gramming temperature is a key factor in designing advanced
actuation systems. In the past decade, dynamic exchangeable
reactions such as transterification, transcarbamoylation, and
boronic ester exchange reactions, are widely used for the fabrica-
tion of advanced actuator systems [162].

For example, Yu et al. engineered a new adaptable main-chain
LCE system by utilizing thermally induced transesterification
[163]. The network benefits from both the advantages of tradi-
tional LCE (i.e. isotropic phase transition), as well as a dynamic
crosslinked network, which renders malleability, stress relax-
ation, surface welding, as well as recyclability. The exchangeable
boronic-ester reaction was introduced by a Michael-addition
thiol-acrylate reaction to develop a new class of LCE by Terentejv

and coworkers [164]. They explored a new concept of “partial vit-
rimer network” material, where both the permanent and
exchangeable networks were incorporated into a single material.
The ratio of the corresponding components were rationally con-
trolled to tune the fraction of the permanent and exchangeable
parts in the network, achieving a material “sweet spot”, with
an optimum balance between elasticity and plasticity. Such a
material system was capable of maintaining the integrity of the
network while simultaneously minimizing the creep. Very
recently, Ji group developed an efficient swelling-heating
method to reversibly turn on/off the thermal reprogrammability
of a common siloxane LCE, fundamentally addressing the con-
flict between the operation stability and thermal reprogramma-
bility (Fig. 4.4b) [165]. In this system, an anionic catalyst was
used to control the switching ability of the network repro-
grammability by altering the catalytic ability. When the network
was immersed in a catalyst/solvent solution, the catalyst was able
to enter into the network due to its good solubility, triggering the
siloxane chain rearrangement, which could be quenched by
heating (catalyst deactivation). As such the polymer was stable
even at high temperatures. The network dynamics could be con-
tinually switched on/off by repeating the swell/heating cycle.
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(a) Image illustration of the actuation mechanism of LCEs. The alignment is fixed through crosslinking. After that, LCEs show a reversible shape deformation
on account of LC-isotropic transition [162]. (b) (Top) lllustration of switching on/off the thermal reprogrammability, and (bottom) the demonstration of re-
switching on the thermal reprogrammability and reprogramming the one-arm bending motion (i) into four-arm bending motion (ii) for raising up objects
[165]. Copyright 2020, Royal Society of Chemistry. Reproduced with permission [165]. Copyright 2020, Wiley.

Moreover, taking advantage of this strategy, many machine-like
and biomimetic actuators were prepared and underwent reversi-
ble pre-defined locomotion.

Vitrimers for 3D printing applications

3D printing represents an excellent fabrication technique to
manufacture geometric complex 3D devices with high accuracy.
However, conventional 3D objects obtained by the layer-by-layer
construction strategy showed low mechanical strength, resulting
in restrictions for practical engineering. The combination of 3D
printing technology and vitrimers leads to recyclable 3D devices

with sophisticated structures and precise control of the fabrica-
tion process, without compromising the robustness of objects,
facilitating the large-scale application in various fields, including
actuators, SMPs, and electronic/optical materials.

A recyclable epoxy vitrimer was developed as 3D printing ink
by Qi and coworkers (Fig. 4.5) [166]. This ink could be printed
into geometric complex parts, which subsequently recycled by
dissolving in hot ethylene glycol as a solvent to generate a poly-
mer solution (a new vitrimer ink) for the next round of 3D print-
ing. The designed vitrimer ink could be printed four times and
while retaining outstanding printability. Schldgl and coworkers
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discovered a new liquid transesterification catalyst (i.e. oligo-
meric methacrylate phosphate) which showed excellent solubil-
ity in a variety of acrylates, good stability in the thiol-click
reaction, and could be covalently bonded to the network [167].
This catalyst exhibited excellent catalytic activity in thiol-
acrylate vitrimers with improved mechanical properties. The pre-
pared materials were amendable to digital light processing to
manufacture precise 3D soft active devices with triple-shape
memory and self-repair ability. Zhang et al. prepared a robust
and reprocessable acrylate vitrimer for the photo-3D printing
applications via combing exchangeable B-hydroxyl esters and
sacrificial hydrogen bonds based on the reaction between diacry-

