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Polymers are intrinsically connected to modern society and are found and used in a variety of
technologies. Although polymers are valuable, concerns about synthetic polymers derived from non-
renewable sources have emerged. Therefore, there is a need to develop new polymeric materials from
renewable sources, especially those that are cost-effective, non-toxic, widely available, not derived from
depleting sources and are designed to be biodegradable after disposal. In this regard, a perfect class of
renewable resources are the lipids (not soluble in water), among which, we can find useful compounds
such as triacylglycerols/triglycerides (vegetable oil), terpenes/terpenoids (essential oils), and abietic acid
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Accepted 7th November 2024 printing, self-healing and so on. However, these materials still suffer from some limitations when

DOI: 10.1039/d4cc04993d compared to non-renewable polymers. Therefore, in this feature article, we will present a description/
review of these renewable sources together with related polymeric materials and their mechanical/

rsc.li/chemcomm chemical/physical properties and applications.

1 Introduction

Indisputably, we are in a “polymeric age,” as these materials

can be found and applied in various fields, ranging from simple
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our ecosystem, including land and sea pollution due to low
recycling rates and excessive waste dumping, depletion of finite
sources (e.g. petroleum), and air contamination from the release
of toxic gases during synthesis and processing.”*°

The annual production of polymeric materials exceeds 360
million tonnes, and by 2050, an increase of 30% is expected.""
This data underscores society’s dependence on polymers. Since
polymer production is unavoidable, new approaches should be
developed to meet our needs without vilifying these materials.
Nevertheless, these approaches should focus on linking renew-
able compounds with sustainable methodologies, reuse/repair
and environmental decomposition.">"* These efforts align with
the circular economy, the principles of Green Chemistry and
the United Nations Sustainable Development Goals (UNSDGs) 9
(Industry, innovation and infrastructure), 12 (Responsible
consumption and production), and 13 (Climate action).
In addition, researchers in the polymer field should focus on
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novel materials that are fully renewable or contain significant
amounts of renewable or biomass-derived compounds in their
structure, to provide a higher percentage of bio-based content.*

In this context, it is crucial to use biomass as a primary
compound for renewable polymers. Considering sustain-
able methodologies, the selection of biomass for technological
and scientific proposes should consider the following consi-
derations:"’

1. It is better to select biomasses that are not edible to not
compete with the food industry or market availability (e.g
castor oil, tung oil, and abietic acid), or use biomass from
industrial waste (e.g. limonene from peels of citrus, grape-
seed oil).

2. Biomasses with low or no investigation, which enable the
research and investigation of the flora of a country or biomass
from specific crops for technological and scientific purposes
(e.g. tung oil and macaw palm oil).
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3. Renewable resources that do not need to be depleted to
obtain the desirable biomass, and biomasses with low or non-
toxicity, for health safety during polymer production.

Our research group has expertise in biomass modification
for renewable monomers and polymers, exceptionally lipid
compounds (not soluble in water), such as triacylglycerol
(vegetable oils), liquid terpenes (limonene and myrcene) and
Pinus resin (abietic acid). These compounds are extremely
versatile since they have functional groups (e.g. alkene, car-
boxylic acid, ester, alcohol, aldehyde, and ketone) liable to
modification."®

Vegetable oil is a versatile and relatively inexpensive
chemical building block for monomers and polymers, which
is extracted from the seeds of a variety of plants.'® It is
constituted by a glycerol backbone reacted with three fatty
acid chains, providing an ester of glycerol (triacylglycerol
or triglyceride). The fatty chain can present alkene groups
(carbon double bonds, C=C, unsaturated) or not (saturated),
the most common unsaturated chains are oleic (C18:1°),
linoleic (C18:2°*), and a-linolenic (C18:3°°**); in these
cases, the alkene groups are isolated, and the first alkene
appears at Co.

Some vegetable oils can present fatty chains containing
conjugated alkenes - o-eleostearic C18:3°7“™s (tung oil),
or other functional groups such as hydroxyl - ricinoleic acid
(C18:1°%) found in castor oil - Ricinus communis, or epoxy
groups found in vernolic acid (fatty chain containing one epoxy
group and one unsaturation) - Vernonia galamensis.'® Fig. 1
displays the chemical representation of triacylglycerol and
some usual fatty chains.

The unsaturation content is determined by grams of I, per
100 grams of oil (iodine value - IV), this is related to the Wijs
titration method, where IV can be converted into mols of alkene
groups.’® ' However, for a faster and cleaner determination,
the "H-NMR can be used in this goal, assisting not only the
iodine value determination but also the average quantity of
alkenes (carbon double bonds) per triacylglycerol molecule,
which is an important parameter for polymeric systems since
vegetable oil is a mixture of triacylglycerols with different fatty
chains, and to enhance the crosslinking of this material at
least, two reactional points are necessary per triacylglycerol
molecule.

The 'H-NMR can also quantify the percentage of saturated,
oleic, linoleic and a-linolenic chains in vegetable oil. These
three factors - iodine value, average double bond and percen-
tage of each fatty chain - can be used to predict the chemical
structure and molecular mass.'**

Three classes of vegetable oils are available depending on
the iodine value:"®

I. The non-dry oil (IV < 90). A non-dry oil does not poly-
merize with exposure by oxygen in air or heat.

II. The Semi-dry oil (90 < IV < 130) can polymerize after a
long time by oxygen or heating.

III. The dry oil (IV < 130) can easily self-polymerize by
heating or in contact with oxygen to form a polymeric film in a
few days.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Representation of a triacylglycerol, emphasizing the glycerol back-
bone and possible fatty chain substituents.

Therefore, researchers usually use those semi-dry and dry
oils (e.g., soybean oil, linseed oil, and tung oil) for polymers.
Since non-dry oils have more saturated chains, they are not aimed
at polymerization processes. Another point is the seasonality,
which can interfere with the IV of vegetable oils. Hence, to
overcome these problems, the use of an oil formulation between
a non-dry oil and dry oil to obtain the desired IV for polymeriza-
tion is recommended, and these formulations can assist the
industrial process and are verified by the titration of "H-NMR.

Polymers derived from triacylglycerol generally are flexible,
but not so resistant to fatigue, have good adhesion on different
surfaces, present a shiny colour and luminescence under UV-
light (due to aggregation-induced emission effect — AIE), and
are suitable for hydrolysis in an alkaline medium."”**"*” More-
over, when vegetable oils are used for biodiesel production,
which is a renewable fuel, glycerol is generated as a by-product;
however, the glycerol is a useful compound for polymer indus-
tries and has been used in adhesives, 3D-printing/photo-
polymerizable monomers, and crosslinkers.”®*® This fact
shows how the triacylglycerol molecule has potential power
for renewable polymeric materials and industrial applications.

