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Abstract

A versatile, sustainable feedstock pathway to bio-based polymeric materials was developed
utilizing lignin biomass and the ring-opening copolymerization (ROCOP) of cyclic anhydrides
and epoxides to synthesize functional, lignin-derived, fully bio-based polyester polyols. The
initial goal was to make the ROCOP reaction more applicable to bio-derived starting materials
and more attractive to commercialization by conducting the polymerization under less
constrained and industrially relevant conditions in air and without the extensive purification of
reagents, catalysts, or solvents, typically used in the literature. A refined ROCOP system was
applied as a powerful tool in lignin valorization by successfully synthesizing the lignin-derived
copolyester prepolymers from lignin models and depolymerized native lignin sourced from
the reductive catalytic fractionation of Pinus radiata wood biomass. After mechanistic studies
based on NMR characterization, an alternative ROCOP-style mechanism was proposed. This
was found to be (1) contributing to the acceleration of the observed reaction rates with added
[PPNCI] organo-catalyst and (2) ‘self-initiation/self-promoted” ROCOP without any added
external [PPNCI] catalyst, likely due to the presence of inherent [OH] groups/ species in the
lignin-derived glycidyl ether monomer promoting reactivity. As a final goal, the potential
of these lignin-derived polyesters as intermediate polyols was demonstrated by applying
them in the synthesis of polyurethane (PU) film materials with a high biomass content of
75-79%. A dramatic range of thermomechanical properties was observed for the resulting
materials, demonstrating how the ROCOP reaction can be used to tailor the properties of
the functional polyester and PU material based on the nature of the epoxide and anhydride
substrates used. These findings help endeavors towards predicting the relationship between
chemical structure and material thermomechanical properties and performance, relevant
for industrial applications. Overall, this study demonstrated the proof of concept that PU
materials can be prepared from lignocellulosic biomass utilizing industrially feasible ROCOP
of bio-derived cyclic anhydrides and epoxides.

Keywords: lignin; depolymerized lignin; cyclic anhydride; epoxide; polyester; polyol;
bioplastic; polyurethane; ROCOP; copolymerization; polymer; biorefinery; ROCOP
valorization; lignin valorization
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1. Introduction

With the plastics economy’s overreliance on diminishing petrochemical derivatives,
ca. 98% in 2017 (352.8 million metric tons), the ecological damage caused at both ends of
the linear plastic lifecycle, and the ensuing environmental concern, there has been attention
on the use of biomass derived resources and the utilization of waste streams to produce
alternative, sustainable biomaterials [1-6]. However, in the polymer sector, this currently
only accounts for 2% of the global production being obtained from renewable sources (ca.
7.2 million metric tons in 2017), and therefore, a drastic, responsive shift is needed [1,3 4].
With the application of a circular, bio-economic approach, the aim is that these sustainable
alternatives will help alleviate the environmental strain and replace fossil-based polymers
and plastics.

Polyesters are ideal candidates for future commercial biomaterials due to their
general biocompatibility, benign and facile end-of-life (EOL) hydrolytic degradation,
and potential sourcing from renewable feedstocks [7-12]. The traditional, industrial
method for their synthesis is via the step-growth, self-condensation polymerization of
diols and diacids. However, there are many limitations with this method, including
the requirement of precise monomer stoichiometry to achieve high-molecular-weight
polyesters (>10,000 g-mol~!); relatively demanding conditions such as high temperatures,
reduced pressures, and neat conditions; and the complete removal of produced water to
access useful, high-molecular-weight polymer [4,12-14]. The other critical disadvantage
is the lack of control in the overall reaction and the broad molecular weight distributions
generally obtained [12,13]. An industrially preferred route to aliphatic polyesters has been
the ring-opening polymerization (ROP) of cyclic esters, such as lactide and e—caprolactone,
because of the superior control in the chain-growth polymerization. However, these
aliphatic polyesters are non-aromatic and less rigid. As a result, while high melting
temperatures can be reached, unsuitable and inferior thermal properties can be displayed,
such as low glass transition temperatures (T), which limits their use in certain applications
and suitability in replacing fossil-based polymers [13,15-26]. In addition, there is a lack of
available cyclic monomers that can be polymerized [12,14]. Another alternative, promising,
and versatile method is the ring-opening copolymerization (ROCOP) of cyclic anhydride
and epoxide reagents [13]. This process is attractive and a potentially powerful tool because
it enables access to the extensive range of commercially available anhydrides and epoxides,
with certain monomers for both reagents having the potential to be sourced renewably, and
more rigid aromatic/semi-aromatic polymer backbones. This can result in more varied
and superior thermomechanical properties [20]. Therefore, with the fine-tuning of the
anhydride/epoxide combination sets, there is potential to control the properties of the
polyester material for a desired polymeric application.

High success has been achieved with anhydride/epoxide ROCOP using a range
of metal initiators based on elements such as aluminum(III), chromium(III), cobalt(III),
magnesium(II), zinc(II), and iron(III) [13,14,18,27-33]. In the majority of cases, homogeneous
binary or multifunctional catalytic systems have been employed, with the metal behaving as
a Lewis acid catalyst and an anionic, nucleophilic, Lewis basic co-catalytic species, such as
bis(triphenylphosphoranylidene)iminium chloride (PPNCI) or 4- (dimethylamino)pyridine
(DMAP), or functional groups tethered on the metal, to cooperatively aid the ring opening
of the substrates [12-14,18].

While the application of different catalytic systems has been heavily explored, this has
mainly been using a limited substrate scope on petrochemically derived monomers [33].
There has been strong emphasis in this area of late to explore substrates that have
the potential to be sourced renewably from biomass sources such as sugars, terpenes
and plant oils [2,7,33-39]. Liu et al. synthesized eugenol glycidyl ether (EGE) via
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the reaction of epichlorohydrin with eugenol; both reagents are renewably produced
from glycerol waste [40—43] and plant oils such as clove oil [44,45], respectively, and
coupled the epoxide with a range of cyclic anhydrides with a cobalt(Ill)-chloride
complex/[PPNCI] binary catalytic system [36]. A new class of alternating polyester
was afforded and, in particular, succinic anhydride (SA), which can be produced from
succinic diacid—sourced via sugar fermentation [46—48] or, more recently, reported via
the catalytic carbonylation [49] of bio-sourced acrylic acid, observed high reactivity to
form the fully bio-based, linear poly(SA-alt-EGE) polymer (M, = 5600-8500 g-mol~!,
D =1.86-2.06) [36]. However, a major, understated drawback in the current state-of -the-art
for anhydride/epoxide ROCOP is with the conditions of the polymerization reactions and
the purity of the reagents employed. To achieve higher-molecular-weight polymers, it
is standard protocol for this ROCOP area to employ heavily purified reagents, heavily
distilled epoxides, recrystallized or sublimed cyclic anhydrides, and even recrystallized
or sublimed catalyst and co-catalysts, and rigorously eliminate air and moisture by
conducting the reactions under dry, inert atmospheres in attempts to remove adventitious
contaminants [7,12,27-30,32,33,35-38,50-58]. This includes hydrolyzed diols (residing from
the epoxides), diacids (residing from the cyclic anhydrides), and residual moisture, which
all participate as co-initiators and in chain-transfer side reactions lowering the molecular
weight of the final polymer product [30,51,52,59]. Reports have already discussed the effect
of the purity of reagents [12,50-52].

Recently, in contrast to this, North and co-workers synthesized functionalized,
bio-based, low-molecular-weight polyesters under more ‘standard laboratory” conditions:
reactions conducted without rigorous inert, anhydrous conditions, without the need of a
glovebox or specialized equipment, and instead flushing with a nitrogen atmosphere before
heating. Polymerization was achieved using chromium(III) or aluminium(III)-chloride
complexes or dicyclohexylurea organic compound as the catalyst and [PPNCI] as the
co-catalyst (M, = 990-2230 g-mol~!, D = 1.01-1.64) [40,56]. Epichlorohydrin (ECH)
was employed as the epoxide substrate and SA or itaconic anhydride (IA) as the cyclic
anhydride substrate; IA can be produced from itaconic diacid biomass sourced via the
fungal fermentation of sugar or the pyrolysis of citric triacid [40,60-64].

