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Bio-based polycarbonates represent a class of superior-performance polymers prepared from sustainable
resources with excellent mechanical properties, thermal stability, and optical transparency, which offer
a promising alternative to conventional petroleum-based polycarbonates. This paper provides
a comprehensive review of bio-based polycarbonates, covering topics including monomer sources,
synthesis methods, structure—property relationships, application areas, and emerging development
trends. Two typical types of bio-based polycarbonates represented by poly(isosorbide carbonate)s and

Received 19th July 2023 poly(limonene carbonate)s are highlighted. Moreover, the effects of catalyst types, reaction conditions,
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and modification methods on their molecular weights and properties are discussed. Finally, the review

addresses the challenges faced by bio-based polycarbonates and provides insights into their prospective
directions.
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Sustainability spotlight

Polymers have become an integral part of modern life due to their versatile range of adjustable properties. Currently, synthetic polymers are mainly made from
fossil resources, prompting a quest for more sustainable raw materials to achieve carbon neutrality. Polycarbonate (PC) is one of the most widely used ther-
moplastic engineering plastics. The global demand for PCs exceeds 4.4 million tons per year and continues to grow. The development of bio-based PCs could
fulfill the requirements of environmentally sustainable and performance-advantaged plastics, with a lower carbon footprint and higher bio-safety. The review of
bio-based PCs emphasizes the importance of the UN sustainable development goals including: industry, innovation, and infrastructure (SDG9), responsible
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consumption and production (SDG12), and climate action (SDG14).

1. Introduction

The utilization of carbon sourced from fossils is a contributing
factor to anthropogenic global warming."? It has been projected
that by the mid-21st century, the proportion of polymer
production in worldwide fossil fuel consumption will increase
to one-fifth.> Nowadays, there is a pressing need for a transition
from a fossil fuel-based economy to an ideal circular materials
economy, such as through the use of sustainable materials
sourced from plants and other non-fossil biogenic feedstocks.*”
The quest for novel monomers to synthesize polymers without
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relying on petrochemical feedstock is rapidly growing in scope
and scale.*™?

Bio-based polymers are derived from renewable feedstock,
typically biomass, and offer a sustainable alternative to tradi-
tional petroleum-based polymers, with special characteristics
such as being green, environmentally friendly, and renew-
able."™"> However, there are still many challenges in producing
bio-based polymers from biomass. On the one hand, bio-based
polymers should exhibit comprehensive performance compa-
rable to petroleum-based polymers to meet application
requirements.* Some reported bio-based monomers have been
proven to improve certain properties of bio-based polymers,
such as mechanical and optical properties, enabling better use
in specific areas. On the other hand, the utilization of multiple
bio-based monomers enhances the structural complexity of
polymers, thereby promoting synthetic research. Typically,
research on the synthesis of bio-based polymers includes two
parts: Firstly, novel monomers derived from biomass are
investigated to establish new structure-property relationships.
Subsequently, this knowledge stimulates the development of
innovative catalyst designs and methods.

Polycarbonate (PC) is the only transparent plastic among the
engineering plastics, with excellent mechanical, thermal and
optical properties that make it ideal for applications in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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electrical electronics, automotive industry, medical devices, and
protective equipment.**** Since 2017, the total global PC
capacity has exceeded 4 million tons per year and is expected to
increase to 9 million tons per year by 2030." In 1958, fossil-
based PCs were commercialized by Bayer.'® Traditional PC
was produced using phosgene and the petroleum-based
monomer bisphenol A (BPA)."” However, as an endocrine dis-
ruptor, BPA has estrogenic effects and chronic toxicity, limiting
the application of PCs in the fields of food, medical apparatus,
and baby products.’®>' Consequently, bio-based alternatives to
BPA monomers have become a growing field of research.?” In
2012, Mitsubishi Chemical developed a commercial bio-based
PC product named “Durabio”, which was produced from corn-
derived and non-toxic isosorbide.* Isosorbide-based PCs not
only inherit the desirable properties of BPA-based PCs, but also
have a low carbon footprint and high biosafety, in line with the
requirements of environmentally sustainable plastics. In addi-
tion to isosorbide, synthetic routes of a range of bio-based
monomers starting with lignocellulose, terpenoids (typically
limonene oxide) and vegetable oils, etc., have been
investigated.>*® The introduction of functional monomers into
PCs presents an opportunity to develop novel high-performance
materials for emerging applications such as optics, optoelec-
tronic information and biomedicine, owing to their high
mechanical strength, transparency, impact resistance, and
potential degradability and biocompatibility.”** Among bio-
based monomers reported for PC synthesis, isosorbide and
limonene oxide, which are typical sugar and terpene derived
monomers respectively, have been systematically researched
and can be represented as prime examples for bio-based PCs.

Recently, many reviews have focused on the sustainable
routes of bio-based monomers and the outstanding properties
of bio-based polymers.****** Barbaro et al. conducted a review
on the sustainable catalytic synthesis of rigid diols derived from
biomass, with the potential to act as functional alternatives to
BPA.** Bio-based pre-polymers and polymers including but not
limited to epoxy resins, polyethylene, polypropylene and poly-
ethylene terephthalate, have been summarized in reviews.**
Zhang et al.®® provided a comprehensive overview of represen-
tative bio-based polyesters. Beckham et al.* summarize some
recent advancements in the development of high-performance
bio-based polymers with C-O or C-N bonds. In addition,
many reviews have summarized the progress of research on
aromatic polycarbonates synthesized from BPA and diphenyl
carbonate and aliphatic polycarbonates synthesized from
epoxide and CO,.>"** However, there are no reviews that provide
a systematic summary of bio-based PCs to our knowledge. So in
this review, we give a comprehensive introduction to two
representative bio-based PCs, poly(isosorbide carbonate)s and
poly(limonene carbonate)s. A brief introduction of the bio-
derived monomers is presented in the first section. The
majority of this review highlights polymerization and modifi-
cation strategies. Furthermore, the effects of catalyst types,
reaction conditions, and modification methods on their
molecular weights and properties are discussed. In conclusion,
we outline the opportunities and challenges for advancing the
field of bio-based polycarbonates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Bio-based monomers for
polycarbonate synthesis

The synthetic methods of bio-based PCs are fundamentally
consistent with conventional BPA-PC. Broadly speaking, there
are two routes as shown in Fig. 1. The first is the step-growth
polycondensation route, referring to bisphenol or aliphatic
diols derived from sugars or lignins as bio monomers, followed
by transesterification reaction with carbonylation reagents. The
second is the ring-opening polymerization (ROP) route, in
which epoxides and cyclic carbonates are used as bio-based
monomers. Epoxides are mainly derived from terpenoids and
vegetable oils, while cyclic carbonates are mainly derived from
sugar-based compounds. Based on the two routes described
above, typical bio-based monomers used for PC synthesis can be
classified into four categories including sugar-derived mono-
mers, lignin-derived monomers, terpene-derived monomers,
and vegetable oil-based monomers. These categories are dis-
cussed in detail in the following (Fig. 1).