Chem. Commun., 2024, 60, 14557-14572 | 14559
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Fig. 2 Chemical structure of some terpenes and terpenoids.

Terpenes (essential oils) are also excellent chemical building
blocks for renewable monomers and polymers. Terpenes are
found in essential oils (odorous compounds widely used in
perfumery, cosmetics and flavouring agent) from fruits, vege-
tables and flowers. Terpenes are hydrocarbons derived from
isoprene and have the suffix “ene” due to alkene groups in their
structure. Terpenes containing oxygen atoms and consequently
their functional groups (alcohols, carbonyls, ethers, and
epoxies) are known as terpenoids or isoprenoids.'®*”*% In the
terpene/terpenoid class, we can find, for instance, limonene,
myrcene, geraniol, citral, linalool, p-citronellol, carveol, a-pinene,
B-pinene, eucalyptol, nerol, menthol and carvone. All structures
for each cited terpene compound are found in Fig. 2.

Limonene is very versatile, and our research group has
initiated new photopolymerizable polymers from it. Limonene
is generally extracted from orange peel, which is a waste in the
juice industry. The limonene can be used not only as a
chemical building block but also as a solvent and a varnish/
adhesive remover.***" In Brazil, we have the largest production
of oranges in the entire world, producing a huge amount of peel
wasting, and consequently, a resource for limonene.*>

The limonene is a six-membered non-aromatic cycle com-
pound with two substituents (methyl and isopropenyl) and two
alkene groups. Some plants that present limonene also present
carveol and carvone (limonene derivatives). Alkene groups in
limonene are the principal part of the modification, which can
be exploited to produce renewable monomers. Although terpe-
noids present versatility as monomers, some polymers made of
them are powders or brittle films. This fact can be attributed to
their structures with cycle members, which do not allow bond
rotation and thus enhance rigidity. Furthermore, limonene
polymerization is not easy to occur in its neat form; however,
this characteristic can be improved by using a formulation

14560 | Chem. Commun., 2024, 60, 14557-14572
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Fig. 3 (a) Chemical structure of abietic acid and isomers, and (b) possible
dimers.

containing different monomers for copolymers and not form-
ing only homopolymers.**™*>

Abietic acid is the third renewable chemical building block
that our group is exploring. This compound is also a terpenoid
that is a residue from turpentine (essential oil containing the
terpene o-pinene) distillation from coniferous trees (Pinus).
This residue is a yellow resin called rosin and is constituted
by abietic acid and other derivative isomers (e.g. dehydroabietic
acid, neoabietic acid, levopimaric acid, and palustric acid).
All structures for each cited rosin acid derivative are found
in Fig. 3(a).*®*

Its structure contains three condensed six-membered rings
(non-aromatic) with three substituents (two methyl and one
isopropyl) and a conjugated diene, giving this compound a
rigid structure. The diene is the second main group liable to
modification, for instance, it can be epoxidized, and further
acrylated or carbonated for new monomers, react with some
dienophiles by pericyclic reactions, or react with other abietic
acid structures under an acidic medium to synthesize a dimer
derivative; two possible structures are displayed in Fig. 3(b).***°

Abietic acid also contains a carboxylic acid in this structure
that can be reacted with alcohols and amines to produce esters
and amides, respectively. It also reacts with isocyanate
to produce urethanes or with epoxides to form esters. The
carboxylic acid is also able to be reacted with some inorganic
salts to form metallic complexes. In our laboratory, these

This journal is © The Royal Society of Chemistry 2024
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reactions have been executed to form new monomers and
catalysts (metallic complexes) for carbonation reactions.

The rosin resin can be applied as a varnishing/coating in
wood surfaces, and polymeric materials synthesised by abietic
acid are generally lustrous and rigid but do not present good
mechanical resistance.

In addition, these lipids can be saponifiable (i.e. react with
aqueous alkaline solution) or not, depending on their struc-
tures. Therefore, terpenes/terpenoids are classified as non-
saponifiable lipids, whereas triacylglycerol and abietic acid
can react easily with sodium or potassium hydroxide solutions.
The triacylglycerol reacts with an alkaline solution by an
ester hydrolyses process producing the acid salt and glycerol
(alcohol), while abietic acid reacts with an alkaline solution
by a neutralization reaction producing the salt and water.*®
Saponifiable lipids can form saponifiable polymeric materials
that can be easily degraded in an alkaline environment assist-
ing their biodegradability.'”'®

The shared group in triacylglycerols, limonene and abietic
acid is alkene, which is perfect for modification.'® This group
can react with elemental sulphur at a temperature above 170 °C
to produce cross-linked polymers (vulcanization process)®" or
react with thiol compounds in the presence of a photoinitiator
under UV-light to then undergo a thiol-ene reaction.>*™>*

Furthermore, these alkenes can react with maleic anhydride
or itaconic anhydride by an Alder-Ene reaction, and the pro-
duct is triacylglycerol, limonene containing anhydride. In the
case of abietic acid, this anhydride derivative is formed by the
Diels-Alder reaction (formation of a cyclic compound). These
anhydride derivatives easily react with alcohols/epoxides and
amines to synthesise polyesters and polyamines/polyimides,
respectively.'”**>> Recently, we have demonstrated that the
Alder-Ene reaction is well performed under microwave radia-
tion, without using solvent catalysts, and with reduced time
(12x less) and energy (6x less). Furthermore, the anhydride
can be incorporated into renewable structures by a radical

View Article Online
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We have reported an easy methodology to transform the
carbon double into epoxide groups using a greener Prilezhaev
reaction, which occurs under mild conditions and uses hydro-
gen peroxide and acetic acid to form peracetic acid in the
presence of a heterogeneous polymeric acid catalyst (Amberlite™
IR120). This methodology does not use organic solvents during
the reaction and is entirely complete in 3 hours with a conversion
of >99.9% and without parallel reactions (opening of epoxide
rings).>”*® The epoxidation process in triacylglycerols also occurs
using metallic oxides (e.g. TiO, and Nb,Os) in the presence of
hydrogen peroxide and in the absence of an organic acid and
solvents; however, for good conversion, the reaction should be
maintained for 24 hours. At first glance, epoxidation by metallic
oxides seems to be greener by not using organic solvents and
generating less waste but it consumes more energy due to a
higher reaction time.>®

Epoxidized derivatives can be used as monomers to form
polyesters, polyamines and polyethers by reacting with car-
boxylic acids, amines or alcohols, respectively. Furthermore,
this derivative can be further reacted with acrylic or methacrylic
acids to produce renewable photopolymerizable monomers
that can be applied to 3D-printing,®™®* or either react with
CO, in the presence of metallic catalysts and ammonium salts
(tetrabutyl ammonium bromide) to obtain five-membered ring
cyclic carbonate monomers.** The cyclic carbonate is usually
reacted with polyamines to synthesise poly-hydroxyurethanes,
and this reaction is aligned with carbon dioxide utilization (CDU)
methodology and presents an atom efficiency of 100%.°*°* More-
over, the epoxidized monomer reacts with sodium azide in order
to obtain organic azide, which is generally used in click chemistry
reactions with an alkyne (a second monomer).®>°°

The mentioned reactions are displayed in Fig. 4, using a
triacylglycerol structure as a representative (containing only
one oleic chain).

