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Biobased vitrimers: towards sustainability
and circularity

Alberto Mariani® and Giulio Malucelli (2 *®

In polymer science and technology, the distinction between thermoplastic and thermosetting materials
has always been sharp, clear, and well-documented: indeed, the former can theoretically be
reprocessed a potentially infinite number of times by heating, forming, and subsequent cooling. This
cannot be done in the case of thermosetting polymers due to the presence of cross-links that
covalently bind the macromolecular chains, giving rise to insoluble and infusible polymeric networks. In
2011, the discovery of vitrimers revolutionized the classification mentioned above, demonstrating the
possibility of using new materials that consist of covalent adaptable networks (CANs): this way, they can
change their topology through thermally-activated bond-exchange reactions. Recently, the increasing
attention directed at green systems and circular economies has pushed the scientific community toward
the synthesis and characterization of biobased materials, including vitrimers. Indeed, these latter
represent a practical and reliable answer to the demanding issue of the eco sustainability of both
materials and related technologies. The main advantage of using biobased vitrimers relies on their
limited environmental impact as compared with the traditional systems deriving from fossil sources.
Furthermore, biobased vitrimers exploit the same chemistries and plants already optimized for their
fossil-based counterparts. The present work aims to review the current use of biobased vitrimers for
advanced applications, highlighting their importance for designing novel, green, and sustainable
materials that perfectly match the up-to-date circular economy concept.

Introduction

At present, plastics are in everyday life. According to recent
statistics published by PlasticsEurope Organization in 2022,
world plastic production reached 400.3 Mt (of which 58.7 Mt
were produced in Europe), involving 53 150 companies, more
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Fig. 1 Conventional recycling efforts. Reprinted from ref. 6 under CC-BY
License.

beyond 400 billion euros). The high versatility of plastic mate-
rials has always accounted for their massive use in different
commercial sectors, including civil engineering, transporta-
tion, packaging, energy storage, and biomedicine, among
others.>?

However, because of their long lifetime, plastics at the end
of their life may constitute environmentally pollutant wastes if
not properly managed. This issue, together with the fluctua-
tions in oil prices, is pushing both academic and industrial
communities toward seeking efficient strategies for reducing
polymer wastes and/or designing an economical way to either
upcycle or recycle them, hence fulfilling the current approach
driven by the circular economy.”?

However, at present, conventional efforts (Fig. 1) account for
the recycling of less than 10 wt% of plastics. In comparison,
over 90 wt% of plastics are incinerated or landfill-confined.®

Thermosetting polymers are known for their high mechan-
ical strength, heat resistance, and dimensional stability: all
these features derive from the highly crosslinked structure that
makes them suitable for a wide range of applications. However,
this same crosslinking makes them difficult to recycle or
reprocess.’

Conversely, thermoplastics, which possess a linear (some-
times branched) non-crosslinked structure, offer easy reproces-
sing and recyclability. They can be melted and reshaped
multiple times without compromising their properties. In con-
trast, this structural difference makes thermoplastic polymers
less chemically resistant and mechanically weaker at high
temperatures with respect to thermosetting counterparts. Poly-
mers made of covalent adaptable networks (CANs), often
referred to as vitrimers, are emerging as a new class of
materials that bridge the gap between thermosets and
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Fig. 2 Closed-loop circularity provided by dynamic covalent chemistries
leads to increased retention of plastics in the production and consumption
cycle. Reprinted from ref. 6 under CC-BY License.

thermoplastics, offering advantageous properties of both
classes.® They achieve this by incorporating dynamic covalent
bonds within their structure, allowing for reprocessing and
reshaping beyond a certain temperature while maintaining the
strength and stability characteristics of thermosets below this
temperature. These features account for their ease of recycling
at the end of their life (Fig. 2).°

The origins of vitrimers can be traced back to the pioneering
work of Montarnal et al.,'® who demonstrated the concept
using polyester epoxy resins that incorporated a zinc transes-
terification catalyst. When exposed to heat, these materials
activate the interchain transesterification reactions, allowing
the polymer network to dynamically rearrange and reflow under
an applied stress.

At variance to conventional thermoplastics, which exhibit a
sharp melting transition, vitrimers’ viscosity follows an Arrhe-
nius relationship with temperature, in a fashion that is similar
to the silica-based glasses.