Natural sugar is one promising raw material for various
applications, which has the advantages of high availability, low
toxicity, and structural diversity.*® Specifically, cyclic unit
structures derived from sugar can enhance the rigidity of the
polymer chain, resulting in a higher glass transition tempera-
ture (7T,).*” As the only industrially available bio-based aliphatic
bicyclic sugar-based monomer, isosorbide (1,4:3,6-dianhydro-p-
glucitol, ISB) has attracted significant research attention.>*”*
ISB as one of the most promising alternatives to BPA, possesses
properties of rigidity, chirality, and non-toxic.***” The most
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Fig. 1 Schematic representation of typical bio-based monomers for
synthesizable PCs, and two strategies to transform bio-based mono-
mers to PCs.
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common route of ISB by double dehydration of sorbitol under
acidic conditions.”** The development and maturation of the
dual-catalytic system, along with the direct conversion of
cellulose to ISB process, have substantially decreased the
production cost of ISB.**** These developments demonstrate an
increasingly obvious cost advantage compared to other biomass
monomers. Notably, ISB-based PCs are typical bio-based PCs
prepared via step-growth condensation strategies. In addition,
saccharides can react with CO, or compounds containing
carbonate linkages to synthesize sugar-based cyclic carbonates,
which then produce PCs via cyclic carbonates ring-opening
route. Examples are PCs based on glucose,* p-mannose,* and
2-deoxy-p-ribose,* among others. The structure of saccharide
cyclic carbonate monomer from p-mannose and CO, was shown
in sugar part in Fig. 1. These developments in synthetic meth-
odologies of sugar-based monomers are important steps toward
the use of saccharides as effective and innovative feedstocks for
PC-based engineering materials.

Lignin, isolated from wood or plant, is the most prevalent
biopolymer after cellulose, which can be converted to numerous
phenol derivatives.”*” Lignin is a complex polymer composed
of phenylpropane derivatives, which originate from three
primary monolignols: p-coumaryl alcohol, coniferyl alcohol,
and sinapyl alcohol.** Due to the “breakdown-reassembly” of
lignin could produce different phenolic molecules, lignin-
derived bio-renewable bisphenols, triphenols, and multi-
phenols have the potential to replace BPA as phenolic mono-
mers in step-growth condensation route.*** The reported
monomers that can be used to synthesize PCs include vanillyl
alcohol,** eugenol,** and bisguaiacol®®***” and their deriva-
tives, of which bisguaiacol derivatives are regarded as the most
common bio-based BPA-alternative. The structure of p,p’-bis-
guaiacol F was shown in lignin part in Fig. 1, which could be
made by condensation between vanillyl alcohol and guaiacol.
The p,p’-bisguaiacol F could be used to synthesize PCs by
interfacial polycondensation with triphosgene.®® In biological
assays on lignin-derived phenolic monomers, research has
shown that lignin-derived bisphenols extracted from eugenol,
carvacrol, and creosol exhibit no estrogenic effects, enabling the
production of lower toxicity polycarbonates and potentially
reducing long-term health risks.®® However, efficiently catalytic
systems for the conversion of lignin into monomers remain to
be developed, mainly due to the inherent complexity of lignin
materials.

Functional terpenes offer a promising alternative for the
synthesis of novel bio-based epoxides. The chemistry of func-
tional terpenes provides an interesting option to obtain new
bio-based epoxides.*” Limonene, a commercially available
monoterpene that can be easily extracted from citrus fruits, has
attracted considerable attention for its potential applications.”
The epoxidation of the double bond on the aliphatic ring gives
rise to reactive limonene oxide (LO) or a-pinene oxide (APO),
both of which can be used as a platform monomer to obtain
polycarbonates.** The epoxy groups of LO or APO enable ROP
reactions. Although there are fewer examples of APO being used
as an epoxy monomer,” the utilization of LO as a renewable
terpene feedstock in bio-based PC synthesis has received
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significantly increased attention. Since (R)-LO is derived from
orange peel while (S)-LO is from fir cone oil, (R)-LO is relatively
cost-effective compared to (S)-LO,”* so current polymerization
studies have focused on the use of (R)-LO.*

The main component of vegetable oil is triglyceride, in which
the three fatty acid chains are usually derived from fatty acids
containing carbon atoms ranging from 14 to 22. The reactive
groups such as double bonds, ester groups, and ester a-carbons
in the fatty acid structure can be reactive to introduce functional
groups with higher polymerization capacity. Among these, the
introduction of epoxy groups into vegetable oil-sourced triglyc-
eride is a common modification method for incorporating
functional groups. And the epoxy groups are important groups
that can realize copolymerization with CO,. Typically, epoxi-
dized vegetable oils can be employed in the synthesis of PC by
ROP reactions in organocatalytic systems under milder condi-
tions.” The coconut oil-derived glycidyl octanoate,” linseed oil-
based epoxides,” soybean oil-based terminal epoxides,”®””
castor oil-derived epoxides”® and so on were explored to
synthesize new biodegradable PCs via the copolymerization
with CO,. The presence of long side chains can effectively
reduce the T, of the polymer, addressing the current problems
of high T, and high viscosity of CO,-based PCs to accommodate
their applications in coatings among other areas.

In addition to the above sources of bio-based monomers,
there are additional bio-based monomers that can be synthe-
sized from natural compounds or are found naturally in limited
quantities, such as natural citric acid.**** Furthermore, it is
noteworthy to mention that the design and synthesis of novel
bio-based polymeric monomers have the potential to enhance
the structural and performance diversity of PCs. This extension
can broaden the range of applications and has also gained
significant attention.®*

Overall, multiple types of bio-based monomers can promote
further research in the field of PC synthesis. Generally, research
on the synthesis of bio-based polymers includes two parts:
structure-property relationships based on novel monomers
from biomass and the development of novel catalyst systems for
the synthesis of bio-based PCs. Most of the current research on
the synthesis of bio-based monomers is still at the stage of
synthetic route development. As typical examples, sugar-derived
ISB monomers and terpene-derived LO monomers have been
commercially available. Thus, in the following, we will further
review these two representative bio-based PCs: poly(isosorbide
carbonate)s and poly(limonene carbonate)s.

3. Bio-based polycarbonates from
isosorbide monomers

As a typical type of sugar-derived product, poly(isosorbide
carbonate)s (PICs) have received widespread attention due to
their advantageous properties.”>*” Regarding the structure of
PIC, the ISB units in PIC have bifuran structures that form 120°
dihedral angles in space.””*® The dihedral angle, which is not
easily folded or rotated, imparts superior mechanical and
thermal properties to PIC compared to BPA-PC.*” Additionally,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the non-toxicity, high transparency, and wear resistance of PIC
are superior to traditional BPA-PC."

However, the molecular weight growth of PIC is limited due
to the low activity of the hydroxyl groups in the reactant ISB. The
solution to this challenge lies in the development of efficient
and mild catalysts, which can address the issue of achieving
a higher weight-average molecular weight (M,,) of PIC and meet
the minimum requirements for industrial processing (M,, > 70
kg mol ').*® In addition to the study of PIC synthesis, many
studies focus on the modification of PIC to meet the industrial
demand for high-performance functionalized PC and further
expand the application areas of PIC. Hence, research on PICs
has focused on two main areas: the synthesis of PICs and the
modification of PICs.

