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Abstract | Bio-based compounds with unique chemical functionality can be obtained through
selective transformations of plant and other non-fossil, biogenic feedstocks for the development
of new polymers to displace those produced from fossil carbon feedstocks. Although substantial
efforts have been invested to produce bio-based polymers that are chemically identical to and
directly replace those from petroleum, a long-pursued goal is to synthesize new, sustainable,
bio-based polymers that either functionally replace or exhibit performance advantages relative
to incumbent polymers. Owing to anthropogenic climate change and the environmental
consequences of global plastics pollution, the need to realize a bio-based materials economy at
scale is critical. To that end, in this Review we describe the concept of performance-advantaged,
bio-based polymers (PBPs), highlighting examples wherein superior performance is facilitated
by the inherent chemical functionality of bio-based feedstocks. We focus on PBPs with C-O and
C-N inter-unit chemical bonds, as these are often readily accessible from bio-based feedstocks,
which are heteroatom-rich relative to petroleum-derived feedstocks. Finally, we outline guiding
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principles and challenges to aid progress in the development of PBPs.

Synthetic polymers are ubiquitous in modern society
owing to their relative ease of synthesis from petroleum-
derived intermediates, ability to be formulated into
diverse materials, extreme durability and low cost'.
Monomers for commodity polymer production are
typically either direct products from fossil carbon pro-
cessing or chemically accessible from the primary olefin
and aromatic building blocks. It is widely recognized
that fossil-based carbon use is leading to anthropogenic
climate change?, and polymer production is projected
to reach 20% of global fossil fuel consumption by 2050
(REF). The detrimental environmental consequences of
global plastics pollution are also palpable’. Thus, it is
imperative to transition from a fossil-based materials
(and energy) economy to a materials economy, ideally
circular, founded on building blocks sourced sustaina-
bly from plants and other non-fossil, biogenic feedstocks
(here, referred to as bio-feedstocks for brevity)***. This
transition presents an opportunity to harness the unique
chemistries afforded by heteroatom-rich bio-feedstocks
to redesign synthetic polymers.

To facilitate the transition to more sustainable poly-
mers, research efforts have long focused on convert-
ing bio-feedstocks into compounds identical to those
derived from petroleum®'**. Making direct replace-
ment chemicals and polymers is generally considered to
be commercially viable, but likely more sustainable in

scenarios in which fossil carbon prices are high, or with
taxes on fossil carbon that account for the externalities
associated with fossil carbon production, consump-
tion and disposal’®**. However, to manufacture direct
replacements from bio-feedstocks, selective chemical
processes are required to remove chemical functionality
afforded naturally by many bio-feedstocks. Conversely,
the production of heteroatom (X)-containing polymers
from fossil-based hydrocarbon feedstocks requires
the addition of oxygen or nitrogen. The chemical dis-
tance measured by H:C and X:C (X=0, N) ratios from
fossil-based feedstocks and bio-feedstocks to today’s
common polymers are exemplified in the van Krevelen
diagram shown in FIG. 1.

Although direct replacements can offer straightfor-
ward cost and sustainability benchmarks to surpass,
the established markets make it challenging for a new
bio-feedstock and the associated, capital-intensive manu-
facturing processes to compete with amortized petro-
chemical operations solely on a price basis. To compete at
scale with fossil-based polymers, we posit that bio-based
polymers must exhibit performance-advantaged pro-
perties that harness the inherent chemical function-
alities of the starting bio-feedstocks. Generalizing to
bioproducts (not limited to polymers), Fitzgerald and
Bailey defined performance-advantaged bioproducts
as bio-based molecules that do not resemble existing
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petroleum-derived molecules in structure, and that offer
a performance advantage over existing products®”**. For
polymers, performance-advantaged attributes include
improvements in manufacturability, properties in
applications and end-of-life considerations.

In this Review, we highlight progress in leveraging
the unique chemical functionalities of bio-feedstocks
to synthesize bio-based polymers with performance-
advantaged properties. First, we give an overview of
bio-feedstocks and describe shortcomings of cur-
rent synthetic polymers. The majority of the Review
highlights recent successes in the development of
performance-advantaged, bio-based polymers (PBPs)
with C-O or C-N linkages in their backbones. We end
by summarizing guiding principles and challenges for
the development of such materials.

Sourcing bio-feedstocks
Sustainably sourced feedstocks for the synthesis of
PBPs are available across a wide range of forms and vol-
umes, both as natural polymers and as small molecules.
We briefly discuss typical feedstocks available on a large
scale as polymers or small molecules (FIC. 2) and describe
several transformations that can be applied to these
bio-derived intermediates, including those relevant to
the PBPs highlighted below. Note that the direct use of
naturally occurring polymers as polymeric materials is a
major research field but is not covered here'>*>*.

Agricultural crops are used to produce starch and
soluble sugars at the commodity scale for use as pre-
cursors to a few bio-based chemicals. In many cases
in which bio-based polymer precursors are derived
from carbohydrates, this availability offers a bio-based
feedstock for immediate use at scale.

Beyond starch and soluble sugars, the plant cell-wall
polysaccharides, cellulose, hemicellulose® and pectin®,
and the aromatic polymer lignin* have been pursued

as sustainable feedstocks for more than a century, and
with renewed vigour since the 2000s. The development
of chemical processes to extract, fractionate and decon-
struct plant cell-wall polymers into building blocks is
intensely researched. Numerous biological, chemical and
thermal processes are used to transform plant cell-wall
polymers into small-molecule intermediates, such as
carbohydrates, lignin-derived aromatic compounds,
pyrolysis-derived intermediates and extractives™ (FIG. 2).
Other plant polymers include cutin and suberin, which
are natural polyesters and a readily accessible source of
fatty acids and aromatic carboxylic acids™. Plants also
commonly harbour diverse small molecules in the form
of phytochemicals, including alkaloids, terpenoids,
phenolics and fatty acids, among others, which can often
be liberated through mild chemical extraction processes
or made as targets of metabolic engineering from more
abundant feedstocks. The non-food components of
plants, thus, offer a rich source of natural polymers and
small molecules for conversion into unique building
blocks through selective transformations or direct use
(discussed further below).

Besides plants, additional sources of bio-feedstocks
include other structural polymers, such as chitin, a poly-
saccharide found in fungi and arthropod exoskeletons™.
Chitin is a homopolymer of -1,4-N-acetylglucosamine
(FIG. 2) and, thus, has been a focus of the nitrogen-based
chemicals and materials field*”**. Chitin can be con-
verted into useful chemicals by methods mirror-
ing those used in the conversion of plant cell-wall
polysaccharides®. Additionally, polysaccharides, pro-
teins and oils common to heterogeneous food-waste
streams offer bio-feedstocks that can be fractionated and
processed into many of the same building blocks as those
from plant cell-wall components.

To convert bio-based feedstocks into building
blocks for PBPs often requires additional chemical
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Fig. 1| Van Krevelen diagram for select polymers. Select fossil-based polymers or feedstocks (black diamonds)
and select bio-feedstocks and monomers or polymers (green circles) plotted relative to their heteroatom to carbon
ratio (X:C, where X=0, N, among others) and their hydrogen to carbon ratio (H:C). As many C-O and C-N linked
polymers and their respective monomers have X:C and H:C ratios similar to those of bio-feedstocks, they are a focus
of work in the bio-based polymer field and of this Review. BPA, bisphenol A; BPA-PC, poly(bisphenol A carbonate);
BTX, benzene-toluene—xylene; PET, polyethylene terephthalate; PLA, polylactic acid; TDI, toluene diisocyanate.

Data available in the Supplementary information.
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Fig. 2 | Polymers from biomass. A range of biomass feedstocks yield biopolymers, which can be deconstructed into
constituent products through chemical and/or biological conversion as well as incorporated directly into polymers.
Small molecules can also be extracted directly from the biomass feedstock. These monomeric bio-derived compounds,
if not already polymerizable, can be transformed into precursors for polymer synthesis. Structures shown are illustrative
and do not fully represent the structural complexity and variety afforded by nature, which can be further compounded
through synthetic transformations, and polymer repeating units may vary slightly depending on the particular

polymerization strategy.

transformations to obtain the necessary functionality
for polymerization. Fortunately, there is a vast research
community focused on selective chemical and biological
transformations of bio-feedstocks and small-molecule
intermediates into building blocks for new bio-based
polymers. As highlighted below, these transformations
often involve chemical catalysis', biological catalysis"’
or some combination thereof**'~* (FIC. 2).

Polymer properties

The unique chemical functionality of bio-derived
monomers can endow the resulting polymers with
performance-advantaged properties. However, before
these materials can be scaled up or petrochemical feed-
stocks replaced, the polymer properties must be chara-
cterized and benchmarked relative to the incumbent
materials.
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Fig. 3 | Fundamental thermomechanical polymer properties. a | [dealized dynamic mechanical analysis plots for
amorphous and semi-crystalline polymers with characteristic regions defined. b | Idealized stress—strain plot with tensile
properties defined. c | Idealized stress—strain curves illustrative of common material classes and synthetic polymers.
BPA-PC, poly(bisphenol A carbonate); M, weight-average molecular weight; PET, polyethylene terephthalate;

PLLA, poly-L-lactic acid; T, glass transition temperature.