This unique property stems from the fact that the flow of
vitrimers is governed by the rate of the reversible bond
exchange reactions in the melt state, rather than the typical
viscoelastic response of thermoplastics.

The ability to reshape, self-weld, and reprocess vitrimers
without compromising their structural integrity has sparked a
surge of research in this field, with a focus on exploring various
crosslink exchange chemistries, catalyst systems, and network
structures.

Dynamic covalent bonds are a typical feature of vitrimers,
offering a unique blend of stability and flexibility that tradi-
tional polymer networks lack. These reversible chemical bonds
enable the restructuring of the polymer matrix in response to

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Dissociative (A) and associative (B) exchange in dynamic covalent
adaptive networks. Reprinted with permission from ref. 13. Copyright
Elsevier, 2020.

environmental stimuli, such as temperature and pressure
changes, without the need for drastic alterations in the poly-
mer’s overall chemical composition. This dynamic behavior is
primarily engineered through specific chemical reactions,
allowing vitrimers to respond to mechanical and thermal
stimuli adaptively. This adaptability enhances the material’s
lifespan and opens avenues for innovative applications in fields
ranging from automotive to biomedical engineering.

It must be highlighted that the definition of vitrimer is
currently a topic of active discussion in scientific literature,
particularly concerning whether the term should be limited to
associative systems or if it should also include dissociative
counterparts.

In fact, dynamic rearrangements can exploit either dissocia-
tive or associative distinctive exchange pathways (Fig. 3); the
former uses the exchange of dynamic bonds even in such highly
crosslinked networks as in thermosets. The lowering in the
crosslinking density is strictly related to the loss in network
connectivity that takes place during the step-by-step breakage
and reformation of chemical bonds.'* At variance, the bond
exchanges occurring in associative dynamic CANs allow for a
modest variation of the crosslinking density during the break-
age and reformation of the chemical bonds, hence resulting in
negligible changes in the macromolecular structure of the
polymer networks."

Despite these characteristics, the key aspect of all these
materials is the existence of exchangeable covalent bonds in
their organic structures, allowing them to change shape signifi-
cantly with or without altering the overall level of crosslinking.
This ability to dynamically rearrange their network structure
through reversible bond exchange reactions sets vitrimers apart
from traditional thermosetting polymers, which are typically
static and resistant to reshaping or reprocessing. The dispute
about vitrimer definition arises from varied understandings of
the basic mechanism that allows these dynamic covalent net-
works to possess their distinctive characteristics. A key input to
this debate was offered by Leibler,'* who suggested a categor-
ization of CANSs, identifying vitrimers as a distinct subclass. In
particular, he differentiated between associative vitrimers,
characterized by bond exchanges through associative mechan-
isms that do not involve the breaking of the main chain
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covalent bonds, and dissociative CANs, which - at variance -
involve bond exchanges through the breaking of the main
chain linkages that breaks a covalent bond. In this view, the
designation vitrimer ought to be limited to associative systems
that display a glassy structure at low temperatures and engage
in bond exchanges at higher temperatures. Therefore, dissocia-
tive CANs should be categorized within a wider classification.

The discussion is, therefore, not resolved with just one
definition.”>'® Additional investigation is needed to create a
comprehensive understanding and classification system that
captures the intricacies of these materials and to stimulate
IUPAC to provide the scientific community with a universally
accepted definition of vitrimer.

At variance to conventional thermoplastics, which exhibit a
sharp melting transition, vitrimers’ viscosity follows an Arrhe-
nius relationship with temperature, in a fashion that is similar
to silica-based glasses.

This unique property stems from the fact that the flow of
vitrimers is governed by the rate of the reversible bond
exchange reactions in the melt state, rather than the typical
viscoelastic response of thermoplastics.

The ability to reshape, self-weld, and reprocess vitrimers
without compromising their structural integrity has sparked a
surge of research in this field, with a focus on exploring various
crosslink exchange chemistries, catalyst systems, and network
structures.

