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Aromatic compounds are platform chemicals used in the manufacture of commodity polymers. The
development of bio-based aromatic compounds is expected to reduce the dependence on non-renew-
able resources. Lignin is the major source of bio-based aromatic chemicals and the development of
lignin-based polymers is of broad interest. As one of the major commercialized aromatic compounds
from lignin, vanillin offers limitless potential for the preparation of bio-based (semi)aromatic polymers
owing to the presence of aldehyde and phenolic hydroxyl functional groups. This review highlights the
recent advances in the construction of vanillin-based polymers, including thermosets (phenolic resins,
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epoxy resins, benzoxazine resins, etc.), thermoplastics (polyesters, polycarbonates, etc.), and covalent
adaptable networks (CANs). An extensive analysis of the synthetic methods of vanillin-based monomers
and the performance of the obtained vanillin-based (semi)aromatic polymers is provided, and future
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1. Introduction

Polymers play an important role in daily life, but the vast
majority of them are derived from non-renewable petroleum-
based chemicals." Faced with the pressure of petroleum short-
age and environmental pollution caused by plastics, there is
an ever-increasing concern about converting renewable
biomass into a variety of valuable polymers.>* The develop-
ment and utilization of bio-based polymers is considered an
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opportunities and challenges are also highlighted.

effective way to conserve petroleum resources and protect the
environment.

Renewable feedstocks are now widely used in the chemical
industry for non-fuel applications, but most of them are
derived from aliphatic or cycloaliphatic groups such as plant
oils, cellulose and triglycerides. However, most of the essential
chemicals are aromatic compounds ultimately derived from
petroleum, for example, benzene, xylene and cumene.
Aromatic compounds are key ingredients for building high-
performance polymers, and thus there is tremendous interest
in developing sustainable aromatic chemicals.

Some aromatic structures can be derived from natural com-
pounds or occur naturally in limited quantities. For instance,
cashew nut shell liquid (CNSL) is a substantial agricultural
byproduct derived from cashew nut and cashew apple
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production, with global manufacturing reaching nearly one
million tons annually. As a result, CNSL has emerged as a pro-
minent and economically viable source of naturally occurring
phenols.* Derived from the cashew nut shell, cardanol is a
highly promising renewable phenol source that offers a natural
alternative to petrochemical-derived phenols for the pro-
duction of bio-based thermosets.” The utilization of furfural as
a resource for bio-based polymers has been investigated,
including its conversion into succinic acid and 1,4-butanediol,
which serve as monomers for polybutylene succinate, as well
as its conversion into bio-based terephthalic acid, one of the
monomers for polyethylene terephthalate (PET).®

Different from CNSL, lignin is the second most abundant
natural polymer after cellulose, accounting for approximately
15-30% of the dry weight of lignocellulosic biomass.”*? It is
the only scalable renewable raw material consisting of aro-
matic monomers, yet the vast majority of about 95% of lignin
is burned as a low-value fuel.'® The direct use of lignin for the
synthesis of polymers is limited because of its ill-defined struc-
ture depending on the origin, extraction, and pyrolysis pro-
cesses, preventing them from being industrial raw materials."*
The depolymerization/pyrolysis of lignin has been extensively
studied in recent years.">>* In fact, the large amount of lignin
produced each year has prompted many studies regarding its
catalytic depolymerization.>*?®

Among all of the lignin-derived fine chemicals, vanillin
(4-hydroxy-3-methoxybenzaldehyde) is the only commercia-
lized mono-aromatic compound obtained from lignin on a
large scale. Vanillin is widely used as a flavoring and fragrance
agent in food products and a fragrance agent in cosmetics as
well as a starting material for the synthesis of several second-
generation fine chemicals. Vanillin is derived from lignin,
meaning that it is renewable and does not compete with food
sources leading to food security issues.”” It can be obtained on
an industrial scale from well-described and continuously
improved processes with two chemically modifiable reactive
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groups (aldehyde and phenolic hydroxyl groups) to produce
vanillin-derived monomers for preparing polymeric materials
with diverse properties for tailored applications. Examples
include coatings, adhesives, elastomers and optoelectronic
materials. Different from p-hydroxybenzaldehyde, vanillin has
an extra methoxy group. The presence of this methoxy group
amplifies vanillin’s reactivity with other compounds, offering
substantial implications for monomer synthesis. In addition,
it offers better decomposition properties,*® antimicrobial pro-
perties®® and enhanced mechanical properties through the for-
mation of hydrogen bonding interactions.® Through the
lignin to vanillin route, the only commercial process is from
lignin sulfonate, a by-product of the sulfite pulp and paper
industry.”” However, the efficient extraction of vanillin from
lignin remains a formidable challenge. In the fields of lignin
hydrogenolysis, pyrolysis, and liquefaction, the complexity of
the product composition introduces ambiguity in transform-
ation mechanisms, posing challenges for effective separation
and purification processes. Nowadays, vanillin is primarily
derived from fossil hydrocarbons, which accounts for 85% of
the worldwide supply. Furthermore, chemically synthesized
vanillin costs only 1% of the naturally extracted vanillin
(around USD 10 per kg).3"3>

This review highlights some of the opportunities for creat-
ing sustainable polymers from vanillin. Vanillin feedstocks
enable the production of polymeric materials with a wide
range of properties to accommodate various application scen-
arios. Apart from traditional vanillin-based thermoplastic and
thermoset polymeric materials, dynamic adaptable networks
(CANs) are gradually emerging as a major development for
vanillin-based polymers owing to advantages such as stimulus
responsiveness, self-healing, reprocessability, recyclability,
and/or degradability. This review aims to summarize in detail
the synthesis and properties of thermoplastics, thermosets,
and covalent adaptable networks (CANs) from vanillin as a
starting material in the literature.
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2. Vanillin-based thermoset
polymers
2.1. Phenolic resins

Since 1911, phenolic resins have been the first industrially
produced polymers for humans,** and have been widely used
in various industries, such as electrical laminates, carbon
foams, adhesives, molding compounds, acid-resistant coat-
ings and fibre-reinforced composites.>® Most phenolic
resins are synthesized from non-renewable petroleum-based
phenol and formaldehyde. To achieve green and sustainable
production of phenolic resins, using renewable biomass
resources is an effective way. There have been studies on
phenol and formaldehyde substitution based on vanillin, and
these studies have achieved the formaldehyde-free synthesis
of phenolic resins.

In the preparation of formaldehyde-free resols by vanillin
and phenol, due to the fact that vanillin’s phenolic hydroxyl
group (pK, ~7.4) is more acidic than that of phenol (pkK,
~10),>® these phenolic hydroxyl groups are preferentially
deprotonated by alkaline catalysts instead of phenol’s. Hence,
the direct use of vanillin in the synthesis reaction of resol-type
phenolic resins is unproductive. To solve this problem, Foyer
et al. activated the reactivity of the vanillin aldehyde group by
masking the hydroxyl group of vanillin.>® The author used a
two-step method to convert the hydroxyl group into an alde-
hyde group to obtain the bifunctional vanillin precursor Van-
nl1Ald (Scheme 1a) and the phenol-based aldehyde Phenol-
n1Ald for comparison. They can replace formaldehyde and
react with phenol to synthesize phenolic resin. The results
showed that Van-n1Ald phenolic resin derived from vanillin
was cross-linked and rarely underwent aldol side reactions
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compared to Phenol-n1Ald, demonstrating higher thermal
stability and char yield.