late prepolymer, tetrahydro-furfuryl acrylate, and acrylamide
[168]. When the composition of acrylamide was increased to
20 wt%, the resulting vitrimer exhibited dramatically increased
tensile strength (40.1 MPa) and Young’s modulus (871 MPa)
compared to unmodified acrylate vitrimers, while still retaining
its reprocessibility. This material was used to precise fabricate
recyclable 3D objects with multiple structures by using stereo
lithography 3D printing.

Multifunctional and multi-responsive vitrimer systems
Multifunctional and multi-responsive vitrimer systems have
been developed by incorporation of functional molecules
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directly into the vitrimeric networks. These modified vitrimers
often exhibit improved properties and interesting stimuli respon-
sive behaviour. Apart from temperature, the modified vitrimeric
systems also show the possibility of responding to a variety of
external stimuli, including light, pH, solvent, redox conditions,
and electrical current.

Light-triggered vitrimers

Light-triggered vitrimers with their unique advantages, are of
continually growing research interest [50]. Compared to
thermal-triggered vitrimers, photo-sensitive vitrimers often exhi-
bit improved properties, such as enhanced healing speed. Fur-
thermore, parameters of light are also highly variable; either
the wavelength, intensity, or polarization can be tuned in a con-
trolled fashion, and precise remote and regional control over
these vitrimers are more conveniently achieved. These advan-
tages offer new vitrimeric system various opportunities in engi-
neering real applications, particularly, in the smart actuator
field. An actuator with the ability to optically reconfigure can dis-
play a new actuation behavior, such as light-fueled locomotion
behaviors, which is desirable in developing materials for soft
robotics applications. Incooperation of photo-induced reversible
reactions, such as azobenzene trans—cis transition [169], anthra-
cene [4+4] cycloaddition [170], and disulfide/ diselenide
metathesis, in the polymer main chain or side chain are appeal-
ing strategies to prepare photo-responsive vitrimers.

Ikeda and coworkers engineered a reprogrammable photomo-
bile LCE with both thermal-induced dynamic covalent bonds
and photo-switchable moieties in the network [171]. In this sys-
tem, a dual functional azobenzene-based chemical was selected
as both mesogens and photochromic groups to link the
polysiloxane backbone to generate the network. Upon heating,
mesogens could be aligned and fixed in the LC phase during
the external programming. Because of the limited extinction
coefficient, the light-induced trans—cis transition of the azoben-
zene group mainly occurred near the surface of the sample.
Under UV or visible light irradiation, the surface azobenzene
mesogens enable to change, leading to the rearrangement of
the crosslinking strands and eventually causing macroscopic
flow (i.e. reversible bending motions).

Furthermore, they discovered that the function, motion, and
other performances could be effectively adjusted by altering the
initial macroscopic shape. A novel LCN with Diels-Alder
dynamic bonds in the main-chain (LCDANs) was developed for
actuator programming and reprocessing was reported by the
Zhao group recently (Fig. 5.1a) [172]. Via the formation and
cleavage of D-A bonds, the LCDAN was capable of reversible
transformation between the ordered and disordered phase, offer-
ing the possibility to be remolded into complicated 3D struc-
tured actuators, such as helices, origami, and other various 3D
architectures. Furthermore, light-driven 3D actuators (wheel-
shape and caterpillar-shape) were prepared simply by laminating
a photo-switchable azobenzene-based LCDAN strip with a com-
mercially available polyimide film (Kapton), displaying efficient
photo-fueled locomotion. Zhao group also fabricated a reprocess-
able photo-controlled LCN containing azobenzene moieties in
the polymer main chain [173]. By combined the energy from