Using these renewable compounds is a gold way to a sus-
tainable world, but this gold way is not so shiny yet. Although

addition reaction.>*>® the production of bio-based polymers has been encouraged and
%0
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Fig. 4 Some possible modifications to the renewable compound structure (triacylglycerol only representing one oleic chain).

This journal is © The Royal Society of Chemistry 2024
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enhanced by 20% between 2022 and 2023, this estimate is
around 10% up to the end of 2024.'" Additionally, some
challenges are present in this field and must be surmounted,
for instance:®”%®

I. Understanding better the relationship between renewable
compounds and polymers’ final properties.

II. Enhancing the reaction yield by respecting a greener
methodology.

III. Enhancing the mechanical properties of renewable poly-
mers, being similar to commercial polymers.

IV. Turning the process cheaper for industrial development
and applications.

V. Avoiding biomass used for human food.

VI. Developing novel polymers respecting circular economy.

Renewable polymeric materials have been researched
by groups from different countries such as those headered by
Pescarmona,®”’® Mija,”"”> Sangermano,’>”* Caillol,”>7”°
Monticelli,””””® Avérous,”®*° Song,®"** and Dove,**** among
others.

Although there is progress in the area, questions arise in
this field: can the lipid be used in both photo and thermal
polymerization? And what are the challenges involved?

Replying to these questions, the lipid compounds can be
used for polymerization; however, previous modifications
should occur to improve their reaction. In pristine form, they
are low reactive and demand higher time or energy to produce
polymers by a radical reaction. At first glance this can be a
disadvantage, however, we as chemistries should overcome this
little obstacle by developing new cleaner routes in order to
obtain reactive molecules. After chemical modification, these
compounds can present different solubilities or viscosities,

View Article Online
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which can give drawbacks to efficient polymerization. Never-
theless, this question is easy to answer considering monomeric
formulations and mid-temperature. Therefore, the present
article has been written to assist the research and shed light on
difficulties and advances in the renewable polymeric materials
field. Therefore, an outline with recent articles has been selected
to discuss the relationship between renewable materials and
properties/applications.

2 Advances in materials

2.1 Lipid-biomass-based photoinitiators and monomers in
the additive manufacturing

Among the polymerization processes, one of the most attractive is
photopolymerization, since it is performed at room temperature,
it does not demand solvent and generally achieves high conver-
sions quickly, resulting in lower values of energy than the poly-
merization performed under the conventional thermal process.
Therefore, the photopolymerization is in complete accordance
with the 2nd (Atom Economy) and 6th (Design for Energy
Efficiency) Principles of Green Chemistry.?> In this method, the
polymerization is triggered by exposing the monomeric mixture to
the light. The type of these reactions depends on the reactive sites
present in the system: monomer structure and the initiating
species, which are generated after the light excitation of the
photoinitiator (PI) or photoinitiator system (PIS), in which other
components can be presented beside the PI. As a result, large
types of reactions can be performed (Fig. 5(a)).***°

Our group has been working mainly with the radical photo-
polymerization, in which the photoinitiation process can be
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Fig. 5

(a) Simplified scheme of generation of initiating species and how they can undergo n photopolymerization, (b) schematic of the DLP printing

system and (c) scheme of some reactions that can be explored in DLP 3D printing.
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distinguished in type I and type II, depending on how the
radical is generated. When the molecule is excited by the light
to the triplet state and then results in homolytic cleavage
providing a radical, the photoinitiation is a type I and is a
PL. In type II, the radical generation occurs after hydrogen
abstraction, therefore involving more than one molecule and
being considered as a PIS. The molecule excited by the light
(called initiator) achieves the triplet state and then abstracts
the hydrogen from the other molecule (called co-initiator),
resulting then in the radical generation. As a result, type I
initiation is usually faster than type II. However, most of the
type I compounds absorb in the ultraviolet region, while the
initiators in type II can absorb in the visible region of electro-
magnetic spectrum. Hence, the type II photoinitiator allows the
use of a wide range of molecules already present in nature, or
those derived from them, and enables the use of less energetic
light sources than UV, such as those in the visible and near-
infrared regions.®” "%

Based on this, the lipid molecules are potential candidates
for use as initiators in type II photopolymerization. We have
shown the use of abietic acid (one of the abietanes present in
rosin gum) in a PIS, in which it was the photoinitiator and
ethyl-4-(dimethylamino)benzoate (EDB) was the co-initiator in a
renewable monomeric mixture containing 0.5% of each of
them.®° It was verified that after 300 s, the PIS under UV and
blue lights achieved monomeric conversion (MC%) into poly-
mers equal to 85% and 41%, respectively, implying that other
tests can be performed aiming to improve lipid molecules as
photoinitiators.

Although tertiary amines are considered good co-initiators
in type II photopolymerization from the point of view of
chemical reactivity due to the facility in which its hydrogen
can be abstracted, most of them can present health hazards,
increasing the risks during handling and also incorporating it
into the polymer structure.”®®* Aiming to improve this, our
group has tested glycerol instead and using the camphorqui-
none (CQ, absorption between 400-500 nm) as the initiator in
four different dimethacrylate systems: diurethane dimethacrylate
(UDMA), triethylene glycol dimethacrylate (TEGDMA), bisphenol a
ethoxylate (bis-EMA), and bisphenol a glycerolate (bis-GMA).>®
Although glycerol is an alcohol (soluble in water), it is a by-
product from the triglyceride used in biodiesel production, and
therefore it is important to propose an application for it. It was
verified that after 300 s of exposition under blue light (430-
490 nm), the CQ/glycerol did not affect the MC% of systems with
UDMA (35% of glycerol in the monomeric mixture) and bis-GMA
(16% of glycerol in the monomeric mixture) significantly com-
pared to the respective systems using CQ/EDB. Our group has also
tested the use of curcumin (instead of CQ) in systems with UDMA/
glycerol with and without EDB (a fully-bio-based PIS) and verified
that independent of the amount of glycerol, the achieved MC%
was very similar in systems with and without EDB.? Throughout
the photopolymerization process, the glycerol can result in a
initiating species starting the polymerization or this initiating
species can dehydrate, resulting in an alkene structure, which can
also undergo polymerization.”®

This journal is © The Royal Society of Chemistry 2024
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Therefore, these results show the potential use of PIS with a
high bio-based content or fully bio-based in photopolymeriza-
tion. This can be enhanced by testing these PIS systems using
renewable monomers such as those derived from triglycerides
and terpenes.