Fundamental polymer properties

The fundamental properties of bio-based polymers (that
is, thermomechanical properties) (FIC. 3) must be measured
and compared with those of typical polymers (TABLE 1) to
determine whether they exhibit performance-advantaged
properties. In general, polymers must be above a criti-
cal molecular weight to experience chain entanglement
(M,) and show consistent properties. The M, is polymer
dependent and can be determined by rheology, hall-
marked by the zero-shear viscosity exhibiting a non-linear
scaling with molecular weight. Typically, the number and
weight-average molecular weights (M, and M,, respec-
tively) and chain-length dispersity index (B, calculated by
M, /M) are determined using gel permeation chromato-
graphy and expressed in daltons. Thermal properties, which
dictate the working temperature window of a polymer, are
usually characterized by differential scanning calorimetry,
with exothermic and endothermic curves revealing when
a material undergoes a glass, melting or crystallizing tran-
sition at the temperatures T,, T, and T, respectively. The
thermal decomposition temperature (T}) is measured by
thermogravimetric analysis. Dynamic mechanical analysis
reveals thermal transitions as a function of the storage and
loss moduli (E’ and E”, respectively) versus temperature
(FIC. 3a), illustrating how the glass transition corresponds to
softening of a material. For an amorphous, low M, polymer,
the transition to viscous flow occurs immediately, whereas a
semi-crystalline polymer has a rubbery plateau between its
T,and T, and can be used up to the T,,. In terms of mechan-
ical properties, tensile testing (FIG. 3b,c) provides a stress
(0)-strain () curve, the shape of which (the initial slope
is defined as the Young’s modulus, E, and the area under-
neath as toughness) and the ultimate stress and strain at
break (0, and ¢, respectively) determine the suitability of a
polymer for applications. For example, a material that con-
tinues to elongate after reaching maximum stress is consid-
ered tough, whereas one that does not is brittle. Although
each polymer class (for example, polyesters) or material
type (for example, rubbers) has a typical range of thermo-
mechanical properties, the profile can vary depending on
functionality, architecture and processing conditions.

Performance-advantaged properties

Performance-advantaged properties include improved
manufacturability, properties for specific applications
and/or end-of-life considerations (such as recyclability

or degradability). Importantly, the application pro-
perties must be at least on par with those of incum-
bent materials, and are generally evaluated by the
thermomechanical profile. As an example of property
enhancement, structurally rigid functional motifs (such
as alkenes, ketones, aromatics and bicyclics) often lead
to a higher T, and, thus, such materials can be used at
higher temperatures, whereas long alkyl chains (>C,)
containing heteroatoms, which are more difficult to
obtain from petroleum-based feedstocks, can render
greater ductility**~*°. These properties, among others
such as flame-retardant properties, are often achieved
with polymer additive formulations. Using bio-based
monomers to form polymers that inherently exhibit
these properties avoids the use of often toxic additives
(for example, phthalate plasticizers or brominated flame
retardants). Thus, bio-derived monomers could mitigate
the toxicological effects associated with polymer manu-
facturing, use or degradation. Styrene, for example, can
yield polymers with robust thermomechanical perfor-
mance, but its high volatility and toxicity pose health
risks”. Similarly, bisphenol A (BPA) imparts favourable
properties to polymers owing to its rigidity, but is an
endocrine disruptor*®-"". In both cases, bio-derived aro-
matic monomers can serve as advantaged replacements
because additional ring substitutions reduce volatility,
toxicity and the potential for endocrine disruption® .
Furthermore, bio-based chemical functionality can
facilitate processing, such as faster cure times (that is,
the time for crosslinking of individual components to
form a network) through amine-ketone condensation
compared with typical epoxide-amine chemistries®.
The bio-based monomer 1,3-propanediol has replaced
1,4-butanediol and ethylene glycol in some terephthalate
polyester products, owing not only to an inexpensive and
low-energy production route but also to the resultant
changes in polymer morphology that improve the crys-
tallization rate, structure and material elasticity, among
other advantages in applications, manufacturing and
recycling’. Indeed, the prevalence of hydroxy acids,
lactones, amines, aldehydes and ketones in bio-based
monomers offers unlimited potential to redesign plastics
to be chemically recyclable or biodegradable.

To fully capitalize on the unique functionality afforded
by bio-feedstocks, it is necessary to establish structure-
property relationships. Additionally, new catalysts and
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synthetic methodologies are needed to accommodate
the complex sterics, electronics and functionalities of
these monomers. In the following, we further explore
how bio-derived functionalities give rise to polymers
with performance-advantaged properties, focus-
ing on renewable polymers with oxygen-linked and
nitrogen-linked backbones for non-biomedical appli-
cations. For these heteroatom-linked polymers, func-
tionality for step-growth polymerization is often more
directly accessible from bio-feedstocks. Chain-growth,
ring-opening polymerization (ROP), however, offers
more control of the polymerization and often superior
polymer properties, as small molecules are removed
during monomer synthesis rather than during polymer-
ization. For vinyl addition chain-growth monomers, it
is common for an acrylic portion to be installed on the
biomolecule, although this is also easily bio-based”’.
Although not reviewed here, bio-based polymers with
hydrocarbon backbones (that is, vinyl and acrylic)***%-**

OPLASTICS

can also be performance-advantaged. For example,
the a-methylene-y-butyrolactone (MBL; also known
as Tulipalin A) family yields acrylic bioplastics with
increased thermal and solvent resistance as well as depoly-
merization selectivity for monomer recovery relative to
polymethyl methacrylate, due to stabilization of radical
intermediates by the natural pendent lactone motif>***.

C-O linked polymers

Polyesters

Polyesters are versatile materials traditionally syn-
thesized by condensation of oxygenated AA/BB or
AB monomers (FIC. 4), and are ideal targets from bio-
derived monomers, garnering considerable atten-
tion!®!1721234464-65 "Microorganisms directly synthesize
polyesters for carbon and energy storage as polyhy-
droxyalkanoates (PHAs)*" (FIC. 2), whereas synthetic
polyesters are made through step-growth condensation
of carboxylates and diols or hydroxy acids, chain-growth

Table 1| Thermomechanical properties of common polymers

Polymer  Structure T,(°C) T, (°C) o; (MPa) E (MPa) &5 (%)
HDPE /{,\/], -140<T <-100 130-137 22-31 1,070-1,090  100-1,200
Linear
HDPE
LDPE /{,\/], <-40 80-115 8.3-34 100-300 100-800
Branched
LDPE
it-PP N/ —20£Tg£—10 160-170 31-41 1,140-1,550 100-700
it-PP
BPA-PC 145£Tg£150 - 60-121 2,068-2,410 65-107
PR OS]
0 0o~ Y,
BPA-PC
PET o [} 67-75 245-260 48°-172° 2,757°-4,136> 100°-500°
OASa N
PET 2
PLLA 0o 55-65 160-186 60 1,720 3-6
ﬁ)ko)rn
PLLA
Nylon 6 o 40-60° 218-231 50-95 1,500-3,000¢ 5-300
H
N
»{' \(CHz)s)q\,,
Nylon 6
Nylon 6,6 H H 50-80° 265-280 35-90° 1,500-3,500¢ 5-200
N _N CH
l’ S(CH)S \ﬂ/( 2)“7|/h
o) o)
Nylon 6,6

Data for all polymers from the Polymers: A Property Database (mechanical property data obtained with standardized methods
from ASTM International and ISO). g, strain at break; oy, stress at break; BPA-PC, poly(bisphenol A carbonate); E, Young’s modulus;
HDPE, high-density polyethylene; it-PP, isotactic polypropylene; LDPE, low-density polyethylene; PET, polyethylene terephthalate;
PLLA, poly-L-lactic acid; T, glass transition temperature; T, , melting temperature. ’Amorphous. "Biaxially oriented. “Measured from

humid to dry conditions.
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<« Fig. 4| Variety of available bio-based polymer architectures with C-O inter-

monomer linkages. Examples of bio-derived monomers and polymerization methods
for synthesizing C-O linked polymers. a| Condensation of AA/BB or AB monomers to
form polyesters (red and pink) and polycarbonates (blue and yellow). [CO] refers to a
carbonyl-containing co-monomer, such as phosgene or dimethyl carbonate, used to
form the carbonate linkage in polycarbonates. Synthesis of the hyperbranched polyester
is followed by light-initiated cycloaddition of the a,p-unsaturated moieties to crosslink
the polymer shown on the right; accelerated hydrolysis and irradiation at 254 nm results
in degradation to small molecules, whereas burying in soil for 10 months leads to gradual
biodegradation®. b | Selective ring-opening polymerization (ROP) of eight-membered
cyclic diolides (8DLF) to form (stereo)block (right) or (stereo)gradient (centre) polyhydro-
xyalkanoate (PHA) copolymers. Random copolymers are accessible but not shown.
c|ROP of lactones (soft monomers shown as teal ovals and hard monomers as navy spheres)
to polyesters, including crosslinked homopolymers and tri-block copolymers (tri-BCPs).

d| Ring-opening copolymerization (ROCOP) of anhydrides (purple) and epoxides (green)
to polyesters, and CO, (yellow) and epoxides to polycarbonates. Switchable ROCOP of
lactones, epoxides and CO, to produce polyester—polycarbonate BCPs. Epoxide and some
anhydride structures shown are derived from terpene in the associated labels and are not
the native structures. BM8VL, B-methyl-8-valerolactone; yMCL, y-methylcaprolactone;
eDCL, e-decalactone; CHDO, cyclohexadiene oxide; CHO, cyclohexene oxide; GGE,
guaiacol glycidyl ether; it, isotactic; MeMBL, y-methyl-a-methylene-y-butyrolactone;
P3HB, poly(3-hydroxybutyrate); P3HBV, poly(3-hydroxybutyrate-co-3-hydroxyvalerate);
PGE, propylguaiacol glycidyl ether; sb, stereoblock; st, syndiotactic; VGE, vanillin glycidyl
ether. Panel b adapted with permission from REF.1, AAAS.