both azobenzene photoisomerization and network strain energy,
an unprecedented photoinduced mechanical force (up to 7 MPa)
could be achieved, enabling the rolling or moving of large-size
3D actuators, including wheels and spring-like motors, along
with a controllable direction and speed. Recently, the same
group developed a novel liquid crystal polymer network (LCN)
contained anthracene, which underwent the reversible photo-
crosslinking wunder different wavelength UV irradiation
(Fig. 5.1b) [174]. The obtained LCN could selectively alter the dis-
tribution of crosslinking domains, resulting in the actuation
behavior in a controlled manner. Taking advantage of this mech-
anism, the LCN actuator was able to realize optical reconfigura-
tion of origami, and also as a light-fueled microwalker with
different locomotion behaviors.

Apart from 3D actuators, vitrimers with photo-sensitive chro-
mophores have also been applied in fabricating materials with
tunable surface topologies, and spatial control of reprogram-
ming. Wolf and co-authors demonstrated that aliphatic diamines
underwent thermal exchange reactions while aromatic diamines
only responded to photo-irradiation [170]. Exploiting this, a
photoactivated vinylogous urethane vitrimer was prepared by
carrying out the polymerization of 1,12-dodecane diamine,
1,12-dodecanebisacetoacetate, and 1,5-diaminoanthracene with
different molar ratio. The vitrimeric behaviors of the material
was ascribed to the dynamic exchange of vinylogous urethane
bonds upon heating in the network. Additionally, due to the for-
mation of anthracene dimers under UV irradiation, the vitrimer
exhibited tunable rheological properties and glass transition tem-
perature. This photo-responsive vitrimer also possessed rapid
scratch healing behavior with a tunable onset temperature. Bow-
man et al. used the dynamic thiol-ene reaction to photocure the
vitrimer material using the bi-functional norbornene monomer
comprising both ester bonds and pendant OH moieties [175].
Analogous to thermally cured vitrimers, the reported photo
cured vitrimer system exhibited a strong Arrhenius dependence
of the stress relaxation time with inverse temperature from 145
to 175 °C, suggesting a relaxation controlled by the transesterifi-
cation reaction rate. Exploiting the reversible nature of the trans-
esterification reaction, this vitrimeric system showed excellent
performance in the nanoimprint lithography (NIL), due to its
ability to continually change surface features. Additionally, com-
plicated hierarchical structures could be obtained by combining
NIL and photopatterning. Xu and co-workers used visible light
to trigger the plasticity of polyurethanes (PUs) thermoset which
contained diselenide bonds. Both shape memory and light-
induced plasticity were tunable by altering the diselenide bond
content [176]. Triggered by visible light, these PUs thermoset
possessed the advantage of spatial control while avoiding the
undesired damage caused by heat or UV light. Subsequently, pos-
itive tone patterns with rewritability was attained by using an
epoxy-anhydride vitrimer (0-NBE) formed by the reaction
between hexahydrophthalic anhydride with 1,5,7-triazabicyclo[
4.4.0]dec-5-ene [177]. The resulting o-NBE comprises both pho-
tolabile chromophores o-nitrobenzyl esters, as well as thermal-
activated hydroxyl ester groups. Under the UV irradiation, o-
nitrobenzyl ester links in the network were broken, increasing
vitrimer solubility, and precise micropatterns (size ~ 20 um) were
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achievable by photolithographic techniques. The polymer pat-
terns were subsequently fully erased at the temperature above
Ty due to the reversible reaction of the hydroxyl ester.