3.1. Synthesis of poly(isosorbide carbonate)s

3.1.1. Phosgene-based route. The condensation of diols or
diphenols with phosgene is the classical synthesis method of
PCs.** Since phosgene is predominantly highly toxic and
hazardous to human health, the industry currently uses
diphosgene or triphosgene instead of phosgene (Fig. 2a).
Extensive research has been conducted on the utilization of bio-
based monomers as a substitute for the raw material, BPA. The
synthesis of bio-based PC by ISB and diphosgene was first re-
ported in 1992, using pyridine as the solvent and triethylamine
as the catalyst.”® Although this scheme can synthesize PICs with
M,, of 50 kg mol " with 20% excess of diphosgene, the poly-
merization dispersion index (PDI) is too high reaching 7.0.°* In
subsequent studies, an inert solvent, 1,4-dioxane, was employed
instead of pyridine as the solvent, and pyrimidine was used as
the catalyst for the condensation polymerization of ISB and
diphosgene. This approach enabled the attainment of products
M,, up to 30 kg mol™" under the condition of 5% excess of
diphosgene.**

Although the phosgene-based route is the most classical and
industrially widespread method for the synthesis of PCs, the
raw material phosgene derivatives and solvents are toxic. There
is still an urgent need to develop green processes.

3.1.2. Melt transesterification route. The non-phosgene
melt transesterification route offers the advantage of
achieving a high atomic utilization rate without the use of toxic
substances, making it environmentally friendly. Additionally,
by-products generated during production can be recycled,
allowing for effective control over production costs. Generally,
the non-phosgene melt transesterification route utilizes
diphenyl carbonate (DPC) and diols as reactants, while DPC can
be synthesized by transesterification via phenol and dimethyl
carbonate (DMC).? The process undergoes two reaction stages:
transesterification and polycondensation, which generally
occur in the presence of basic catalysts (Fig. 2b).

Among the alicyclic monomers, ISB is one of the most
studied monomer for melt transesterification process.”® Within
the studies of transesterification route involving ISB, the re-
ported catalysts can be subdivided into three major types: alkali
metal catalysts, organic non-metallic catalysts, and ionic liquid
(IL) catalysts (Table 1).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the past decade, a variety of alkali metal catalysts, repre-
sented by cesium carbonate, have been developed.”® Wang
et al.** prepared loaded solid base multiphase catalysts for melt
transesterification, and Wu et al.*® explored a series of organo-
metallic catalysts. According to their studies, strong electro-
philic reagents represented by alkali metal cations exhibited
high reactivity due to their efficient activation of the endo-OH of
ISB and the carbonyl group of DPC. Apart from the above-
mentioned, metal chlorides have been demonstrated to form
intermolecular hydrogen bonds with the hydroxyl groups of
ISB.?® This interaction not only improved the endo-OH reaction
activity but also increased the ratio of endo-endo structure,
resulting in the products with high T.

However, since residual metal catalysts can affect product
quality, some researchers have turned their attention to non-
metallic catalysts. Emerging green media ILs are of great
attention to researchers in science and engineering, not only for
their designability and low toxicity but also for their excellent
performance in catalysis.'® ™" Initially, a series of quaternary
ammonium-based ILs with different anions were designed.**>***
The relationship between the anions of the ILs and the catalytic
activities was investigated. Among them, tetraethylammonium
imidazolate ([N, ][Im]) exhibited the highest catalytic activity,
resulting in a M,, of 25600 g mol " and an isosorbide conver-
sion of 92%. The results indicated that the catalytic activity
depended on both the basicity of the catalyst and the coordi-
nating strength of the anion in the IL. Based on the above work,
a series of imidazolium-based ionic liquid catalysts were further
designed and the effect of anion acidity and basicity on the
catalytic performance was investigated. The inactivity of
strongly acidic anions and the inferior activity of neutral anions
also verified the importance of basicity.'”* Moreover, the M,, of
the PIC synthesized by [Bmim][CH;CHOHCOO] was signifi-
cantly increased to 105.8 kg mol . The anion in catalyst [Bmim]
[CH3;CHOHCOO] exhibits greater electronegativity, where the -
OH in lactate anion could facilitate the activation of the
carbonyl group through hydrogen bonding, rendering the
carbon of the carbonyl group in DPC more susceptible to
nucleophilic attack by -OH in ISB. These results indicated that
the anions possessing stronger electronegativity and hydrogen
bond formation ability exhibited greater advantages in the
synthesis of higher molecular weight PICs. Subsequently, based
on the aforementioned research, amino acid ionic liquids
containing both carboxylic acid anions and hydrogen bond-
giving groups were developed, which achieved superior cata-
Iytic performance in the synthesis of PIC with the M,, of 150.0 kg
mol ' under the optimal catalyst [Emim][Lys].*** The remark-
able catalytic performance was attributed to the fact that [Lys]
anion could form a stronger hydrogen bond with the endo-OH of
ISB, thereby activating the endo-OH of ISB. Further research has
found that [Emim][Lys] can inhibit the formation of cyclic
intermediates compared to tetrabutylphosphine ionic liquids.
Overall, in the selection of anions, stronger nucleophilic anions
containing hydrogen donor groups exhibit activation of
carbonyl and hydroxyl groups of the reactants and inhibition of
disadvantageous intermediate formation to obtain high
molecular weight PICs.

RSC Sustainability, 2023, 1, 2162-2179 | 2165
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Fig.2 The synthesis of PICs. (a) PIC synthesized via phosgene strategy; (b) PIC synthesized with DPC or DMC via melt transesterification strategy;

(c) PIC synthesized via end-group activation strategy.

Apart from the above single-active-site ILs, multi-active-site
IL catalysts have been exploited with high catalytic activity.'*
The superior thermal stability of dicationic ILs compared to
conventional monocationic ILs makes them more suitable for
high-temperature melt polycondensation to produce PICs.
Moreover, the presence of multiple electrophilic sites on the
alkyl chain of the cation facilitates the efficient activation of
DPC. The halogen anion in the optimal dicationic catalyst

2166 | RSC Sustainability, 2023, 1, 2162-2179

[C»(Min),][Br], could break the intramolecular hydrogen bond
of ISB and form hydrogen bonds with —OH of ISB. The reactivity
of endo-OH and exo-OH is effectively balanced in the synergistic
catalysis of [C,(Min),][Br],.