Dynamic covalent bonds are a typical feature of vitrimers,
offering a unique blend of stability and flexibility that tradi-
tional polymer networks lack. These reversible chemical bonds
enable the restructuring of the polymer matrix in response to
environmental stimuli, such as temperature and pressure
changes, without the need for drastic alterations in the poly-
mer’s overall chemical composition. This dynamic behavior is
primarily engineered through specific chemical reactions,
allowing vitrimers to respond to mechanical and thermal
stimuli adaptively. This adaptability enhances the material’s
lifespan and opens avenues for innovative applications in fields
ranging from automotive to biomedical engineering.

The capability of dynamic covalent bonds to facilitate
reconfiguration brings forth significant implications for mate-
rials design and sustainability. In fact, by enabling efficient
recycling processes and adaptability, vitrimers are closely
aligned with the principles of green chemistry, sustainability,
and circular economy."”"®

In the last five years, further efforts toward sustainability
and circularity have been carried out through the design,
synthesis, and characterization of biobased vitrimers;'® >
these are materials that derive from biosources (ie., bio-
based monomers/chemicals) and exploit the same chemistries
involved in the formation of non-biobased dynamic CANs.

Compared to the latter, biobased vitrimers exhibit peculiar
characteristics that are presented in Table 1.

It is noteworthy that bio-based vitrimers fully match the
current needs for sustainability (and, in particular, for the
fulfillment of the demanding Sustainable Development
Goals)*’ and circularity. The growing academic interest in
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Table 1 Advantages and disadvantages of biobased vitrimers versus fossil-based vitrimers

Feature Bio-based vitrimers

Fossil-based vitrimers

Raw materials®*>3

nin, vegetable oils, sugars, agricultural waste).

Derived from renewable resources (e.g., starch, cellulose, lig- Derived from non-renewable petroleum-based resources.

Sustainability*"**?>* Reduced dependence on fossil fuels, lower carbon footprint, Dependence on fossil fuels, higher carbon footprint, typically
potential for biodegradability and compostability, use of waste non-biodegradable, contributes to plastic waste accumulation.

materials.
Environmental
impact®>*
for closed-loop recycling.
Toxicity>® Potential for lower toxicity, use of less harmful monomers,
and reduction of reliance on toxic chemicals in production.
Biodegradability/

end-of-life?*

Lower greenhouse gas emissions during production and end- Higher greenhouse gas emissions, reliance on environmen-
of-life management, reduced pollution from waste, potential tally damaging extraction and refining processes, contribution

to microplastics pollution.

Potential for higher toxicity, reliance on hazardous chemicals
in synthesis, possible release of harmful substances upon
degradation.

Many bio-based vitrimers offer the potential for biodegrada- Typically non-biodegradable, leading to accumulation in the
tion, composting, chemical recycling, and easier reuse

environment and requiring energy-intensive processes such as
incineration or land filling.

Generally well-defined and optimized mechanical and thermal
properties, consistency and reliability are generally well
established, and therefore these polymers are widely used in
many applications

Synthesis processes may require optimization for scalability, Synthesis processes are generally well established, are often
potential for bio-based solvents and catalysts. Processing may based on bulk or solution processes, but require toxic catalysts

and/or solvent.

Costs can vary significantly depending on the specific biomass Costs are generally dependent on the price of crude oil, but are

options.
Material Performance can vary depending on the specific bio-based
Iy dep g P
properties®® material. Some bio-based vitrimers can match, or even sur-
pass, the performance of fossil-based ones. There may be
challenges related to moisture, stability, etc.
Synthesis/
processing®'*°
need new equipment and specific processing parameters.
Cost™
source, production process, and desired performance. Costs normally relatively low.
may include biomass pre-treatment, purification, and mono-
- mer.synthesis. ) ) )
Scalability Scaling-up production processes are still challenging and

require investments.
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Fig. 4 Number of publications (from 2017 to 2024) in peer-reviewed
journals dealing with "biobased vitrimers"” (data collected from the Web of
Science™ database, accessed on Oct 27, 2024).

biobased vitrimers is well documented in the significantly
increasing number of papers published in the last few years
(Fig. 4) on this topic.

In this context, the present work is aimed at reviewing the
most recent literature on biobased vitrimers, highlighting the
chemistry behind their design, their potential for advanced
applications, and their importance within the up-to-date sus-
tainability concept.

The chemistries behind vitrimers
Transition temperatures in vitrimers

Vitrimers exhibit two distinct types of transition temperatures:
the traditional glass transition temperature, Ty, and the
topology-freezing transition temperature, 7.