Multiple stimuli responsive vitrimers

Oligoanilines with a well-defined molecular structure, shows
excellent electro-activity, metal ions absorption capability,
strong photo-thermal effect, and good solubility in common sol-
vents, and are promising materials for multiple stimuli respon-
sive vitrimers. Ji and co-authors developed low-cost multi-
stimuli responsive and multi-functional vitrimeric composites
by copolymerizing aniline trimer (ACAT, an oligoaniline) with
epoxy monomers [178]. Besides heat, the modified vitrimer sys-
tems also responded to light, pH, voltage, metal ions, and redox
chemicals. The obtained material retained the features of starting
materials (such as the malleability/recyclability of vitrimers and
metal ions absorption of oligoanilines), while simultaneously
exhibiting new properties, such as photo-induced self-healing/
weldability, and pH-activated shape memory. Very recently,
Zhang et al. converted a conventional vitrimer system into mul-
tiple responsive ACAT-vitrimer by incorporating oligoaniline
through the polycondensation reaction of terephthaldehyde,
m-xylylene diamine, and tris (2-aminoethyl) amine [179]. The
ACAT-vitrimer was respondive to three stimulis, including heat,
light, and amines. Moreover, the prepared material exhibited
excellent thermal stability, weld ability, as well as recyclability.

Vitrimeric composites

Vitrimer systems with enhanced performance and multi-
responsiveness is necessary for the development of next genera-
tion materials. In this context, two kinds of advanced vitrimer

systems will be introduced. We first focus on vitrimer composites
formed by adopting nano-fillers into the polymer matrix (Sec-
tion 5.1). In Section 5.2, we will introduce the malleable
material-reinforced vitrimer composites obtained by immersing
vitrimers into commercially available materials.

Advanced vitrimer composites from nanoparticle additives

Nanoparticles with advanced inherent properties, are promising
additives to improve the properties of vitrimers. Some of the
most common nanoparticles include graphene and carbon nan-
otubes (CNTs), which endows the composites with enhanced
mechanical properties, as well as electrical conductivity. In addi-
tion, due to the photo-thermal effect, the resultant vitrimer com-
posites can be constructed and reconstructed into sophisticated
3D structures by localised heating. For instance, a graphene-
epoxy-vitrimer composite with dynamic covalent transesterifica-
tion bonds was developed to show thermally reconfigurable
shape memory behaviors [180]. The resultant composite exhib-
ited stable shape memory property with constant shape fixity

and recovery values (Rf > 99%, R, > 98%). As illustrated by the
DMA analysis, the vitrimer composite had a shape retention ratio
of 100%, facilitating the fabrication of the arbitrary 2D or 3D
newly permanent shape. In addition, with the incorporation of
graphene nanosheets, the vitrimer composite displayed NIR trig-
gered shape recovery behavior. Liu et al. incorporated imine-
containing networks into graphene grafted polymers [88].
Besides reinforcement for the material, grafting of graphene to
the cross-linked network also allowed light activated behaviour.

One of the key barriers in preparing vitrimer composites is the
homogenous dispersion of nano fillers in the matrix. Due to their
large aspect ratio, van der Waals, and strong n-n interactions,
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nano-fillers tend to aggregate in the vitrimer matrix, forming a
non-uniform structure, which sometimes results in unstable
behaviors. Some strategies to surmount this problem include
ultra-sonication [181], introduction of dispersants [81], and sur-
face modification [82].

A carbon nanotube-polyurethane (CNT-PUV) vitrimer com-
posite was developed [181]. Ultra-sonicating the mixture of
CO, melted PEG, CNTs and ethyl acetate enabled the CNTs to
be well-dispersed in the mixture solution. The prepared CNT-
PUV vitrimer composite possessed dual-triggered shape memory
and reconfiguration behavior because of transcarbamoylation
reactions of carbamate bonds.

Ji group developed carbon nanotube (CNT) dispersed liquid
crystalline vitrimers (LCVs). With the help of a dispersant
(PIM), CNTs were homogeneously dispersed in the material
matrix [81]. Due to the strong photothermal effect of CNTs,
the resultant vitrimeric composite experienced dynamic light-
activated transesterification, enabling various sophisticated 3D
architectures to be built and rebuilt under light irradiation
(Fig. 5.2). In addition, the LCV film exhibited tunable thermal,
mechanical, and actuation properties, under shining light with-
out screws, glues, or molds.