For the ROCOP area to appear more attractive for commercialization, the current
highly purified and inert, academic reaction protocols are impractical when operating
industrially and employing lower-purity bio-derived starting materials, specifically those
derived from biomass. In such situations, we believe the value of ROCOP lies in the
functionality and novel properties that can be introduced into the polyester through the
control and tailoring of the ROCOP. While circumventing the purity and inert sensitivity
will undoubtfully result in expected deceases in the molecular weight of the polymer, this
brings the potential for the ROCOP polyester to be exploited as a low-molecular-weight
prepolymer, where a secondary polymerization reaction can be applied to make a polymeric
material, offering a second opportunity to tailor functionality / performance further. This
rationale is explored in this paper using ROCOP polyesters as a bio-based polyols
for the synthesis of PU films as a proof of concept. This opens up a new versatile,
sustainable feedstock pathway to new bio-based polymeric materials that are not attainable
via self-condensation and ROP reaction routes.

In addition to a circular, bio-economic approach, the biorefinery concept will be
at the core of future sustainable approaches. However, one of the greatest challenges
for the scientific community has been making the process economically viable, as well
as the valorization of lignin [65-67]. To achieve this, efforts have been focused on
converting this often regarded low-value, underutilized by-product, to more sustainable,
higher value chemical applications and macromolecular materials (lignin-to-chemicals and
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lignin-to-materials) [1,65-70]. Reductive catalytic fractionation (RCF) of wood, such as via
metal-catalyzed hydrogenolysis, is a ‘lignin-first” biorefinery approach that has recently
gained attention as an attractive method for depolymerizing native lignin to produce lignin
hydrogenolysis o0il (LHO) products that have been employed as polyols for a range of
material applications [1,65,67,68,71-74]. As far as we are aware, lignin has never been
applied as a monomer to ROCOP, nor has any lignin model compound that is prominently
abundant in LHO. Recently, Rao et al. grafted ROCOP reactions onto enzymatic hydrolytic
lignin under rigorously anhydrous conditions. However, the lignin moiety was utilized as
a macro-initiator and not as a monomer and therefore not polymerized. Instead, a range of
cyclic anhydride/epoxide copolymers were synthesized on a lignin core, and the lignin
was thus present in a low wt% (~10%) [75].

As illustrated by Figure 1, in this proof-of-concept study, we successfully combined
the contemporary, green chemistry themes of lignin valorization, anhydride/epoxide
ROCOP, and organocatalysis to synthesize functional, lignin-derived, fully bio-based
polyesters, from both glycidylated lignin models and glycidylated depolymerized native
lignin; lignin hydrogenolysis oil (LHO) sourced from the RCF of Pinus radiata wood
biomass. The polymerizations were conducted using more robust and industrially
relevant conditions with no purification of any of the commercially received reagents,
catalyst or solvent, and conducted in the majority of cases in air. Cyclic anhydrides
can be derived from the furanics sourced from the cellulosic and hemicellulosic, plant
biomass [40,46,48,61,76-79]. Hence, the biorefinery products from both the lignin and the
polysaccharide components of biomass can be coupled together in one polymerization
reaction via ROCOP. The value and potential of these lignin-derived, bio-based polyesters
were demonstrated by exploiting their characteristic functionality and applying them as
intermediate, lower-molecular-weight polyols in the synthesis of polyurethane materials
where the thermomechanical performance can be tuned based on the chemical structure of
the starting epoxides and anhydrides.
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Figure 1. An overview of this proof-of-concept work: (1) the organo-catalytic ROCOP of lignin-
derived epoxides, from both glycidylated lignin models and glycidylated depolymerized native lignin;
lignin hydrogenolysis o0il sourced from the reductive catalytic fractionation (RCF) of Pinus radiata
wood biomass, and cellulosic/hemicellulosic derived cyclic anhydrides to synthesize functional,
100% bio-content polyesters. (2) The application of the DCAGE and LHOGE functional polyesters as
polyols in the production of a range of polyurethane (PU) film materials with a high biomass content
(75-79%).



Polymers 2025, 17, 2806

50f23

2. Results and Discussion

2.1. Development of a Catalytic ROCOP System for Lignin Model Epoxide Compounds and
Phthalic Anhydride

Initial investigations were conducted using the chromium(III)salen—chloride complex,
reported by Coates, bearing a 1,2—-diaminocyclohexane (Jacobsen) ligand backbone, because
of its reported robustness, high tolerance to both air and moisture sensitivity, and high
activity for ROCOP (see ESI, Table S1) [56,80]. The complex demonstrates cooperativity and
enhanced reactivity when employed in conjunction with a nucleophilic co-catalyst, such
as PPNCI, and for this reason, a binary catalytic system was selected [30,40]. To probe if
ROCOP were possible, the polymerization would be first proven using glycidylated lignin
model compounds that resemble the structures found in glycidylated lignin hydrogenolysis
oil. PGE was chosen as the epoxide substrate because it was the closest commercial
substrate that held resemblance to a lignin moiety. Commercial PA was chosen as it was
hypothesized that the aromaticity would enhance the anhydride’s tolerance and robustness
to moisture, discouraging formation of the diacid and for ease of characterization [36,55].
In addition, it has been well reported that PA can be bio-based and produced from
renewable biomass via furans, from the cellulosic fraction of lignocellulose, and Diels-Alder
chemistry [19,76-79,81-83].

As part of our rationale and desire for more robust and industrially relevant reaction
conditions, the polymerizations were conducted completely in air in standard 20 mL vials
without the use of inert gases or a glovebox, and no purification of any of the commercially
received reagents, catalysts, or solvents. In both solvent (standard-grade toluene solvent)
and neat (solvent-free) polymerizations, the Cr(III)/PPNCI catalytic system demonstrated
remarkable activity (TOF = 49-1744 h~1), as well as the control, at 60-110 °C, with varying
monomer-to-catalyst ratios ([PA]:[PGE]:[Cr(II)]:[PPNCI] = [250-1000]:[250-1000]:[1]:[0-1])
for PA/PGE ROCOP (see ESI, Table S1). In addition, 4-propyl guaiacol (PG); a prominent
monomer in depolymerized lignin hydrogenolysis oils [84,85] was glycidylated, and the
resultant propyl guaiacol glycidyl ether (PGGE) successfully polymerized (see ESI, Table S2).
However, despite extensive efforts, purification issues were encountered with the removal
of the toxic [Cr] metal residue and its associated color from the product, despite only
1.6-6.3 mg of the catalyst being added for polymerization. This finding was unexpected
as we employed the standard cleanup protocol in the literature, involving dissolving the
product in dichloromethane and precipitating with acidified methanol [32,36,40,50,55].
Complete cleavage of the [Cr(III)] catalyst from the polymer chain was unsuccessful with
the solid products isolated retaining a pale pink color (See ESI, Figure S1). It has been
suggested in the literature that the purification procedure may not be optimal and catalysts
based on metals other than chromium are preferred so colored metal residue do not remain
in the polymer product [40,55]. In response to these findings, it was decided to attempt the
ROCQOP in the absence of the [Cr(IlI)] catalyst and, simply, with only the organic [PPNCI] as
the catalyst, as part of a single-component catalytic system. This is because it was theorized
the catalytic PPN* and CI” ions would be easier to remove during later purification
and afford polymer containing no metal residue [52]. It has already been reported
in cases that [PPNCI] alone is able to catalyze ROCOP [12,20,30,40,50,52,58,59,86—88].
Furthermore, the application of metal-free, organic compounds as catalysts in the area of
polymerization chemistry has recently attracted attention and is certainly in its infancy
for ROCOP [12,40,50,75,89]. As well- reviewed by Le Bideau and co-workers, there are a
number of advantages which make it potentially industrially relevant [12].