2176 | Chem. Commun., 2025, 61, 2173-2189

Well-established production processes, easier to scale up but
often at the expense of a high carbon footprint.

While T, marks the shift from a glassy to rubbery state based
on molecular motion, T, represents the point where the net-
work topology rearranges due to faster exchange reactions,
transitioning from a viscoelastic solid to a viscoelastic liquid
state, making it a unique feature of vitrimers.

In particular, at T,, the viscosity of vitrimers reaches 10'* Pa s,
Le., the threshold between a viscoelastic solid and a viscoelastic
liquid state,'” and the reversibility of dynamic bonds is initiated,
thereby facilitating the polymer network’s capability to undergo
structural modifications (Fig. 5). Above Ty, the viscosity follows the
Arrhenius temperature dependence, which is dictated by the
kinetics associated with the reversible cleavage and reformation
of bonds.

Even if T, is generally higher than T,, in some cases, bond
reversibility can happen beneath T,. Both T, and T, can be

A B 12
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T Tg«—Ty liquid 10 .
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Fig. 5 Temperature dependence of viscosity in vitrimers. (A) When T, >
Ty the viscosity follows an Arrhenius law near T,. (B) When Ty > T,, first,
the viscosity follows WLF law near Ty and, then, Arrhenius law at suffi-
ciently higher temperatures. Reprinted with permission from ref. 28.
Copyright Elsevier, 2019.
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tuned by varying such parameters as crosslinking density,
monomer architecture, catalysts, and activation energy of the
bonds. An increase in crosslinking density, together with the
utilization of more rigid monomers, generally leads to
enhanced material strength.”®

Main functional groups and reactions involved in
vitrimerization

Diels-Alder reactions. The Diels-Alder reaction is one of the
synthetic methods to obtain vitrimers. It enables the formation
of robust polymer networks while simultaneously facilitating
the reconfiguration of the network structure, thereby endowing
vitrimers with exceptional reprocessability and adaptability. In
particular, the incorporation of furan and maleimide moieties
has demonstrated significant potential in enhancing the repro-
cessability of vitrimeric materials.*

As shown in Fig. 6, a temperature variation influences the
equilibrium between the formation and the dissociation of the
Diels-Alder adducts, allowing the polymer network to be dyna-
mically reconfigured and reprocessed through reversible bond
cleavage and reformation.*

Ester bonds. Ester bonds are prone to reversibly form and
dissociate under specific conditions. Upon exposure to thermal
energy or catalytic stimuli, when present within vitrimeric
materials, they can revert to their monomeric states. One
significant advantage is the ability to carefully change the
conditions that control how ester bonds are formed and broken
down, for example, by adding metal catalysts. Through the
modification of the composition and characteristics of the
catalyst, it is possible to adjust the rate of the transesterifica-
tion reaction.®* This characteristic improves both the mechan-
ical behavior and the operational lifespan of the materials.

Debnath et al.®* reported a polyester vitrimer that can be
thermally reprocessed at 100 °C by using Sn(Oct), as a catalyst
or at 150 °C without any catalyst, thus making recycling and
reusability easier (Fig. 7).

Disulfide bonds. The synthesis of disulfide bonds is gener-
ally performed by oxidation of thiol groups, a process that can
be modulated by temperature and pH levels, which signifi-
cantly affect the thermal stability of materials containing dis-
ulfide linkages. In particular, elevated temperatures may
promote the dissociation of disulfide bonds, whereas reduced
temperatures tend to favor their synthesis.?® Fig. 8 presents an
example of dynamic reversible disulfide bonds.

0 Q o o —
c%\o/\)j\o °)+N<_\—NI><—/ N N
/\L/) A ~ N\ \;
o) O O
07?
o]
S("‘
Ay
Fig. 6 Reversibility of the Diels—Alder reaction in a vitrimerization pro-
cess. Reprinted with permission from ref. 28. Copyright Elsevier, 2019.
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Fig. 7 (A) Transesterification of model compounds and synthesis of
poly(hydroxyethyl methacrylate)-diethyl malonate (PHEMA-DEM-x) vitri-
mers; (B) schematic showing the exchange of the ester bond under
thermal conditions. Legend: PHEMA = poly(hydroxyethyl methacrylate);
DEM = diethyl malonate; AIBN = o,a-azoisobutyronitrile. Reprinted with
permission from ref. 32. Copyright American Chemical Society, 2020.