They also discovered another method of masking hydroxyl
groups using 4-fluorobenzaldehyde as a raw material and syn-
thesized new bifunctional and bio-based aromatic aldehyde
precursors (Scheme 1b). The cured phenolic resins made from
them exhibited extremely high thermal properties at 540 °C
and 440 °C with a weight loss of 10% and char yields of 71%
and 68%, respectively.®”

For phenolic resin synthesis, these aromatic monomers are
often characterized as the para site is substituted by alkyl
groups, and partial or entire ortho sites are substituted by
methoxy groups, making them particularly difficult to couple
with other aldehydes. Yang et al successfully introduced
hydroxymethyl into the aromatic benzene ring of vanillin by
reducing the aldehyde group at the para site of vanillin using
lithium aluminum hydride.*® Using oxalic acid as a catalyst,
the resulting vanillin derivative was polymerized directly into
phenolic resins without the use of formaldehyde or other alde-
hydes and exhibited predominantly ortho-para condensation
(Scheme 1c and d). Vanillin-based phenolic resins exhibited
excellent adhesive strength (6.14 MPa), glass transition temp-
erature (T = 107-115 °C) and thermal stability (temperature of
5% mass loss, Tgse, = 213-231 °C). These properties are
similar to those of commercial Novolak phenolic resins.

2.2. Epoxy resins

Epoxy resins, as one of the three most important thermoset-
ting polymers, have been widely employed in a multitude of
fields such as coatings, adhesives, laminated circuit boards,
electronic component encapsulations, and advanced compo-
sites because of their excellent adhesion, chemical resistance,
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Scheme 1 Overview of the preparation route for monomers used in the synthesis of phenolic resins: (a) Reproduced from ref. 36 with permission
from Elsevier, copyright 2016. (b) Reproduced from ref. 37 with permission from Elsevier, copyright 2016. (c) Reproduced from ref. 38 with per-

mission from Elsevier, copyright 2021.
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mechanical properties, and dielectric properties.**™**
Nowadays, almost all of the epoxy resins are produced from
fossil resources, and 90% of the commercially available epoxy
resins are diglycidyl ether of bisphenol A (DGEBA) from the
reaction of bisphenol A with epichlorohydrin.** Bisphenol A,
fully dependent on fossil resources, accounts for >67% of the
molar mass of DGEBA.** Researchers have been exploring and
developing epoxy resins based on renewable raw materials,
such as vanillin.*®

Although the reaction between epichlorohydrin and alcohol
is the most common approach to introduce an epoxide group,
vanillin has only one phenol group, leading to failures in pro-
ducing diepoxides. The oxidation or reduction of the formyl
group of vanillin,"”*® or the utilization of pentaerythritol to
react with the formyl group and “couple” two vanillin mole-
cules to obtain a difunctional phenol,*® has been explored to
introduce difunctional epoxy groups. Wang et al. proposed a
method in which a Schiff base intermediate (produced by the
coupling reaction of vanillin and diamine) was formed first
and further reacted with diethyl phosphite to obtain phos-
phorus-containing difunctional phenols.’® These difunctional
phenols were subsequently reacted with epichlorohydrin to
obtain flame-retardant epoxy resins EP1 and EP2 (Scheme 2a
and b). The authors found that the vanillin-based epoxy resin
cured by this method had a very high T, of ~214 °C, a tensile
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strength of ~80.3 MPa and a tensile modulus of ~2709 MPa,
which are much higher than those of the commonly used
epoxy resin DGEBA with a T, value of 166 °C, a tensile strength
of 76.4 MPa and a tensile modulus of 1893 MPa. Shibata et al.
also prepared a new biobased diepoxide (DGEDVCP) via the
crossed aldol condensation of vanillin and cyclopentanone
and the subsequent glycidylation (Scheme 2c¢).>"

Besides traditional epoxy resins, degradable epoxy resins
have also been developed by introducing ester and amide
bonds into a cross-linked network. Fang et al. prepared a diep-
oxide compound via the oxidative coupling of vanillin followed
by epichlorohydrin glycidylation (Scheme 2d).>*> Epoxidized-
divanillin (EDV) was cured with the petroleum-based, commer-
cially available hardener isophorone diamine (IPDA) and a bio-
based-diamine (GX-3090). This epoxy has a storage modulus
(1.7-2.3 GPa) and a glass transition temperature similar to
those of commercial resins, as well as good solvent resistance.
Most importantly, it showed good degradation properties, with
almost 40% of the segments being solubilized because of the
cleavage of the network cured in acetone after being treated
with 1 M HCI for 24 h at room temperature.

In addition to coupling reactions, the oxidation or
reduction of the aldehyde group of vanillin into either acid or
alcohol has also been explored. By converting to acid or
alcohol, epichlorohydrin glycidylation could occur simul-
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Scheme 2 Overview of the synthetic route of vanillin-based epoxy monomers: (a) and (b) Reproduced from ref. 50 with permission from the
American Chemical Society, copyright 2017. (c) Reproduced from ref. 51 with permission from Elsevier, copyright 2017. (d) Reproduced from ref.
52 with permission from the American Chemical Society, copyright 2020. (e), (f) and (g) Reproduced from ref. 48 with permission from Elsevier,
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taneously at the phenol and acid/alcohol sites, resulting in
diepoxides. Fache et al. constructed three vanillin derivatives
(methoxyhydroquinone, vanillic acid and vanillyl alcohol)
starting from vanillin and then glycidylated them to obtain the
bio-based aromatic diepoxy monomers diglycidyl ether of
methoxyhydroquinone (DGEMHY) (Scheme 2g), diglycidyl
ether of vanillic acid (DGEVAC) (Scheme 2e) and diglycidyl
ether of vanillyl alcohol (DGEVA) (Scheme 2f). These mono-
mers were then copolymerized with the amine hardener iso-
phorone diamine (IPDA) to afford materials with properties
comparable to the commercially available DGEBA/IPDA
resins.*®

2.3. Vinyl ester resins

Vinyl ester resins (VERs), made from the esterification of epoxy
resins, are unsaturated thermosetting resins used to formulate
composites for a variety of commercial applications in the
transportation and construction industries.>*>* VERs consist
of vinyl ester monomers and also contain reactive diluents
(typically styrene) to reduce viscosity and improve processability.