Organo-catalyzed PA /PGE ROCOP (Figure 2) was conducted employing, as before,
more robust conditions in air and [PPNCI], with or without toluene solvent (see ESI,
Table S3). For the neat polymerizations, at 110 °C and a [PA]:[PGE]:[PPNCI] ratio of
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[500]:[500]:[1], no reactivity was observed after 30 min, but a high conversion was afforded
when increasing to 120 min, with a moderate molecular weight and narrow distribution
obtained (M,, = 4250 g~m0171, D =1.12). Unlike that for the [Cr(III)]/[PPNCI] catalytic
system, all purified PA/PGE polymeric products isolated were non-colored and white
(See ESI, Figure S2). The polymerization of synthesized PGGE (Figure 2) was successful
under these neat reaction conditions with an extra 30 min needed to reach a moderate
molecular weight (M,, = 3200 g-mol~!), possibly because of the extra steric hindrance
from the methoxy group on the aromatic ring. Synthesized eugenol glycidyl ether (EGE)
also reacted, giving a product of lower molecular weight (M, = 1950 g-mol~') after 2 h.
The polymerization was controlled with the addition of half the amount of [PPNCI]
catalyst ([PA]:[PGE]:[PPNCI] = [1000]:[1000]:[1]) requiring double the reaction time, but
the molecular weight did not increase and remained constant at 4300 g-mol~!. However,
decreasing the amount of [PPNCI] further ([PA]:[PGE]:[PPNCI] = [2000]:[2000]:[1]) did
increase the molecular weight to 5000 g-mol~!, and the dispersity remained narrow
(B =1.19). As would be expected, under the same reaction conditions, using [PPNCI]
as the sole catalyst was less active than the [Cr(II)]/[PPNCI] binary system, but reactivity
was still observed under the robust conditions (for example: [Cr(III)] /[PPNCI], Table S1,
entry 9, TOF = 1417 h~! vs. [PPNCI] catalyst, Table S3, entry 3, TOF = 193 h~1).

o O O
/\ [PPNCI] catalyst O O%
" > /
; id Conducted in air, R n
POXIA€ q1uene or neat conditions,

0= _0

PA 110 °C poly(PA-co-epoxide) ester
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Figure 2. ROCOP of commercial PA and commercial PGE, synthesized EGE or PGGE using
commercial [PPNCI] organo-catalyst in more robust, industrially relevant reaction conditions in air.

Despite the lower activities, as solution polymerizations were observed to result
in higher-molecular-weight polymer earlier with the [Cr(III)] system (see ESI, Table S1),
standard-grade toluene (1.0 mL) was added to the polymerization here for PA/PGE ROCOP
with [PPNCI] organo-catalyst (Table S3, entry 8, [PA]:[PGE]:[PPNCI] = [500]:[500]:[1]).
The reaction time of 24 h was too long, but complete conversion was observed, and
the molecular weight was unexpectedly lower than the respective neat polymerization
(Table S3; entry 8, M,, = 3950 g-mol~! vs. entry 3, M, = 4250 g-mol~!). This may
relate to the reaction time being too long and possible detrimental side reactions, such
as chain-transfer with moisture [40] occurring at the high conversions and lowering
the molecular weight of the polymer; the increasing dispersities observed may be
indicative that this was potentially occurring (Table S3, entry 8, D = 1.29). In response to
this, the solution polymerizations were repeated for 24 h with lower [PPNCI] catalyst
amounts ([PA]:[PGE]:[PPNCI] = [1000]:[1000]:[1] and [2000]:[2000]:[1]), in an effort to
further increase the molecular weight. Toluene addition was scaled relatively, to the
amount of monomer, to ensure solubility of the crude mixture occurred because of the
solvent, and the monomers were not merely melted, with the reactions partly in both neat
and solution conditions. After 24 h reaction time, this was successful and both solution
polymerizations afforded the higher molecular weights of 5250 g-mol~! and 5700 g-mol !
([PA]:[PGE]:[PPNCI] = [1000]:[1000]:[1] and [2000]:[2000]:[1], respectively) compared to the
respective neat polymerizations (Table S3, entries 9 and 10 vs. entries 6 and 7).
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Using these findings, and because entry 10 of Table S3 afforded the highest molecular
weight for PGE, it was decided to explore these optimized conditions further. It was
observed that if the vial was flushed with argon and anhydrous toluene was employed
(the ‘standard laboratory conditions’, employed by North), the molecular weight could be
further increased to 6850 g~mol_1 (Table 1, entry 1) [40]. Our desire was to remain using
conditions as robust and industrially relevant as possible, but as this was the highest M,,
value observed and to expand the scope and to prove it was possible, these conditions were
employed for the ROCOP of PA with synthesized PGGE, EGE and dihydroconiferyl alcohol
glycidyl ether (DCAGE) (Figure 2); dihydroconiferyl alcohol (DCA) is another prominent
monomer that can be present in high concentrations in depolymerized LHOs [71,90-92].
These glycidylated lignin models, except EGE, have never been trialed for ROCOP, and none
have been trialed using [PPNCI] as the sole catalyst. Therefore, as a proof of concept, we
wanted to demonstrate the versatility of the reaction and that reasonable-molecular-weight
polymers could be obtained with all these three substrates; reasonable in terms of molecular
weights sufficient and commonly desired for polyol applications (~2000-4000 g-mol ') as
was the final goal of this study.

Table 1. PA/PGGE, EGE, and DCAGE ROCOP in optimized solution conditions for higher molecular
weights using [PPNCI] organic catalyst.

Entry Epoxide Time (h) Conv. ? (%) M,P (Da) pb T (°C)
1 PGE 24 87 6850 1.12 43.8
2 PGGE 24 95 3400 1.31 30.2
3 EGE 24 95 3600 1.36 34.2
4 DCAGE 8 96 2700 1.96 33.8

Conditions: flushed with argon, [PA]:[Epoxide]:[PPNCI] = [2000]:[2000]:[1], 110 °C, grounded and vacuum
oven dried, commercial PA (1.481 g, 10 mmol), commercial PGE (1.35 mL, 10 mmol) or synthesized PGGE
(2.223 g, 10 mmol) or synthesized EGE (2.203 g, 10 mmol) or synthesized DCAGE (2.303 g, 10 mmol),
[PPNC]] catalyst (0.05 mol%, 0.005 mmol), anhydrous toluene (3.0 mL). 2 Determined by 'H NMR spectroscopy
(CDCl3) P Determined via GPC (refractive index analysis) in THF solvent. ¢ Determined via differential
scanning calorimetry.

High conversion was observed for PGGE and EGE after 24 h at this
[epoxide]:[PA]:[PPNCI] ratio of [2000]:[2000]:[1] with low catalyst loading (Table 1, entries
2 and 3). Reasonable-molecular-weight polymer was observed for both (M, = 3400 and
3600 g-mol~! for PGGE and EGE substrate, respectively), while dispersity was narrow
(D =1.31-1.36). Interestingly, the DCAGE substrate demonstrated remarkable activity, and
the ROCOP was considerably faster compared to the PGE, PGGE, and EGE substrates
(Table 1). It was postulated at the time that the aliphatic OH side chains in DCAGE,
not present in PGE, PGGE, and EGE, are acting as a co-catalyst, rather than behaving as
spectator groups, and cooperating with the [PPNCI] in accelerating the polymerization. This
was exemplified by the slight loss of control with the broader molecular weight distribution
(D =1.96). This was an important observation, as DCA monomers and oligomers are major
components of the lignin hydrogenolysis oil (LHO) produced from pinewood using a Pd/C
catalyst [90,91]. Despite the high activity, a polymer (not oligomer) was observed for this
DCAGE polymerization (My, = 2700 g-mol~!). The crude products of the organo- catalyzed
ROCOP of PGGE, EGE, and DCAGE with PA were pale yellow or orange in color because
of the inherent colors of the starting epoxides. This color was removed upon purification
and thorough drying to yield near-white solid polymer products (see ESI, Figure S3).