Further advance in the photopolymerization that has been
arising is the development and utilization of monomeric
photoinitiators (MPIs) and polymeric photoinitiators (PPIs),
in which the initiating species are generated by light, due to
the chromophore groups present in their structures. For MPI,
besides starting the polymerization, these groups can also
undergo polymerization (Fig. 5(a)). Consequently, it is possible
to decrease the amount of external PI or PIS, which generally
are smaller molecules that can migrate through the final
polymeric material. As a result, four benefits are observed when
the MPI or PPI is used in photopolymerization.®%%4

I. A decrease in polymer toxicity.

II. Decreasing or avoiding the problem of PI (or PIS) non-
miscibility in the monomeric mixture.

II1. No colour changing of polymeric material with time.

IV. Odours reducing from the degradation of residual PI
or PIS.

The acrylated vegetable oil can act as MPI, and we have
recently shown that the acrylated macaw vegetable oil after
300 s of light exposure achieved MC% = 75% (UV-light, 370 nm)
and MC% = 46% (blue light, 430-490 nm). However, the
polymerization rates were low when compared to the CQ/EDB
systems (Type II), which achieved the highest rates only in 10 s
and stabilized the MC% higher than 90% after 50 seconds in
both irradiation sources.®® Similar results were observed when
the photopolymerization was evaluated with passion fruit acry-
lated vegetable oil; however, in the presence of a PI (TPO), the
MC% stabilized in the first 10 s under UV-light.®" In both
studies, it was demonstrated that the acrylated vegetable oils
can act as MPL

Therefore, the finding of lipid molecules for photoinitiators
that present high conversions is still a challenge. In addition,
we have already pointed out that maleinized vegetable oils
present the aggregation-induced emission (AIE) effect, demon-
strating its excitation under UV-light.*® Thus, monomers and
polymers with the AIE effect are promising compounds for
photopolymerization reactions.

Overcoming these challenges related to the utilization of PI,
PIS, MPI and PPI could enhance the application of these
systems. They can be combined with lipid-based monomers,
resulting in a high bio-based content or fully-bio-based systems
with different properties, such as high hydrophobicity, since
the main characteristic of lipids is their non-solubilization
in water.

Here, we will focus on the photopolymerization of lipids for
use in additive manufacturing (AM), also known as 3D printing,
which has emerged as a new and potential tool for producing
materials with complex architectures.

In the AM, the desired object can be initially designed by
using specific software, and then the data must be converted in
a correct format (e.g. STL format) and transferred to the printer,
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which starts to manufacture the object layer by layer along the
Z-axis with high accuracy, resolution, and design complexity.
Due to these features, AM processes are extensively employed
in several fields such as building, aerospace, automotive,
biomedical, and others.®”

Among the AM field, digital light processing (DLP) presented
in Fig. 5(b) is an important component of vat-polymerization
techniques. In this technique, photocurable liquid resins are used
to produce polymeric materials when exposed to the light pro-
jected by a light source, such as a digital micromirror device
(DMD). Furthermore, the DLP technique offers advantages
compared with other AM techniques such as short printing
preparation time, energy saving, printing resolution and fide-
lity to the designed object. Therefore, in order to reach the
maximum DLP printing efficiency, some important parameters
must be considered:

I. The resin viscosity should be adequate for printing.

II. Time of photocuring of each layer.

III. Resin stability should disable the boiling process or
extreme exothermic reactions.

IV. Photoinitiators should be selected to absorb the correct
light wavelength.

Photopolymerization reactions are the base of the DLP
(and other processes that use light to produce polymers), thus
during the printing process, radical species or cations are
generated by the light after the photoinitiator cleavage (in the
case of radical species) or photo-acid generation (in the case of
cation species).’® Therefore, during the development of photo-
curable resins, the wavelength that the photoinitiator absorbs
and the functional groups which can promote the crosslinking
during the propagation and termination steps must be carefully
selected. Some functional groups such as acrylics, epoxides,
and thiols (displayed in Fig. 5(c)) are extensively used in the
formulations of resins for DLP printing due to their high
reactivity and interesting properties presented by the polymers
generated.”” Based on the structural characteristics of non-
renewable resins/monomers, a new and bio-based class of
photocurable and renewable resins has been developed in
order to substitute completely or increase the bio-based content
of fossil-based 3D printing resins/monomers.

The production of new bio-based resins/monomers must
aim for the main features of these fossil-based products already
developed as much as possible to be considered for the AM
fields. At the same time, it is expected that the thermal and
mechanical properties of the final polymers are similar or
better than those originating from non-renewable resources.
In this context, lipid biomasses such as triglycerides, terpenes,
and terpenoids (and derived) appear as potential renewable
sources for the development of fully bio-based or high-bio-
based-content photocurable monomers/resins with features
that fit adequately for AM.

Recently, we have reported the acrylation of epoxidized
macaw vegetable oil (EMWO) using acrylic acid (a cheap acrylic
monomer that in its pure form does not present stability to be
photopolymerized). According to the "H-NMR analysis, the
percentage of acrylic groups attached to the triglyceride chain
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in this reaction was 66.6. The acrylated macaw oil (AMVO) was
then photopolymerized with different type II photoinitiators
under UV (370 nm) and blue (430-490 nm) light, and the
monomer conversions (MC%) and the polymerization rates
(Rp) were studied by mid-infrared spectroscopy analysis
(MIR). Therefore, the acrylated macaw palm oil with camphor-
quinone (initiator) and ethyl-4-(dimethylamino)benzoate (EDB)
presented the highest MC% and R, values under both irradia-
tion sources after 10 seconds of exposition. After 50 seconds
under light exposition, both monomeric systems presented
MC% values higher than 90%. Furthermore, both materials
obtained were characterized and presented thermal and
mechanical properties comparable to those produced from
fossil sources. Thus, this renewable monomer could be applied
for 3D printing, and act as a potential substitute for acrylated
soybean oil (an edible oil) in formulations containing other
classical acrylic monomers such as UDMA, TEGDMA or HEMA.*
However, the formulations based on these non-renewable acrylic
monomers must be optimized in order to increase the number of
bio-based monomers and reduce the fossil-derived components
in the resins.