Styrene is a non-renewable commodity chemical derived
from fossil sources, possessing volatility and posing health
hazards to humans.>® To address these issues, Yu et al. pre-
pared renewable styrene substitutes from biomass-derived
vanillin, expecting to change the properties without sacrificing
the desired properties (such as viscosity, reactivity, and tensile
strength).>® The authors synthesized 3-allyl-5-vinylveratrol
(AVV) (Scheme 3a) from vanillin and demonstrated that AVV
could be an alternative to styrene in the formation of a thermo-
setting resin prepared using dimethacrylated-epoxidized-
sucrose soyate (DMESS). The thermomechanical and tensile
properties were very close to those of resins prepared from
styrene. Vinyl ester resins derived from the renewable resource
vanillin are also being used in additive manufacturing appli-
cations. Bassett et al. first prepared methacrylated vanillin
(MV) (Scheme 3b) using methacrylic anhydride and vanillin
via a solvent-free technique, and then obtained a low-viscous
vanillin-based resin with 100% atom efficiency, which was
additively manufactured using stereolithography (SLA).>” It
was found that postprocessing with Formlabs Form Cure (FC)
resulted in a 23% increase in total cure and improved final
cured polymer properties. Additive manufacturing with post-
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Scheme 3 Synthesis route to vinyl ester monomers from biomass-
derived vanillin: (a) Reproduced from ref. 56 with permission from the
American Chemical Society, copyright 2018. (b) Reproduced from
ref. 57 with permission from the American Chemical Society, copyright
2020.
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processing increased the degree of cure by 10% compared to
the same material with thermal and postcuring, but the
thermogravimetric and thermomechanical properties were
minimally affected. The vanillin-based resin prepared by SLA
and postprocessing had a T, value of 153 °C and a Young’s
modulus of 4900 MPa.

2.4. Benzoxazine resins

Compared with other thermosetting resins, polybenzoxazine
has been widely studied for its superior properties, such as
high flexibility in molecular design, low water absorption,
flame retardancy, good mechanical and thermal properties,
near-zero shrinkage, excellent chemical resistance and even
self-healing properties.’® ®" Benzoxazine monomers can be
synthesized by judicious selection of phenolic (e.g. vanillin)
and amine precursors to yield the desired structure for various
application scenarios.

Furfurylamine containing a furan ring was used as a precur-
sor to construct benzoxazines. Amornkitbamrung et al. intro-
duced benzoxazine thermosetting resins in the construction of
self-healing materials to improve the mechanical properties
and thermal stability of the materials (Scheme 4a). They pre-
pared bio-based benzoxazine/epoxy copolymers using vanillin,
furfurylamine and epoxidized castor oil, and functionalized
them with glutaric anhydride (GA) to make copolymers with
self-healing properties.®

Samy et al. also prepared similar structures using fur-
furylamine and formaldehyde for capacitor applications
(Scheme 4b), but they additionally introduced cyanide groups
into the aldehyde group of vanillin to increase the N content
and thus improve the electrochemical properties.®

Aliphatic amines as precursors were used to construct ben-
zoxazines. Benzoxazines can be polymerized under heating
conditions, but the melting temperature (7,,) of vanillin-based
benzoxazines is close to the polymerization temperature (Tp),
so melt processing (molding) between these two temperatures
becomes difficult. To solve this problem, Puchot et al. pre-
pared bifunctional benzoxazines (Scheme 4c) based on biophe-
nols with large differences between T,,, and T,.** Specifically,
monosubstituted cardanol-based benzoxazine monomers were
prepared by exploiting the low reactivity of cardanol and
further coupled with vanillin to obtain vanillin-cardanol
dibenzoxazines.

2.5. Cyanate ester resins

Cyanate resins are a new class of high performance resins
emerging in recent years, and have been widely used in elec-
tronics, aerospace, coatings and optical instruments due to
their excellent mechanical and dielectric properties.®>®
Harvey et al. synthesized bisphenol precursors from vanillin
via the combination of the McMurry coupling reaction and
cyanate reaction.®” The obtained 1,2-bis(4-cyanato-3-methoxy-
phenyl)ethane could be thermally cured under moderate con-
ditions to produce a thermoset material with T, up to 202 °C,
which is comparable to some of the petroleum-derived epoxy
resins. It is worth noting that cyanate exhibits excellent

Polym. Chem., 2023, 14, 4255-4274 | 4259
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decomposition properties benefitting from the methoxy group
in the ortho positions to the hydroxyl group of vanillin.
Although the extent to which the ortho methoxy groups con-
tribute to the decomposition of these renewable resins is
unclear, it is speculated that the donation of the electron
density into the ring likely lowers the decomposition tempera-
ture, making the generation of phenolic products more favor-
able than simpler decomposition products such as CO,.**

2.6. Polythioethers

With good chemical stability and biocompatibility, poly-
thioether has attracted great interest in the fields of
coatings,®®°® optics,”® electronic devices,”* 3D printing,”*> and
biomedical implants.”> In recent years, thiol-ene click
polymerization has been widely used for the preparation of
bio-based polythioether. Thiol-ene polymerization has the
advantages of a high reaction rate, simple procedure and for-
mation of homogeneous cross-linked structures compared
with conventional polymerization.”*

The Tishchenko reaction is a disproportionation/dimeriza-
tion reaction occurring between two aldehyde groups to afford
a carboxyl ester bond, which has 100% atom efficiency but has
rarely been applied to polyester chemistry. In 2020, Ren et al.
presented a toolbox combining the Williamson and
Tishchenko reactions to prepare a series of a,0-diene-functio-
nalized carboxylic ester monomers.”> Vanillin-based poly-
thioethers were then prepared via the thiol-ene reaction
between vanillin diene and different thiols. The structural
diversity of a,0-diene-functionalized carboxylic ester mono-
mers allowed for the preparation of a series of polythioethers
with diverse properties.

In 2023, the same group subsequently performed UV ther-
mally induced thiol-ene click polymerization between the
a,w-diene monomers and thiols with various functional groups
to prepare a range of thiol-ene networks with tunable pro-
perties (Scheme 5).”® Notably, the thermal stability and

4260 | Polym. Chem., 2023, 14, 4255-4274

&

on

3 s
Tishchenko reaction MeO
—_— —_— o
HO OMe d
OMe jV 0
n
e

MeO
o Thiol-ene polymerizatioy o
n
' T
\M\}no OWS’ R ‘sh
OMe OMe
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mechanical properties of the cross-linked networks obtained
from 1,2-ethanedithiol and 2,4,6,8-tetramethyl-2,4,6,8-tetra-
vinylcyclotetrasiloxane as copolymer monomers were further
enhanced. All poly(thioether) networks exhibited good trans-
parency and were susceptible to degradation in weakly alkaline
aqueous solutions due to their inherent ester groups. This
demonstrates the great potential of «,n-diene monomers
derived from novel vanillin for the preparation of degradable
thermosetting materials.

3. Vanillin-based thermoplastic
polymers

Thermosetting and thermoplastic polymers are the two
primary categories of commodity polymers. Thermoplastic
polymers offer several advantages over thermosetting poly-
mers, such as recyclability and the ability to be reshaped,
making them more sustainable. As a result, extensive research
efforts are being devoted to exploring vanillin-based thermo-
plastic polymers. Prominent categories currently under investi-

This journal is © The Royal Society of Chemistry 2023
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gation include polyvanillin, vanillin-derived polyesters, poly-
carbonates, unsaturated polyolefins, and polyacrylates.

3.1. Polyvanillin

A rather straightforward electrochemical polymerization of
vanillin to afford polyvanillin has been reported by
Amarasekara and colleagues.”” The desired product was
obtained from vanillin dimers through an electrochemically
mediated coupling polymerization technique (Scheme 6). The
dimer was synthesized through a peroxidase enzyme-catalyzed
dimerization reaction with a high yield (91%). The resulting
polyvanillin material displayed exceptional thermal stability,
as evidenced by its high decomposition onset temperature of
300 °C. Additionally, the material exhibited a 50% decompo-
sition temperature (Tsg9,) value of 440 °C, further highlighting
its excellent thermal stability. The efficient and environmen-
tally friendly aqueous electrochemical synthesis method of
this study offers a convenient pathway towards producing func-
tionalized polymers based on renewable resources.