Guo et al. synthesized styrene-butadiene rubber (SBR)/-
graphene composites by engineering imine bonds into both rub-
ber bulk network and SBR-graphene interface [182]. The
incorporation of well-dispersed graphene resulted in multi stim-
uli vitrimeric composites with significantly enhanced mechani-
cal properties. The dynamic exchange of imine bonds in both
the bulk network and SBR-graphene interphase, enabled the
topology rearrangement of the network, facilitating the ready
material recycling as well as the repeated construction of geomet-
rically complex shapes either under heating or IR irradiation. A
new kind of electromagnetic shielding materials (SEMs) was
developed by doping vitrimer matrix with MWNT/Fe;04 com-
posite [183]. To improve the additives' dispersion, polypyrrole
(ppy) wrapped MWNTs and Fe;O,4 were prepared with satisfac-
tory dispersion in the vitrimer matrix. As demonstrated by the
reflection loss experiment, the prepared SEM exhibited a superior
electromagnetic shielding capacity compared to its original
counterparts. In the lap-shear test, samples exhibited a compara-
ble self-bonding effect either under mechanical force or magnetic
force, demonstrating a similar transesterification speed and
deformation efficiency.

Apart from graphene and CNTs, other inorganic fillers (such
as gold nanoparticles, and silica) are also be used to prepare vit-
rimer composites with strong mechanical properties, reprocess-
ability, and recyclability. Gold nanoparticles showed an
excellent photothermal effect and selective-spectrum absorption
property which can be adjusted by the structure. Efficient incor-
poration of gold nanospheres with vitrimer materials can be used
to prepare light-sensitive vitrimeric composites that only
respond to the selective wavelength, increasing the stability of
the material under visible light. However, due to the high-
temperature vitrimer curing process, naked gold nanoparticles
are vulnerable to aggregation, resulting in the weakening of the
plasmon resonance of the nanospheres. To increase the stability
of gold nanoparticles during the procedure of vitrimers, Ji and
coworkers used polydopamine to modify gold nanospheres,

which could be well dispersed into epoxy vitrimers [82]. Due to
the strong photothermal effect of the polydopamine-modified
gold nanoparticles, the obtained composites offering efficient
healing and shape-reshifting by light, as well as light-directed
surface patterning and re-patterning. Recently, the optical self-
repairing properties of a polarizing film was achieved by using
the synergistic effect between Au nanorods (AuNRs) and a vit-
rimer. Chen and co-workers engineered a three-step phase trans-
fer process to obtain a polarizing film with a stable and
monodispersed AuNRs in a polyvinylpyrrolidone polymer matrix
[184]. The prepared polarizing film exhibited vitrimer properties
due to the dynamic reversible exchange reaction of carbamate
bonds. Interestingly, the damaged film could be in situ healed
by the photothermal effect of AuNRs triggered by laser
irradiation.

Silica was also used to improve the vitrimer mechanical prop-
erties. Guo and colleagues disclosed a robust crosslinked elas-
tomer system via C-N transalkylation of pyridinium and
implemented this chemistry to modify the silica surface, prepar-
ing a smart elastomeric composite by hot-pressing. Because of
the powerful covalent interfacial bridges and the uniform dis-
persed silica nanoparticles, the yielded composites possessed
superior mechanical strength. Due to the dynamic nature of C-
N transalkylation reactions of pyridiniums in the network, the
designed composites could be continually reprocessed at ele-
vated temperatures.

Apart from inorganic nanoparticles, organic nanoparticles are
also used to improve the properties of vitrimic comosites. In con-
trast to inorganic nanoparticles, organic nanoparticles were easy
to disperse homogeneously into the polymer matrix without any
further dispersion step. For example, Ji and coworkers utilized
organic polydopamine (PDA) nanoparticles to prepare vitrimeric
composites to successfully build 3D structures (Fig. 5.3) [185].
Notably, this vitrimer composite was prepared in the absence
of dispersant, surface modification, or sonication.