2.2. Exploring Organo-Catalyzed PA/DCAGE ROCOP with Views to Further
Material Applications

After demonstrating the ROCOP of glycidylated lignin model compounds, with
phthalic anhydride, was feasible, our attention shifted to what potential future applications
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may the product polyesters behold. Recently, our research institutes demonstrated
the synthesis of polyurethane (PU) foam and adhesive materials using LHO, from
depolymerized native lignin sourced from Pinus radiata, as a polyol [72,93]. Therefore, with
the inherent OH functionality of polyesters, we wanted to explore the possibility of using
these product polyesters, derived from lignin models, as polyols for PU synthesis proof of
concept. The OH content, measured using phosphitylation and 3'P NMR spectroscopy (see
ESI), was low for the polyesters using PGE, PGGE, and EGE substrates. For example, the
poly(PA—co-PGE) from entry 2 of Table S3 observed a low total OH content of 0.45 mmol/g
(aliphatic OH = 0.23 mmol/g and carboxylic acid OH = 0.22 mmol/g), which made it
unsuitable as a polyol. On the other hand, the polyester produced from DCAGE was
more promising with a higher OH content as a result of the presence of aliphatic OH
arms. For example, a total OH content value of 3.06 mmol/g (aliphatic OH = 2.07 mmol/g
and carboxylic acid OH = 0.99 mmol/g) was measured for Table 1, entry 4. Hence, this
polyester product was functional and had the potential to behave as a polyol and couple
with isocyanate for PU. In addition, because of the unexpected, remarkable activity for
PA /DCAGE ROCOP, in comparison to the other lignin models, it was decided to further
investigate the reaction conditions to improve the polyol properties of the polyester and
better understand what was occurring in the polymerization.

The more robust solvent-free, neat reaction conditions in air, without the use of
inert gases or a glovebox, were employed for PA/DCAGE ROCOP (Table 2) as was
conducted earlier for PGE (Table S3). At a [PA]:[DCAGE]:[PPNCI] ratio of [500]:[500]:[1],
high conversions were observed after only six and ten minutes; at ten minutes, the stirring
had completely stopped due to the increase in viscosity of the crude mixture (Table 2, entries
1 and 2). These activities for DCAGE were vastly superior to those for the PGE substrate at
the same conditions (DCAGE, 88% conversion after six minutes, Table 2, entry 1 vs. PGE,
77% conversion after two hours, Table S3, entry 3). Despite the high activity, reasonable
molecular weights were observed (M, = 2650-2800 g~mol’1) and, unexpectedly, these were
higher than that for the solution polymerization conducted at a [PA]:[DCAGE]:[PPNCI]
ratio of [2000]:[2000]:[1] (Table 1, entry 4). At the time, we thought this was potentially
because the reaction time of eight hours for the solution polymerization was too long, and
possible detrimental chain-transfer side reactions occurred.

Table 2. PA/DCAGE ROCOP in neat conditions and air using [PPNCI] organic catalyst with a future
view of using the polyesters as polyols for PU synthesis.

. . PA Conv f Total OIE—I i i o
Entry [PAI:[DCAGE]:[PPNCI] Time (min) %) M, 8 (Da) b8 Value f! Tg) (°C)
(mmol/g)

12 [500]:[500]:[1] 6 88 2650 1.78 3.11 8.2 37.9
24 [500]:[500]:[1] 10 >99 2800 1.78 3.13 8.8 37.0
3b [250]:[250]:[1] 5 92 2650 1.79 3.07 8.1 33.0
4°¢ [100]:[100]:[1] 5 87 2800 1.51 3.22 9.0 31.2
5d [100]:[100]:[1] 5 95 2050 1.52 3.46 7.1 30.5
6°¢ [100]:[100]:[1] 11 96 1950 1.58 2.33 45 29.5

Conditions in air: 110 °C and neat. * Grounded and vacuum oven dried, commercial PA (0.370 g, 2.5 mmol),
synthesized DCAGE (0.596 g, 2.5 mmol), [PPNCI] catalyst (0.2 mol%, 0.005 mmol). b [PPNCI] catalyst
(0.4 mol%, 0.01 mmol). © [PPNCI] catalyst (1.0 mol%, 0.025 mmol). d Grounded and vacuum oven dried,
commercial PA (1.008 g, 6.81 mmol), synthesized DCAGE (1.622 g, 6.81 mmol), [PPNCI] catalyst (1.0 mol%,
0.0681 mmol). ¢ Grounded and vacuum oven dried, commercial PA (3.111 g, 21.0 mmol), synthesized DCAGE
(5.005 g, 21.0 mmol), [PPNCI] catalyst (1.0 mol%, 0.21 mmol). f Determined by TH NMR spectroscopy (CDCl3).
& Determined via GPC (refractive index analysis) in THF solvent. h Determined via phosphitylation and
quantitative 3'P NMR spectroscopy. ! Chemical (OH) functionality, foy = (total OH value (mmol/g) x My
of the polymer (g-mol~'))/1000. ] Determined via differential scanning calorimetry.
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Unpredictably, the molecular weight remained constant despite increasing the amount
of [PPNCI] ([PAJ:[DCAGE]:[PPNCI] = [250]:[250]:[1], My, = 2650 g-mol~! and [100]:[100]:[1],
My, = 2800 g-mol~!). This trend deviated when scaling up the reaction for entry 5 of Table 2,
where the molecular weight noticeably decreased (My = 2050 g-mol~!) when employing
higher quantities of the monomer substrates. There was a smaller decrease in the molecular
weight when the reaction was scaled up even further (Table 2, entry 6). In terms of color,
all the DCAGE-derived polymer products isolated, upon purification and drying, from
Table 2, were visibly non-colored and near-white (Figure 54). There were initial concerns
that some degree of cross-linking was occurring or the OH arms were reacting and directly
inserting into the ringed monomer substrates. This would cause a loss in the control of the
polymerization, thermosetting and may explain the slightly broader dispersities observed
in this study (b = 1.51-1.79). However, all crude mixtures and polymers isolated were
soluble for NMR spectroscopy and GPC analysis so remained thermoplastic. 3P NMR
spectroscopy and GPC analysis was evaluated to aid this query. For example, focusing
on entry 2 of Table 2, the total content was measured to be 3.13 mmol/g and the M,
observed to be 2800 g-mol~! for the polymer. Thus, this determined a functionality
of 8.8 for the poly(PA-co-DCAGE) {fon = (3.13 mmol/g x 2800 g-mol~!)/1000}. This
logically agrees with the degree of polymerization calculated to be 7.2 from GPC analysis
(Mn/MR, pA and DCAGE = 2800 g-mol~!/388 g-mol~! = 7.2) and hence an understandable
functionality of ~1.5 for the mixed end groups (foH, end groups ~ 8-8 — 7.2 = 1.6). This
suggests that a linear, thermoplastic, alternating, and functional polyester was formed
with seven aliphatic OH side chains aligned along the polymer chain, giving rise to the
high functionality (Figure S5); the functional polymer being thermoplastic currently but
post-modification, using these aliphatic OH arms, would rapidly result in an insoluble
thermosetting material. This demonstrated nicely the exceptional control and how powerful
a tool ROCOP can offer, with the OH aliphatic arms not inserting into the polymer or
cross-linking, and the driving force for the reaction being solely the ring opening of both
the ringed reagents. It is doubtful theoretically that this control would be observed if the
alternative self-condensation reaction of DCA and phthalic diacid were used, where both
phenolic and aliphatic OH groups would likely react to form ester moieties and a thermoset
polymer. This analysis, using GPC and *'P NMR spectroscopy, confirmed that the aliphatic
OH arms were present and free to behave as catalytic species with the [PPNCI] for the
PA /DCAGE ROCOP reactions. Therefore, unlike the polyesters synthesized using PGE,
PGGE, and EGE substrates containing low OH contents, these aliphatic OH arms in the
poly(PA—co-DCAGE) had the potential to perform as polyols for PU thermoset material
synthesis via post-modification.

