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Introduction

High elasticity, chemically recyclable,
thermoplastics from bio-based monomers: carbon
dioxide, limonene oxide and e-decalactonet

Leticia Pefia Carrodeguas, Thomas T. D. Chen, Georgina L. Gregory, ®
Gregory S. Sulley 2 and Charlotte K. Williams 2 *

One solution to problems with petroleum derived plastics is to design polymers for the circular economy.
In this regard, polymer chemistries, like ester or carbonate linkages, which are closer to equilibrium are
very promising but to use these materials requires improvements to their properties and methods of man-
ufacture. Here, efficient polymerization catalyses are used to transform wastes and bio-sourced mono-
mers into thermoplastics which combine high elasticity and strength and which can be degraded to allow
for some chemical recycling. The plastics are prepared from carbon dioxide, limonene oxide (from waste
citrus fruit peel) and e-decalactone (from triglycerides). These monomers are polymerized, using cata-
lyzed controlled polymerizations with high conversion efficiencies, to selectively form ABA block poly-
mers (A = high Ty polycarbonate, B = low T, polyester). The series of 5 poly(limonene carbonate)-b-poly
(e-decalactone)-b-poly(limonene carbonate) (PLC-PDL-PLC) samples allow for systematic variations in
the overall molar masses (M,, = 50-100 kg mol™) and hard-block compositions (21-63 wt% PLC). All the
polymers are fully characterized using a range of spectroscopies, gel permeation chromatography,
thermal and tensile mechanical measurements. The leading plastic combines tensile strength (stress at
break, o, = 21.2 MPa, Young's Modulus, £, = 321 MPa) and high elasticity (elongation at break, &, = 400%)
— an enhancement of more than 20x in elongation at break and tensile toughness over poly(limonene
carbonate), overcoming the well-known brittleness and processing limitations of PLC. It undergoes selec-
tive, catalyzed depolymerization to limonene oxide, carbon dioxide and the precursor polyester providing
a future chemical recycling and upcycling opportunity.

bonds.> To design polymers for a future circular economy,
many researchers have focussed on polymer chemistries which

Today’s plastics have linear economies: the vast majority are
sourced from petroleum, are applied in a myriad of appli-
cations but at end-life, recycling is not efficiently implemented
and there is a growing problem of environmental pollution
from waste plastics.'™ In terms of thermoplastic chemistry,
current structures are not optimized for end-of-life recycling
with mechanical reprocessing often rapidly deteriorating pro-
perties and devaluing applications.* Chemical recycling, i.e.
depolymerization to monomer, should allow for increased cir-
cularity without compromising the materials’ properties but is
complicated by the additives needed to enhance polymer pro-
perties/processing and its high energy requirement, as
common polymers feature thermodynamically stable C-C
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are closer to equilibrium such as polyesters and polycarbo-
nates.” These materials have the added advantage that they
may be prepared from bio-based raw materials, such as agri-
cultural wastes or waste industrial gases like carbon dioxide
and their use may reduce the greenhouse gas emissions associ-
ated with polymer manufacturing.®'° To facilitate the tran-
sition from oil-based plastics, the production of both bio-
based monomers and polymers must be efficient and conform
to the principles of green chemistry.>'" Despite significant
success in the syntheses, bio-derived polymers still show
material property limitations.">'* For example, many have low
tensile strength and are highly brittle; they require the
addition of plasticizers for subsequent material processing
and use.”™ Unfortunately, using plasticizers presents toxico-
logical and environmental concerns, as well as complicating
recycling.'* One solution may be to develop polymers which
reduce, or even obviate, plasticizer use. Another benefit would
be to design polymers which facilitate chemical recycling to
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monomers, especially where depolymerization occurs with
lower energy than is needed for hydrocarbons.>**™"” Naturally
there is a trade-off between the requirement for sufficient high
temperature stability to allow for conventional processing and
use, and the need for energy-efficient chemical recycling by
thermally activated depolymerization chemistry.” Here, a
series of ABA block polymers, featuring carbonate and ester
linkages, are designed to meet the following criteria: (1) They
are fully bio-derived and maximize use of industrial wastes;
(2) They improve upon existing bio-derived plastics’ properties,
specifically tackling the reduction in plasticizer use and
(3) They allow for selective and catalyzed chemical
recycling. The structures are fully amorphous poly(limonene
carbonate)-b-poly(e-decalactone)-b-poly(limonene  carbonate)
(PLC-PDL-PLC), where the PC functions as the hard, high T,
A-block and PDL is the soft, low T, B-block.