—CO00— —OH

Recently, Luo et al>* proposed a dual dynamic covalent
bond epoxy vitrimer made of disulfide bonds and imine bonds
showing improved mechanical properties as compared with the
corresponding non-vitrimerized epoxy polymer. The main ben-
efit of employing disulfide bonds in this framework is their
capacity to promote stress relaxation at lower activation ener-
gies. This property is fundamental for applications wherein
materials are subjected to dynamic loads, as it facilitates
improved energy dissipation and mitigates the likelihood of
material failure under stress. Moreover, the dual-dynamic
covalent bond architecture not only improves the mechanical
behavior but also preserves commendable solvent resistance,
elevated breakdown strength, and advantageous dielectric

Fig. 8 Dynamic covalent bonds in disulfide-based vitrimers. Reprinted
with permission from ref. 28. Copyright Elsevier, 2019.

Chem. Commun., 2025, 61, 2173-2189 | 2177


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc05967k

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 06 2025. Downloaded on 19/04/26 21:14:45.

(cc)

Highlight

Damaged

Fig. 9 Self-healing of a polymer matrix by boronic ester dynamic cova-
lent bonds. Reprinted with permission from ref. 35. Copyright American
Chemical Society, 2015.

characteristics, which are indispensable for a myriad of indus-
trial applications.

Boronic esters. Boronic esters are characterized by the
presence of a boron atom that is linked to both an alkoxy
group and a carbon atom. Their synthesis occurs via the
interaction between boronic acids and alcohols, leading to
the formation of a stable compound that displays distinctive
chemical characteristics. These features make boronic esters
suitable for a variety of applications, as they act as dynamic
linkages within vitrimers, wherein their reversible attributes
play a crucial role in enhancing the self-healing capabilities and
environmental responsiveness of the materials (Fig. 9).*

The characteristic feature of boronic esters relies on their
capacity to establish reversible covalent bonds. This reversibil-
ity is mostly attributable to the electron-deficient characteris-
tics of the boron atom, which facilitates its participation in
dynamic interactions with nucleophiles, including alcohols
and water. The bond between the boron atom and the alkoxy
moiety undergoes cleavage and reformation under specific
conditions, thereby allowing for the use of boronic esters in
vitrimeric formulations. The reactivity of boronic esters is
influenced by various parameters such as pH and temperature.
In particular, at low pH, they may undergo hydrolysis, resulting
in the formation of the corresponding alcohol and boronic
acid. In contrast, under basic or neutral conditions, the boronic
ester may exhibit stability, thereby facilitating controlled
release and reformation of the covalent linkage.**

Zhang et al.*® proposed a new class of boronic diesters with
improved performance in vitrimerization. In particular, they
found that the hydrolytic stability and dynamic covalent chem-
istry of the nitrogen-coordinating cyclic boronic diester (NCB)
linkages are greatly improved as compared with that of con-
ventional boronic esters. In particular, the former can tolerate
some water due to their hydrophobic NCB linkages, which, in
turn, depends on the intramolecular N — B coordination.
However, dynamic exchange reactions of NCB linkages can
occur without catalysts upon heating, thus allowing their
vitrimers to be reprocessed and recycled while maintaining
mechanical properties similar to pristine materials.

Iminic and amidic groups

Imine bonds, created by the reaction of an amine with a
carbonyl compound, are dynamic covalent bonds that can

2178 | Chem. Commun., 2025, 61, 2173-2189
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reversibly exchange, providing vitrimers with distinctive prop-
erties. The formation of imines from amines and aldehydes is a
reversible reaction governed by thermodynamic control.*”

Geng et al.*® prepared bio-based imine vitrimeric films from
vanillin and an amine cross-linker. The resulting materials
exhibited self-healing ability, hot-reprocessing properties, and
chemical recyclability under acid hydrolysis. They found that T,
increased as the cross-linking degree increased, and films
exhibited thermal stability up to at least 300 °C.