Ni and co-workers engineered a new vitrimeric paper, with
polycarbonate as a matrix, and natural cellulose paper acted as
the reinforcing framework [90]. Through in situ polymerization
of monomers in the cellulose paper, the porous structures of
the original paper could be fully filled, resulting in a robust vit-
rimeric paper. As demonstrated by the cross-Section scanning
electron microscope (SEM), blank paper comprises a random
intertexture of natural cellulose fibers with very high porosity.
The resultant vitrimeric paper not only possesses exceptional
mechanical robust and great thermal/chemical stability, but also
displayed various smart behaviors, including shape-memory,
self-healing, and reshaping. Walther and colleagues combined
cellulose nanofibrils (CNFs) and vitrimer nanoparticles to
achieve mechanically coherent nano-paper materials [186]. The
dynamic transesterification endowed the polydimethylsiloxane-
based vitrimer attached to the CNF surface. The resultant nano-
paper exhibited flexible, stretchable, and outstanding water resis-
tance properties. Furthermore, this vitrimer was used to glue two
nanocomposites as a re-processable adhesive. Recently, a multi-
functional carbonized lignin-free wood (CLFW)@Ni-NiS/vitrimer
composite was designed with reshaping, self-healing, and shape-
memory properties [187]. A hybrid was engineered by assem-
bling the vitrimer with a supercapacitor, possessing high energy
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densities and power densities, and simultaneously exhibiting the
improvement of recycling ability, demonstrating the huge
potential of wood-based smart materials for applications in
supercapacitors, catalysts, and sensors. Most vitrimers are formed
by hydrophobic polymer systems, recently, a vitrimeric system
based on hydrophilic polymers had been illustrated. Walther

and co-workers demonstrated a waterborne methacrylate-based
vitrimer system using heat-activated catalytic transesterification
[188]. The corresponding vitrimer featured elastomeric properties
and maintained the tensile properties after two recycling cycles.
More interestingly, this designed vitrimer system could be used
to prepare water-based bioinspired nanocomposites by combin-
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Chemistry.

ing the prepolymer with cellulose nanofibrils (CNFs) and nan-
oclays in a sandwich structure. The obtained transparent film
with a very homogeneous structure, and displayed excellent
water resistance, which used to be challenging for water-borne
bioinspired nanocomposites.

Malleable material reinforced composites applications

Today, fiber reinforced polymer composites (FRPCs) are of great
interest as their applications as lightweight alternatives to metals
in the aerospace industry and the automotive industry. However,
current FRPCs are expensive and impossible to recycle, leading to
undesired waste, and pollution with an enhanced overall cost.

Therefore, seeking new materials with robust mechanical proper-
ties, good shape-adaptability, and recyclability, to replace the
current FRPC is highly sought-after for the development of the
sustainable economy. FRPCs based on vitrimers are an extraordi-
nary solution to this demand due to their significantly enhanced
mechanical strength, while showing re-processability, reparabil-
ity and recyclability. FRPCs are easily manufactured from readily
available materials (such as carbon fiber) and could thus be easily
implemented in myriad fields: transportation, construction
industries, energy, and so on. We believe that the development
of FRPCs will provide the great possibility to produce lightweight
and efficient parts for airplanes, cars, and wind energy sectors.
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The following Section gives some reports of FRPC based
vitrimers.