The hard block is prepared by the ring-opening copolymeri-
zation (ROCOP) of epoxides and carbon dioxide - a rare
example of an efficient and economically viable carbon
dioxide utilization process amenable to large-scale operation."®
The polymerization catalyst is essential for efficient and cost-
effective processes with various homogeneous metal com-
plexes showing good performances.'®>* The process may also
work using captured carbon dioxide and could be coupled
with carbon capture and sequestration.>* So far, epoxide/CO,
ROCOP is generally applied with petrochemical epoxides, but
when bio-derived epoxides are used, it’s feasible to produce
fully renewable polycarbonates.>*® One of the most successful
examples is poly(limonene carbonate) (PLC) prepared from
(R)-limonene oxide, naturally occurring as a mixture of cis and
trans isomers, which is extracted from waste citrus fruit peel.*”
In 2004, Coates and co-workers reported the first catalyst for
limonene oxide/CO, copolymerization, a zinc p-diiminate
complex, and the properties of poly(limonene carbonate)
(PLC).*® Later, Coates and co-workers investigated PLC stereo-
complexes  prepared by  co-crystallization of  PLC
enantiomers.”>*® Others used similar zinc catalysts to increase
the molar mass of PLC (M,, > 50 kg mol ") and investigated it as
an engineering plastic, antimicrobial material (after post-
functionalization) or gas permeable film.*’*® Higher molar
mass PLC is distinctive, compared to other bio-based plastics,
because of its unusually high glass transition temperature (T =
130 °C) and its high tensile strength (¢ = 55 MPa), but its appli-
cations are severely limited by its poor elongation at break
values of ~15% - ie. it is very brittle.>** One other process
limitation is that the zinc-f-diiminate catalysts only polymerize
trans-limonene oxide, thereby giving rise to significant left-over
cis-limonene oxide (~40%).>® Kleij and co-workers reported an
Al-(amine)tris(phenolate) catalyst applied in conjunction with
an ionic co-catalyst, PPNCI, which copolymerizes both cis- and
trans-10.>>° So far, this Al-catalyst system yields only low molar
mass PLC,*>° which can be used to make networks and resins,
but cannot deliver useful properties on its own.>” !

One strategy to improve the properties of higher molar
mass PLC would be to blend it with other polymers, but
because most polymers are mutually incompatible, PLC con-
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taining block polymers would be required both as blend com-
patibilizers or to increase molar mass and optimize
properties.”*>> For example, phase separated ABA block poly-
mers, where A = hard, high 7, polymer and B = soft, low T,
polymer, are commercial thermoplastic elastomers, plastomers
and blend compatibilizers.” Greiner and co-workers reported a
higher molar mass block polycarbonate, PLC-b-PCHC [PCHC =
poly(cyclohexene carbonate)], which undergoes phase separ-
ation, but its properties are sub-optimal since both PCHC and
PLC are high T, polymers - ie. the plastic remains very
brittle.** Rieger and co-workers reported PLC-b-PBL [PBL =
poly(B-butyrolactone)], prepared using a switchable catalytic
method, to achieve a material showing 18% elongation at
break using ~50 wt% PBL.**”* This block polymer does not
significantly overcome the property limitations either but
signals that B-block polymers with considerably lower T, and
greater flexibility than atactic PBL (T, = 5 °C) should be
explored. In this context, poly(e-decalactone) (PDL) is promis-
ing since it is both bio-sourced, from castor oil, and has a very
low glass transition temperature (T, = —60 ©°C).”*>%*?
Hillmyer and co-workers have pioneered ABA block polyesters,
where A = polylactide (PLA) and B = PDL, as thermoplastic
elastomers.”****>7%% Qur group, have studied ABA polymers,
where A = poly(cyclohexene phthalate), or poly(cyclohexene car-
bonate) and B = PDL, as thermoplastic elastomers, rigid plas-
tics and adhesives.”*®"*> Given the property improvements
enabled by the use of PDL, ABA materials combining poly
(limonene carbonate) and poly(e-decalactone) merit investi-
gation and, here, PLC-b-PDL-b-PLC are presented.