More attractive routes to synthesize PICs are prepared by
melt polycondensation reactions of ISB with carbon dioxide-
derived DMC. CO,-derived DMC is a more environmentally
friendly raw material that can effectively reduce carbon dioxide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Catalysts for melt transesterification with ISB
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Yield
Catalyst Carbonyl Amount cat.” (mol%) Temp.” (°C) Reaction time® (h) (%) M, (kgmol™') PDI T, (°C) Ref.
Alkali salt
Cs,CO;3 DPC 2x107° 180/240 1/1.5 — 32.6 1.48 164 93
Ca/SBA-15 DPC 0.02¢ 180/240 1/1 95 48.8 1.64 169 94
CaCl, DPC 0.16 160-220/230-250 1.5/1 — 17.4 — 172 95
Zn(0Ac), DPC 0.16 — 14.3 — 168 95
LiCl DPC 0.16 83.5° 510 — 168 96
LiAcac DMC 0.10¢ 98-180/240 7/5 93¢ 29.7 1.99 167 97
(CH;);CONa DMC 0.80 160-180/210 2/0.5 99¢ 55.1 1.90 167 98
Organic alkali
TBD DMC 0.10 180/240 1.5/4 93 53.2 1.69 — 99
Ionic liquids®
[Na20][Im)] DPC 0.0015 98/240 5/5 95 25.6 1.96 162 100
[Bmim][CH;CHOHCOO] DPC 0.05 100/240 5/0.5 99 105.8 1.71 174 101
[Emim][Lys] DPC 0.005 150/240 0.5/0.5 99 150.0 1.63 174 102
[C(Min),][Br], DPC 0.0045 130-160/240 3/0.3 99 98.7 1.53 170 103
[Bmim][4-I-Phen] DMC 0.44 98/230 3.5/4 50.3 1.76 160 104
[Emim][Br] DMC 0.44 98/200 5/1.5 87.4 52.1 1.82 156 105
[Ny114][Arg] DMC 0.10 180/250 0.5/1 72 39.9 1.65 157 106
[Paa44][Phth] DMC 0.50 180/250 0.5/1 99 41.7 1.66 154 107
[Na220][HQ] DMC 0.80 180/230 11 99¢ 53.6 1.69 — 108

“ The value is based on ISB. ? The first value is the reaction temperature of the transesterification stage, and the second value is the reaction

temperature of the condensation stage
time of the condensation stage.

¢ The first value i is the reaction time of the transesterification stage, and the second value is the reaction
? wt% based on DPC. ° Conversion of ISB. / The viscosity average molecular weight. £ Im: Imidazolate, Lys:

lysine, 4-I-Phen: 4- iodophenol, Arg: arginine, Phth: phthalimide, HQ: hydroquinone.

emissions, regarded as the cornerstone of the green chemical
industry in the 21st century.'*®'*®

However, using DMC as a carbonyl source faces a challenge:
to avoid the DMC-induced methylation (B,.®> mechanism) or
methyl-carboxymethylation (Bar>-Bsc® mechanism) side reac-
tions of ISB.*** Due to the fact that the by-products of methyl-
ation can inhibit the growth of polymerization chains, it is
necessary to inhibit the generation of methylation intermedi-
ates. Therefore, efficient catalysts need to be developed to react
DMC with ISB according to the Bac® mechanism to synthesize
high molecular weight PICs (Fig. 3).*

The synthesis of PIC through melt polycondensation using
ISB and DMC was reported in 2013, utilizing lithium acetyla-
cetonate (LiAcac) as the catalyst.”” The reaction time was 12 h
and the M,, of 29.7 kg mol ! which needed to be improved. In
2020, the metal ion-containing compound catalyst sodium tert-
butoxide ((CH3);CONa) was developed to decrease the reaction
time to 2.5 h, meanwhile, the weight-average molecular weight
was increased to 55.1 kg mol *.° What's worth noting, when the
interaction energy of catalyst is high, the side reaction of
methylation could be inhibited, but too high interaction energy
affects the proton absorption capacity of the anion and thus the
catalytic performance. This provides theoretical guidance for
the design of subsequent IL catalysts.

The organic alkali catalysts also achieved an improvement in
this route, but there are fewer relevant studies. Ochoa-Gomez
et al."*>"¢ used a two-step method with organic alkali catalyst
1,8-diazabicyclo[5.5.0Jundec-7-ene (DBU) in the

© 2023 The Author(s). Published by the Royal Society of Chemistry

transesterification and polycondensation steps. But the M,, of
the PIC is only 1.80 kg mol ™ *. Furthermore, the organic catalyst
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was developed via one-
pot synthesis.”” TBD has a bifunctional activation mechanism,
and its nitrogen bicyclic Lewis base can activate the -OH of ISB
as well as enhance the reactivity of DMC.

IL catalysts also showed excellent catalytic effects in the
synthetic routes wusing DMC as the carbon source.

i -

BA|_2/BA|_2'
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g.3 DMC-induced mechanism to synthesize PICs.
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Phosphonium-phenolic-based ILs were first found to be effec-
tive in catalyzing the transesterification reaction of ISB with
DMC to produce methoxy carbonylation intermediates.'””
Similar to the reaction mechanism of the DPC route, the reac-
tion is activated by the formation of hydrogen bonds and elec-
trostatic interactions with the IL catalysts. Given this, by
modifying the structures of phenolate-based ILs, the nucleo-
philicity of the anion and the electrophilicity of the cation in ILs
could interact with each other to obtain efficient catalysts for
the synthesis of high molecular weight PICs.'™ A range of
phenolic IL catalysts was investigated, revealing that the highest
molecular weights could be obtained under the catalyst [Bmim]
[4-I-Phen], when the hydrogen bonding strength of ILs to the
substrate was moderate.'® Subsequently, bromine anion-
based,'® amino acid anion-based,'*® amide anion-based,'*” and
dual-site functionalized'® ILs catalysts were developed.
Systematic studies have shown that the cation-anion synergistic
activation of IL catalysts for the reaction substrates ISB and
DMC, where the anions with higher alkalinity, higher negative
charge density, and lower steric resistance exhibit better cata-
lytic activity. As an example, the carboxymethylation selectivity
of DMC and the conversion of ISB can be improved to 99.6%
and 99.0% with phthalimide ILs catalyst ([P4444][Phth]).""’
Because of the branching imine group of its amino acid anion,
it can form intermolecular hydrogen bonds with DMC through
multiple sites. It makes the carbon atom in the carbonyl group
more likely to receive attack, thus increasing the selectivity of
the carboxymethylation reaction. Aside from the widely studied
DPC and DMC, some studies have used other functionalized or
green sources of carbonates as carbonyl sources in trans-
esterification reactions. For instance, Kamps et al."*® used bis(-
methyl salicylic acid) carbonate as a carbonyl source, which has
higher reactivity than DPC. It can avoid the discoloration and
cross-linking of PICs due to the end groups generated by the
elimination reaction of B-H."™ Detrembleur group developed
a series of novel CO,-based monomer bis(a-alkylidene
carbonate) to synthesize PCs by organocatalytic stepwise poly-
merization with diols under mild conditions.*® Subsequently,
they synthesized a series of regionally regular poly(oxo-
carbonate)s by progressive copolymerization of CO,-derived
bicyclic carbonate with bio-derived diols such as ISB at 25 °C
using DBU as the catalyst.* This process provides new ideas for

the sustainable production of bioplastics under mild
conditions.
3.1.3. End-group activation route. The end-group activa-

tion method uses highly reactive groups to replace the ends of
molecular chains of conventional biomass monomers, which
are then involved in polymerization to prepare PC. As early as
2003, Yokoe et al.**® activated ISB with diphenyl carbonate and
p-nitrophenyl ester as substituents, and then copolymerized
them with aliphatic diols to obtain copolymers with M, of 19.2
kg mol " and 33.8 kg mol ™", respectively.