Du Prez and co-workers explored a series of vinylogous acyl
compounds (urethanes, amides, and urea) for high performance
vinylogous acyl based networks with fast intrinsic exchange
kinetics [104]. With a simple acid catalyst (0.5 mol % pTsOH),
the obtained networks exhibited very short relaxation times
and excellent mechanical properties with a storage modulus
value of 2.2 GPa. These vitrimers were exploited as a matrix for
the preparation of material composites, as shown in Fig. 5.4a.
The resulting composites allowed thermoforming into a triangu-
lar shape at 150 °C within 10 mins and fiber recycling by solvol-
ysis. Recently, the same group presented a transparent, rigid, and
highly reprocessable catalyst-free epoxy vitrimer system by
applying an oligomeric amine-based curing agent to introduce
the dynamic vinylogous urethane (VU) bonds [102]. The
obtained VU-based vitrimer showed good recyclability and
remarkably short stress relaxation times at temperature above

Tg. In addition, this vitrimer was used to prepare glass-fiber-
reinforced epoxy composites with the capability of recycling
and reshaping.

Odriozola et al. described a disulfide crosslinked epoxy vit-
rimer, which was first employed for the manipulation of robust
fiber-reinforced polymer composites with reshaping and recy-
cling features (Fig. 5.4b and c) [75]. A rapid fabrication technique
was developed to prepare FRPCs by heat-pressing vitrimer pow-
der and woven carbon fibers [189]. Moreover, the prepared FRPC
samples underwent rapid shape refabrication within a few
minutes.

Qi and coauthors reported fully recyclable carbon-fiber rein-
forced polymer (CFRP) composites based on epoxy vitrimer
[190]. The polymer chain of the epoxy matrix in CFRP compos-
ites could be cleaved into small segments due to its good solubil-
ity in hot ethylene glycol (Fig. 5.5). Moreover, the dissolved
epoxy monomer could be re-polymerized and used for the prepa-
ration of new CFRP composites with the same level of mechani-

150 °C Gentle pressure

-

(a) Pictures illustration of the preparation of a flat Vurea composite and its thermoforming into a triangular shape [104]. (b) Reshaping of a cured composite
laminate, and C) recycling of epoxy composites [75]. Reproduced with permission [104]. Copyright 2018, American Chemical Society. Reproduced with

permission [75]. Copyright 2016, Royal Society of Chemistry.
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cal strength as original samples. In this system, near 100% mate-
rials recycling was successfully obtained.

Zhang and co-workers used polyimine networks as the robust
binder to prepare repairable woven carbon fiber composites [66].
These composites were fully reclaimable, with all of the fiber and
binder materials reuseable. Interestingly, the malleable nature of
polyimine networks endowed the capability of welding and
remolding of the resulting composites, facilitating the manipula-
tion of a smooth hemispheric structure model, which were
strong enough to bear the weight as heavy as 150 kg.

Liu et al. synthesized a fully recyclable CFRP composite using
an imine-containing epoxy vitrimer as a hardener [191]. By hot-
pressing carbon fiber prepregs and vitrimer matrix, the obtained

CFRC showed the flexural strength and modulus of 1028 MPa
and 56 GPa, respectively. Taking advantage of the excellent recy-
cle ability of the vitrimer precursor, the resulting CFRP composite
underwent the recycling in a closed-loop process by chemically
degrading the material in an amine solvent. Moreover, the degra-
dation products could be used to synthesize fresh vitrimers for
further reusing.

Barriers of material reinforced composites in sustainable
development are undoubtedly solved by introducing reversible
exchangeable bonds to obtain dynamic networks. However, this
may reduce the mechanical robustness of materials to some
extent. Upon exposure to stimuli, network topology changes
caused by the exchanging of the reversible bonds reduce the
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The recycling procedure for CFRP composites. (a) A schematic view. (b) The experimental pictures. Reproduced with permission [190]. Copyright 2016, Wiley.
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integrity of the network and result in a decrease of the material
mechanical strength. The contradiction between the material
strength and dynamic properties will limit these composites’
growth in the global market, especially in applications that
require high thermal stability such as devices for aerospace.
Thereby, seeking new material reinforced composites with high
performance is still necessary for the future. For instance, new
strong reversible bonds with associative mechanism and high
activation energy can be explored to improve the stability of
the material. In addition, dual dynamic crosslinking systems
with distinct stimuli can be introduced in a single material,
allowing the material to orthogonally control its dimensional
integrity upon selectively triggering the external stimulus. Fur-
thermore, catalytic systems can be improved to tune the reversi-
ble reaction and network topology reconfiguration in a
controlled manner.