However, the versatility of imine linkages in tailoring the
properties of vitrimers goes well beyond the thermal and
mechanical properties. Indeed, imine linkages also affect the
mechanical properties, the chemical stability, and the response
of these materials to their environment. By tailoring the com-
ponents involved in the chemistry of the imine bonds, it is
possible to prepare vitrimers that respond to specific stimuli,
such as pH or temperature changes, thus obtaining materials
that can be applied in many different sectors.>®

Liang et al.*® introduced a novel class of poly(amide-imi-
ne)vitrimers, which combined the benefits of both amide and
imine groups. They found enhanced mechanical properties,
thermal stability, and creep resistance as compared with the
materials bearing imine functionalities only. Besides, since a
biobased curing agent (i.e., trimethyl citrate) was used, the new
vitrimer was more eco-friendly.

Analogously, Petazzoni and co-workers*® proposed a series
of new bio-based polyamide-polyamine vitrimers obtained
from tris(2-aminoethyl)amine and epoxidized methyl oleate, a
material that can be easily prepared from renewable resources
(Fig. 10). The integration of free amine functionalities within
the network facilitated the transamidation exchange with the
crosslinking amide functionalities; this reaction, when suitably
catalyzed, confers complete reprocessability to the material.
The synthesized materials were thermally stable up to 300 °C
and exhibited a glass transition temperature value between 7
and 21 °C.

Considering that amidic groups can create strong hydrogen
bonds, which are important for producing a polymer network
with high mechanical properties, these functionalities were
introduced in vitrimers. In particular, each amide group can

(a)\/\/\/\/A\/\/\/\i/ (b) P 5

% 1 N N
HZN\/\N AN \q
N S N
H H
N, 2
A
1: 100°C, 4h, Ar B(OH); (cat.),
2:120°C, 20h [Hmim]* BE,”~ 3 wt%
X
N, ILN/\/N\/\NH

-
L, DN
VVWNI

Fig. 10 Polymerization (a) and transamidation exchange reactions (b) in
bio-based polyamide—polyamine vitrimers. Reprinted from ref. 40 under
CC-BY License.

This journal is © The Royal Society of Chemistry 2025
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be engaged in several hydrogen bonds with nearby polymer
chains, resulting in a more connected network. This bonding
not only improves the mechanical properties but also increases
thermal resistance, as more energy is needed to break
these bonds.

Epoxy groups. Epoxies are also polymers used in vitrimeriza-
tion. The presence of epoxy groups helps this process, as they
are reactive and can perform dynamic covalent bond exchanges
under specific conditions (at elevated temperatures or in the
presence of catalysts). Namely, they can undergo transesterifi-
cation or other exchange reactions, allowing for the rearrange-
ment of the polymer chains. This process can be accelerated by
conventional catalysts or even by enzymes, such as lipase, or
occurs in a catalyst-free manner, including bio-based materials
like epoxidized soybean oil and sugar alcohols.*!

It was found that the mechanical characteristics of epoxy
vitrimers may be optimized through the modulation of the
crosslinking density.*”> A high crosslinking density generally
promotes increased stiffness and strength, whereas a low cross-
linking density can improve flexibility and impact resistance.
Epoxy vitrimers generally exhibit enhanced thermal stability
with respect to traditional thermosetting polymers, thus pre-
serving mechanical properties under high thermal stresses,
which is essential for applications that require high thermal
resistance. The ability of epoxy vitrimers to undergo stress
relaxation through bond exchange reactions helps dissipate
stress concentrations, which can prevent crack initiation and
propagation, thereby enhancing the overall mechanical perfor-
mance. Furthermore, epoxy vitrimers exhibit significant
potential for recyclability and reprocessability due to their
dynamic covalent bonding. This characteristic accounts for
their reshaping and repairing, thus addressing a major limita-
tion of traditional thermosetting polymers.

Recent applications of biobased
vitrimers

Bio-based vitrimers combine the adaptable properties of
dynamic covalent networks with the sustainability of bio-
derived building blocks, leading to a wide range of potential
applications.*” Existing research primarily explores their use in
sustainable adhesives, self-healing coatings, and easily recycl-
able packaging.”**?

Looking forward, their properties also make them attractive
for composite materials, smart materials, and advanced bio-
medical applications.”**® The specific studies detailed below
offer a glimpse into the current progress, highlighting the
versatility and potential of bio-based vitrimers across diverse
fields.