In our recent study, passion fruit vegetable oil, which is
extracted from the passion fruit seed and considered non-
edible and a by-product of the juice industry, was epoxidized
and acrylated achieving 72.6% of acrylic groups incorporated
into the triglyceride chain. The MC% and R, values of a
monomeric mixture containing acrylated passion fruit oil
(APFO) and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO) - type I photoinitiator-were evaluated when exposed to
UV irradiation (365 nm). Then, the monomeric system reached
a conversion of 86% and a polymerization rate of 89.3 s~ ' as
in 10 s (Fig. 6(a) and (b)). Moreover, the viscosity of APFO is
1612 £+ 1 mPa s. which is in accordance with expected viscosity
values for 3D printing resins (0.1-10 Pa s). The adequate
viscosity allows unreacted resin to refill the vacant spaces in
the vat after the rise of the built support plate and to flow out of
the object avoiding the decrease in the printing resolution.
Thus, APFO was successfully tested as a matrix resin (without
any other acrylic monomer in its formulation) in a DLP printer
using different TPO amounts (0.5 wt%, 1.0 wt%, and 2.0 wt%).
The polymeric materials obtained (the cubes presented in
Fig. 6(c)) were then characterized and no substantial difference
in their thermal and chemical (MC% values) properties was
observed (Fig. 6(d) and (e)). Furthermore, although the MC%
values reach around 65% after printing, materials obtained
present regular and homogeneous surfaces (as shown in
Fig. 6(f) and (g)) and physical-chemical properties comparable
to commercial polymers produced from non-renewable
resources such as poly(n-butyl methacrylate).® Meanwhile,
the monomer conversion (fast curing time) is an important
parameter in the 3D printing field that can be improved
whenever possible, and high values must be searched in order
to enhance the final properties of the 3D printed materials.

Epoxidized vegetable oil also offers a high potential for use
in 3D printing with a photocuring system, by radical or catio-
nic reactions. Based on these possibilities, epoxidized Baru

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Monomer conversion and (b) polymerization rate of APFO under UV-light (365 nm). (c) Three-dimensional polymeric materials obtained by 3D
printing using APFO with different quantities of photoinitiators. (d) MIR spectra comparing the C—C bands of APFO and the 3D printed polymer in the
presence of 0.5 wt% of TPO and (e) simultaneous thermogravimetry-differential thermal analysis curves and surface micrographs at different
magnifications: (f) 100x and (g) 300° of the same polymer. Adapted from ref. 61, copyright 2024 Springer Nature.

oil (EBO) was reacted with fumaric acid in the presence of
tetrabutylammonium bromide (TBABr) as a catalyst. The pro-
duct obtained was then photopolymerized under UV irradiation
(370 nm) in the presence of type II photoinitiator. This system
showed a low MC% value (29.4%) after 300 s, which is asso-
ciated with the steric hindrance of internal double bonds that
decrease the radical formation and consequently decrease the
monomer reactivity. To overcome this situation, the monomer
reactivity was increased by formulating a monomeric mixture
with the addition of classical methacrylic monomers such as
UDMA and TEGDMA, which present terminal double bonds.
Subsequently, the best MC% value observed was related to the
system containing UDMA (98.4%) under the same conditions
(UV irradiation for 300 seconds). The final polymers were
characterized and interesting properties such as thermal
stability (up to 200.0 °C), solvent resistance, luminescence,
flexibility, and dye adsorption were observed.’® Although these
monomeric mixtures reach high monomer conversions after
300 seconds under light exposition, this time is considered
high for 3D printing processes; thus, some parameters such as
the viscosity of the monomeric system can be adjusted by
adding reactive diluents that can increase the chain mobility
and consequently increasing the monomer reactivity and
decreasing the curing times.

Cationic polymerization can also be utilized in the formula-
tion of renewable epoxy resins for 3D printing as shown
recently by Bergoglio and coworkers,”® which explored the
concept of dual-vat DLP 3D printing to obtain multi-materials
employing epoxidized linseed oil (ELO) and vanillin alcohol
diglycidyl ether (DGEVA) in the formulation of bio-based resins
containing a cationic photoinitiator. Multi-material printing
allows for the development of integrated materials with different
properties and can be processed in a dual-vat system containing
two different resins. This system is based on a moving platform
that switches the vats along the X axis when the desired thick-
ness of the material printed is reached. It allows the same object
to be printed with the characteristics of two different resins.

This journal is © The Royal Society of Chemistry 2024

According to the results reported, a synergic behavior in the
multi-materials was observed by the shifting in the glass transi-
tion to higher temperatures and an enhancement in the
mechanical performance. Furthermore, the shape-memory prop-
erty of the multilayer polymers was investigated, and the ability
to change the shape under an external stimulus (temperature)
was observed, making these 3D-printed materials suitable for
industrial applications. This new multi-material 3D printing
approach using bio-based epoxy resins brings considerable
opportunities to create or improve the properties of renewable
materials. Thus, the polymer field will benefit from the use of
other lipid biomass-derived precursors such as those presented
in this work.

Terpenes and terpenoids are a versatile lipid biomass class
that can be potentially used in 3D printing processes due to
their structure characteristics. The presence of double bonds in
the chains of these compounds allows the use of thiol-ene
reactions to produce polymers by photoinitiation, and conse-
quently, their use in 3D printing as bio-based resins. Weems
and collaborators'® have recently employed different terpenes
and terpenoids (limonene, terpinene, linalool, nerol, and ger-
aniol), a four-arm thiol (pentaerythritol tetrakis(3-mercaptopro-
pionate) - PETMP), and a type I photoinitiator (Irgacure 819) in
the formulation of photocurable resins. Based on a 'H-NMR
and photoreology screening, they suggested that limonene and
linalool-based resins are suitable for stereolithographic 3D
printing due to the high reactivity (the crosslinking was reached
after 5 seconds under 3D printing conditions) for thiol-ene
addition while geraniol, nerol, and terpinene can be used as
additives for shrinking reduction. One interesting approach
carried out to overcome the low viscosity of some monomers
was the employment of the thiol-ene reaction to produce pre-
polymers with higher viscosities. After the 3D printing, they
concluded that linalool was the most effective monomer for
printing being able to produce porous Hart’s cubes (displayed
in Fig. 7(b)). Despite the high reactivity of limonene, the 3D
printability of the monomer (without its respective pre-polymer) is
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Fig. 7 (a) Examples of pseudo-3D-printed materials from limonene
monomers (without its pre-polymer). The respective Hart's cubes from
(b) linalool and (c) limonene pre-polymer resins. Adapted from ref. 100,
copyright 2019, Royal Society of Chemistry. Optical microscopy (d) and
reassembled microCT (e) images of linalool-derived scaffolds produced by
DLP 3D printing and, (f) 4D behavior of the linalool-derived thermoset,
including the representative 4D behavior of a printed scaffold showing
original and secondary shapes as well as intermediate steps. Adapted from
ref. 101, Copyright 2021, American Chemical Society.