One good example of end-group activation methods is recent
reports on dimethoxycarbonyl isosorbide (DCI) (Fig. 2c). DCI
can be obtained in high yield by methoxycarbonylation of iso-
sorbide in the presence of DMC, and it is one of the potential
monomers for the synthesis of functional PC.***** Recently,
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Arico et al.*** used the levoglucosyl triol monomer citrate triol
(triol-citro) to achieve polycondensation with DCI to synthesize
PC containing both linear and dendritic units. The novel PC is
composed entirely of bio-derived groups with citronellol side
chains, leading to the cross-linking of the side chains induced
by UV light irradiation. The T, of the cross-linked PC was
increased from —60 °C to —6 °C and Tgs00, from 212 °C to 444 ©
C, which can be used for biomedical materials requiring low T

Based on the above studies, developing a new synthetic route
for green carbonyl source or other functional carbonyl source is
the main development direction for the synthesis of PIC in the
future, meanwhile enhancing the molecular weight and yield of
PIC via designing and developing novel catalyst system and
catalytic mechanism remains imperative.

3.2. Modification of poly(isosorbide carbonate)s

3.2.1. Copolymerization modification with binary como-
nomers. The high molecular weight PIC has a higher T, than
BPA-PC. However, due to the rigid structure of ISB, the PIC
material exhibits drawbacks such as elevated melt viscosity,
suboptimal processability, and pronounced brittleness.*”
Synthesis of suitable copolymers can improve the comprehen-
sive properties of PIC while improving the above defects,
increasing the variety and expanding the range of applications.
Straight-chain aliphatic diols are the most widely used mono-
mers for the modification of PIC, which can modify the flexi-
bility of copolymerized PIC (co-PIC) (Fig. 4a). Straight-chain
aliphatic diol comonomers can improve the PIC stiffness
caused by the bicyclic structure to enhance the processing
performance of PIC.*” As the number of methylene groups of
aliphatic diol increases, the T, value of co-PIC decreases, and
the rigidity of co-PIC decreases (Table 2).'°%**> Due to the C-O
bond in oligoethylene glycols is more prone to internal rotation
than the C-C bond in methylene glycols, oligoethylene glycols
can also be used as comonomers with flexible chains to enhance
the flexibility and processability of polymers.”” Among them,
the copolymerization of PIC with diethylene glycol (PGIC-2 in
Table 2) resulted in superior mechanical properties, exhibiting
a tensile strength value of 80 MPa, which is 1.25 times higher
than that of commercial BPA-PC (63 MPa). Moreover, the
elongation at break reached up to 160%, which was 8 times
greater than that of PIC (18%) and significantly higher than that
of commercial BPA-PC (approximately 100%).

Copolymerization with straight-chain aliphatic diols
enhances the flexibility and elongation at the break of PIC,
while an increase in flexible structure content leads to
a decrease in its mechanical strength.’® The ring structure of
cycloaliphatic diols can compensate for the lack of polymer
stability. 1,4-Cyclohexanedimethanol (CHDM) is the most
widely studied cycloaliphatic diol monomer. Industrially, the
copolymerization by CHDM can effectively improve the pro-
cessing properties and toughness of PIC. Mitsubishi Chemical
has developed and commercialized a poly(ISB-co-CHDM
carbonate) (IcC-PC), named Durabio-PC, which is synthesized
through the polycondensation of ISB and DPC in the presence
of flexible CHDM." According to the published literature, by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The modification of PICs. (a) The synthesis of random terpolymers with different types of comonomers; (b) the synthesis of co-PICs via
reactive blending; (c) the synthesis of composited PICs via composite enhancement method by in situ polymerization reaction.

changing the ratio of ISB/CHDM, the fragility of solely PIC is
overcome and the mechanical properties of the copolycar-
bonates are adjustable.” As the content of ISB increased, there
was an increase in the T, and elasticity of copolycarbonates,
while the M,, and elongation decreased of copolycarbonates.
Optimally formulated IcC-PC exhibits a 1.25-fold increase in
Young's modulus, a 1.05-fold increase in ultimate tensile
strength, and one grade higher pencil hardness compared to

© 2023 The Author(s). Published by the Royal Society of Chemistry

BPA-PC."* A recent study tested the processability of Durabio-
PC in 3D printing.”*® Bio-based PC exhibits better tensile
strength than other commercial polymers, has good heat and
UV resistance, and can reduce harmful emissions from the 3D
printing process. In addition, IcC-PC has an excellent perfor-
mance in the optical field, which is discussed in a later
paragraph.
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Table 2 Parameters of PICs modified by diol copolymers
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Polymers Diols ISB/diol” M, (g mol™?) Ty (°C) Ta-5% (°C) Ref.
PIC — — 61700 174 342 101
PEIC 0-(CH,),-O 1/0.67 10100 95 — 122
PBIC (CH2)4—OH 1/0.95-0.99 34 000-36 800 68-70 310-322 97,101,122
PPIC O-(CH,)s-OH 1/1.09 27100 48 325 97
PHIC 0O-(CH,)s—OH 1/0.98 64 200 35-52 316-330 97,101
POIC 0-(CH,)s~OH 1/0.97 32407 25 — 122
PDIC HO (CH,)10-OH 1/0.99 62 500 20 — 122
PGIC-1 HO-CH,CH,-O-CH,CH,-OH 1/0.98 40200 62 331 101
PGIC-2 HO-CH,CH,-O-CH,CH,-OH 1/0.42 60700 105 332 123
PTIC HO-(CH,CH,-0),~-CH,CH,OH 1/0.43 82 800 83 340 123
PTTIC HO-(CH,CH,-0);-CH,CH,0H 1/0.40 101 500 72 334 123
PGIC® 1/NA° 20900 155 324 123
Ho/l\/OH /
b c
PBIC HOJ\/\OH 1/NA 15500 135 297 123
b /(J\,o
PTPIC - iz\r\m. 1/0.44 51400 78 299 123
OH OH
P-DHA-IC N o 1/1¢ 4500 100 194-251 127
“ Determined by "H NMR spectroscopy. ” Diols contain methyl side chains. ¢ The diol comonomer content is virtually indiscernible. ¢ Feed ratio.

Functional co-polymerization units can specifically improve
certain properties of bio-based PCs, resulting in better use in
specific areas. For example, Malkoch et al."*” achieved a high T,
amorphous copolymer PIC produced from ISB and sugar
metabolic derivative dihydroxyacetone (DHA) (P-DHA-IC in
Table 2). The keto-functional DHA has demonstrated the
requisite hydrolytic instability to enable co-PIC degradation.
The hydrolytic degradation rate of the deprotected polymer
microspheres increases with increasing DHA content. This
rigid, amorphous, and degradable polycarbonate is expected to
be used in bone repair applications. Kamps et al.'*® introduced
long-chain aliphatic monomers and their oligoesters to copo-
lymerize with ISB. The incorporation of long-chain aliphatic
monomers significantly alters the rheological behaviour of the
polymer during processing. A certain quantity of soft blocks is
present within the separated domain of microphase separation,
which can maintain the thermomechanical properties and
transparency of the co-PIC, allowing the co-PIC to have good
processability with higher T, performance.