ROP of cyclic esters (lactones or lactides) or alternat-
ing ring-opening copolymerization (ROCOP) of anhy-
drides and epoxides*"”'. The most widely consumed
polyester is polyethylene terephthalate (PET), which
is mass produced for textiles and packaging; however,
PET persists in the ambient environment for >400 years
(REF.%). Bio-based polylactic acid (PLA) is a commer-
cially available and industrially compostable alterna-
tive to PET for short-term packaging applications; the
inherently chiral monomer leads to a highly isotactic
polymer (poly-L-lactic acid (PLLA)) with improved
properties relative to atactic PLA. Sugar-derived poly-
ethylene furanoate (PEF) has been proposed to compete
with PET, as its thermal properties are similar but it has
~10x lower oxygen permeability (0.0107 barrer versus
0.114 barrer for PET), which is advantageous for food
preservation’. However, PEF is brittle and does not
exhibit strain-hardening, which limits its use in pres-
surized environments’7°. These examples demon-
strate the need for comprehensive benchmarking of
bio-based materials. In this section, we discuss exam-
ples of performance-advantaged polyesters made by
step-growth and ring-opening chemistries.

Step-growth polyesters. Lignin-derived monomers
are commonly used to produce semi-aromatic polyes-
ters'”**+777%, Although various PET analogues exhibit T,
values comparable with or higher than that of PET, the
mechanical properties are understudied””-*’. Thus, there
is little evidence to suggest these materials offer advan-
tages over PET in applications. A potential exception
is poly(dihydroferulic acid), which is synthesized from
an AB monomer and possesses the requisite PET-like
thermal properties (T,~73°C, T, =234°C (~30°C lower
than that of PET), T.=196°C), and crystallizes faster,
implying processing benefits; however, tensile analysis
was not reported”.

Another lignin-derived AB monomer, p-coumaric
acid (FIG. 4a), has an a,B-unsaturated acid motif that

OPLASTICS

can participate in a post-polymerization, light-initiated
cycloaddition (at wavelengths (1) >280nm) to
increase the mechanical strength of hyperbranched
poly(coumaric-co-caffeic acid)®. The photoreaction
increased o, from 50 to 104 MPa and E from 16 to
19 GPa, comparable with those of poly(bisphenol A
carbonate) (BPA-PC). Moreover, the potential for bio-
degradation was demonstrated in soil, or with a combi-
nation of accelerated hydrolysis and further ultraviolet
irradiation (A =254nm) producing oligomeric and
monomeric units (M, <1,000 Da). Polymers of aliphatic
camphoric acid, derived from the oxidation of a bicyclic
terpene, exhibit T, values exceeding that of PET owing
to the rigid five-membered ring, and hydrolysis over
14 days yielded monomers and oligomers (M, <600 Da),
even at neutral pH*. Although exploratory, these exam-
ples demonstrate how bio-derived functionalities can
afford useful thermal and mechanical properties paired
with built-in degradation mechanisms.

Trans,trans-muconic acid, which can be obtained
from carbohydrates or lignin after facile isomeriza-
tion of biologically produced cis,cis-muconic acid*-*,
has furnished unsaturated polyesters for performance-
advantaged fibre-reinforced plastics’>®. The back-
bone alkenes in these polyesters allow for reaction
with small-molecule crosslinkers, and employing
trans,trans-muconic acid avoids the use of maleic anhy-
dride to introduce unsaturation and noxious styrene to
crosslink. Relative to maleic anhydride-based polyester
resins for fibre-reinforced plastics, muconate-containing
polyester materials showed improved strength, thermal
properties and adhesion to fibres, because the diene
functionality increases the rigidity of the initially linear
polymer matrix and provides more crosslinking sites.
Additionally, the use of bio-based cinnamic acid with
methacrylic acid as branching units showed better
compatibility with the unsaturated polyester, and there-
fore reactivity, than did styrene. In a demonstration of
upcycling, trans,trans-muconate was polymerized with
reclaimed PET oligomers, producing composites that
transform US $0.511b™" waste into a useful US$2.601b™!
product’’. These composites have attractive mechanical
properties and are predicted to save 57% in supply chain
energy and decrease greenhouse gas emissions by 40%
relative to the preparation of conventional unsaturated
polyesters for fibre-reinforced plastics, demonstrating
both manufacturing and in-use advantages.

Fatty acids have been transformed into long-chain
(C,, C,y C,;) aliphatic polyesters (FIC. 4a) with pro-
perties similar to those of low-density polyethylene
(LDPE)*»**°. The transformation involves isomerizing
alkoxycarbonylation to give diesters, which subsequently
undergo polycondensation with their reduced diol coun-
terparts to form polyesters**>~°. Even longer-chain C,,
and C,, diesters produce polyesters with a higher T
(120°C)”. The degradability of long-chain aliphatic
polyesters is often claimed as an advantage over their
comparative polyolefins and is attributed to their like-
ness to cutin or suberin. A polyester comprising C,, and
C, monomers showed favourable gas permeability pro-
perties, but did not compost at 40 °C over 140 days; only
more hydrophilic copolymers with lower crystallinity
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degraded under the composting conditions™. Polyesters
that are more crystalline and hydrophobic would require
modification to biodegrade in soil or compost.

PHAs, however, are well known for biodegradability
under ambient conditions™”**-'*". Poly(3-hydroxybutyrate)
(P3HB) has exceptional gas barrier properties and
outperforms prevalent packaging plastics, because its per-
fect isotacticity imparts a high degree of crystallinity'*.
However, P3HB is very brittle (e, ~3%) witha T, (~175°C)
close to the T, (~250°C), limiting its use'"". Properties can
be tailored by incorporating more flexible co-monomers,
enabling commercial ventures to begin marketing
various PHA products®, whereas converting municipal
and agricultural waste into PHAs is an active research
area?>?»!0103-195 Synthetic PHAs offer further scope for
property enhancement. After 60 years of research, the
chemical synthesis of PHAs was finally accomplished
by ROP, with the materials rivalling natural PHAs, and
with increased control of D and copolymer microstruc-
tures''"” (FIG. 4b). However, the chemical circularity
of PHAs needs to be addressed, as degradation in the
environment is a fail-safe, leading to loss of value''’.

ROP polyesters. Although many bio-derived func-
tionalities enable straightforward polycondensation
of AA/BB or AB monomers, process efficiency can
suffer owing to steric and electronic factors as well as
competing functionalities of more complex monomers.
Precise control of monomer stoichiometry and high
temperature and vacuum for long periods can be nec-
essary to reach entanglement M, while fighting ther-
mal degradation. Conversely, ROP of lactones offers
exquisite control of the polymerization characteristics
(M_, D, stereoselectivity, microstructure, chain ends
and topology), offers tunable kinetics using organome-
tallic and organic catalysts, and can be conducted under
mild conditions. Alternating ROCOP has also enabled
polyester synthesis from cyclic anhydride and epoxide
monomers”"’'. Additionally, although all polyesters are
inherently hydrolysable, catalytic depolymerization
enables lactone recovery when the thermodynamics are
well balanced'"". ROP further allows for different (co)
polymer architectures, such as random, block, graft,
star-shaped and cyclic structures, as well as the inclusion
of (reversible) crosslinkers™. Block copolymers (BCPs)
can now be screened in high throughput by exploiting
the tunable activity of cyclic oxygenate monomers with
organocatalysts; for example, 100 unique polymers were
produced in just 9 min using a continuous flow reactor''”.
Thus, ROP polyesters are often performance-advantaged
owing to their modularity and end-of-life options.

The recent success in chemically synthesizing PHAs
was inspired by the synthesis of PLA, which proceeds
through ROP of a six-membered cyclic monomer com-
prising two lactic acid units (lactide; monomer shown
in FIC. 4c), with ROP leading to a polymer superior to
that produced through hydroxy acid polycondensation.
For PHAs, an eight-membered cyclic diolide monomer
(8DL®, R=Me, Et or "Bu) (FIC. 4b) is ring-opened'**'%,
In contrast to enantiopure L-lactide ROP, whereby a sin-
gle stereoisomer is polymerized by a non-selective tin cat-
alyst, racemic (rac) mixtures of 8DLR are polymerized by

stereoselective catalysts. Rac-8DLM® produces perfectly
isotactic P3HB under ambient conditions in 1 min, and
different 8DL* monomers can be copolymerized to pro-
duce various PHAs. The microstructures and resulting
material properties are controlled by the catalyst selecti-
vity and co-8DLF feed ratios, leading to random, (stereo)
block or (stereo)gradient copolymers that are ductile and
tough while maintaining high crystallinity. Polymerizing
1:1 rac:meso-8DLM* increased the ¢, of P3HB six-
fold, owing to the syndiotactic stereoblock (7, =157,
141°C) (FIC. 4b, right). Elongation of nearly 600% was
attained by polymerizing 4:1 meso-8DLMrac-8DL®
to form a syndiotactic P3HB block capped by an isotactic
poly(3-hydroxyvalerate) (P3HV) block (FIC. 4b, centre).
These microstructures were formed owing to the kinetic
preference of the selected catalyst for 8DLM® over 8DL¥,
and for the rac over the meso diastereomer for a given
monomer. Compared with P3HB, the P3HB-P3HV
copolymer (T, =135°C, 0,=24MPa, E=169 MPa) has
a wider processing window and application space, but
maintains polyolefin-like properties. However, the
effects of unnatural tacticities require further characteri-
zation'"”. The 8DL® monomers are synthesized in four
steps from succinate, but there is opportunity to dimer-
ize hydroxy acids by shape-selective catalysis'"; this
would enable the circular life cycle of PHAs, which can
be hydrolysed to rac or enantiopure hydroxy acids'”.