3.2. Polyesters

Vanillin, as an aromatic monomer, plays a pivotal role in
imparting exceptional thermal and mechanical properties to
aromatic polyesters. There are generally two approaches to
synthesizing vanillin-based polyesters: one involves the modifi-
cation of the phenolic hydroxyl and aldehyde groups of vanil-
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lin to produce vanillin-based monomers, such as diols,
diacids/diesters, or hydroxy acids/hydroxy esters. The other
method involves the polymerization synthesis of vanillin-based
polyesters.”®

The synthesis of vanillin-based polymers through transes-
terification polymerization between vanillin derivatives and
conventional diols was reported by Llevot et al. in 2015.”° Two
symmetrical biphenyl monomers derived from vanillin,
methylated divanillyl diol and the methylated dimethyl-
vanillate dimer, were successfully synthesized and employed
as (co)monomers for the design of renewable (semi)aromatic
polyesters. Notably, the polyesters with a molar mass of 65 kg
mol ™" formed from the compound (Scheme 7a) exhibited a Ty
value of 38 °C, a storage modulus of 8.1 GPa, and a thermal
decomposition temperature (Tyse,) of 319 °C. The same con-
ditions were applied for the polymerization of methylated diva-
nillyl diol with a range of biologically sourced diesters. By
varying the structure of the diesters, a series of polyesters were
synthesized. The resulting polyesters exhibited an amorphous
morphology and displayed a T, value ranging widely from -5
to 139 °C, which is beneficial for accommodating various
application scenarios.

Zhao and co-workers reported a green and sustainable
approach to producing bio-based polyesters from vanillin and
ethylene carbonate.®” They prepared two aromatic diols, 4-
(hydroxymethyl)-2-methoxyphenol (Scheme 7b) and 2-(4-
(hydroxymethyl)-2-methoxyphenoxy)ethan-1-ol (Scheme 7c), by
reducing vanillin and hydroxyethylated vanillin using NaBH,,
respectively. The diols were then subjected to traditional con-
densation with acyl chlorides, resulting in the synthesis of a
range of new polyesters. It is noteworthy that the polyesters
obtained from vanillyl alcohol and terephthaloyl chloride with
a molar mass of 21 kg mol ™" exhibit higher thermal stability,
with a 5% mass loss temperature reaching 293 ©°C.
Furthermore, due to the increased rigidity of the diol, these
polyesters demonstrate comparable or even higher glass tran-
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Scheme 7 Schematic of the synthesis route of vanillin-derived polyesters: (a) Reproduced from ref. 79 with permission from the Royal Society of
Chemistry, copyright 2015. (b) and (c) Reproduced from ref. 80 with permission from MDPI, copyright 2020.
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sition temperatures than PBT and PET (38 °C and 67 °C,
respectively).

Apart from copolymerization between vanillin-based die-
sters with additional diols, Xanthopoulou and co-workers
reported a new semi-aromatic polyester, poly(hexylene vanil-
late) (PHV). PHV was obtained from vanillin-based 4-(6-
hydroxyethoxy)-3-methoxybenzoic acid via homopolymer-
ization.®" PHV is a polyester with two distinct functional
groups (ester and ether) in its backbone, leading to a
complex degradation pathway. Due to its similarity to PET in
structure, a similar degradation pathway is expected for
PHV. Two different thermal degradation processes were
reported: polyester with f-hydrogen atoms primarily under-
goes scission by f-cleavage, while random scission pathways
have also been detected.

Additionally, based on the presence of vanillin analogues, a
degradation pathway similar to lignocellulosic biomass is
expected, where C-O scission pathways dominate. Therefore, a
complex mechanism involving both scission and random clea-
vage pathways is anticipated during the thermal decompo-
sition of PHV.

3.3. Polycarbonates

Polycarbonates represent a class of materials that fall between
commodity plastics and engineering plastics. They are usually
synthesized through reactions between bisphenols and phos-
gene or carbonate esters.®>

As discussed in the above sections, there have been many
approaches toward the synthesis of vanillin-based bisphenols.
Therefore, copolymerization of vanillin-based bisphenols with
carbonate esters is considered as the most feasible way to
afford vanillin-based polycarbonates. For example, once the
vanillin-based bisphenol was synthesized by Harvey et al. via
the McMurry coupling reaction,®” diphenyl carbonate was used
to react with the obtained bisphenol to give polycarbonates
(Scheme 8a). The thermal stability of the polycarbonate was
assessed using thermogravimetric analysis, revealing a 5%
mass loss at 290 °C and a 10% mass loss at 318 °C, indicating
good heat resistance. In this study, the degradation behavior
was not specifically investigated. However, considering the
similarity in chemical structures, the degradation process of
the material may be similar to commercially available polycar-
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bonates. Potential pathways could involve the chain scission of
isopropylidene linkages and hydrolysis/alcoholysis of carbon-
ate linkages.®?

Alternatively, vanillin-based polycarbonates were also syn-
thesized via the multicomponent polymerization of bis(4-
formyl-2-methoxyphenyl) carbonate (BFMC) (Scheme 8b),
diacids and tert-butyl isonitrile. BFMC was prepared through
the reaction of vanillin with triphosgene.® The BFMC
monomer was employed to prepare a series of polycarbonate
oligomers with side-chain amide groups (PCEA). The stability
of PCEAs can reach temperatures as high as 235 °C (Tgs9),
depending on their molar mass (between 3.4 kg mol™" and
5.3 kg mol™"), beyond which gradual decomposition takes
place. The onset decomposition temperature of the PCEA
increased with an increase in molecular weight. The decompo-
sition process occurred in two stages, potentially attributed to
the breakdown of ester and carbonate linkages. PCEA exhibi-
ted an amorphous nature, with a glass transition temperature
range from 70 to 106 °C and no detectable melting tempera-
ture. PCEAs exhibit adjustable T, values, owing to variations in
monomer combinations and molecular weights. In addition,
the utilization of isonitrile derivatives offers a facile route to
introduce functional side groups for certain application scen-
arios. The presence of both carbonate (-O-CO-0O-) and amide
(-CO-NH-) linkages along the polymer chain also suggest
potential degradability. Although PCEA primarily stems from
renewable sources, the monomer synthesis process still
involves the use of triphosgene, a highly toxic chemical.
Replacing it with alternatives could enhance its environmental
friendliness.

3.4. Unsaturated polyolefins

Unsaturated, linear, high-molecular-weight polyolefins can be
successfully synthesized through the method of acyclic diene
metathesis (ADMET), allowing the incorporation of various
functional groups and enabling the synthesis of renewable
polymers. Followed by the dimerization of vanillin, a type of
vanillin-based a,w-diene was further obtained using the Wittig
reagent by A. Llevot et al.®® The corresponding unsaturated
polyolefins (Scheme 9a) were synthesized by using the Grubbs
2nd and Hoveyda-Grubbs 2nd catalysts with molar masses of
16 kg mol™" and 29 kg mol™, respectively. It is noteworthy
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Scheme 8 The synthesis of polycarbonates from vanillin: (a) Reproduced from ref. 67 with permission from the Royal Society of Chemistry, copy-
right 2015. (b) Reproduced from ref. 84 with permission from the Royal Society of Chemistry, copyright 2018.
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Scheme 9 The synthesis of vanillin-derived unsaturated polyolefins by ADMET polymerization: (a) Reproduced from ref. 85 with permission from
the Royal Society of Chemistry, copyright 2015. (b) Reproduced from ref. 86 with permission from Elsevier, copyright 2015 and reproduced from ref.