A series of notable examples of the performance enhance-
ment of PICs by copolymerization modification is in the field of
optical applications. The PIC has higher transmittance and
lower haze compared to those of fossil-based PC."*®* However,
the refractive index of PIC is around 1.49, while the perfor-
mance requirements for medium and high-end optical resin
lenses (>1.56) are difficult to achieve.’® The incorporation of
substituents with higher molar refractions and smaller molar
volumes can effectively enhance the refractive index of PIC. For
instance, comonomers containing multiple aromatic rings are
capable of optimizing the optical properties of PIC. It has been
experimentally demonstrated that the refractive index of PCs

2170 | RSC Sustainability, 2023, 1, 2162-2179

can be improved by using monomers containing the naphtha-
lene structure and/or cardo structure.'* In addition, bisphenol
diol exhibits high polarizability and molar refractive index due
to its double benzene ring, heteroatom, and distorted spatial
structure, which effectively enhances the polymer's refractive
index.”* Xu et al'*® prepared a range of poly(isosorbide
carbonate)s via copolymerization modification of bisphenol
diols. The co-PICs displayed high molecular weight (144.2-82.8
kg mol ™), a high abbe number (vq = 39.7), low yellowness (YI =
0.93) and a high refractive index (ng = 1.511-1.573).

In addition to copolymer modification, reactive blending has
been demonstrated as an effective method for preparing co-PIC
with high molecular weight, low discoloration, excellent optical
transparency and robust mechanical properties. This is ach-
ieved by blending commercially available IcC-PC with BPA-PC
under trace amounts of sodium methoxide (Fig. 4b)."3>*%*

3.2.2. Composite enhancement. The mechanical, thermal,
and rheological properties of PIC can be changed by using
nanofiber material doping. Park et al™*® designed a co-PIC
reinforced with a bio-renewable organic filler, cellulose nano-
crystals (CNC) (Fig. 4c). The hydrophilic nanofillers CNCs were
well dispersed in the reactant ISB monomer through hydrogen
bonding, resulting in highly dispersed nanofillers in the poly-
mer. When the nanofiller content was 0.3 wt%, the toughness
was mentioned 4.3 times (40 MJ m~?), and the ultimate tensile
strength reached 93 MPa. The hydrophilic surface of CNC was
chemically modified with carbonate bonds, which spontane-
ously enhanced the nanofiller-polymer matrix interfacial inter-
actions. The microfiber structure and microporous structure of
the composites under external stress were promoted, so that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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copolymer composites exhibited excellent mechanical proper-
ties and had potential to be used as engineering plastics.

In the area of coating development, amorphous bio-derived
PC requires further modification compared to standard
petroleum-based films due to its low thermal stability, limited
ductility, and poor resistance to notched impact.”*” Yousfi
et al.**® prepared films exhibiting exceptional mechanical and
rheological properties using an in situ nanofiber polymer
composite concept, in which poly(butyl succinate-co-adipic
acid) (PBSA) was homogeneously dispersed in amorphous bio-
based IcC-PC in the molten state. Compared with the pure
matrix IcC-PC, the elongation of the blends at the point of
fracture was enhanced by approximately 670% without sacri-
ficing tensile strength, and the fracture energy of the blends was
about ten times that of the pure IcC-PC matrix. There are
currently few reports on the composite enhancement with PICs,
in-depth research on composite PICs is still worth looking
forward to.

At present, the modification studies for PICs are mainly
focused on copolymerization strategies to achieve improved
mechanical properties of PICs while ensuring their excellent
optical and thermal properties. In the future, through specific
modification methods, high-performance functional PICs can
be designed and synthesized for applications in emerging fields
such as optical lenses and biomedical materials.

4. Bio-based polycarbonates from
limonene oxide monomers

Bio-based epoxides are particularly intriguing due to their
potential for creating novel polymer architectures through ring-
opening copolymerization (ROCOP) with carbon dioxide
(CO,).*** Aliphatic PCs can be produced by the direct addition of
epoxy compounds with CO,. Epoxides, such as cyclohexene
oxide (CHO), are typically more prone to generating poly-
carbonates by reacting with CO,.*' As detailed in section 2, the
typical bio-based epoxide LO is also attracting significant
interest. In the copolymerization process of LO and CO,, it is
noteworthy that relatively low reaction pressures (6-20 bar) and
temperatures (up to 73 °C) are utilized for the reaction with CO,,
resulting in reduced costs and enhanced safety measures
during production.”® The resulting poly(limonene)carbonate
(PLC) exhibits T, up to 130 °C, outstanding heat resistance,
hardness and transparency, with great potential to replace
polystyrene in the near future."** Sablong et al. have reported
fully bio-based PLC could be fully recycled back to LO mono-
mers through the depolymerization initiated by TBD, implying
the complete recyclability of the PLC."** PLC was evaluated as
a green platform for functionalized polymers by chemical
modification. Recent research found that films of PLC show
high gas permeation and excellent selectivity, with permeability
to both gases and light. Additionally, these films possess
exceptional thermal insulation properties and mechanical
strength, thereby presenting a novel opportunity to utilize them
as “breathing glass”-transparent materials that allow for gas
exchange.'*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.1. Synthesis of poly(limonene carbonate)s

To achieve the ROP of LO, an efficient catalyst is necessary to
overcome the kinetic barrier for its activation, which is higher
than that of terminal epoxides due to the internal trisubstituted
nature of LO.“*'** The recent accelerated progress makes
developed metal catalysts to enable the synthesis of PLC, as
a potential candidate to replace petroleum-based polymers
(Fig. 5a).

In 2004, Coates et al.**® first used LO and CO, as feedstocks to
synthesize bio-based PLC via the alternating copolymerization
method using B-diiminate zinc complexes [(BDI)Zn(OAc)] as
a catalyst. The polymerization is stereoselective but with
a limited molar mass of the production (25 kDa), incorporating
only trans-LO in the polymer. After this initial success, further
published research on PLC production was delayed for over
a decade. Until 2015, an Al"™based catalyst,
Al(aminotrisphenolate)/PPNCI [PPN = bis(triphenylphosphine)
iminium| binary catalysts for stereoregular LO/CO, copolymer-
ization, was discovered to incorporate both the trans- and cis-
isomer of LO.* It was regarded as an essential step toward
higher conversion, as commercial p-limonene, the precursor to
its epoxide, is typically found in an isomeric mixture.**®
Although aluminum compounds can active both isomers, there
is a marked preference for the cis-isomer due to its higher
reactivity. When pure cis-monomers are used, higher molecular
weights are obtained, as is steric regularity. However, the molar
mass remained below 11 kDa and monomer conversion was
limited to less than 75%.

A substantial amount of research calls for employing a single
isomer to achieve high regioregularity or stereoregularity in
polymers.™® A facile synthetic approach has been developed to
achieve efficient kinetic resolution of two diastereomers with
a purity of up to 98%."*° Building on Coates's original work,
Greiner et al.**® optimized the catalytic process and achieved
almost complete monomer conversion (>90%) in synthesizing
high molecular weight (>100 kDa) at a large scale. The critical
factors include the utilization of high trans-isomer content
(>85%) LO and the absence of monomer impurities with
hydroxyl functionality. Subsequently, a Lewis acid B-diiminato-
zinc-complex, bearing two electron-withdrawing groups and an
-N(SiMe,), initiating group [(BDI)“"*-Zn-N(SiMej;),], was pre-
sented with an expanded range of epoxides, including the
sterically demanding monomer LO, for co- and terpolymeriza-
tion with C0,.****2 This complex exhibited a TOF of 310 h™" in
the copolymerization of LO and CO,, while (BDI)Zn(OAc)
exhibited a TOF of 37 h™", and Al(aminotrisphenolate)/PPNCI
exhibited a TOF of 3 h™'. Besides, this Lewis acidic zinc
complex performs exceptional activity towards other epoxides
including CHO, propylene oxide or the less studied octene oxide
and styrene oxide.