limited and pseudo-3D structures (with non-complexity in the
z-axis) could be printed as shown in Fig. 7(a). However, the
limonene-derived resin printability was improved by printing its
respective pre-polymer, and a similar porous structure obtained
using linalool was achieved (Fig. 7(c)). This work offers a valuable
perspective on the challenges and use of terpenes in AM and how
to overcome some important limiting factors for the formulation
of bio-based resins. Meanwhile, with the aim of expanding the
applicability of terpenes in 3D printing, investigating alterna-
tive thiols, photoinitiator systems, and blends can help address
current limitations and improve their suitability for this
technology.

In another work, linalool was utilized as a base for the
development of photocurable resins after reaction with allyl
bromide and three isocyanates (diisocyanate, isophorone dii-
socyanate, and methylene diphenyl diisocyanate). This innova-
tive approach allowed the formulation of greener resins to be
applied in DLP 3D printing to produce scaffolds by thiol-ene
reactions. Although the formulated resins presented different
photocrosslinking times with no inhibitory effects during the
photocuring, the polymers obtained presented high spatial
resolution and tunable physical properties, and displayed
four-dimensional (4D) shape-memory behaviors, as shown in
Fig. 7(d)-(f). For a better understanding, 4D printing combines
3D printing and smart material behaviors (stimuli-responsive)
and produces objects that are space-time dependent and can
change their shape during a certain time when exposed to
external stimuli.'®®> Furthermore, the thermosets from the
monomers with urethane derivatives (those provided by the
isocyanate structures) showed enhanced thermomechanical
and physical properties (including shape memory or 4D
behavior).'®! Extending beyond 3D printable polymer produc-
tion, the thiol-ene reaction in conjunction with a greener
monomer development can allow the development of smart
materials. However, a high bioderived (or bio-based) content
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must be searched and compounds that can substitute isocya-
nates are a potential solution for it; meanwhile, finding suitable
candidates is still a challenge to overcome.

Based on our achievements and the recent advances reported
in the literature, it is clear that the lipid biomass presents a high
potential to contribute to AM development. The use of these
renewable resources has generated a class of materials with
greener and more sustainable characteristics. In addition, the
3D printed polymers have presented interesting properties for
industrial and technological fields. However, there are some
important challenges reported above to overcome. Based on
this, our group has been working to extend the use of these
biomass-derived polymers incorporating the photopolymeriza-
tion reactions discussed in this work and the novel approaches
reported for the other scientists. Thus, we are making impor-
tant advances that will overcome the main challenges and
contribute to the development of photocurable resins for DLP
3D printing while the materials obtained will contribute signifi-
cantly to the circular economy due to properties such as self-
healing, recyclability, and smart behaviour.

2.2 Lipid biomass-based vitrimers

Thermoplastics and thermosets represent the two primary cate-
gories of plastics."®° Thermoplastics can be melted and
reprocessed at high temperatures, whereas thermosets cannot
be easily reprocessed after their initial formation.'®*%”
Additionally, thermosets generally offer greater mechanical
strength, thermal stability, and solvent resistance than
thermoplastics.***7*¢7

These distinctions are assigned to their differing structures,
which directly influence their properties. Thermoplastics are
made up of linear polymer chains held together primarily by
intermolecular forces.'®*° In contrast, thermosets are
composed of three-dimensional (3D) networks with covalent
cross-links. These cross-links are not easily broken, even at
elevated temperatures, which often lead to the decomposition
of the material before it melts. This characteristic results in the
low capability of thermoset reprocessing.'®™'%8

In this way, the development of recyclable polymers is a
major research focus today, driven by environmental concerns
and issues related to non-renewability, which had attracted the
attention of researchers globally.'**"*°

Therefore, the current challenge is to develop high-
performance, recyclable polymeric materials that combine the
advantages of both thermoplastics and thermosets. These
efforts have led to the development of a new class of polymers
known as Covalent Adaptable Networks (CANs).'8103719

CANs feature covalent cross-links similar to those in ther-
mosets; however, they become reversibly dynamic when
exposed to stimuli such as heat, pressure, light, or changes in
pH. In the absence of these stimuli, CANs maintain thermoset-
like properties such as enhanced strength and durability.

In contrast to traditional thermosets, which are generally
non-recyclable, CANs are potentially recyclable due to the
dynamic nature of their cross-links.'%**°>'%""*! gyrthermore,
CANs can exhibit a range of desirable properties, such as

This journal is © The Royal Society of Chemistry 2024
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COVALENT ADAPTABLE NETWORKS (CANs)

General mechanism pathway

Fig. 8 General mechanism of associative and dissociative bond exchange.

flexibility, shape memory, and self-healing capabilities. These
materials not only reduce the consumption of non-renewable
resources but also offer benefits such as recyclability, weld-
ability, reconfigurability, ease of chemical degradation, and
biocompatibility.!0%105:109-111

CANs are typically categorized into two types based on their
exchange mechanisms: dissociative and associative (Fig. 8).
However, classifying them only by the type of chemical bonds
can be misleading, as bond exchange may occur through either
mechanism depending on the specific conditions.'803710>108

In a dissociative mechanism, dynamic bond cleavage occurs,
followed by the formation of new covalent bonds. As a result,
there is a decrease in crosslinking density, which facilitates
stress relaxation and flow.'®1937105:108 Hawever, the associative
mechanism maintains a constant crosslink density. Bond
breaking occurs only when new bonds are formed, leading to
a permanent degree of connectivity,'®"%37105:108

Associative CANs exhibit a unique linear viscoelastic beha-
viour, comparable to that observed in inorganic materials such
as vitreous silica.’®*%>™"'> This characteristic led Leibler and
coworkers to name this dynamic polymer material “‘vitrimer” in
2011.'*?