ROP of larger lactones is entropy driven and, thus,
requires high temperatures. However, enzymatic and
coordination catalysis methods have enabled ROP
of plant oil-based C,,, C,, and C,, lactones®" %1612,
Reactive extrusion coupled to an enzymatic process
was recently demonstrated'?, and accelerated degrada-
tion studies show that the incorporation of smaller (C,)
lactones allows for more rapid hydrolysis by breaking
up the hydrophobic backbone'”.

Owing to unique sets of bio-derived functionalities,
bio-based polyesters show performance advantages in
applications such as elastomers and adhesives, wherein
non-degradable vinyl polymers dominate®*'*>'**, ROP
of lignocellulose-derived p-methyl-8-valerolactone
(BMOVL) and y-methylcaprolactone (yMCL) (FIG. 4c¢)
with ester-based crosslinkers produces materials with
&y 0y and elasticities on par or superior to those of
vulcanized natural rubber bands'*>'?*. Recycling
of poly(PMSVL) recovered 90% monomer, whereas
poly(YMCL) yielded its hydroxy acid when subjected
to enzymatic degradation'”’. Advantages for adhesives
beyond competitive adhesive strength include hydro-
lysability (non-degradable counterparts cause gum-
ming problems in recycling processes), reduced use or
elimination of volatiles and toxics, toughness or flexi-
bility and hydrophobicity'**'*. Pressure-sensitive adhe-
sives formed through the condensation of fatty acid and
sugar-based monomers with 99%+ bio-based content
and tunable properties have been commercialized, with
a preliminary life cycle analysis showing lower environ-
mental impact compared with polyacrylic tapes'>>'?.
However, ROP offers more opportunities to tune pro-
perties through design of BCPs with specific segment
lengths and hardness, by virtue of telechelic end groups

and the wide variety of applicable bio-based monomers®.
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In an ABA tri-BCP approach to pressure-sensitive
adhesives, terpene-derived L-menthide (FIG. 4c) was
used as a low T, central block and PLA as short, hard
end blocks'?*. The backbone substituents suppress
crystallization whereas the hard PLA end caps induce
the microphase separation necessary for good visco-
elasticity. When mixed with a bio-based rosin-ester
tackifier, the tri-BCP displayed adhesive properties
superior to or comparable with those of styrene-based
tapes (with a peel adhesion strength of 3.2 Ncm™!
versus 1.9-4.2Ncm™ for commercial tapes). With
hard poly-y-methyl-a-methylene-y-butyrolactone
(P(MeMBL), a bio-based polyacrylate) as the end
caps, similar competitive properties were realized
with the added advantage of a heat-fail tempera-
ture of >150°C due to the high thermal stability of
poly(a-methylene-y-butyrolactone)s, surpassing that
of non-crosslinked styrenic BCP adhesives'*.

The most impressive pressure-sensitive adhesive,
which does not require tackifier to outperform com-
mercial tapes, is part of a series of ABA polycarbonate-
block-polyester-block-polycarbonate BCPs made by
switchable ROCOP catalysis'’'. With an optimized
coordination catalyst and reaction conditions, a mix-
ture of bio-based e-decalactone and cyclohexene oxide
(to which a bio-based route has been established'*?)
was selectively polymerized to poly(e-decalactone) by
ROP until CO, was introduced, after which the mech-
anism switched to epoxide/CO, ROCOP to produce
poly(cyclohexane carbonate) (PCHC) end blocks
(FIC. 4d). Tough plastics, elastomers or adhesives are
formed depending on only the block lengths. The short-
est PCHC block led to an adhesive with a peel strength of
10N cm™, which is far higher than those of commercial
tapes and other bio-based tri-BCPs. When the polymer
is 50 wt% PCHC, a strong and tough plastic is realized
(e5=20MPa, 0,=900%), whereas 28 wt% produces an
elastic material with shape recovery. Similarly, a strong,
tough plastic with near-ideal elasticity is produced when
a recyclable poly(BMSVL) mid-block is capped by 32%
semi-crystalline PLLA (e,=28 MPa, 0,=1,720%), and a
similar PLLA content with a yMCL mid-block has an ¢,
of 35 MPa and o, of 895%"*>"**. The customizability of
oxygenated ABA BCPs, enabled by tunable catalysts, is
key to producing these PBPs.

Bio-derived functionalities are apt for epoxide/
anhydride ROCOP systems (FIC. 4d), leading to polye-
sters with high and tunable T, values. Epoxidation and
Diels—Alder chemistry enable the conversion of bio-derived
functionalities to both monomer types, whereas the
one-pot cyclization of diacids to anhydrides and subse-
quent ROCOP with an epoxide has been demonstrated
with tandem catalysis'**. Epoxides derived from terpe-
nes and 1,4-cyclohexadiene (CHD), a by-product of
fatty acid metathesis, undergo ROCOP with phthalic
anhydride (FIC. 4d), affording materials with respectable
M, values of up to 25kDa and T, values in the range
59-165°C (REFS"*>'*9). Introducing unsaturation into
ROCOP polyesters is reportedly easier with CHD oxide
(CHDO) than with maleic anhydride'*>. Sugar and
terpene-based dienes have served as precursors to tri-
cyclic anhydrides by Diels—-Alder reaction with maleic
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anhydride. These anhydrides polymerize with propyl-
ene oxide or cyclohexene oxide to form polyesters with
T, values of 66-184°C (REFS"*"'*). For example, the pol-
yester formed from propylene oxide and the adduct of
a-terpinene and maleic anhydride has a T, of 109°C
(M, =55kDa)"". Moreover, CO, can be added to intro-
duce random carbonate linkages along the backbone and
potentially enhance materials™.

ROCOP studies have focused on understanding
relationships between monomer combinations, catalyst
performance (activities and selectivities) and thermal
properties, but not on mechanical properties. Although
T, values are high, the proximity of ester linkages (two
or three carbons apart) could curb the strength and duc-
tility*". Thus, research should move towards establish-
ing PBPs using now well-developed ROCOP methods.
For example, using ROCOP, polyesters were made from
phthalic anhydride, guaiacol glycidyl ether (epoxide)
and a small fraction of vanillin glycidyl ether'* (FIG. 4d).
Both glycidyl ethers participate in ROCOP, whereas the
pendent aldehyde groups on vanillin glycidyl ether can
react with a diamine to form reversible imine crosslinks.
The resulting crosslinked polyesters are hard and strong,
reprocessable and recyclable, with T, values of ~60-70°C.

Polycarbonates

BPA-PC, the most common polycarbonate, is amorphous,
hard and tough (FIG. 3¢), with a high T, (145-150°C)
(TABLE 1), outstanding impact strength and optical clarity,
making it a valuable engineering plastic. However, BPA
is an endocrine disruptor, and its replacement analogues
are also not inert*~*!, whereas the co-monomer phos-
gene is lethal, initiating research into safer alternatives
from bio-feedstocks’'**. ROCOP of epoxides/CO, and
selective ROP of cyclic carbonates are phosgene-free
routes to polycarbonates, but monomer scope is more
limited®'. In the former, carbonate linkages are only two
or three carbons apart, but properties can be modulated
by introducing ester linkages. Aliphatic polycarbonates
are easily bio-derived and biodegradable'*', but are not
engineering plastics. Applications include biomedical
materials®®?*!*>71% coatings'*>'*, transparent elasto-
mers'**'* or as components of other materials (such as
polyethercarbonates and polycarbonate polyols)'*’-'*.

Step-growth polycarbonates. Oestrogen receptor bind-
ing is hampered when phenolics have an ortho-methoxy
substituent, a common lignin-derived functionality®'.
In human oestrogen receptor studies, the dimer of
4-n-propylguaiacol (FIC. 4a), derived from lignin, shows
a pronounced reduction in potency (10-100x) com-
pared with BPA and related analogues. A polycarbonate
made from the 4-n-propylguaiacol dimers and triphos-
gene shows a T, of 99 °C, but optimization of the low
M, (~5kDa) could further increase the T,. Owing to
the propyl chains, this polycarbonate is more soluble
than those made from the other bisphenols, which is
advantageous for processing. However, a higher M_ and
mechanical characterization are necessary to establish a
performance-advantaged bio-polycarbonate.
Properties competitive with those of BPA-PC have
been achieved using isosorbide, a rigid bicyclic diol,
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< Fig. 5| Design and synthesis of bio-epoxy resins. a | Formation of epoxy networks from
a bio-based epoxide-containing monomer (green box) crosslinked with diacid or polyacid
(red), or diamine or polyamine (blue)'>"*>17274 b | Synthesis of an epoxy network containing
reversible imine bonds, which are installed during monomer synthesis thorough the
reaction of vanillin (green) with aminophenol (blue), among permanent C-O and C-N
linkages. Polymerization of the epoxide monomer with a diamine crosslinker (grey)
yields the imine-containing network; this strategy avoids H,O evolution during network
formation'’. ¢ | Formation of a dynamic epoxy network (left and centre) with reversible
imine bonds from a vanillin-derived epoxide (green, with permanent ring-opened epoxide
bonds in navy) and a diamine (purple, with reversible imine bonds in red)**'. A composite
comprising the dynamic epoxy and carbon fibre can be recycled through acid hydrolysis
(right). After 15 h, the epoxy network is completely dissolved (top right), allowing the
carbon fibre cloths to be recovered with retention of tensile properties (bottom right,
stress—strain plot) and chemical structure (bottom left, Raman spectrum). Panel b adapted
with permission from REF.'’%, ACS. Panel ¢ adapted with permission from REF.**!, RSC.

and diphenyl carbonate, employing highly active amino
acid-based ionic liquid catalysts'*’. High molecular
weights (M, >100kDa) and yields were reached in 1 h, and
the resulting polycarbonate has a T, of 174 °C. However,
owing to brittleness, isosorbide was copolymerized with
1,4-butanediol and 1,4-cyclohexanedimethanol. With 50%
isosorbide, the resulting polycarbonate had a T, of 98°C
with impressive g, ¢, and E values of 57 MPa, 145%
and 979 MPa, respectively. These properties show good
potential for BPA-PC applications and beyond. An
isosorbide-based poly(arylene ether) also outperformed
BPA-PC. The bio-based super-engineering plastic is
recyclable, transparent and has a high M, (>100kDa),
exhibiting a high T, of 212°C, 0, of 78 MPa and a low
coefficient of thermal expansion'.