87 with permission from the Royal Society of Chemistry, copyright 2013.

that the vanillin-based unsaturated polyolefin exhibited a high
glass transition temperature of ~160 °C, which was attributed
to its rigid chemical structure and full trans configuration.
Additionally, the polymer showed excellent thermal stability
with 5% weight loss occurring at 380 °C.

A similar approach was also adopted by Barbara et al.®® In
the mentioned work, vanillin was dimerized using laccase
from Trametes versicolor as the catalyst. Then divanillin was
methylated to yield methylated divanillin. A Wittig reaction
was performed on methylated divanillin, employing methyl-
triphosphonium iodide as the Wittig reagent, yielding the
diene monomer. The reported diene monomer synthesis
method presented here is based on the group’s previous
work.®” Starting from vanillin, ethyl dihydroferulate was syn-
thesized and subsequently subjected to ester exchange reac-
tions with several polyols to obtain the bisphenol. The
obtained bisphenol was then further reacted with bromo-
alkenes through a Williamson reaction to yield the diene
monomer (Scheme 9b). Depending on the structure of the
vanillin-based o,0-diene monomers, the corresponding T,
values can be tuned (—28 to 18.2 °C). Due to the presence of
aromatic moieties and the rigidity imparted by the vanillin
component, all polymers exhibited thermal stability (Tyso,)
within the range of 257-360 °C. Decreasing the length of the
alkene chain (from decene to butene) increased in T, (C10 <
C6 < C2), elevating the glass transition temperature in the
range of —28 to 18.2 °C.

3.5. Polymethacrylate

Holmberg et al. reported the synthesis of renewable homopoly-
mers and block copolymers through the functionalization of
vanillin followed by reversible addition-fragmentation chain
transfer (RAFT) polymerization (Scheme 10).® The methacry-
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Scheme 10 Synthetic route to polymethacrylate via the functionali-
zation of vanillin.
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late moiety was introduced onto vanillin via esterification
between phenol and methacrylic anhydride to yield vanillyl
methacrylate. The final homopolymer with molar masses
between 9.8 kg mol™" and 27 kg mol™" exhibited a T, value
and degradation temperature comparable to those of poly-
styrene (120 °C and <300 °C, respectively). This work suggests
the potential of using vanillin as a renewable replacement for
styrene.

4. Vanillin-based covalent adaptable
networks (CANs)

Vanillin is widely used as a monomer in the synthesis of ther-
moplastics and thermosets. Compared to thermoplastics, ther-
mosets offer good mechanical properties, chemical resistance,
and dimensional stability. However, thermosets are difficult to
reprocess as well as degrade for recycling due to the formation
of cross-linked structures, weakening the sustainability of
vanillin-based materials. Covalent Adaptable Networks (CANSs)
appeared as an innovative polymer family that lies between
thermoplastics and thermosets. CANs rely on the use of
dynamic covalent bonds applied to cross-linked polymer net-
works. CANs are generally divided into two categories, disso-
ciative CANs and associative CANs, based on the type of bond
exchange mechanism. Independent dissociation and reorgan-
ization of dynamic covalent bonds occur in dissociative
CANs.® In contrast, associative CANs, also known as vitrimers,
have dynamic covalent bond breakage and reformation occur-
ring simultaneously.”® Dynamic covalent bonds (DCBs) can be
reversibly broken or reorganized in the presence of light, heat,
and certain solvents. Several types of dynamic covalent bonds
have been explored and used to develop CANs, including ester
bonds,’*°? disulfide bonds,** °® imine bonds,’® °° boron ester
bonds,'®'*" acetal bonds,'”” and vinylogous urethane
bonds.’®® The introduction of dynamic covalent bonds can
induce network rearrangements, emerging as a sustainable
alternative for developing recyclable thermosets.'® This also
provides crosslinked polymers with desirable functionalities,
such as self-healing, weldability, and reconfigurability, thus
prolonging the service life of the materials they are used in.
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Vanillin offers additional possibilities because its aldehyde
group can form dynamic imine linkages by condensation with
amines or dynamic acetal linkages by condensation with
polyols.

4.1. Schiff base polymers

4.1.1. Vanillin resins with epoxy-functionalities. Vanillin-
based epoxy resins have been greatly studied as an alternative
to petroleum-derived bisphenol A resins. The introduction of
dynamic covalent bonds into epoxy resins can largely promote
their reprocessability, degradability, etc. For example, an alde-
hyde-containing vanillin-based monoepoxide was synthesized
via a nucleophilic substitution reaction between vanillin and
epichlorohydrin, and then reacted with an amine curing agent
to prepare biobased epoxy CANs based on imine bonds."*>'%

Yu et al. prepared vanillin-based epoxy resins (Van-Ep/
IPDA) by curing vanillin-based monoepoxide with isophorone
diamine (IPDA)."® The vitrimers showed comparable Young’s
modulus, elongation at break, and thermal stability to the
cured bisphenol A epoxy resin (E51). Van-Ep/IPDA reached a
glass transition temperature of 121 °C and a Tyse, of 222 °C.
Stress relaxation experiments showed that CANs demonstrated
a fast stress relaxation behavior, with a relaxation time of only
50 s at 150 °C. This suggests that the dynamic imine bonding
provides the material with excellent reprocessability. Even after
three reprocessing cycles, all samples exhibit almost the same
glass transition temperature as the original materials. In
addition, these CANs can undergo degradation under acidic
conditions.
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To further improve the thermal/mechanical properties,
Wang et al. used a rigid 4,4-methylenebiscyclohexanamine
(PACM) to cure vanillin-based monoepoxide instead. The
obtained materials, MB-PACMs, have a higher glass transition
temperature (Tg) of 172 °C and a higher tensile length of 81
MPa due to the high n-conjugated Schiff base structure and its
associated hydrogen bonding.'’® MB-PACM can be hydrolyzed
at room temperature under mildly acidic conditions first to a
Schiff base containing oligomer, which is then further hydro-
lyzed until the Schiff base bond has completely vanished. In
addition, carbon fibre reinforced composites prepared with
MB-PACM as the matrix can also degrade at room temperature
under mildly acidic conditions and the recovered carbon fiber
retains the original textile structure, chemical structure,
surface morphology, and mechanical properties.