In general, the metal-catalytic systems for the polymerization
of LO are well developed and can be divided into two categories:
metal Zn with ligand B-diiminate, and aminotriol Al/PPNCI
complexes. It is worth mentioning that these catalysts are
mutually complementary.**® The Zn catalysts exhibit sensitivity
to moisture and demonstrate selective mediation of the
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Fig. 5 The synthesis and copolymerization of PLCs. (a) The synthesis of PLCs via metal catalysts [Zn] or [Al; (b) ternary polymeric PLCs synthesis
by randomly adding LO and multiple epoxide monomers; (c) the synthesis of block polymer PLCs.

copolymerization of LO ¢rans-isomers. Subsequent copolymeri-
zation  modification, post-modification, and  post-
functionalization were also based on these two catalytic
systems.

Moreover, other novel catalytic systems are currently under
exploration and research. For instance, the latest study

2172 | RSC Sustainability, 2023, 1, 2162-2179

demonstrated that chromium chloride complexes could cata-
lyze copolymerization reactions with LO to form co-PLC.***
Drawing on the lineage of other aliphatic epoxide catalytic
systems, metal-free catalytic systems, i.e., organocatalysts, also
present a promising avenue for future PLC synthetic

pathways.

154-156
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4.2. Copolymerization modification of poly(limonene
carbonate)s

Despite significant success in synthesis, bio-derived PLCs still
show limitations in material properties. Hence, in addition to
the traditional alternating copolymerization of LO and CO,,
innovative co-polymers have been produced by randomly
incorporating multiple epoxide monomers to synthesize
terpolymers, or by sequential epoxide addition to synthesize
block copolymers.

Ternary polymeric PLC can be synthesized by randomly
adding LO and multiple epoxide monomers for copolymeriza-
tion (Fig. 5b).%*57"**° Kleij et al.® first reported the synthesis of
terpolymer PLCs based on CHO, where LO and CO, are
controlled to incorporate both functional LO and non-
functional CHO monomers in the polymer backbone. By
controlling the number of olefin units, these terpolymers can be
post-modified by thiol-ene chemistry, resulting in better
thermal properties of the material. The post-modification of
terpolymers can introduce new structures while modulating the
properties to apply to new applications. According to a recent
report,”” when the copolymerization with vinyl cyclohexene
oxide (VCHO), the oxidation directly after synthesis resulted in
a PC with two different epoxy groups, which was subsequently
used for thermoset development.

One drawback of PLC is its limited impact resistance and
mechanical properties. Although the incorporation of ethyl
oleate additives resulted in improved mechanical properties of
PLC,*® using such additives is detrimental due to their
tendency to leach out over time. The synthesis of PLC block
copolymers by copolymerization with CO, exploiting living
chain ends is a common approach for modifying and fine-
tuning the properties (Fig. 5c). Greiner's group'®* first re-
ported block copolymers of PLC, poly(limonene carbonate)-
block-poly(cyclohexene carbonate) (PLC-b-PCHC), by sequential
addition of LO and CHO in the copolymerization with CO, via -
diiminate zinc catalyst. But the properties of PLC-b-PCHC are
characterized by T, of both PCHC and PLC, resulting in a highly
brittle plastic. Rieger and colleagues have reported the synthesis
of poly(limonene carbonate)-block-poly(B-butyrolactone) (PLC-b-
PBL) via a switchable catalytic method, utilizing 50 wt% of PBL
to yield a material exhibiting an elongation at break of 18%.'%
Recently Agarwal's group'®® demonstrated the one-pot living
ring-opening copolymerization of lactides, trans-LO, and CO,,
to synthesize poly(limonene carbonate)-block-poly(lactide)
copolymers (PLC-b-PLA). However, the mechanical and
biocompatible properties of the block copolymer need to be
supplemented.

Williams's group'® studied ABA block polymers prepared
from carbon dioxide, LO, and e-decalactone (from triglycerides),
i.e., poly(limonene carbonate)-block-poly(e-decalactone)-block-
poly(limonene carbonate) (PLC-b-PDL-b-PLC). These polymers
include PDL blocks as B-blocks with low T, and high flexibility,
flanked by PLC as A-blocks with high T, and rigidity. This
plastic exhibits a unique combination of tensile strength and
high elasticity, with an elongation at break and tensile tough-
ness over 20 times higher than polycarbonate. As such, it

© 2023 The Author(s). Published by the Royal Society of Chemistry
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effectively overcomes the brittleness and processing limitations
associated with PLC.***

In addition, the potential of PLCs for producing more
sustainable polymers through blending with petrol- or food-
based polymers has been demonstrated by investigating PLCs
containing blends of various commercial polymers as minority
components.**®

Future research could prioritize the synthesis of additional
PLC-based random copolymers and block copolymers to modify
and fine-tune their properties or better understand how
microphase separation can be controlled to modulate these
properties.

4.3. Post-modification of poly(limonene carbonate)s

Double bonds in LO provide more possibilities for material
synthesis and post-modification. So far, two conceptual
approaches have been widely employed for the functionaliza-
tion of PLCs: thiol-ene click chemistry and epoxy group
introduction.*

Greiner et al. have mentioned that PLC is an ideal green
platform polymer, capable of yielding numerous functional
materials.’*® They demonstrated available examples of facile
addition reactions, namely thiol-ene click chemistry, acid-
catalyzed electrophilic addition, and metal-catalyzed hydroge-
nation. As a typical example, in the thiol-ene click chemistry,
the thiol addition can induce a transition of the high-T, ther-
moplastic to a rubbery state. The modified PLC enhances not
only hydrophilicity or pH-dependent solubility but also anti-
microbial activity through functionalization with quaternary
amines (Fig. 6a).'*

Sablong, Koning, and their coworkers' research verifies that
cross-linked PLCs can be successfully applied to new bio-based
thermoset coating resins.'”'”° For coating applications, the
polymer resin should possess a minimum of two functional
groups to facilitate cross-linking reactions with multifunctional
curing agents. A medium molecular weight (2-4 k) is required
when the curing reaction is limited to functional end groups.
The molecular weight was broken down via transcarbonation
reactions with polyols, resulting in the production of o, -
dihydroxyl PLCs suitable for solvent casting and curing
(Fig. 6a)."” Subsequently, the PLCs resulting from the trans-
carbonation reaction can be subjected to quantitative thiol-ene
post-modification, wherein the thermal properties and hydroxyl
values can be modulated by controlling the type and amount of
incorporated thioether species, which enables their successful
application as novel biobased thermoset coating resins.'®®'®
The study conducted by the group in 2021 demonstrated that
biobased coatings, utilizing PLCs as UV-curable powder coating
binders, exhibited exceptional properties.'” The poly(thioether-
co-carbonate) networks exhibited elevated T, reaching up to
125.9 °C, and a broad spectrum of thermomechanical proper-
ties, encompassing rubbery moduli ranging from 4.4-27.5 MPa.