ROP polycarbonates. ROCOP of limonene oxide (LO) or
CHDO (FIC. 4d) and CO, produces polycarbonates with
high T, values (~110-120°C) that are biodegradable
and chemically recyclable''"*>!*3145152 ' When hydroxyl
impurities from the limonene source are masked, poly-
(limonene carbonate) (LO-PC) reachesa T, 0f 130°C — the
highest reported for an aliphatic polycarbonate. Upon
scaling the synthesis to >1kg, LO-PC reached a high M,
of >100kDa, enabling mechanical characterization'*.
This hard and strong polycarbonate has mechanical prop-
erties (&,=15%, ,=55MPa) between those of polysty-
rene and BPA-PC with desirable optical properties. This
methodology also used an immobilized chelating agent
for catalyst removal, decreasing solvent use by tenfold
during polymer purification. However, LO-PC can dis-
colour in the melt owing to alow T. As an additive, ethyl
oleate reduces discolouration, but results in a trade-off
between rheological and thermomechanical proper-
ties'*”. Both LO-PCs and CHDO-PCs have unsaturated
bio-derived functionalities for post-functionalization,
which is especially useful for lower M, polymers. When
crosslinked with tri-thiols, the resulting materials have
properties important for coatings: high transparency
and hardness, solvent and scratch resistance, and good
adhesion to metal'*.

Epoxy resins

Epoxy resins (epoxies) are widely used thermosets in
construction, energy, food and transportation sec-
tors, with their tunability, high T,, low density, robust
mechanical strength and solvent resistance making
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them suitable for use in coatings and adhesives'*,
or to reinforce other materials'*’. The reliance on BPA
and volatile solvents as well as the lack of recyclability
have inspired a search for safer, high-performance alter-
natives with superior end-of-life properties*®>">>74158-161,
In this regard, bio-based monomers have afforded
less toxic epoxies with improved thermomechanical
and end-of-life features*>**!>415>1-1> Epoxy networks
comprise an epoxide-containing monomer and a
crosslinking monomer (hardener), which provide struc-
tural modularity and tunability for specific applications
(FIG. 5a). Rigid aromatic epoxide monomers from lignin
can provide high T, values'”*, although multiple meth-
oxy substituents progressively lower the T, (REFS'7>'7).
Conversely, unsaturated fatty acids can be epoxidized to
provide a flexible component when cured with various
bio-based hardening agents'**'*. For example, varying
the bio-based polyacid hardener reacted with epoxi-
dized sucrose soyate (FIG. 5a) tunes the thermomechan-
ical properties of the epoxy resin and can promote a
H,O-soluble formulation'.

Dynamic covalent networks could address the
waste issue associated with conventional thermosets,
as the exchange of bonds in response to heat allows
for reprocessing of the network'*”'", In a lignin-based
example, vanillin and guaiacol were joined in a triphenyl-
triepoxy monomer, which was reacted with an anhydride
to yield a network with a T, of 187 °C, which is 30°C
higher than that of the BPA counterpart'”’. The material
undergoes dynamic transesterification with an embed-
ded catalyst, self-healing within 10 min, and thus is
repairable with a high service temperature. In another
example, vanillin was coupled with aminophenol to
form an imine-containing monomer before functional-
ization with epichlorohydrin. Subsequent crosslinking
with a diamine produces an imine-containing network'”*
(FIC. 5b). This material is reprocessable and recyclable
through heat (no catalyst) or acid hydrolysis, respec-
tively, without notable decreases in thermomechanical
properties (T,=71°C, 0,=46 MPa, £;=4.4%). Another
vanillin-imine network with properties comparable with
those of a BPA epoxy was recycled three times without a
decline in mechanical properties'”’. An entirely renew-
able epoxy adhesive was synthesized using ozone-treated
kraft lignin with sebacic acid, demonstrating a T, range
of 95-133°C, reversible adhesion with a lap-shear
strength of 6.3 MPa (equivalent to that of the BPA epoxy)
and damage repair at 190 °C (REF.'*).

Recyclability and degradability are also advanta-
geous for reinforced epoxy resins. Composite materials
endow typical thermosets with mechanical properties
for demanding applications but are destined for land-
fills. Recycling of both polymer and reinforcement
components is particularly beneficial when the rein-
forcements are expensive, such as carbon fibre. Examples
of this practice are scarce; however, one example used
vanillin coupled with pentaerythritol to produce a
rigid spiro-diacetal structure that has acid-catalysed
reversibility, which was exploited to recycle carbon
fibre from the composite'®’. This material performed
as well as the BPA analogue (Tg =169°C, 0,=87 MPa,
E=2.8GPa), and the recycled carbon fibre showed
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< Fig. 6 | Use of bio-derived functionalities in C-N linked polymers. a| Comparison

of structures and hydrogen bonding patterns of nylon 5,6 and nylon 6,6, with bio-

based content shown in green'®. b | Copolymerization of two diene monomers, N,N'-
(2-hydroxypropane-1,3-diyl)bis(undec-10-enamide) (UDA) and 1,3-di(undec-10-enamido)
propan-2-yl butyrate (BUDA), with a dithiol affords the polyimide P(UDA-co-BUDA)
(bio-based content shown in green)™*. Cyclic tension deformation applied to P(UDA-
co-BUDA) induces rearrangement of the microstructure to produce ultra-strong elastomers
(uEs). uE4 is formed from the P(UDA-co-BUDA) with 52% BUDA, and a uE fibre (~135um
in diameter) is pictured holding a 200-g weight. ¢ | Examples of polyamides produced
through ring-opening polymerization of terpene-based lactams (substituted caprolactams)
and the thermal properties of the polymers. Polymerizability and balance between thermal
properties increases from right to left'””"°". d | Synthesis of polyurethane and polyhydroxy-
urethane (PHU), and routes to cyclic carbonates for PHU synthesis, with a single starting
alcohol shown for simplicity. Examples of polyols for the synthesis of polyurethanes and
PHUs are shown in the green circle; polyols derive from the conversion of alkenes present
in terpenes and fatty acids from various feedstocks. For PHU synthesis, cyclic carbonate
precursors can be prepared directly from alkenes, or through alcohols and polyols.

e| General synthesis of polybenzoxazine (PBz) (top), and three examples of bio-based
benzoxazine monomers (bottom)””***. T , glass transition temperature; T_, melting
temperature. Panel b adapted from REF.**°, CC BY 4.0.

no degradation in performance. In another exam-
ple, vanillin-based imine chemistry was used to form
epoxy and imine crosslinks simultaneously'® (FIC. 5¢).
The epoxy network can be reformed or repaired through
dynamic imine exchange and degraded by acid hydroly-
sis to recover the carbon fibre, which fully retained
its structural integrity. The reprocessed epoxy also
behaved identically to the virgin material (T,=172°C,
0,=81MPa, E=2.1GPa) and had a higher ¢, (15%) than
the BPA epoxy analogue (8.6%).

C-O linked polymer summary

The versatility of bio-based, C-O linked polymers
has been well demonstrated, with the most tangible
advantages stemming from the use of bio-derived func-
tionalities to enable applications beyond those of com-
modity thermoplastics and thermosets, or to overcome
their specific drawbacks. The role of catalysis in gen-
erating performance-advantaged polymers is irrefut-
able and allows for easy hybridization of polymer types,
and entire fields of catalysis have been developed around
the polymerization of highly oxygenated bio-based
monomers”'. The coupling of catalysis to bio-derived
functionalities not only enables controlled polymeriza-
tion, but also rapid and precision polymerization, which
is advantageous to manufacturing. There remain oppor-
tunities to further develop catalysts to accommodate the
size and complexity of bio-based monomers to control
architectures for tailored performance.

There are also enormous health and process bene-
fits associated with C-O linked, bio-based polymers.
Phosgene and BPA can be evaded in the manufactur-
ing of polycarbonates, and for epoxies, opportunities
for advancement include lower cure temperatures and
enhanced degradation to single components for com-
plete circularity. Although polyesters have hydrolysable
backbones, biodegradability claims should not be made
based on the polyester identity alone. Collaborative
studies for promising materials are needed to address
degradability beyond accelerated hydrolysis. The impor-
tance of this is exemplified by the recalcitrance of PET,
and of PLLA in any environment other than industrial
composting, leading to public confusion'"’. Additionally,

OPLASTICS

claims made for performance should be backed by data,
from comparisons with control materials tested in
parallel rather than with cited data'*".