A simultaneous reaction between primary amines and alde-
hydes/epoxides usually leads to a less controlled chemical
structure. Therefore, Xu et al. synthesized a bifunctional
epoxide by direct coupling of vanillin with hydrazone followed
by a nucleophilic substitution reaction with epichlorohydrin.>
In this case, an imine bond was preformed within diepoxide
monomers. The subsequent polymerization only involved the
reaction between epoxides and amines, leading to a well-
defined network. In addition to good ductility and reprocessa-
bility (Fig. 1a), one of the obtained materials has a high initial
creep temperature of ~105 °C, which is mainly attributed to
the good stability of the hydrazine bonds at 100 °C and good
hydrazine interchangeability at elevated temperatures.
Meanwhile, the degradation of dihydrazone CANs exhibited
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Fig. 1 (a) Schematic diagram of dynamic exchange of imine bonds and reprocessing of dihydrazone CANs at a pressure of 10 MPa. (b) Degradation
mechanism of dihydrazone CANs. Reproduced from ref. 29 with permission from the Royal Society of Chemistry, copyright 2020. (c) Chemical re-
cycling process of cured epoxy/IH-VAN and epoxy/IH-HB resins. (d) Photographs of epoxy resins cured by IH-VAN (1) and IH-HB (2) in different sol-
vents for 96 h. Reproduced from ref. 109 with permission from the American Chemical Society, copyright 2020.
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temperature, solvent and acidity dependence. The dihydrazone
structure followed a two-step degradation mechanism consisting
of acid-catalyzed hydrolysis to a monohydrazone followed by
further hydrolysis of the monohydrazone (Fig. 1b). Furthermore,
the CANs exhibited a high killing rate (95.8%) against Gram-
negative bacteria (E. coli) owing to the high antibacterial feature
of the hydrazone bond and methoxy group in vanillin.

In the previous presentation, epoxides were typically intro-
duced by the reaction of epichlorohydrin with the hydroxyl
group of vanillin phenol. This significantly limits the types of
epoxides available, especially the renewable epoxy compounds.
In recent years, an increasing number of vegetable oil-based
epoxy molecules have been reported. Therefore, it is also
worthwhile to investigate how such renewable epoxides can be
copolymerized with vanillin to construct CANs with a higher
bio-content. To address this issue, instead of preparing imine-
containing epoxides, Zeng’s group synthesized a vanillin-based
imine-containing bisphenol (VA) and then reacted it with epox-
idized soybean oil (ESO) to obtain a bio-based epoxy CAN
(ESO-VA) with a tensile strength of 7.7 MPa, a Young’s
modulus of 41.4 MPa and a T, value of 27.6 °C."*” To further
improve the thermomechanical properties, vanillin-based
imine-containing bisphenols with higher rigidity (VSBs) were
synthesized to afford bio-based epoxy CANs with controlled
mechanical properties, reprocessability, reconfigurability, and
weldability.'%®
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Memon et al synthesized two imine-containing curing
agents (IH-VAN and IH-HB) from petroleum-based p-hydroxy
benzaldehyde (HB) and vanillin (VAN).'” The IH-VAN epoxy
resin exhibited superior performance with T, >120 °C, tensile
strength >60 MPa, Young’s modulus >2500 MPa, and good
solvent resistance (Fig. 1d). Bio-based IH-VAN-cured epoxy resin
has comparable thermal and mechanical properties compared
to petroleum-based IH-HB-cured epoxy resin. Notably, chemical
degradation products can be reused to prepare new epoxy
resins, thus achieving a closed-loop recycling process (Fig. 1c).

4.1.2. Polyimines. In addition to copolymerization with
monomers such as epoxides, condensation polymerization
using the aldehyde group of vanillin with diamines or poly-
amines leading to the formation of imine-based CANs is also
an important research direction in this field. However, vanillin
has only one aldehyde group, which is a monofunctional mole-
cule and cannot be directly polymerized with polyamines.
Therefore, the construction of molecules with multiple alde-
hyde groups based on vanillin is a prerequisite for Schiff base
polycondensation. The main methods currently available are
the direct oxidative coupling of benzene rings, dihalogenated
hydrocarbon coupling and phosphoryl chloride coupling.'*****

Early in 2012, Amarasekara used 3% hydrogen peroxide as
an oxidant to catalyze the oxidation of vanillin by horseradish
peroxidase to give a dimer (Scheme 11a)."*° Subsequent con-
densation with alkyl diamines of different chain lengths gave
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Scheme 11 Synthetic route to polyimines via the functionalization of vanillin: (a) Reproduced from ref. 110 with permission from Hindawi, copyright
2012. (b) Reproduced from ref. 111 with permission from the American Chemical Society, copyright 2018. (c) Reproduced from ref. 112 with per-
mission from the American Chemical Society, copyright 2020. (d) Reproduced from ref. 113 with permission from Elsevier, copyright 2021. (e)
Reproduced from ref. 114 with permission from the American Chemical Society, copyright 2022. (f) Reproduced from ref. 115 with permission from

John Wiley & Sons, copyright 2022.
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Schiff base polymers with degrees of polymerization (DPs) of
25-32.

Alternatively, coupling reactions utilizing the phenolic
hydroxyl can also afford di-, tri-, and even hexafunctional alde-
hydes. For instance, Geng et al. used 1,4-dibromoalkanes to
couple vanillin (Scheme 11b), which were then polymerized
with conventional diamines and triamines to obtain vanillin-
based polyimine vitrimers."'* These vitrimers could be repro-
cessed at elevated temperatures due to the thermal reversibility
of imine bonds. After reprocessing, the mechanical properties
were maintained at the same level as those of the original
samples (Fig. 2). The vitrimers were completely degraded
under mild conditions (24 h at pH 2 & 50 °C). The reformed
aldehydes and amines could then be recycled.

To reach a higher bio-content, Zhou et al. designed di- and
tri-aldehyde compounds (Scheme 11c) to polymerize with a
commercial bio-based aliphatic amine."** The mechanical and
thermal properties of the obtained vitrimers with different
cross-linking degrees were studied. The glass transition temp-
erature (Ty) of vitrimers increased with the increase of the
cross-linking density from 8.3 °C to 32.2 °C. The vitrimers
underwent rapid degradation in 0.1 M HCI aqueous solution.
After degradation, the aldehyde monomer was collected and
reused to re-prepare vitrimers in a closed-loop.

The hexa-aldehyde monomer HVP (Scheme 11d) obtained
by coupling vanillin with hexachlorocyclotriphosphazene was
first reported by Liu et al.'™ Applied as the matrix of carbon
fibres, the high crosslinking density and high P/N content of
HVP-based vitrimers demonstrated excellent flame retardancy
and mechanical properties of the resulting composites. In
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Fig. 2 Chemical recycling of cross-linked polyimine films (conditions:
50 °C, pH = 2, 24 h). Reproduced from ref. 111 with permission from the
American Chemical Society, copyright 2018.
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addition, the non-destructive closed-loop recycling of carbon
fibres and HVP/D230 monomers was also achieved under mild
conditions. It is noteworthy that the recycled HVP/D230-CF
showed almost the same mechanical properties as the original
HVP/D230-CF.