2.3. Blank Control ROCOP Reactions, Chain-Transfer Reactions, Self-Catalysis/Promoted ROCOP
and [OH] Species

Unlike those observed for PA/PGE ROCOP, the results were unexpected that for
PA/DCAGE ROCORP (Table 2): (1) the reaction was remarkably more active with the
presence of OH side chain moieties cf. PA/PGE, PGGE, EGE ROCOP; (2) increasing the
amount of [PPNCI] organic catalyst did not lower the molecular weight of the isolated
polymer, and the observed M, values could not be controlled by [PPNCI] concentration.
Compared to the other PGE, PGGE, and EGE substrates (conducted under the same reaction
conditions), it was earlier postulated that the remarkable activity observed using the
DCAGE substrate was as a result of the aliphatic OH side chains, but defining these
groups as a co-catalyst does not support these findings (Table 2), so more was at play than
initially thought. Despite no control of the My values with [PPNCI] concentration, the
polymerization remained relatively controlled with regards to the measured Ty increasing
upon subtle increases in the molecular weight (Tg = 29.5-37.9 °C). However, the dispersities
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did broaden slightly (D = 1.51-1.79). Furthermore, upon increasing the scale of the reaction,
the molecular weight decreased.

The blank PA/DCAGE control reactions, without added [PPNCI], revealed the
aliphatic OH side chains were able to initiate the polymerization; possibly via H-bonding
interactions following the classical ROCOP mechanism as an initial theory, albeit with
slower activity and affording a lower-molecular-weight polymer (see ESI, Table 54, entries
1 and 2) [12,13,50,94]. The fact polymerization was able to initiate itself, with structural
functional groups inherent on one of the monomers (not externally added chemicals such
alcohols or diols), introduced the theme of ‘autocatalysis’. To our knowledge, the term
‘autocatalysis’ is strictly employed when the product contributes to the catalysis, but
here it is more likely all [OH] containing species, particularly the reactant, not the less
mobile polymer. As far as we are aware, we could not find an example of a reaction or
polymerization in the ROCOP literature where a functional group on the reactant was
mainly responsible for catalysis or reactivity. Therefore, we defined these observations
as ‘self-catalyzed ROCOP” or ‘self-promoted ROCOP’. Furthermore, the DCAGE could
be applied catalytically when spiked into a PA/PGE ROCOP mixture without [PPNCI].
Impressively, reactivity was observed at concentrations as low as 0.1-0.2 mol% for the
[DCAGE] or [OH side chains] (0.003—-0.007 mmol OH/g) after 22-28 h (Table S6). At this
point, the concentration was not lowered further because the blank PA/PGE ROCOP
observed low conversion, likely through diol or diacid impurities after 24 h, and extending
the time period could lead to false interpretations [51,52]. These were important findings
considering the [OH] species [71,90,91] in lignin hydrogenolysis oil glycidyl ether (LHOGE)
and would also therefore be predicted to promote initiation for ROCOP.

Depending on the definition of the [OH] catalytic species (mol% or wt%) or the
catalytic group ([OH] group, [CH,CH,;CH,OH], or [DCAGE]), in molar equivalents, there
was actually a stoichiometric amount of the monomer’s inherent structural OH side chains
in the PA/DCAGE ROCOP (Table 2). For example, 2.5 mmol [DCAGE] meant there was
2.5 mmol [OH side chains] in the polymerization. Therefore, it was proposed that the
aliphatic OH side chains may have been behaving as a chain transfer agent (CTA) and not
a catalytic species when in combination with the [PPNCI] catalyst. This may explain the
accelerated rate and increased My, values when still used in combination with [PPNCl],
the broader dispersities, and the [PPNCI] not controlling the molecular weights [95-97].
There are examples of externally added CTAs in ROCODP, termed reversible-deactivation
ring-opening copolymerization (RD-ROCOP), and these generally entail a sophisticated
metal-based catalyst with the addition of a protic CTA such as alcohol, amine or carboxylic
acid [14,29,97-100]. However, there are examples of organo-catalysts that can undergo
immortal polymerization for other ring-opening polymerization reactions [96]. However,
in our case, there is not an exogenous amount of alcoholic CTA added because it was
structurally inherent at high concentrations in the lignin-derived epoxide monomer.

It was also found that, after conducting other blank ROCOP reactions under the same
conditions (see ESI), the initiation from OH groups for DCAGE may not have been fully
derived from the aliphatic OH side chains. Unexpectedly, slower polymerization was still
observed without the presence of these moieties for synthesized PGE (cf. to commercial
PGE, Table S5), PGGE, and EGE (Tables 54 and S5), and this was attributed to traces of [OH]
containing impurities from the glycidylation protocol, such as the a—chlorohydrin species.
These species would also be present in the synthesized DCAGE and thus may have had
minor contributions to the accelerated reaction times with the high concentrations of OH
side chains [71,95]. With molecular weight dependent on the total [OH], this may account
for the decreasing M, values upon increasing the scale of polymerization in Table 2. Despite



Polymers 2025, 17, 2806

11 of 23

this, in all cases for all synthesized lignin model epoxides, the ROCOP was accelerated
with the addition of [PPNCI]. For more information, see the ESI.

2.4. Mechanistic Considerations: Why the Increase in Rate with the Presence of [OH] Groups, the
Role of the [OH] Groups, and an Alternative ROCOP Mechanism Proposed Inherent for Lignin

Efforts were made to further deduce the unexplained observations made and the
specific role of the aliphatic [OH] side—chain groups, which likely caused the increase in
reactivity for DCAGE because the situation was complex. For the PGE, PGGE, and EGE
substrates, as these contained no [OH] moieties, these could only proceed via the classical
ROCOP mechanism generally reported with PA [13,18]. For DCAGE, it was initially
proposed earlier that the increase in rate could be as a result of the aliphatic OH side chains
participating in H-bonding interactions via a classical ROCOP mechanism, labelled here
as ‘Pathway A’ (Figure 3 and see ESI, Figures S11 and S12 for more details) [12,13,50,94].
However, the possibility was theoretically explored that a change of mechanism and
a different ROCOP-derived mechanism was operating to explain the faster rate with
[PPNCI] and ‘self-initiation/self-promoted ROCOP’ without the presence of [PPNCI]. After
further in-depth evaluation of the 3'P NMR spectra of phosphitylated poly(PA-co-DCAGE)
products (Table 2), the majority of the aliphatic OH groups were, in fact, distinguished as
secondary alcohols and not primary alcohol groups inherent with a classical ROCOP
polyester product (Pathway A, Figure 3, and see ESI). Therefore, to explain this, an
alternative ROCOP-style mechanism was proposed considering the aliphatic OH group on
the DCAGE reacting with the cyclic anhydride, PA, and ring opening. This was termed
as ‘Pathway B’ (Figure 3 and see ESI) and involved (1) an alcoholysis reaction of the cyclic
anhydride, which has been previously suggested in the literature for lignin [75,101,102];
(2) the carboxylic acid reacting with the epoxide of another molecule via an epoxy-acid
reaction [103]; (3) these two steps repeating and ROCOP to obtain a polyester with a
secondary aliphatic OH functionality. Thus, the OH groups would still be initiating
the polymerization, but instead of hydrogen-bonding, they are ring opening the two
co-monomers. Therefore, there were two proposed routes to polyester products for DCAGE
(Figure 3). Both routes are able to produce linear, thermoplastic, functional polyester for
future polyol applications, with aliphatic OH groups running along the polymer backbone
and indistinguishable via total OH content and GPC analysis. In addition, tertiary amines
have been shown to catalyze rapid alcoholysis reactions, and the addition of [PPNCl] could
accelerate both the rate of reaction for Pathway B as well as Pathway A [101]. However,
as well as the polymerization following either route, the situation was complex with the
possibility of both pathways being in operation (a mixed mechanism) and two different
polyester products formed.