Results

The synthesis of PLC-b-PDL-b-PLC block polymers requires the
combination of DL ring opening polymerization (ROP) and the
LO/CO, ROCOP. Whilst many catalysts are able to efficiently
perform lactone ROP, there are far fewer options for LO/CO,
ROCOP. In this work, the Al catalyst, previously reported by
Kleij and co-workers, was chosen due its ability to enchain
both cis- and trans-LO.>® However, a limitation is its failure to
perform DL ROP. To overcome this problem, PDL was syn-
thesized by DL ROP (conversion >90%), using a dizinc macro-
cyclic catalyst, [LZn,Ph,] (1), initiated using trans-1,2-cyclo-
hexane diol (CHD) at 100 °C (Scheme 1, (i)). This catalyst was
selected as it is highly active and selective for DL ROP.>>°°
Furthermore, the catalyst has a non-initiating co-ligand
(phenyl) which is important because when combined with the
diol co-initiator it selectively yields only hydroxyl telechelic
PDL.°>%®® The resulting hydroxyl-telechelic PDL shows molar
masses up to 67 kg mol ™, with narrow dispersities (P < 1.13).
Using the hydroxyl telechelic PDL as a macroinitiator for LO/
CO, ROCOP, using just the Al-catalyst, (2), was unsuccessful
and the polymerization failed to initiate. It was hypothesized
that the co-catalyst, i.e. bis(triphenylphosphine)iminium chlor-
ide (PPNCI), was essential for reactivity as a control experiment
utilizing 2 for LO/CO, ROCOP, in the absence of PPNCI, also
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Scheme 1 Block polymer synthesis. (i) 1,2-cyclohexane diol (CHD),
e-decalactone (DL), 2 h, 100 °C, toluene. (ii) Phthalic anhydride (PA),
16 h, 100 °C, molar ratio: [1]/[CHDI/[PA]/IDL] = 1/4/100/350-1000. (iii)
NaOH, 2 h, 25 °C, chloroform. (iv) PPNI, 2 h, 40 °C. Molar ratio: [diacid
end group]/[NaOHI/[PPNI] = 1/1/1. (v) [2]:[PPN-PDL-PPN]:[LO] =
1:0.25:125 (LO used as monomer and solvent), 24 h, 20 bar CO,, 45 °C.

failed to convert any monomer. For block polymer synthesis, a
PPNCI co-catalyst should be avoided because as the chloride
ion would compete with the diol as an initiator which would
result in a mixture of a-chloride-w-hydroxyl and a,0-dihydroxyl
terminated polymer chains and hence a mixture of different
block polymer structures (Fig. S1t). To overcome this issue,
the PDL chain ends were reacted to afford PPN-carboxylate
end-groups, [PPN],[PDL] (Scheme 1, (ii)-(iv)).

Table 1 Characterization Data for PLC-b-PDL-b-PLC polymers
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The synthesis involved reaction of the hydroxyl terminated
PDL with two equivalents of phthalic anhydride (PA) to obtain
diacid terminated PDL (Scheme 1, (ii)). This was followed
by deprotonation, using NaOH, and subsequent cation
exchange with bis(triphenylphosphine)iminium iodide (PPNI)
(Scheme 1, (iii)-(iv), see ESIT for experimental details). PPNI
was employed (instead of PPNCI) as control studies suggested
the iodide ions cannot initiate the ROCOP of LO/CO,. Using
the [PPN],[PDL]/2 catalyst system, the ROCOP of LO/CO, (20
bar CO, pressure) was performed at 45 °C to obtain PLC-b-
PDL-b-PLC (Scheme 1, (v)).

Using this strategy, five different fully renewable ABA-poly-
mers were synthesized with molar mass up to 115 kg mol ™"
and with controllable compositions (expressed as wt% PLC)
(Table 1). By adjusting the monomer concentrations and reac-
tion times, the compositions was varied from 21-60 wt% PLC,
whilst keeping the overall molar mass constant (~80 kg mol™")
(Table 1, entries 1-3). To understand the influences of polymer
molar mass on properties, two samples with high PLC content
(63 and 42 wt%) but differing molar masses of 50 and 115 kg
mol " were prepared (Table 1, entries 4 and 5).

The triblock samples were purified by precipitation of a di-
chloromethane solution containing the reaction mixture into
pentane three times. In terms of polymer characterization
data, the "H and "C{'H} NMR spectra show peaks corres-
ponding to both the blocks (Fig. S2 and 37). No transesterifica-
tion/carbonylation between the blocks was observed, as appar-
ent from the "*C{"H} NMR spectrum which shows only PLC
and PDL carbonyl peaks with no additional cross-peaks.
Selectivity for carbon dioxide uptake is very high (>99%) with
no ether linkages (at 3.00-3.50 ppm) being observed.
Polymerizations are well controlled as indicated by a shift in
molar mass values and retention of narrow dispersities as the
reactions progress. For instance, the SEC analysis of ABA
(81,48) showed an M,, increase from 40.1 to 81.0 kg mol™" with
retention of a narrow dispersity of ~1.09 (Fig. S4t). Similar
shifts in molar mass and retention of narrow dispersity are
seen for the other samples (Fig. S5-87). In some cases, the SEC
traces show low intensity ‘shoulder’ peaks which are tentatively
assigned to PLC homopolymer, possibly due to low quantities