This behaviour can be attributed to the nature of their
dynamic cross-links, which remain nearly constant regardless
of external stimuli. Consequently, the viscosity-temperature
relationship of these materials follows an Arrhenius-like
dependence.s“’l%’ms‘]12

Vitrimers behave as viscoelastic liquids, exhibiting stress
relaxation at high temperatures, which allow these materials to
flow. Upon cooling, the kinetics of the exchange reactions slow
down, and the structure becomes fixed, resulting in a perma-
nent topology similar to that of a solid and behaving like a
thermosetting polymer.'*'0%11

Moreover, dissociative CANs may be classified as vitrimers;
however, they are temperature-dependent, as the rate of new
bond formation must exceed the rate of bond cleavage,'®'0%104112
Two main primary thermal events can be observed in vitrimers.
The first one is related to a glass transition temperature (Ty),
typically occurring at subambient temperatures, at which polymer
chain segmental movement transitions the material from a rigid
state to a moldable state, whereas the second event corresponds
to the topology-freezing transition temperature (T,). Above T,
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the polymer shifts from a viscoelastic solid to a viscoelastic
liquid, promoting rapid bond exchange and enabling structural
reCOVery.lS’loa_los

Both thermal events, T, and T, originated from different
interactions; therefore, their values are independent. Typically,
T, is lower than T, resulting in the vitrimer transition from a
rigid solid below Ty, to an elastic solid between T, and T, and
then, finally to a viscoelastic liquid above T\. In some cases, T,
may be lower than T, which suggests that no extensive seg-
mental motion occurs, turning exchange reactions impossible.
Consequently, the network can be considered fixed in the
polymeric material,'®*%%1%%

Several chemical reactions including transesterification,
imine bond exchange, Diels-Alder reactions, disulfide exchange,
transamination, and coordination reactions can afford bond
exchange in vitrimers. When considering CANs and vitrimers,
the chemical and reactivity aspects of the material are critical.
The rates of bond formation and cleavage at a given temperature
significantly influence the balance between bound and unbound
states, thereby affecting material properties,'8!03~111:113

Furthermore, the architecture and dynamic characteristics
of the decrosslinked states contribute to the rheological profile.
Thus, these materials have proven to be an excellent case study
for investigating the relationship between chemical reactivity
and the dynamic properties of polymeric materials.

As reported before, lipid biomass represents a promising
resource for new vitrimers, reducing the dependence on
petroleum-based materials.

Vegetable oil (VO) versatility allows several chemical mod-
ifications. The alkenes in VO can be converted into epoxide
groups by using oxidizing agents such as hydrogen peroxide,
peracids, or O, in the presence of catalysts. Then, the epox-
idized vegetable oil (EVO) can react with several groups, for
example, cyclic anhydrides or diacids to form cross-linked
structures containing free hydroxyl (OH) groups. This enables
the polymer to be reshaped or welded at the topology-freezing
transition temperature (7,) via transesterification reactions
between the ester and free OH groups.'®*0%!147116

One of our group studies reported the use of Macaw and
Baru vegetable oils, which were first epoxidized and subse-
quently carbonated (Fig. 9(a)). By varying the loading of the
aluminium (salen) complex catalyst, along with the reaction
time, CO, pressure, and temperature, conversions of 100%
were achieved.””

Both carbonated oils were reacted with amines such as
1,6-diaminohexane, lysine, and 4,4’-methylenebis (cyclohexyla-
mine) to produce weldable poly-hydroxyurethanes. It was
observed that polymers synthesized from lysine exhibited more
selective reactions and higher cross-linked structures, resulting
in fewer side reactions involving glyceride groups.*

Thermal analysis revealed that the synthesized polymers are
thermally stable above 200 °C. Differential Scanning Calorime-
try (DSC) analysis indicated two main thermal events related to
T, and T,, which as evaluated, were reversible. Moreover, these
polymers could be reshaped and healed into different forms
when exposed to red light at 660 nm (Fig. 9(b)).>*
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Fig. 9 (a) Polymerization reaction scheme, (b) polymer reshaping under 660 nm light, (c) general scheme of bonding exchange, and (d) gel content and

crosslinking density results. Adapted from ref. 22, copyright 2022, Wiley.

As illustrated in Fig. 9(c), bond exchange was achieved via
a transcarbomoylation reaction evolving urethane and OH
groups from the polymer structure. The polymer containing
lysine demonstrated a 100% Gel Content, indicating a complete
cure and a fully cross-linked structure (Fig. 9(d)).>

Recently, Thakur and colleagues reported vitrimers with
reversible cross-links derived from epoxidized methacrylated
castor oil, employing itaconic acid as a curing agent. The
resulting material demonstrated shape memory and self-
healing properties, attributed to its ability to undergo transes-
terification exchange. Notably, the material showed a loss of
tensile strength only after three reprocessing cycles, primarily
due to the potential for oxidation or other undesired side
reactions during the hot-pressing processes.'"”

The preparation of thermosets based on epoxidized vegetable
oils (EVOs) has attracted considerable attention in recent years.
However, most of these materials cannot be recycled once they
become cross-linked."®>0%11*

In 2020, Mija and colleagues reported for the first time the
development of epoxy thermosetting resins like vitrimers,
which incorporate dynamic disulfide covalent bonds. These
resins were synthesized by copolymerizing twelve EVOs with
2,2'-dithiodibenzoic acid as the hardener.'**

This study demonstrates the three key properties of 3R:
reprocessability, repairability, and recyclability.®*'°*'1* The
researchers observed that the epoxy content in the EVOs
significantly influences the final thermo-mechanical properties
of the recycled material, whereas in this case, those with a lower
epoxy content facilitate reprocessing. Additionally, the disulfide
exchange and transesterification reactions ensure the shape
memory of these materials.'*

Since epoxy resins are extensively used in various critical
industrial applications, including coatings, adhesives, compo-
site matrices, and electronic components, these findings are of
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considerable importance. They not only have significant sus-
tainability implications but also offer substantial economic
benefits."™*

Another study introduced a bio-based epoxy vitrimer synthe-
sized by curing epoxy soybean oil with fumaropimaric acid
(FPA), a rosin derivative. The incorporation of FPA enhanced
the glass transition temperature of the ESO-based-vitrimer,
exceeding room temperature.''® FPA was used as a curing
agent, significantly improving the mechanical properties of
the ESO-based vitrimer. Additionally, the vitrimer material
demonstrated self-healing capabilities, triple-shape memory,
and reprocessing abilities due to the dynamic transesterifica-
tion of covalent bond exchanges.''®

Our research group has also contributed a study on new
renewable disulfide polyesters that were successfully synthe-
sized by heating the mixture and avoiding the use of solvents or
catalysts (Fig. 10(a)).**

Maleinized grape-seed oil (MGSO) was able to react with
nucleophiles such as amines or alcohols, resulting in highly
cross-linked polyamides, polyimides, and polyesters. The
results demonstrated the successful production of biomass-
renewable polyesters with enhanced properties such as lumi-
nescent, flexible and shape memory (Fig. 10(b)).>*

Moreover, it was observed that an increase in disulfide
content led to a decrease in thermal stability and accelerated
degradation, as confirmed by thermogravimetric analysis.