Further NMR spectroscopic studies, using a combination of techniques (such as 'H,
13C, DEPT135, HSQC, and HMBC spectroscopy), were employed on the polyester samples,
and selective Total Correlation Spectroscopy (TOCSY) NMR was performed to aid NMR
signal resolution and distinguish overlapping signals (see ESI for details). This revealed:
(1) The confirmation that PA/PGGE ROCOP followed Pathway A solely because of the
absence of OH groups. (2) The presence of diagnostic signals in the 'H spectra for Pathway
A and Pathway B for poly(PA-co-DCAGE) (Figure 3) was in agreement with the predictive
NMR calculations. (3) Both mechanisms were in operation for PA/DCAGE ROCOP. For
example, using the distinct, diagnostic signals in the 'H NMR spectra (Figure 3), it was
possible to quantify the different types of copolymer units for the poly(PA-co-DCAGE)
products {[Pathway A]:[Pathway B] for Table 2, entry 4 = 1:4, Table 2, entry 6 = 1:2.5 and
Table S4, entry 2 = 1:3 (without [PPNCI]}. It is common to apply MALDI-ToF analysis
for ROCOP-derived polyesters in the literature [50,55]; however, this was not possible
in this study employing a high content of lower purity, lignin-derived glycidyl ethers
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and polyesters. ESI-MS was attempted, but the analysis was complicated, and efforts
are still ongoing. Other evidence for the existence of Pathway B include the carboxylic
acid OH values determined for the poly(PA—co-DCAGE) polyesters (see ESI), supporting
the attack and opening of the anhydride by the aliphatic OH group of DCAGE [102]. In
addition, spiking a PA /commercial PGE ROCOP reaction with an external, stochiometric
amount (100 mol%) of commercial 3—phenyl-1-propanol mimicked the structural moiety
of the DCAGE side chain (without the glycidyl ether functional group), and no [PPNCI]
observed full conversion but did not induce polymerization with GPC analysis confirming
no build-up of molecular weight supporting Pathway B (Figure 3, step 1) (Table S7).
Furthermore, as was mentioned earlier, when DCAGE could be applied catalytically when
spiked into a PA/PGE ROCOP mixture without [PPNCI], it was observed that molecular
weight increased as the [DCAGE] decreased in the ROCOP mixture, also implying support
of Pathway B (Table S6). Overall, all these findings with the lignin model compounds were
important to consider before the application of lignin hydrogenolysis oil glycidyl ether
(LHOGE) to ROCOP (and, with a view to later proof-of-concept material synthesis); with
DCA, PG, and aliphatic OH side chains being prominent in LHO, the traces of [OH] contain
impurities from the glycidylation protocol in LHOGE, and the LHO biomass contains a
mixture of many [OH], containing monomer, dimer, and oligomer species [71,104].

Pathway A Pathway B
Classical ROCOP Alternative ROCOP-style mechanism
proposed in this study
oo/ o

o
r I/\ \
(0] /OJ PA
DCAGE H

1. Alcoholysis & epoxy-acid

1. Ring openin —0
2. Po|ymerigatipon J 1. Different intiations react|on
for Pathways A & B 2. Polymerlzatlon

(OJNO)
o O>* (OJNO)
®..
3 5 5.68 ppm OH O

pOly PA CO- DCAGE) po|yester 8 2.02 ppm

0]
\ = Primary OH group
<® 51.86 ppm = Secondary OH group
Q = Diagnostic signals in
OH' poly(PA-co-DCAGE) polyester the "H NMR spectra

Figure 3. An illustration of the two proposed mechanistic reaction pathways in operation for the
ROCOQOP of lignin-derived epoxides with cyclic anhydrides (PA shown here) in this study: Pathway
(A) classical ROCOP, and Pathway (B) alcoholysis, epoxy—acid reactions and ROCOP (see ESI,
Figures 511 and S12 for more details).

2.5. Organo-Catalyzed ROCOP with PA and LHOGE Sourced from the RCF of Pinus Radiata
Biomass and Glycidylation

Having proven that ROCOP could be successfully applied to the lignin model
compounds under robust conditions in air, the focus shifted to the application of actual
lignin from biomass using LHOGE (Figure 4 and Table S8). This was sourced from the
native lignin in Pinus radiata wood via RCF using a Pd/C catalyst to produce LHO in the
laboratory at the pilot scale, followed by glycidylation as previously reported [71,93]. The
LHO, denoted LHO4 in the previous study [71], was composed of a mixture of monomers,
dimers and oligomers of predominantly DCA and PG. The monomers DCA and PG made
up 16.1 wt.% and 4.7 wt.% of the LHO, respectively [71]. Two PA/LHOGE ROCOP
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polymerizations (Figure 4) were initially conducted with and without external [PPNCI]
organic catalyst added to the mixtures (Table S8, entries 1 and 2).

ROCOP conditions
(+ /- [PPNCI))

1) PA + ﬁl;’oncecat ‘@ O a’ poly(PA-co-LHOGE) ester
2) SA + DCAGE '\?T”fgt» ~ poly(SA-co-DCAGE) ester
OH

N, neat
3) SA + 2 Onfg @ - = ‘% poly(SA-co-LHOGE) ester
M
O
—— DCAGE: R= & 0\3‘5
Epoxide = Q OR® °
- 0
OH HO | HO ’ |
B

0= O 0 o
[Cyclic anhydride:O} PA : H SA: O\V\_/V/O

Figure 4. The organo-catalyzed ROCOP of synthesized LHOGE; sourced from the reductive catalytic
fractionation (RCF) of native Pinus radiata wood, in the laboratory at pilot scale, and commercial
PA or SA with/without commercial [PPNCI] under solvent-free, neat, more robust, and industrially
relevant reaction conditions.

This was a check to detect if there was possible activity from the species containing
unglycidylated OH groups in the LHOGE mixture, the previously discussed ‘self-
catalyzed ROCOP’ and Pathway A/B discussion (Figure 3), and to probe the effect of
the added [PPNCI] on the polymerization. After 15 min, there was polymerization
observed without the need for added [PPNCI] (38% PA conversion, My, = 2000 g~mol’1).
However, as was the case with the lignin models, the activity was enhanced with the
presence [PPNCI] and resulted in an increased molecular weight (63% PA conversion,
M, = 2600 g-mol’l). Both the conversion and molecular weight were further increased
when extending the reaction time to 20 min with [PPNCI] (Table S8, entry 3, 83% PA
conversion, M, = 2800 g-mol’l). Similar to that for DCAGE (Table 2), there was a minimal
degree of molecular weight control of the polymerization via variation of the amount
of [PPNCI] organo-catalyst added for LHOGE (M, = 2750-2950 g-mol~'). However,
reactivity was influenced by the [PPNCI] concentration with an increased [PPNCI] loading
(from [PA]:[LHOGE]:[PPNCI] = [250]:[500]:[1] to [100]:[100]:[1]), increasing the reactivity
(78% PA conversion after 15 min). While a decrease in the [PPNCI] loading (from
[PA]:[LHOGE]:[PPNCI] = [250]:[250]:[1] to [500]:[500]:[1]), decreased the reactivity (79%
PA conversion after 30 min). Increasing the scale of the polymerization from 1.25 mmol
to 6.81 mmol epoxide content in the [LHOGE] decreased the molecular weight (Table S8;
entry 6, My = 2450 g-mol~! vs. entry 4, M, = 2750 g-mol~!), as would be expected
from that observed using the DCAGE substrate (Table 2). Both the OH content and
Tg values observed from the isolated poly(PA-co-LHOGE) products displayed minimal
variation at around 3 mmol total OH/g and 57-61 °C, respectively (Table S8, and for a full
breakdown of the OH contents for all DCAGE/LHOGE polyesters, see Table S11). Due
to the broad nature of the 'H NMR signals in the spectra for the poly(PA-co-LHOGE)
products, it was not possible to determine the ratio of polyester structures from Pathway A
vs. B as was tried for poly(PA—co-DCAGE); however, the 3P NMR spectra again implied
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Pathway B was the preferred route. Fundamentally, this proof of concept demonstrated that
functional lignin-derived polyester could be synthesized from glycidylated depolymerized
lignin; lignin hydrogenolysis oil (LHO) sourced from the RCF of native lignin in Pinus
radiata wood in air (Figure 4). Furthermore, as cyclic anhydrides can be derived from
cellulosic derived furanics and bio-based epichlorohydrin (employed for the glycidylation)
already produced industrially [40-43], these lignin-derived polyesters can therefore be fully
bio-based (100% bio-content).