Conclusions and perspectives

In this review, we have summarized and given an overview of
state of the art vitrimeric materials, which represent a significant
leap in the field of materials. As a recyclable type of thermoset,
these vitrimeric materials meet the environmental and perfor-
mance requirement of today’s world, representing another step
towards a circular economy. In fact, some of these materials have
already gone on to be commercialized [192]. However, numerous
challenges still remain in bringing vitrimers into widespread
commercialisation. Current thermosets are often low-cost mate-
rials prepared from with readily available feed-stocks. This eco-
nomic barrier would be an important hurdle for vitrimeric
materials to overcome in order to truly replace thermosets. Fur-
thermore, infrastructure and logistical chains would also need
to be established to enable end of life recycling. Some groups
focuses on the conversion of existing materials into vitrimers
or vitrimer-like substances [65]. Still others take the concept of
vitrimers, applying them to current thermosets to enable repro-
cessing [144-146]. These works would be key enablers in translat-
ing the work in the laboratory to the world, as it would likely be
an easier to achieve intermediate step compared to completely
replacing thermoset plastics. In addition, the feedstock for these
new vitrimeric materials would also have to be considered.
Developments in readily available bio-feedstock based vitrimeric
materials would also be important in further increasing the sus-
tainability of vitrimeric materials. Furthermore, the processes
for material preparation and recycling would also need to be
green.

In the past 10 years, an extensive array of both polymeric
backbones and choice of crosslinking chemistry have been
extensively explored. These reports represent an impressive tool-
box from which to choose materials from. However, despite the
great fundamental improvement that has been achieved, there is
still significant room for innovation and exploration to enhance
the engineering feasibility of vitrimeric materials. Some strategies
which are employed include 1) development of new advanced
vitrimeric systems via exploring new dynamic exchange reac-
tions; 2) controlling the activation energy of the existing cova-
lent bonds by appropriate choice of catalysts, solvent, and
additives (Section 3.7); 3) balancing the percentage of the perma-

nent and dynamic crosslinks in the network to further increase
the stability and reprocessability; 4) combining the physical
interactions and covalent crosslinking into the same network
to increase the robustness of the material; 5) development of
orthogonal control for multiple-stimuli responsive vitrimers.
and 6) choice of additives to form vitrimeric composites. These
are important parameters in determining the properties of the
material eventually formed. Tuning of these parameters would
be of paramount importance when exploring vitrimers in speci-
fic applications. For instance, every dynamic reaction has its own
activation energy (influenced by the catalyst). By considering the
desired operating and reprocessing temperature range, an appro-
priate choice of dynamic reaction will make the ideal material
with suitable properties to meet the needs of desired applica-
tions. For instance, where ease of re-processibility is desirable,
the choice of low activation energy dynamic bonds (such as
boronic esters) would be appropriate.

However, at present, some limitations are still apparent. Typ-
ically reprocessing conditions for currently reported vitrimers
typically require a few minutes under high temperature and pres-
sure, with few exceptions [141]. Ideally, for applications such as
in injection molding, the reprocessing speed would have to be
possible in a few seconds. This would require bonds which
rapidly exchange when the appropriate stimuli is applied.
Another requirement would be vitrimers which are usable at
high temperatures, so as to truly be able to replace theromosets,
which are relatively rare [117]. This would require the crosslink-
ing bonds to be more stable and selective such that it does not
react with other parts of the polymers even at high temperatures.
Beyond replacing existing materials for more environmentally
friendly ones, vitrimers also hold great potential as next genera-
tion materials with self-healing, shape memory, recoverable
adhesives, and malleable properties. All these lead us to be highly
optimistic towards the future of vitrimeric materials.
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