Typical post-epoxidation modification products
poly(limonene-8,9-oxide carbonate) (PLOC) provide opportuni-
ties for the development of “epoxy” chemistry. Limonene
dioxide is the diepoxide counterpart of LO, which is obtained by
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epoxidizing the double bond in LO. Sablong et al.*”* prepared
a sustainable PLOC by chemoselective copolymerization of
limonene dioxide and CO, (Fig. 6b). The side chain epoxy group
in PLOC could react with thiol, carboxylic acid, or CO,, which
realized the regulation of T, without changing the main chain
structure.'”* Contrary to the use of limonene dioxide by Sablong
et al., the Kleji group'” proposed a more cost-effective and
easily accessible starting material, cis/trans (+)-LO, in their

2174 | RSC Sustainability, 2023, 1, 2162-2179

synthesis of poly(limonene dicarbonate), which was achieved
through the functionalization of PLOC using a sequential
epoxidation/carboxylation approach (Fig. 6b). The post-
functionalization PLC has tunable T, values reaching up to
180 °C.*”?

The post-modification of PLOC has a wide range of appli-
cations. The bio-based PLOC can be combined with synthetic
hardeners to facilitate the formulation of epoxy thermosetting

© 2023 The Author(s). Published by the Royal Society of Chemistry
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materials."”® The optimal formulation was determined to be
a blend of PLOC and Jeffamine, a commercial curing agent, in
a 1:1 stoichiometric ratio. This formulation is intended for use
in coating technology as a partial replacement for diglycidyl
ether-based thermosets.'”® The post-modification of PLOC can
also make it promising for alkyd paint applications.””* A fully
renewable limonene-derived polycarbonate-based alkyd resin
was developed by copolymerizing limonene dioxide with CO, to
produce PLOC and chemically modifying it with soybean oil
fatty acids. This new alkyd resin was evaluated as a coating and
performed better than conventional polyester alkyd resin. The
alkyd paint, which contains polycarbonates modified with fatty
acids, exhibits accelerated chemical drying, elevated Konig
hardness and increased T, in coating evaluation.'”

Overall, the rigidity and functionality of LO and limonene
dioxide monomers make them attractive for existing bio-based
PCs. PLC and PLOC are expected to replace conventional BPA-
based and fossil-sourced propylene oxide-based PCs. However,
most of the current research is limited to the design modifica-
tion and polymerization process of LO monomers, with insuf-
ficient research on back-end material applications. In the
future, there is still a need for extensive benchmarking of the
performance of these terpene-based polymers compared with
petroleum-based materials.

5. Perspective and conclusions

Bio-based derivatives as raw materials provide a more environ-
mentally friendly synthesis pathway and possess inherent
properties that can adjust the performance of PCs compared to
current petroleum-derived materials, thereby expanding the
potential application areas of PCs.

According to the literature reviewed, bio-based PCs exhibit
outstanding sustainability, tunability and functionality. Repre-
sentative bio-derived ISB monomers and LO monomers have
been industrially produced and are commercially available.
Moreover, the synthetic processes for bio-based PCs, such as
melt transesterification route, have been successfully industri-
alized. Isosorbide-based PC products, represented by Durabio,
have been commercialized. Therefore, bio-based PCs are ex-
pected to replace traditional petroleum-based PCs and achieve
large-scale industrial production, which will help reduce the
demand for fossil fuels.

In terms of properties of bio-based PCs, the structures and
properties of bio-based PCs could be modulated by adjusting
the ratio of monomers and reaction conditions, and their
properties can also be enhanced by compounding or modifying
them with other materials. Besides, the inherent properties of
bio-based monomers will introduce novel properties for bio-
based PCs. Although the synthesis of sustainable monomers
and bio-based PC products will increase costs, which can be
decreased with continued research and development and
increased industrialization scale. On the other hand, by intro-
ducing superior material functionality and/or properties into
novel bio-based PC products, it is possible to enhance the added
value of the products and break through the cost constraints.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Based on the existing research progress, the main directions
and challenges for future research related to bio-based PCs are
as follows:

(I) Optimize synthetic routes for monomers. Although ISB
and LO are already commercially available, their current yields
are relatively low by industrial standards, and high-purity, high-
quality products are expensive. For example, in the case of
isosorbide, the effect of trace impurities on the polymerization
process, side reactions, polymer color, and batch stability needs
to be studied in depth, thereby improving isosorbide batch
yields and product quality. Thus, technological solutions need
to be proposed, to increase the yield and production capacity of
bio-based monomers. In addition, conventional polymeric
monomers, such as BPA, could be accessed through novel
routes from renewable resources, which means using renewable
resources to create traditional PC plastics.?

(II) Develop novel bio-based monomers for polycarbonate
synthesis. The unique structures of biobased monomers can
improve the performance of PCs, such as furan structures in
sugars, olefinic groups in terpenes, long side chains aliphatic
structures in vegetable oils, etc. The structure-property rela-
tionship of PCs based on novel bio-based monomers should be
further explored in depth. Further, with the development of
synthetic routes for monomers, the monomers derived from
sustainable feedstocks can be employed as substitutes to
produce plastics instead of petrochemicals.

(III) Explore efficient synthetic methods. It is desired to
develop more efficient catalytic systems for the synthesis of bio-
based PCs under milder reaction conditions without reducing
the performance. Take the synthesis of PIC as an example:
although high molecular weight PIC has been realized by IL
catalysts, in the actual production, there are still problems such
as high requirements for the purity of the raw material ISB, the
existence of side reactions such as B-H transfer and branching,
and the easy discoloration of the PIC product. To achieve
industrialization of bio-based PCs, it is imperative to address
these challenges by developing highly efficient catalysts and
methods that can facilitate the polymerization reaction, as well
as enhance PCs' processing properties and application
performance.

(IV) Prepare composites and functional materials of bio-
based PCs. In studies related to PIC design, more functional
copolymerized monomers, such as optical monomers, can be
designed and synthesized to directionally tailor the function-
ality of bio-based PICs. In PLC areas, the presence of olefin
groups gives multiple opportunities for chemical modifications,
such as addition and epoxidation reactions. Modification
methods such as copolymerization, blending, composite
enhancement, post-modification, and post-functionalization
could be explored, giving them new properties and expanding
their application areas and market demand.

(V) Study the degradation mechanism and degradation
conditions of bio-based PCs. Although not discussed in detail in
this review, researchers have done work on the degradability of
bio-based PCs."”>™”” Designing easily degradable PCs focuses on
controlling their degradation rate and degradation products,
improving their environmental adaptability and resource
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utilization. This is of great significance for the development of
sustainable polymer materials.

This review describes polymerization and modification
strategies for bio-based PCs, mainly represented by PICs and
PLCs. The information gathered in this paper serves as a driving
force for future research and development of innovative bio-
based PCs in the dynamic field of polymer science. Further
research in the area of higher performance biopolymers has the
potential to not only advance the field of polymer applications,
but also contribute to the development of sustainable
economies.
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