In addition to the coupling method, our group recently
developed a new approach to introducing another aldehyde
group directly onto the benzene ring of vanillin via the Duff
reaction (Scheme 11e),"** followed by condensation with
renewable diamines of different carbon chain lengths [1,4-
butanediamine (BDA), 1,5-pentanediamine (PDA), 1,6-hexane-
diamine (HDA)]. By subsequent polymerization with biorenew-
able diamines and trialdehydes, a series of fully biobased vitri-
mers with a high aromatic content (59.2-61.3 wt%) were pre-
pared. These fully biobased vitrimers achieved high tensile
strength values (58.0 MPa) and storage modulus (3.07 GPa),
which are essentially comparable to conventional thermosets.
The T, values of these vitrimers were tunable over a wide range
(from 27 °C to 78 °C) to accommodate different application
scenarios. Furthermore, these vitrimers could undergo a
closed-loop recycle through both thermomechanical and
chemical pathways (Fig. 3)."'* Saito et al. combined for the
first time the upcycling of polycarbonates and the benefits of
reversible covalent bonds to create new high-performance
materials (Fig. 4).""® BPA-PC waste particles were quantitatively
converted to bisphenol A and di-vanillin ethoxy carbonate
(DVEC) (Scheme 11f) via a vanillin derivative under solvent-
free conditions and successfully applied it to the preparation
of polyimine vitrimers (CL-P(ImC)-TREN). Furthermore, the
cross-linked poly(imine-carbonate)s were subjected to efficient
selective closed-loop recycling and showed selective separation
of mixed plastic waste streams. The study pioneered the incor-
poration of sustainability and circularity, that is the utilization
of bio-based resources, upcycling of commodity plastics, and
closed-loop recycling of new polymers, providing new ideas for
building a circular economy. In terms of utilization of poly-
carbonate waste particles, Reddy et al. also synthesized WPC-
derived aldehydes (WPCCHO) from waste polycarbonate (WPC)
and vanillin derivatives, which were then condensed with two
aromatic diamines to produce polycarbonate imide vitrimers
(PCIs)."*® Unexpectedly, PCIs exhibited excellent resistance to
acid hydrolysis and remained stable for 6 months even when
immersed in 5 M H,SO, THF/H,O solution (Fig. 5). The highly
crosslinked network prevents cleavage of the imine bond, and
this exceptional resistance to acid hydrolysis extends the appli-
cation of PCIs in acidic environments. However, under mild
conditions in the presence of hexylamine, it showed excellent
degradation properties with rapid and complete depolymeriza-
tion within 4 hours.

4.1.3. Other CANs with imine-bonds. Photocurable resins
are widely used in industrial, commodity and biomedical field
applications because of their good formability, mechanical
strength and cost-effectiveness."”” Xu and co-workers designed
and synthesized two vinyl monomers containing imine bonds
(Fig. 6a)."*® The vinyl bonds were expected to impart the resin
with fast photocurability, while the imine bonds could render
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Fig. 3 (a) Synthetic route and reprocessing of the fully bio-based vitrimers. (b) Digital photographs of the chemical recycling process of
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the final CANs thermally reprocessable and chemically recycl-
able. The cured resin X-Dom-MVL exhibited good stability in
common solvents, high thermal stability (Tysy, is above
250 °C), and a high storage modulus (3.4 GPa) at 20 °C. Due to
the presence of reversible imine bonds, the CANs can be
chemically recycled in hexamines by imine exchange reactions
at room temperature. Both CANs could be thermally repro-
cessed by mechanical grinding and subsequent hot pressing.
After two mechanical recycling cycles, their mechanical pro-
perties remain essentially unchanged.

In addition to being the primary reactive monomer, vanil-
lin-based compounds can be used as functional co-monomers
to improve the performance of conventional polymers. For
example, Coates et al. introduced a vanillin-based epoxide
monomer in the ring-opening copolymerization (ROCOP) of
epoxides and anhydrides to give aldehyde-containing poly-
esters."'® The aldehyde-containing polyesters were then cross-
linked with linear diamines to provide reprocessable thermo-
sets with high tensile strength and solvent resistance. This
ROCOP approach provides a flexible platform to probe the
relationship between the CAN architecture and the observed
dynamics.

In addition to vitrimers with only a single type of dynamic
bond, the introduction of multiple dynamic interactions could
promote faster stress relaxation behaviour in the vitrimers.
Hung et al. used MA-mediated ketone chemistry to construct
CANs with dynamic polyester backbones, while vanillin was
involved in monomer synthesis to introduce imine bonds
(Fig. 6b)."*° This synthetic route allows greater flexibility in
molecular design. The relatively low activation energy of imine
exchange compared to ester bond exchange reduces the total
activation energy of CAN exchange to 73 kJ mol™". CANs have
good thermal properties with a high T, value of 213 °C and a

This journal is © The Royal Society of Chemistry 2023
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thermal stability of 345 °C. In addition, they are reprocessable
and recyclable. Lee et al. proposed a type of vitrimer featuring
both an imine bond and a disulfide bond, by simply combin-
ing biorenewable cystine and vanillin (Fig. 6¢).">" Disulfide
bonds generally allow self-healing via metathesis under
ambient conditions, and imine bonds also allow self-healing
and reprocessing via rapid metathesis reactions with few side
reactions. The crosslinker contains both imine and disulfide

4268 | Polym. Chem., 2023, 14, 4255-4274

bonds, showing excellent self-healing and recyclability with a
low E, value for relaxation behavior (77 + 1.5 k] mol™).

4.2. Polyacetals

4.2.1. Epoxy resins with acetal bonds. Ma’s group syn-
thesized HMDO (Scheme 12a) with an acetal structure by con-
densation of vanillin and glycerol, and reacted it with epichloro-
hydrin to obtain DGHMDO.*° The product obtained by

This journal is © The Royal Society of Chemistry 2023
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curing DGHMDO with diaminodiphenylmethane (DDM) has
better mechanical properties than the BPA epoxy monomer
(DGEBA, trade name: D.E.R.331) cross-linked with DDM
(DGEBA-DDM), with a tensile strength of 104.9 MPa and a
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Young’s modulus of 2165 MPa. An elongation at break of 9.9%
and a fracture energy of 700.8 ] m™> are also better than those
of DGEBA-DDM (elongation at break of 7.4% and fracture
energy of 349.2 ] m~?). This reflects that DGHMDO-DDM has
superior toughness, which is mainly due to the conformation-
al transition of the heterocyclic ring in HMDO and the hydro-
gen bonding of methoxy. The heterocyclic conformation of
HMDO can be transformed under the action of external forces
or applied energy. The conformational transitions of six-mem-
bered non-planar rings can cause the absorption of external
energy and improve the molecular motion of the polymer
material, thus improving the toughness of the polymer. In
addition, the presence of a large number of hydroxyl groups in
the amino-cured epoxy resin can enhance the toughness by
forming hydrogen bonds with methoxy and forming an eight-
membered ring. The T, value of DGHMDO-DDM was as high
as 164 °C, and the initial degradation temperature (Tqs¢,) Of
DGHMDO-DDM under an air atmosphere was slightly lower
than that of DGEBA-DDM, while it was still as high as 330 °C.
The DGHMDO-DDM sample with dimensions of 8 mm x
8 mm x 1 mm was completely destructed after being immersed
in 0.1 M HCI acetone/water (9/1, v/v) solution at 50 °C for 5.5 h
(Fig. 7a and b).