C-N linked polymers

Polyamides

Polyamides are prevalent in high-performance appli-
cations, owing to their strength, toughness, durability,
and thermal and chemical resistance, and are typically
produced by condensation of AA/BB or AB monomers,
or ROP oflactams'*”. Aliphatic polyamides, or nylons, are
ubiquitous in automotive parts, outdoor gear, industrial
fishing equipment and carpet. Drawbacks of conventional
nylons are moderate T, values and a trade-off between
strength, T, and H,O absorption. Short-chain (C,) nylons
are stronger and higher melting but absorb more H,0,
whereas long-chain (>C,,) counterparts are more hydro-
phobic but weaker with a lower T, . Moisture absorption
is beneficial in textiles, whereas dimensional stability is
preferred for other applications. Nylon 11 has been pro-
duced from castor oil for >70 years and shows advantages
over both petroleum-derived short-chain polyamides and
nylon 12. Compared with nylon 12, nylon 11 has a higher
hydrogen bond density and, thus, exhibits a higher T ,
lower gas permeability (ideal for fuel applications) and
improved abrasion and impact resistance. Bio-based
sebacic acid (C,,) provides a balance between H,O absor-
ption and strength in nylon 6,10. Additionally, nylon 4 is
a long sought-after material with cotton-like textile pro-
perties, biodegradability and/or chemical recyclability,
and straightforward renewability from y-aminobutyric
acid or pyrrolidone; however, low polymerizability and
thermal instability hinder its industrial production'®.

Step-growth polyamides. Cadaverine (1,5-diaminopentane)
is one of few linear diamines with bio-fixed nitrogen,
as it is derived directly from the essential amino acid
lysine after decarboxylation**'**. In the last decade, the
first line of odd-even polyamides has been commer-
cialized, namely nylon 5,X and a series of C,,_, diacids.
Compared with traditional nylon 6,6, the hydrogen
bonding pattern in nylon 5,6 is shifted, leaving more
vacant sites (FIC. 6a). These sites enable improved dye-
ing while maintaining comparable strength, leading to
consistent quality and, ultimately, cost-savings in textile
production'®-'®. Additional in-use advantages of nylon
5,6 fabric over nylon 6,6 include better elastic recovery,
antistatic, fire safety and moisture-absorbance properties.
When adipic acid is replaced by bio-derived p-ketoadipic
acid in nylon 6,6, the ketone contributes to an increase
in T, (to 130°C), a reduction in H,0 uptake and a high
T (~400°C); however, melting occurs close to degra-
dation®. Thus, the incorporation of smaller amounts of
[-ketoadipic acid could enhance conventional nylon 6,6.
Bio-based polyamides have largely been based on bio-
based amino acid or diacid monomers with petroleum-
derived diamines, as linear diamines are a less common
bio-derived functionality and are typically installed by
amination chemistry'®~"", Efficient conversion of other
functional groups to amines via catalysis can provide sus-
tainable access to polyamides, such as those derived from
plant oils®. These polyamides have a low density of amide
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groups owing to the long aliphatic chains, balancing
crystallinity and hydrophobicity for minimized H,O uptake
and further chemical resistance.

Cysteamine (2-aminoethanethiol) is a bifunctional
biomolecule that can be used to introduce primary amines
through thiol-ene click chemistry'**'*>!*. For example,
cysteamine hydrochloride was added to limonene to
form a bulky diamine monomer that was used to plasti-
cize polyamide 6,6 (nylon 6,6) in copolymers'*. Similarly,
AB monomers produced by clicking cysteamine with
unsaturated fatty monoesters have been used to realize
plasticized copolymers'”*. The bio-derived functionalities
used in these examples impart new features to commod-
ity materials, such as built-in plasticization and hydro-
phobicity, but mechanical and rheological studies are
necessary to fully demonstrate their potential.

Furandicarboxylic acid, or its dimethyl ester, is a
common AA monomer for polycondensation, and
when polymerized with a diamine produces furan-based
polyamides, polyaramids or polyphthalamides'¥*'*.
However, melt polycondensation of furanics can
lead to undesired oxidation and resin formation.
Alternative step-growth methods, such as thiol-ene
addition and acyclic diene metathesis polymerization,
have been applied to avoid condensation, occurring
under milder conditions*>'**'*>*°, In one demon-
stration, the production of polyamides by thiol-ene
addition polymerization combined clever material
design with processing techniques to achieve outstanding
properties, with the materials reported to be the
strongest elastomers of all long-chain aliphatic poly-
condensates'”*. Symmetric castor oil-derived mono-
mers featuring a central alcohol or ester flanked by
two amide groups with C,, terminal alkene chains, N,
N'-(2-hydroxypropane-1,3-diyl)bis(undec-10-enamide)
(UDA) and 1,3-di(undec-10-enamido)propan-2-yl
butyrate (BUDA) (FIC. &b, left), were copolymerized with a
dithiol. It was hypothesized that nanocrystalline domains,
formed through highly localized hydrogen bonding, dis-
persed throughout an amorphous matrix would lead to
exceptional strength. The optimal P(UDA-co-BUDA)
copolymer, P4, contains 52% UDA and achieves mechan-
ical properties (E=150 MPa, 0, = 18.4 MPa, £,=576% and
a toughness of 65 MJ m™ at 17% crystallinity) compar-
able with or superior to those of commercial aliphatic
polyamides and polyesters; however, T, (24°C) and T,,
(81°C) are comparatively low. Unidirectional stretching
induces alignment of the crystalline domains, forming
ultra-strong elastomers (uEs) (FIC. 6b, centre and right).
Deformation of P4 to form uE4 increases o, sevenfold to
115MPa, and although &, decreases to 30%, uE4 main-
tains a high elastic recovery of 95%. Overcoming the usual
trade-off of a weaker material with long-chain monomers,
these materials exhibit high strength and toughness for
ambient-temperature applications. Interestingly, by virtue
of the clustered crystalline microstructure, these materials
fluoresce, which is remarkable for an aliphatic material
without chromophores.

ROP polyamides. ROP of terpene-derived monomers
has revealed performance-advantaged polyamides by
capitalizing on inherently rigid cyclic structures and

chirality'®*'>!%, Lactam monomers derived from men-
thone, a-pinene and p-pinene, and (+)-3-carene have
been systematically investigated (FIC. 6¢) to determine
structure—property relationships, cumulating in the
scalable synthesis of high-performance polyamides'”*"".

The ketone L-menthone was converted to a lactam
through the oxime Beckmann rearrangement (as
used industrially in the conversion of cyclohexanone
to e-caprolactam for the preparation of nylon 6) and
subsequently ring-opened in bulk under typical ani-
onic lactam ROP conditions'”. The resulting polyam-
ide was produced in low yields (~20%) and had low
M, values (<2kDa), but exhibited impressive thermal
properties (T,=50°C, T, =300°C). Polyamides of
B-pinene lactam were also synthesized employing the
oxime route’*". The structure and stereochemistry of
the substituents are retained in the polymer backbone
upon bulk ROP (anionic or cationic), and the resulting
polyamides were obtained in good yields, with cati-
onic polymerizations leading to higher M, albeit still
<10kDa. The T, (308-322°C) and thermal stability
(T,=400°C) of poly(p-pinanamide) are comparable
with those of the menthone system, but with a much
higher T, of 150-160°C due to the rigidity and stereo-
regularity of the backbone cyclobutane ring. However,
melt processing is inhibited by the close T, and T} values.
Polymerization of a-pinene lactam was unsuccessful, as
the cyclobutyl ring rearranges, leading to crosslinking
side reactions'**.

Polyamides derived from (+)-3-carene, a by-product
of the pulping industry, are more promising, reaching
much higher M, values (up to 33kDa) and yields of up
to 77%"*. The methyl and geminal-dimethyl cyclopro-
pane substituents, on the same face of the lactam, endow
rigidity and hydrophobicity, with the polyamide showing
a high T, of 120°C and H,O uptake of 40% relative to
that of nylon 6, but no melting transition was observed
before decomposition at 400 °C. Monomer stereo-
chemistry was retained, yet the material was amorphous,
resulting in transparent films. The effects of (+)-3-carene
stereochemistry and its copolymerization with conven-
tional lactams have been investigated to reveal further
performance-advantaged polyamides'”’. Diastereomers
of the lactam derived from (+)-3-carene were obtained
selectively, with large-scale, multistep monomer synthe-
sis demonstrated in a single vessel without purification
of the intermediates. The R diastereomer has substitu-
ents on the same face of the ring, and the substituents
in the S diastereomer have a trans orientation (FIG. 6c).
The change in orientation of the methyl group has a pro-
nounced effect on polymer crystallinity. The polymer
derived from the S diastereomer is semi-crystalline, with
a T of up to 280°C, which is 60 °C higher than that of
nylon 6,and a Tg 0f105-115°C (~50°C higher than that
of nylon 6). By contrast, the polymer formed from the
R diastereomer is amorphous, with a Tg of 115-120°C.
Regardless of some kinetic differences, conversions of
almost 90% were achieved for both diastereomers.

In the copolymerization of S-carene lactam with
caprolactam or laurolactam, differences in the reaction
kinetics of the monomers result in gradient copoly-
mer microstructures, which show increased Tg values
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(increasing linearly with the amount of carene lactam
incorporated) and disrupted crystallinities relative to
nylon 6 and nylon 12. These properties could enhance
the conventional application space, with transparent
films, increased working temperature range, chirality
and other additive effects achieved by changing the
polymer composition. As y-substituents tend to favour
ring-closing, this bio-derived functionality might also
provide a thermodynamic driving force for reversibility.