Wu and co-workers*® designed fully biobased, multifunc-
tional vitrimers by reacting epoxidized soybean oil (ESO)
with natural glycyrrhizic acid (GL) (Fig. 11). Thanks to
transesterification-induced topological network rearrange-
ments, the so-obtained materials exhibited interesting weld-
ing/self-healing (Fig. 12), and shape memory (Fig. 13) features,
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Fig. 11 Scheme of epoxidized soybean oil (ESO) and glycyrrhizic acid (GL)
chemical structures, curing reaction, and topological rearrangements of
ESO/GL networks. Reprinted with permission from ref. 43. Copyright
American Chemical Society, 2020.
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Fig. 12 Welding test of ESO/GL networks (a) and (b). (c) Optical micro-
scope picture of the crack reparation of ESO/GL vitrimeric networks (T =
200 °C). Reprinted with permission from ref. 43. Copyright American
Chemical Society, 2020.

suggesting their big potential as recyclable and repairable
adhesives.

Zhao and co-workers** exploited dual dynamic exchange
reactions (i.e., simultaneous disulfide metathesis and transes-
terification) for obtaining ESO-derived vitrimers crosslinked
with 4,4’-dithiodibutyric acid and embedding hydroxyl-
functionalized silica nanoparticles (Fig. 14). These latter
accounted for increased mechanical properties, with 113 and
150% increases, respectively, in elongation at break and tensile
strength compared to the unfilled vitrimeric counterpart.
Besides, the vitrimeric nanocomposites showed excellent self-
healing and welding features, regardless of the possibility of
being easily reprocessed and recycled (Fig. 15).

In a further research effort, Zych et al*® synthesized a
diboronic ester dithiol dynamic cross-linker, suitable for cou-
pling with epoxidized soybean oil acrylate through a thiol-
acrylate coupling (Fig. 16).

The so-obtained vitrimer exhibited remarkable reprocessa-
bility, biodegradability, easy recyclability (it was possible to
regenerate the vitrimer through reversible hydrolysis in ethanol
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Fig. 13 Consecutive shape memory cycles for ESO/GL networks (a) as
assessed by dynamic-mechanical tests. Pictures of temporary shape-
changing and permanent shape-changing of ESO/GL networks (b): (1)
deformation using a tweezer at temperatures above T4 for 10 s. The
temporary shape was fixed after cooling down to room temperature. (1)
Fixation of the twisted shape by heating above malleability temperature
(Tmaw for 10 min. The permanent deformation was achieved by cooling
down to room temperature. (lll) It was possible to remold the permanent
shape into another temporary shape by heating the vitrimer at T > T, for
10 s and subsequently cooling down to room temperature. (IV) The
permanent shape was recovered by heating the sample above Ty for
10 s. Reprinted with permission from ref. 43. Copyright American Chemical
Society, 2020.
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Fig. 14 Chemical structures of epoxidized soybean oil (ESO), 4,4'-
dithiodibutyric acid (DA), 1,5,7-triazabicyclo[4,4,0]dec-5-ene (TBD,
catalyst), hydroxyl-functionalized silica, and vitrimeric nanocomposite
(ESO/SIO, DPNs). Reprinted with permission from ref. 44. Copyright
American Chemical Society, 2021.

and subsequent evaporation of the solvent), and self-healing
capability at room temperature (because of its low T, - about
10 °C, and the quick boronic ester exchange reaction, Fig. 17),
envisaging its potential use as a self-mending coating.
Moreno and co-workers*® exploited a one-pot, catalyst-free,
and thermally activated ‘“click” addition of softwood kraft
lignin (28 to 50 wt% loading) to poly(ethylene glycol)divinyl
ether (Fig. 18), obtaining different lignin-derived vitrimers.
These latter showed outstanding features as recoverable adhe-
sives for different substrates (namely, wood and aluminum),
with high values of shear strength (up to 6.0 MPa for
the vitrimer with the highest lignin content). Furthermore,
the adhesion performance was preserved beyond 90% after
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Fig. 15 (a) Digital photographs showing the physical reprocessing of

vitrimeric nanocomposite containing 3 wt% of silica. (b) Stress—strain
curves and (c) and (d) dynamic-mechanical curves of the original and
physically recycled vitrim