2.6. Organo-Catalyzed ROCOP of DCAGE and LHOGE with Succinic Anhydride

To expand the scope of anhydride substrates, efforts were focused on succinic
anhydride (SA) as an aliphatic cyclic anhydride that can be sourced from biomass that
is structurally different from the rigid, aromatic PA. It was envisaged that this would
produce polyester and PU materials with contrary thermomechanical properties and
therefore was considered interesting to study. The ROCOP of SA with DCAGE (Figure 4
and Table S9, see ESI) was conducted under the same conditions used for PA with
unpurified commercial reagents and [PPNCl]. However, with SA being aliphatic rather
than aromatic, it was expected that the SA would be less stable than the PA under
heating. As a precaution to reduce the likelihood of potential undesired side-reactions,
the reaction vial was flushed briefly with nitrogen before polymerization; akin to North
et al. [40] At two different loadings of [PPNCI] (Table S9, entries 1 and 2), after only
15 min at 110 °C, the resonance signal at § 3.00 ppm in the 'H NMR spectrum for SA
reagent had disappeared for the crude polymerization mixtures (see ESI), indicating
complete reactivity. After purification, as would be expected, the lower organo-catalyst
loading afforded the slightly higher-molecular-weight polymer ([SA]:[epoxide]: [PPNCI]
= [500]:[500]: [1], M, =2450 g~rn01_1 vs. ([SA]:[epoxide]: [PPNCI] = [100]:[100]:[1],
M,, = 2350 g-mol~!). Both polymerizations observed the same dispersity (D = 1.75-1.78).
FT-IR analysis indeed confirmed the polymer was poly(SA-co-DCAGE) polyester and,
as a result of the similar M, values, the total OH content was determined to be
identical for both products (2.56-2.57 mmol total OH/g). The undisturbed aliphatic OH
side-chains (2.18 mmol aliphatic OH/g), along with expected carboxylic acid OH groups
(0.38-0.39 mmol carboxylic acid OH/g), were observed following the polymerization.
When the scale of the polymerization was increased (Table S9, entry 3) to produce more
thermoplastic polyester product for PU material synthesis, the molecular weight was
reduced (M, = 1100 g-mol’l). As a result, the measured OH content was increased to
3.11 mmol total OH/g with a reduction in the chemical functionality (f = 3.4) closer to
that required to synthesize thermoplastic PU material (f = 2). The difference in chemical
structure between SA and PA was evident in these reactions as solid polymer products
were not obtained in these instances. Instead, the poly(SA-co-DCAGE) polyesters existed
as viscous oils with DSC analysis confirming T, values observed to below 0 °C (Table S9,
entries 1-3).

After proving polyester from SA could be produced, LHOGE was then employed
as the epoxide using the same identical reaction conditions (Figure 4). SA/LHOGE
ROCOP polymerization was conducted without [PPNCI] organic catalyst to check
if there was possible activity from species in the LHOGE mixture or ‘self-catalysis’
(Table S9, entry 4). There was near complete SA conversion observed after 30 min to
afford a reasonable molecular-weight polyester (M, = 3250 g-mol~!). The addition
of two different loadings of [PPNCI] had effects on the polymerization. The higher
loading ([SA]:[epoxide]: [PPNCI] = [100]:[100]:[1]) dramatically increased the activity,
reduced the reaction time by half (15 min), and slightly increased the molecular weight
(Mp, = 3550 g-mol_l). The lower loading ([SA]:[epoxide]: [PPNCIl] = [500]:[500]:[1])
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required the same 30 min reaction time but markedly increased the molecular weight
to 4200 g~m01*1. As was observed for PA, increasing the scale of the SA/LHOGE ROCOP,
from 1.25 mmol to 6.81 mmol epoxide content in the [LHOGE], decreased the molecular
weight (Table S9; entry 7, My, = 2750 g-mol~! vs. entry5, M, = 3550 g-mol '), as would
be expected from that observed using the DCAGE substrate. The OH content of the
poly(SA-co-LHOGE) polyesters was determined to be higher for the two polymerizations
containing [PPNCI], decreasing slightly as the molecular weight increased (Table S9; entry 5,
My = 3550 g-mol !, 3.46 mmol total OH/g vs. entry 6, My, = 4200 g-mol~?, 3.05 mmol total
OH/g). The OH content was lower for the polymerization with no [PPNCI] despite
the molecular weight being the lowest observed via GPC analysis (Table S9; entry 4,
My, = 3250 g-mol~!, 2.55 mmol total OH/g). Unlike the poly(SA-co-DCAGE) products,
the poly(SA-co-LHOGE) products were solids at room temperature. At the 1.25 mmol
[LHOGE] scale, the polymer formed without [PPNCI] displayed a higher Ty than when
[PPNCI] was added (Table S9; entry 4, Ty = 25.8 °C). The Tg value increased as the My
value increased for the two polymerizations using PPNCI (Table S9; entry 5, Tg = 11.4 °C
and entry 6, Ty = 21.8 °C). With no flushing with nitrogen and conducting the ROCOP
with SA in air, a higher-molecular-weight polymer was achieved for both DCAGE and
LHOGE but reduced control with broader dispersities in comparison to when flushed with
nitrogen (see ESI, Table S10, entries 1 and 2 vs. Table 59, entries 1 and 5); this was extreme
for the LHOGE, with a broad dispersity of 3.91 observed. This was attributed to possible
side reactions occurring during the polymerization. To summarize, while the ROCOP of
LHOGE with PA was successful in air, the reaction with SA required flushing with N; to
help control the polymerization. It was not possible to determine quantitative ratios of
polyester structures for poly(SA-co-DCAGE) and poly(SA-co-LHOGE) from Pathway A vs.
B, as was tried for poly(PA-co-DCAGE) (Figure 4), because of either extensive overlapping
of signals to prevent distinguishable integration or the broad nature of the 'H NMR signals
in the spectra. However, further mechanistic investigations are currently ongoing.

2.7. The Application of Lignin-Derived ROCOP Polyesters as Polyols for the Synthesis of
Polyurethane Film Materials

As a proof of concept, and to demonstrate that PU material could be produced by
employing our functional lignin-derived polyesters as polyols, a range of thermoset PU
films was synthesized and evaluated. The polyesters derived from PA, SA, DCAGE, and
LHOGE that were selected as polyols are shown in Table 3. Hexamethylene diisocyanate
(HDI) was chosen as the diisocyanate reagent to theoretically provide a softer repeating
segment, in conjunction with the hard lignin polyester polyol segments across the material.
Attempts to prepare PU films using methylene diphenyl diisocyanate (MDI) with a harder
repeating segment were unsuccessful and incompatible with the already hard lignin
polyester polyol segments (see ESI, Figure S31). Transparent PU film materials were
successfully synthesized using HDI, with a [NCO]/[OH] ratio of 1.05 and the lignin-derived
polyester as the sole polyol in dry tetrahydrofuran solvent with tin(Il)-octanoate initiator
(0.8 mol% OH) (see ESI, Figure S32). Complete reactivity, for the cross-linking and
thermosetting, was confirmed via the disappearance of the NCO stretch observed from
Fourier transform-infra red (FT-IR) spectroscopy (see ESI, Figure S34).