Polyurethanes and polyhydroxyurethanes
Polyurethanes are conventionally synthesized from
alcohols and isocyanates. Given the propensity for
bio-feedstocks to yield hydroxyl groups, polyurethanes
are thus obvious candidates for synthesis from bio-based
monomers. Polyurethanes can be linear (thermoplastic)
or networked (thermoset), and are often used in foams,
rigid or flexible, as the reaction of excess isocyanate with
H,0 evolves CO,. Polyurethane monomers and thermo-
mechanical properties vary widely to meet the require-
ments of diverse applications, from automotive bushings
to industrial adhesives. Polyurethanes are often ther-
mosets with long lifetimes, but have limited end-of-life
options and use toxic isocyanates™*">. Most polyurethanes
are manufactured from flexible diols or polyols and rigid
isocyanates (such as toluene diisocyanate). Bio-feedstocks
provide access to many aliphatic alcohols, but bio-based
phenolics can also be the rigid component (FIC. 6d).

Direct use of lignin in polyurethanes has received
much attention owing to the high phenolic content.
There are also diverse lignin feedstocks and numer-
ous modifications performed, typically the conversion
of phenols to reactive primary alcohols™. Generally,
lignin-derived polyurethanes have higher compressive
strengths than their petroleum counterparts, and, in
some cases, can enable biodegradation at lignin load-
ings as low as 25wt%*”. Despite promising features, it
is difficult to draw correlations between bio-derived
functionalities and material performance because lignin
composition varies widely.

Although lignin-based polyurethanes use rigid
aromatic polyols, the use of aliphatic polyols is more
conventional. Fatty acids can be easily converted to
polyols through alkene epoxidation and subsequent
hydrolysis***~"". These polyols can then react with aro-
matic diisocyanates to form polyurethanes that exhibit
properties similar to those of polyether-based poly-
urethanes, for which T, is in the range 30-50°C and
the mechanical properties are strongly dependent on
crosslink density. The benefit of plant oil-based polyure-
thanes over polyether-based counterparts is a delay in T}
by up to ~75°C, due to a lower oxygen content. Higher
molecular-weight polyols for flexible foams are also
produced industrially by hydroformylation and transes-
terification of polyunsaturated fatty acids**. Hydroxyl-
terminated polymers, such as polycarbonates'*’ and
polyesters, can also be used as polyols, and have gained
traction industrially. Use of poly(BM8VL) as a polyol
enables chemical recycling of the polyol component'**”,
and algae-derived polyester polyols yield a biodegrad-
able polyurethane foam with properties suitable for

footwear applications.

OPLASTICS

Polyhydroxyurethanes (PHUs) offer isocyanate-free
routes (FIC. 6d) to materials that are structurally similar to
polyurethanes?>*!'-**. PHUs form by reaction of amines
with cyclic carbonates to give urethane and hydroxyl
groups. In general, the urethane group maintains the
properties of a polyurethane, whereas the additional
hydroxyl can endow better adhesive properties®''.
Cyclic carbonates are not inherent bio-derived func-
tionalities but can be introduced by the carbonation
of epoxides, through alkene or alcohol functionaliza-
tion with epichlorohydrin’™. It is possible to avoid toxic
epichlorohydrin by alkylation of an alcohol to a vicinal
diol, followed by transesterification with dimethyl
carbonate’* (FIC. 6d). These alternative routes to cyclic
carbonates enable benign manufacturing of PHUs,
using green solvents and recoverable catalysts, and have
been applied to lignin, but terpenes and fatty acids are
also suitable building blocks. Additionally, owing to the
hydroxyl groups, PHUs can undergo intermolecular
transesterification for material healing*”.

Some of the earliest bio-based PHUs were synthe-
sized using limonene?'. Limonene is first converted to
a branched dicyclic carbonate, which is subsequently
reacted with C,—C, diamines to form PHUs. The result-
ant thermosets possess T, values of 40-70°C and a
favourable E (3-5 GPa), and are strong but brittle with ¢,
and o, of <2.5% and 53 MPa (REF*"%), respectively. Use of
unpurified limonene carbonate results in plasticization
(with a 40°C decrease in T, and 45% decrease in E’).
Thiol-ene click chemistry provides access to more amine
monomers for polyurethanes and PHUs, enabling fully
bio-based systems'”. Carbonated oils can also be imple-
mented in PHUs; for example, the product of carbonated
soybean oil and ethylene diamine results in a favourable
€, (80%), but at low 0, (<1.6 MPa)?*"". Despite the benefits
of PHUs over traditional polyurethanes, most studies do
not compare against standard petroleum polyurethanes
or provide adequate material characterization.

Polyimides

Polyimides exhibit exceptional thermo-oxidative sta-
bility and mechanical properties, solvent and radiation
resistance, and low density, making them suitable for
aerospace applications*'**"’. Polyimides are also used in
electronics and energy sectors owing to unique dielec-
tric properties. However, the high thermochemical resis-
tance and thermosetting nature of polyimides come with
major processing limitations. A pre-polymer formula-
tion must be cured at high temperatures (200-300°C),
which can be complicated by the release of volatiles and
incomplete curing. Additionally, polyimides are often
coloured. These drawbacks limit their integration into
technological applications that require low-temperature
processing or colourless transparency””.

More recently, machine learning and genomic
engineering have been leveraged to develop bio-based
polyimide films with both processing and in-use
advantages for various electronics applications™?*"*?2.
These patented polyimides use traditional di-anhydride
monomers with bio-based polyamines to realize
solution-processable, colourless and transparent

materials with outstanding mechanical properties**.
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The exact formulation is undisclosed, but the bio-based
components are reportedly responsible for the advan-
taged properties**?*’. For touch sensors, the high
mechanical strength (E=3.1 GPa, 0,=117 GPa for a
film 25 um thick) enables use of thinner films and, thus,
full-coverage touch sensing in flexible devices, whereas
the high thermal stability (T,=195°C, T;=460°C)**
during annealing with inorganic components leads to
better function. Similarly, thin films and the thermal
stability expedite the manufacturing of optical filters.
Moreover, the material is solderable, eliminating the
need for epoxy or acrylic adhesives in printed circuit
boards, resulting in a thinner and more flexible system
that is completely transparent.

Polybenzoxazines

Polybenzoxazine (PBz) resins have emerged as high ser-
vice temperature thermosets that can replace phenolic
or epoxy resins in aerospace, defence and electronics
applications*. Benzoxazine monomers are synthesized
from a phenol (often BPA), amine and formaldehyde,
and then polymerized at high temperatures (160-220°C)
to create tertiary amine connections and regenerate
autocatalytic and hydrogen bond-forming phenols
across the network (FIG. 6¢). Curing does not require a
catalyst, and occurs without by-product evolution, void
formation, shrinkage or expansion. PBzs show low flam-
mability, high char yield, strength, low H,O absorption
and high stability towards chemicals and ultraviolet
radiation. The use of bio-based monomers has begun to
address the high cure temperatures and brittleness® %,
and although promising monomers are not the most
abundant, their polymers make a compelling case for
them as targets of metabolic engineering.

Chavicol, a bio-based phenol with an allyl group, was
used to form PBz resins with a high T, (350°C) through
additional allyl crosslinking, but required high cure tem-
peratures (230-300 °C)**. Magnolol — the 2,2’-biphenol
dimer of chavicol — has been combined with furfuryl-
amine to form a high-performance PBz*”’. The magnolol-
furfurylamine benzoxazine monomer (FIG. 6¢) was
synthesized in a 5-min microwave reaction, followed by
simultaneous curing of benzoxazine and allyl function-
alities at 160-250 °C (with a polymerization tempera-
ture (T,) of 229°C). The resulting PBz showed excellent
thermal stability with a T, of 303 °C, which is higher
than that of widely used BPA PBzs (T, ~180°C), as well
as an onset T, of 440°C and a high char yield of 62%.
The thermal stability is thought to be enhanced by the
participation of the furan ring in crosslinking, in addition
to allyl and amine crosslinks, leading to high stiffness
(E’ =2.46 GPa at room temperature). Additionally, the
benzoxazine monomer showed excellent rheological
properties with low viscosity (<1 Pas), providing ample
time in the melt before gelling, which is essential for
resin transfer moulding.

Softness has been induced in PBzs by combining
vanillin and cardanol as rigid and flexible compo-
nents, respectively, within an asymmetric benzoxazine
monomer™* (FIC. 6e). PBzs formed from cardanol alone
have low Tg values, whereas those formed from vanillin
cannot be processed because curing occurs close to the

monomer T . By contrast, the PBz derived from the
asymmetric benzoxazine monomer possesses a wide
processing window (monomer T, =101°C, T, =227°C)
and a balanced T, of 129°C. The E’ is 700 MPa, sug-
gesting a much softer material than that formed from
magnolol and illustrating how PBz properties can be
tailored by judicious use of bio-derived functionalities.

A fully bio-based, performance-advantaged PBz
was synthesized from furfurylamine and naringenin,
a flavonoid**® (FIG. 6e). An autocatalytic free phenol is
in place in this system, as naringenin has three phenol
groups, one of which is untouched during network
formation. Immobilization of the acidic phenol proton
by intramolecular hydrogen bonding at low tempera-
tures yields a stable benzoxazine monomer with a long
shelf-life. This latent catalytic proton is released upon
heating to effect a low T, of 166 °C; the lowest reported
for all pure PBzs. The PBz has a T, of 286 °C, onset T} of
361°C and 64% char yield. Furthermore, the material
is self-extinguishing and non-ignitable with a compar-
atively low heat release capacity and total heat release
compared with BPA-based controls. The addition of
5mol% naringenin-furfurylamine benzoxazine to a
BPA-based PBz modified the properties, decreasing the
T, from 257 to 238 °C and increasing the T, (from 162
to 178 °C) and onset T, (from 324 to 344 °C), and also
notably improved the flammability metrics.