Based on the formation of monoacetal, Lin and co-workers
synthesized a bicyclic bis-acetal monomer (Scheme 12b) via
the reaction between vanillin and erythritol. The obtained
bisphenol was then applied to form a fully bio-based CAN by
polyaddition with epoxidized soybean oil (ESO) as the comono-
mer and cross-linking agent. Due to the dynamic and degrad-
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(a) Degradation of DGHMDO-DDM in 0.1 M HCl acetone/water (9/1, v/v) solution at 50 °C and at different times. (b) Degradation mechanism

of DGHMDO-DDM. Reproduced from ref. 30 with permission from the Royal Society of Chemistry, copyright 2020. (c) Images of EVE-E before and
after reprocessing. (d) Degradation times of three CANs under different acidic conditions and the hydrolysis process of the EVE-E film in 0.5 M HCl
solution (acetone/H,0O = 9/1) at 70 °C. Reproduced from ref. 122 with permission from the American Chemical Society, copyright 2023.
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able properties of acetal moieties, the CAN material has good
recyclability and degradability and the degraded products can
be reused, indicating closed-loop recyclability (Fig. 7c¢ and

d) 122
4.2.2. Polyesters with acetal bonds. Besides crosslinked
polymers, vanillin-based bicyclic bis-acetal monomers

(Scheme 12c¢) have also been adopted in the synthesis of linear
polymers. A series of copolyesters were obtained by transesteri-
fication polymerization of the rigid spirocyclic acetal diols
copolymerized with 1,6-hexanediol and dimethyl tere-
phthalate.’® All polyesters were thermally stable under 300 °C,
as measured by TGA. The incorporation of rigid spirocyclic
acetal units not only increased the glass transition temperature
(from 73 to 103 °C) but also enhanced the oxygen barrier prop-
erty of the solution-cast films. In addition, the presence of a
spirocyclic acetal unit facilitates the selective acid hydrolysis of
the polyester, producing a structurally well-defined telechelic
polyester with two aldehyde functionalities. The resulting tele-
chelic polyesters were easily repolymerized with pentaerythri-
tol, making them potentially recyclable.

In another recent work, Zhang et al. modified the structure
by introducing NPG (neopentyl glycol) instead of 1,6-hexane-
diol, copolymerized with a spirocyclic acetal structure and
DMT. The glass transition temperature of the obtained poly-
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ester (PNVT) was up to 103 °C. The degradation under acidic
conditions yielded telechelic polymers consisting entirely of
aldehyde groups as end groups, which were confirmed by
MALDI-TOF-MS."**

4.2.3. Polyurethanes with acetal bonds. Vanillin-based
polyurethanes using acetal bonds have also been reported.'*®
PU-HMDO was obtained by curing the prepared HMDO
directly with a trifunctional isocyanate, and both PU-HMDO
and carbon fibre reinforced composites (CFRCs) with a poly-
urethane (PU) matrix (CFRC-HMDO) exhibited excellent
mechanical properties due to the heterocyclic structure of
HMDO and isocyanate. Owing to the cleavable acetal structure,
PU-HMDO and CFRC-HMDO can be rapidly and completely
degraded under mildly acidic conditions (Fig. 8a and b), and
the recovered CF maintains the original surface chemical
structure, microscopic morphology, fabric structure and
mechanical properties, indicating good recycling potential.

4.2.4. Thioacetal. Recently, examples of thiol acetals were
reported by Jin et al. Bio-based aldehyde-containing phenolic
compounds were subjected to mercaptan condensation reac-
tions with polymercaptans to prepare linear and cross-linked
phenolic polymers (Scheme 12d)."** Amorphous linear poly-
mers exhibited T, values between —9 °C and 12 °C, while vanil-
lin and its dialdehyde derivative were applied further for con-
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structing cross-linked networks with tunable mechanical pro-
perties, which depend on the utilized polymercaptans. The
degradation of linear and cross-linked phenolic polymers was
achieved at elevated temperatures in the oxidizing environ-
ment of DMSO, while the cross-linked networks of dialdehyde
monomers required thiol ethanol to degrade via a nucleophilic
exchange mechanism (Fig. 8c and d). The oxidative degra-
dation of the phenolic network led to the successful recovery
of vanillin for recyclability.

5. Summary and outlook

The exploration of bio-based renewable resources is of great
importance in today’s context. Among such resources, lignin
stands as the second largest biomass resource, surpassed only
by cellulose, while vanillin stands as the most established
commercial product derived from lignin. Consequently, the
study of vanillin is of considerable importance. This review
highlights the growing interest among researchers in the syn-
thesis of vanillin-based polymers, as evidenced by the majority
of recent studies discussed. The rigid benzene ring structure
of vanillin could contribute excellent mechanical properties,
facilitating the construction of diverse polymers. With its alde-
hyde and phenolic hydroxyl groups, vanillin offers limitless
potential for the preparation of bio-based derivatives. As the
demand for high-performance, environmentally friendly
materials derived from renewable resources continues to rise,
vanillin emerges as a promising and abundant resource. A
comprehensive examination of vanillin-derived polymers
across a range of categories, encompassing versatile materials,
recyclable and degradable options, and thermoset polymers
like phenolic resins, epoxy resins, and benzoxazole resins,
among others, was conducted. Furthermore, thermoplastic
polymers such as polyesters and polycarbonates, as well as
polymers incorporating dynamic covalent bonds like Schiff
base and acetal, are included, presenting a holistic perspective
on vanillin-based derivatives. A thorough survey of the syn-
thesis methods employed in the preparation of these renew-
able polymers, derived from vanillin-based monomers, is pro-
vided, ensuring an extensive understanding. Additionally, an
insightful comparative analysis of the performance character-
istics exhibited by these vanillin-based polymers is presented,
enhancing the comprehension of their respective merits and
capabilities.

However, the utilization of vanillin-based compounds is
still facing challenges. Firstly, the complicated synthesis
approaches of many vanillin derivatives pose limitations on
manufacturing with high yields. Despite the availability of
biomass feedstocks like lignin, which serve as the source of
vanillin, their complex chemical structures present challenges
in achieving economically efficient approaches for obtaining
uniform and controllable bio-based compounds. Moreover,
the relatively high-cost and limited production scale of vanillin
impede its widespread applications. In the case of vanillin-
based vitrimers, current dynamic covalent bonds primarily

This journal is © The Royal Society of Chemistry 2023
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consist of amine bonds and (thio)acetal bonds that have
demonstrated degradability via hydrolysis or aminolysis. The
incorporation of dynamic covalent bonds has also enhanced
the self-healing, recyclability, and reprocessability of vanillin-
based polymers. Nevertheless, there remain unresolved issues
concerning the design of thermoset materials (preferably vitri-
mers) that can maintain long-term stability under harsh con-
ditions, while simultaneously exhibiting chemical recyclability
and thermomechanical reprocessability. In addition, the
current reprocessing of vanillin-based vitrimers requires high
temperatures as the dynamic covalent bonds involved are
usually thermo-sensitive. Therefore, introducing dynamic
covalent bonds with other types of sensitivities (e.g. light-sensi-
tive) might largely expand the available reprocessing methods
and reduce the corresponding energy consumption. Despite
the remaining issues, the examples discussed in this review
show the potential of vanillin-based polymers to replace petro-
based analogues. As lignin refining and vanillin modification
technologies continue to advance, vanillin-based polymers will
certainly become an ideal alternative for the preparation of
high-performance, functional polymeric materials that could
eventually be widely commercialized. This advancement holds
tremendous promise in the field of materials science, paving
the way for bio-based material manufacturing.
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