The differences in the mechanical properties of the PU films, produced from different
polyesters, was immediately recognizable upon manual inspection. The PU films made
from SA were more flexible compared to those from PA, which were more brittle. In
particular, there was stark contrast between the poly(SA-co-DCAGE) PU film, which was
very flexible, and the poly(PA-co-DCAGE) PU film, which was very brittle and easy to break
by touch. The thermomechanical properties of all the PU film materials were screened and
studied using differential scanning calorimetry (DSC) (Table 3) and dynamic mechanical
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thermal analysis (DMTA) (see ESI, Figure S33). Tensile strength values were calculated
from their stress—strain curves (Figure 2). In all cases, DMTA observed a distinct phase
transition as the storage modulus (E’) shifted from a glassy region, through the T, and
then plateauing in the rubbery region (see ESI, Figure 533). There was no further decrease
in the E” and no Ty, observed, confirming the materials were thermosets and that curing
was successful, with all the [NCO] moieties reacting to form a highly cross-linked network.
Using the peak of the tand curve, the average Tg values of the PU films were determined
and found to range from 10.1 to 73.8 °C (Table 3). Specimens of poly(PA—co-DCAGE)
PU were incredibly challenging to cut and test by DMTA because of brittleness. The
poly(PA—co-LHOGE) PU film was slightly less brittle in comparison and easier to handle
without breaking. PU specimens from the poly(SA-co-DCAGE) and poly(SA-co-LHOGE)
polyols were tougher, more flexible, and easier to handle, particularly poly(SA-co-DCAGE).
The molecular weight of the polyester polyol was found to influence the brittleness of the
poly(PA-co-DCAGE) PU film. This is discussed further in the ESI.

Table 3. Summary of the PU film materials synthesized from the functional lignin-derived polyesters
produced in this study, with their biomass content and thermal properties.

Polyester Polyol Poly(PA-co-DCAGE) Poly(PA-co-LHOGE) Poly(SA-co-DCAGE) Poly(SA-co-LHOGE)
Polyester Table 2, entry 4 Table S8, entry 6 Table S9, entry 3 Table S9, entry 7
sample source
M, (Da) 2800 2450 1100 2750
[DCAGE/LHOGE
content] (wt%) 46 57 % 63
[Biomass-derived
content] (Wt%) 7 77 78 7
Ty tans (°C) 73.8 & 0.61 66.9 + 1.4 10.1 = 0.80 62.5 4+ 1.6

The mechanical properties of the PU films measured by DMTA and calculated
from stress—strain curves (Figure 5) agreed with the physical observations and general
handleability of the samples. All the PU films demonstrated promising properties in at
least one of the mechanical parameters (Young’s modulus, ultimate tensile strength, and
elongation at break). Furthermore, the results were especially encouraging as a proof
of concept, considering the high lignin content ((LHOGE or DCAGE] = 46-63%) and
biomass-derived content ((LHOGE or DCAGE] + [anhydride] = 75-79%) in the PU material
(Table 3). The brittle nature of the PU films produced using PA was exemplified by the low
elongation of break and exacerbated with the use of depolymerized lignin oil (Figure 5c).
Although brittle to handle, the films were still reasonably strong, with respectable Young’s
modulus and ultimate tensile strength values considering the high lignin or biomass
content. However, the PU material containing [LHOGE] was considerably weaker in tensile
strength compared to that from [DCAGE] (ultimate tensile strength; poly(PA-co-DCAGE)
polyol, 40.0 £ 5.8 MPa and poly(PA-co-LHOGE), 5.59 £ 1.1 MPa) (Figure 5b), while the
Young’s modulus was still consistent at around 1450 MPa for both (Young’s modulus;
poly(PA-co-DCAGE) polyol, 1450 + 51 MPa and poly(PA-co-LHOGE), 1469 + 266 MPa)
(Figure 5a).

Substituting the aromatic PA with aliphatic SA in the polyester resulted in the PU
films becoming less brittle and more elastic as shown by the increase in the elongation at
break (poly(SA—co-DCAGE) polyol, 30.8 & 3.2% and poly(SA-co-LHOGE), 42.7 + 12%)
(Figure 5¢). As a downside, for the PU film from poly(SA-co-DCAGE) polyol, this was
accompanied by a significant decrease in the ultimate tensile strength (2.15 = 0.17 MPa)
and Young’s modulus (37.6 &= 2.7 MPa) as would be expected for a flexible, elastic material.
In contrast, the PU film prepared from the poly(SA—co-LHOGE) polyol was found to be
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the most well-balanced material for the PU films synthesized in this study. Despite having
a high bio-based content (79 wt%), this film had a promising combination of mechanical
properties (Young’s modulus = 1294 + 95 MPa, ultimate tensile strength = 28.3 + 3.3 MPa
and elongation at break = 42.7 £ 12%) {Figure 5a—c)}. Overall, this demonstrated how
the thermomechanical properties of a resulting PU material can be tuned by varying the
chemical structures/backbones of the epoxide and anhydride substrates used in the initial
ROCOP reaction. Further investigations are currently ongoing in attempting to improve
and optimize the PU synthesis and characterization.

Poly(PA—co-DCAGE) Poly(PA—co-LHOGE)

(a) Poly(SA-co-DCAGE) ~ ~ Poly(SA-co-LHOGE)
2000 -
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Figure 5. The observed mechanical properties of the different PU films, synthesized from the
lignin-derived polyester polyols shown in the legends, measured using tensile stress—strain curves:
(a) the Young’s modulus, (b) the ultimate tensile strength, (c) the elongation at break.

3. Conclusions

In this proof-of-concept study, lignin-derived, fully bio-based polyesters were
synthesized via a simple metal-free, organo-catalytic [PPNCI], and/or self-promoted (no
[PPNCI] added) ROCOP system. This was from both glycidylated lignin models (PGGE,
EGE, and DCAGE) and glycidylated depolymerized lignin (LHOGE) sourced from the RCF
of native lignin from Pinus radiata wood biomass. The polymerizations were conducted
using more robust and industrially relevant conditions with no purification of any of
the commercially received reagents, catalysts, or solvents, and conducted in the majority
of cases in air. This was in a bid towards attempting to make ROCOP more attractive
to commercialization by showcasing its inherent advantages. The cyclic anhydrides
employed (PA and SA) can be derived from the furanics sourced from the cellulosic and
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hemicellulosic components from lignocellulosic biomass. Hence, the biorefinery products
from both the lignin and the polysaccharide components of lignocellulosic biomass can be
coupled and valorized together in one polymerization reaction via ROCOP here to produce
fully bio-based polymer materials. After mechanistic and NMR studies, an alternative
ROCOP-style mechanism was proposed that contributes to the observed accelerated rates
with added [PPNCI] organo-catalyst and ‘self- initiation/self-promoted” ROCOP reactivity
when no external [PPNCI] catalyst was added because of the likely presence of inherent
[OH] groups/species in the lignin-derived glycidyl ether monomer. The value and potential
of these lignin-derived polyesters was demonstrated by exploiting their characteristic
functionality and applying them as intermediate polyols in the successful synthesis of four
PU film materials with a high biomass content of 75-79%. A range of thermomechanical
properties were observed for the materials, which demonstrated effectively how ROCOP
can be used to fine-tune the structure and dramatically affect the resulting properties, of
both the functional polyester and PU material, by subtle variations in the epoxide and
anhydride substrate combinations employed. These findings help endeavors towards
predicting the relationship between chemical structure and material thermomechanical
properties and performance, relevant for industrial applications. Key characteristics such
as tunability, self-promotion, rapid solvent-free polymerization, and low temperature
and purity requirements, coupled with the increasing availability of biomass-derived
substrates, all point towards a promising future for ROCOP processes in the preparation of
a new generation of bio-based polymers. This study demonstrated for the first time that
ROCOP can be successfully used to produce proof of concept functional PU materials from
lignocellulosic biomass. Further investigations are needed and currently ongoing in better
understanding the ROCOP reaction occurring with the lignin monomer in these studies,
improving the purification protocol for polyester products and attempting to improve the
PU synthesis and characterization.
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