Polyimines
Imine bonds confer catalyst-free reprocessability to
polyesters and epoxies, but dynamic networks can also
be based entirely on this motif. Petroleum-based poly-
imines serve as recyclable composites for carbon fibre
and self-healing matrices for solid-state batteries”*-**!,
but precursor aldehydes are a common bio-derived func-
tionality. Recent examples of bio-based polyimine net-
works have established structure—property relationships
and show good potential for thermoset applications>*.
An elastomeric material formed from furan dial-
dehyde and a commercially available mixture of fatty
polyamines displays a T, of -10°C and a T, of up to
300°C, and undergoes rapid stress relaxation at room
temperature*”. The material can be reprocessed with
heat or selectively depolymerized in an amine solvent
yet remains stable in acidic or basic solutions; this
desirable hydrolytic stability is attributed to the hydro-
phobic amines. Furan dialdehyde, in combination with
different amines, has also been used to directly study
the relationship between crosslink density and phys-
ical properties and to establish relationships between
fast stress relaxation and creep resistance, illuminating
fundamental design principles for future materials*”’.
Vanillin was dimerized to a dialdehyde by linking
the phenols, and the dialdehyde networked with sim-
ple aliphatic polyamines to form light-yellow polyimine
films**. With an increase in crosslinking, Tg increased
from 48 to 64 °C, and all networks were stable up to
~300°C with high char yields. The films show reason-
able toughness, with o, and ¢, in the ranges 47-57 MPa
and 13-16%, respectively. After hot reprocessing, the
networks with a higher crosslink density showed better
retention of mechanical properties, although the colour
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darkened. The dialdehyde monomers could be recovered
by mild heating in strong acid and then used to regener-
ate light-yellow films. Fire-retardant thermosets have also
been achieved by substituting phosphorus oxychloride
with three vanillins through their phenols, leaving the
aldehydes available for network formation with different
amines*”. The materials demonstrated Tg, oy and E of up
to 178°C, 69 MPa and 1.9 GPa, respectively, in combina-
tion with flame-retardant properties superior to those
of BPA-based thermosets. Although the phosphorus and
nitrogen are not directly bio-based, the aromatic ring of
vanillin contributes to the base mechanical properties
and char formation whereas its phenols provide straight-
forward access to the aldehyde monomer. Reprocessing
was rapid, completed in 2-10min at temperatures close
to the T, without discoloration of the yellow thermo-
sets. Additionally, high-purity monomer was recovered
in up to 77% yield by acid-catalysed depolymerization.
Although bio-derived functionalities can be leveraged to
target distinct thermomechanical profiles for recyclable
thermoset applications, better balance of stress relaxation
and creep deformation must be addressed for materials

to have marketable performance advantages.

C-N linked polymer summary

Bio-derived monomers endow promising material
properties and can enhance the property space of

Box 1 | Guiding principles for the development of performance-advantaged
bioproducts

Obey the principles of green chemistry and engineering

Monomer and polymer synthesis should be guided by the principles of green chemistry,
with emphasis on designing for energy efficiency, implementing safer solvents and
auxiliaries, maintaining a high atom economy and favouring catalytic reagents over
stoichiometric ones.

Identify performance advantages
New bioproducts should be assessed for advantages across manufacturing, application
properties and end-of-life considerations (such as recyclability or degradation).

Correlate performance advantages with inherent bio-derived functionalities
Typically, performance advantages are directly related to bio-derived functionality;
thus, it is preferable to use fewer chemical transformations in order to retain these
bio-derived functionalities. For example, muconic acid can be converted to adipic
acid as a direct replacement chemical, or the unsaturated bonds can be retained for
additional performance.

Perform characterizations using standardized tests and compare with
incumbent materials

Bioproducts should be characterized across a range of properties (including
thermomechanical, rheological, optical, barrier and degradability). To claim that

a material can serve as a performance-advantaged replacement, it is necessary to
report properties relative to the incumbent material under the same synthesis and
test conditions, as commercial polymer products will often use trace amounts of
co-monomers and/or additives to facilitate processing and optimize properties
(such as isophthalates in polyethylene terephthalate (PET)). If not synthesized,
data can also be obtained using purchased standards with known compositions.

Validate performance advantages at multiple scales

Once physical properties are established, the performance at different mass scales
should be validated. Moreover, promising systems should be subjected to life cycle
analyses, techno-economic analyses and supply chain modelling. It is important to
avoid assumptions, such as that all bio-based monomers have lower greenhouse
gas emissions than petroleum-derived counterparts. Indeed, some bio-based direct
replacement chemicals can result in greater greenhouse gas emissions, often due
to extensive separations or the disposal of waste by-products’*.

OPLASTICS

conventional C-N linked polymers. These enhance-
ments include circumventing the use of non-benign
monomers or additives, advanced architectures (that
can inherently incorporate additive effects), superior
thermomechanical properties, greater stability, lower
flammability and improved end-of-life options, pro-
cessing conditions and appearance. Moving forward, it is
imperative to test properties directly against petroleum
standards and, where possible, use bio-fixed nitrogen
monomers, which will hopefully see greater availabil-
ity in coming years. It is also important to demonstrate
performance advantages in the highly specific applica-
tion environments associated with specialty polymers,
which could be further revealed through collaboration
with industry.

Outlook

The inherent functionality of bio-derived compounds
can enhance the performance of polymers relative to
current petroleum-derived materials. True performance
advantages can stimulate industry adoption of bio-
based materials, yet much work remains to turn this
early promise into a viable enterprise. This work includes
thorough thermomechanical and rheological character-
ization of materials, optimization of monomer sourcing
and synthesis, demonstration of realistic end-of-life
options and production modelling analyses for the
most promising systems**. When designing or evaluat-
ing a bio-based material with performance advantages,
researchers should consider the guiding principles listed
in BOX 1.

There are several major challenges in demonstrat-
ing PBPs. The first challenge is narrowing down a near
infinite combinatorial design space in terms of both
monomer combinations and catalyst design. Alongside
the hypothesis-driven, combinatorial approach to the
selection of co-monomers and design of polymer archi-
tectures, computational methods such as machine learn-
ing and molecular dynamics are emerging as tools to
assist in predicting polymer structures with promising
properties’>***. A second challenge lies in identifying
molecules with hidden performance advantages, such
as the ability of naringenin to act autocatalytically during
PBz formation®”. Third, ensuring that all requisite pro-
perties are at least maintained, if not exceeded, poses a
great challenge. As multiple properties are often corre-
lated, an increase in one property might be at the detri-
ment of another. For example, materials with higher T,
may have a wider working temperature window but may
be too brittle in practice. Finally, the coupling of perfor-
mance advantages, especially the coupling of end-of-life
considerations with superior processing or application
properties, remains a key challenge. Overcoming these
challenges while following the guiding principles will
require research at multiple scales and the identification
of the optimal products to advance.

This Review has focused on research at the proof-
of-concept level, but there are additional considerations
when designing commercially viable materials.
Challenges associated with bringing a PBP to mar-
ket include understanding its rheological properties
under industrial processing conditions, assessing its
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performance lifetime under specific application condi-
tions, selecting suitable precursor feedstocks and opti-
mizing the production of these precursors. Introducing
new products into an established market presents
another set of challenges and opportunities. These chal-
lenges include the upfront cost for manufacturing a new
material; competing with the incumbent industry, which
has a tested foundation; and potential regulatory barriers
for certain applications, such as regulatory procedures for
food packaging. These challenges are not unique
to PBPs but should be acknowledged as barriers to
entry for transitioning any new products from laboratory
to market.

Lessons can be learned from bioproducts that have
already penetrated the market. Examples of products
with adequate market penetration include epoxidized
soybean oil as a plasticizer, PLA and sebacic acid for
nylon 6,10, which have gained traction owing to their
avoidance of health risks, compostability and lack of
thermal expansion, and lower H,O permeabilities,
respectively. In each case, the performance advantages
have facilitated their market penetration. PLA is an
example of a material that has overcome several of the
above challenges. Although initially postulated to be a
widely applicable compostable packaging polymer, high

H,O permeability makes it unsuitable for long-term
food and beverage preservation; however, minimal
thermal shrinkage makes it ideal as a 3D printing fila-
ment. Additionally, to overcome issues associated with
the manufacture of lactic acid, acid-tolerant microbes
were developed and simulated moving bed chromato-
graphy used to reduce salt waste and remove H,O. At the
time of writing, lactic acid has a market size of 75,000
tonnes per year, growing at a rate of ~19% per year*”.
Thus, market penetration is possible when a PBP solves
a specific problem relative to incumbent materials and
manufacturing is optimized to lower cost.

Through further research, the field of performance-
advantaged bioproducts has the potential not only to
enable the bioeconomy but also to advance numerous
scientific and engineering fields. For example, unex-
plored monomers from biomass offer new structure-
property relationships to be studied and invite new
catalyst designs and method development. The potential
of bio-derived functionalities and their unique combi-
nations within compounds can provide an incentive
for the use of biomass feedstocks and, ultimately, bring
sustainable polymers to fruition.
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