Furthermore, these materials exhibited greater resistance to
elastic deformation, showing a higher Young’s modulus
(Fig. 10(c) and (d)). These thermal properties can be attributed
to the crosslinking density, which gets reduced with the
increase in disulfide content.”*

Marco Sangermano, Matteo Bergoglio, and Sandra Schog
published a review in 2023, discussing the scientific strategies
reported in the literature for developing bio-based epoxy

This journal is © The Royal Society of Chemistry 2024
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vitrimers extending beyond vegetable oils. The authors high-
lighted the use of terpenes, lignin, cellulose, and vanillin,
among others, as bio-based building blocks for epoxy thermo-
sets, showing them as alternatives to bisphenol-A-based
formulations.'*

In this regard, Federica Zaccheria and coauthors published a
study on free thermosetting resins prepared from vegetable oils
including soybean, hempseed, and linseed oils, by mixing and
using terpenic comonomers such as limonene and o-
myrcene."'® The bio-based thermosets avoided styrene, a tradi-
tional fossil-based diluent. The authors observed that resins
containing a-myrcene exhibited the best mechanical resistance,
regardless of the oil used.

Moreover, the presence of pinene resulted in the poorest
performance, while limonene contributed to intermediate
properties. In sum, these results indicated that the multiple
double bonds in myrcene, which possess a higher reactivity,
promote more effective copolymerization and crosslinking."*

These data show how different renewable materials can be
applied to enhance or change thermal, mechanical, lumines-
cent, shape-memory properties, and so on.

An interesting work focused on how the cis/trans stoichio-
metry influences the thermosetting properties of resins derived
from R-limonene. This study, conducted by Louisy, Olivero,
Michelet, and Mija, explored the use of limonene as a bio-based
thermoset precursor. The authors separated cis and trans
limonene epoxides and synthesized limonene dioxide named
S-LDO and R-LDO.'*°

Their primary achievement was the successful obtention of a
fully-bio-based thermoset from cis-LDO monomers, which were

This journal is © The Royal Society of Chemistry 2024

(a) Polymerization reaction scheme, (b) polymer cut and reshaping under heating, (c) storage modulus (E') and é curves, and (d) tensile—stress

copolymerized with glutaric anhydride in the presence of
imidazole. Moreover, the thermosets derived from cis-LDO
exhibited superior properties compared to those made from a
mixture of LDO isomers. The mechanical results indicated that
cis-LDO thermosets are more rigid, demonstrating a higher
Young’s modulus and lower strain at break.">°

Although the research group has not discussed possible self-
healing and shape-memory properties from these materials in
this paper, this topic is highly relevant and requires attention in
the design and characterization of new smart/self-healing
materials.

Vitrimers have evolved from scientific curiosity to a wide
range of applications in society. Their use in tissue engineering
is notable. For instance, self-healing surgical implants can act
as smart materials, capable of autonomously repairing minor
damages within the body, thus reducing the need for additional
surgeries. %*'?!

In civil engineering, these materials can be utilized as self-
repairing concrete. This innovative application allows the con-
crete to autonomously heal cracks, which addresses a common
and costly issue in construction. Consequently, this can lead to
reduced maintenance costs and lower overall expenses, but
contributes to a decrease in carbon dioxide emissions asso-
ciated with concrete production.'?*">*

Vitrimers are promising in the electronics sector, and they
can be used as reprocessable materials, and as self-repairing
electronic circuits. It will avoid electronic waste, which is
becoming a major global issue.">*"*°

Their applications also extend to 3D printing, allowing for
innovative reshaping in manufacturing.®’ Additionally, the

Chem. Commun., 2024, 60, 14557-14572 | 14569
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aerospace and automotive sectors can greatly benefit from
these materials."”*

Several reversible bond exchange reactions can be utilized to
achieve different properties and characteristics in vitrimers.
Therefore, it is essential to better understand these parameters
to determine how to apply these compounds and what proper-
ties to expect.

3 Summary and outlook

As described, lipid compounds (e.g. triglycerides and terpenes/
terpenoids) are promising building blocks for monomers as
polymers. These agree with the principles of green chemistry,
the United Nations Sustainable Development Goals (goals 9, 12,
and 13), and the circular economy. Consequently, they can be
applied to advanced materials such as photoinitiators, additive
manufacturing, and vitrimers.

These compounds are versatile; however, in their pristine
form they are not quite suitable for application as monomers;
therefore, a chemical modification is required to enhance
reactivity. Therefore, it is crucial to plan and evaluate the ideal
synthetic route considering atom economy, energetic consump-
tion, hazardous, and time in order to maintain the greener
aspect.

Lipid compounds can be tested as photoinitiator and photo-
initiator systems since they are abundant, and generally absorb
visible light, resulting in less energetic consumption. Moreover,
monomers and polymers derived from them can act as photo-
initiators decreasing or even avoiding the presence of residual
small molecules that can interfere negatively with polymer
properties.

By exploring formulations that combine fully-bio-based
monomers with diverse chemical structures or that increase
the bio-based content alongside non-renewable monomers, we
can potentially enhance the mechanical properties of lipid-
derived polymers while maintaining their renewable advantage.
Vitrimer is an advanced material with a myriad of properties
and possible applications. However, they demand further stu-
dies about how different exchanged reaction types can influ-
ence their final properties such as thermal, mechanical and
solvent resistance. The relationship between structure and
properties should be deeply investigated considering the mate-
rial application. Moreover, the self-healing process still
depends on higher pressures in most cases, which limits
applications in our daily lives, and the scale-up process. How-
ever, new alternatives have been developed, such as vitrimer
self-healing activated by, for example, red light at 660 nm;
therefore, this alternative can overcome this challenge, redu-
cing time and energy.

As described, these lipids are abundant and promising
building block compounds in the polymer field. Although
plenty of works report different materials (e.g. biomaterials,
coatings, printing formulations, luminescent materials, shape
memory, vitrimers and so on), there is a lot of research and
development to be done in the scientific field considering the

14570 | Chem. Commun., 2024, 60, 14557-14572
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circular economy, greener design, and new modification routes
and applications. The advancement of this area is essential for
a sustainable and innovative world.
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