PDL* PLC-b-PDL-b-PLC"

# DL(equiv) M, (kgmol™)[P]° M, (kg mol™")[P]° wt% PLC® DP* ABANAME/  T,%(°C)  Tys0' (°C)  Yield (%)
1 500 33.4[1.28] 86.9[1.17] 60 133-196-133  ABA (87,60)  —50,50" 197 22

2 750 40.1 [1.08] 81.0 [1.09] 48 94-236-94 ABA (81,48)  —47,n.d. 239 19

3 1000 62.7 [1.13] 84.8 [1.04] 21 56-368-56 ABA (85,21)  —40,n.d. 178 24

4 350 25.1[1.19] 50.7 [1.06] 63 63-147-63 ABA (51,63) 0, n.d. 184 41

5 1000 61.9 [1.14] 114.6 [1.14] 42 134-364-134  ABA (115,42) —51,n.d. 177 28

“ROP reaction conditions: [1]: [CHD] = 1:4, 100 °C, toluene.

45 °C. M, and P measured by SEC (THF eluent, calibrated using polystyrene standards).

b ROCOP reaction conditions: [2]: [PPN-PDL-PPN]: [LO] = 1:0.25: 125, 20 bar CO,,

4Weight % of PLC block, determined from the "H NMR

spectra, by analysis of the integrals of PLC and PDL main chain peaks at 5.1-5.2 ppm and 4.85 ppm, respectively. ¢ Degree of polymerization cal-
culated from M, and molar weight of the repeating unit. / Triblock polyrner narnlng system (total M, by SEC, wt% PLC by NMR integration).

$ Glass transition temperature obtain from DSC (third heating cycle, 10 °C min™

! heating rate). " Upper Ty measured by DMTA from peak in tan 6

(n.d. = not determined). ‘ Thermal decomposition temperature at 5% weight loss, measured by TGA (25— 500 °C, 10 °C min~" heating rate, N, flow).
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of water leading to limonene diol formation and its function-
ing as an initiator.>*®* This lower molar mass PLC can be sep-
arated from the desired triblock polymers by repeated pentane
precipitations. The *'P{"H} NMR spectroscopy end group ana-
lysis of the PDL showed the characteristic hydroxyl end groups,
at 147.1 ppm (Fig. S9t). After reaction with PA, the hydroxyl
end groups disappeared and a new peak at 135.5 ppm
appeared. This NMR data suggests all the PDL chains are end
capped with di-acid groups. After the LO and CO, ROCOP, the
di-acid end group peak disappeared and a series of peaks,
centred at 141.5 ppm, are observed. The peaks are identical to
a spectrum of PLC and the slightly differing chemical shifts
arises from the regioirregularity.

Thermal properties

The polymers’ thermal properties were analyzed by differential
scanning calorimetry (DSC), dynamic mechanical thermal ana-
lysis (DMTA) and thermogravitmetric analysis (TGA). For ABA
(87,60), DSC measurements clearly revealed a T, at —50 °C,
attributed to the ‘soft’ PDL segment (Fig. 1A) and closely com-
parable to PDL homopolymer (—58-51 °C). The block polymer
value is far from that calculated for fully miscible PLC and
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Fig. 1 Thermal Characterisation of ABA (87,60) by DSC (A) and
DMTA (B).
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PDL blocks (~27 °C),””®*> which suggests partial block phase
separation. From previous work, using DSC to realiably observe
the upper Ty is challenging, perhaps due to the low y value in
this class of triblock polymers. To observe the upper glass tran-
siton temperature the more sensitive technique of DMTA has
proved more successful.®**> DMTA of a sample of ABA (87,60)
clearly showed the upper T, at +50 °C, as the maximum in tan
(6) (ratio between the storage and loss moduli) (Fig. 1B), and is
assigned to the hard PLC-rich segment. The T, values for the
series of triblock samples, of differing molar mass and compo-
sition, all show similar behavior by DSC analysis (Table 1,
Fig. S107). Due to the soft character of these polymer films, it
was not always possible to reliably determine the upper T, by
DMTA. For the lowest molar mass sample, ABA (51,63) (Table 1,
entry 4), a T, value of 0 °C was observed by DSC indicative of
significant block miscibility (T calc for miscible blocks = 7 °C).
The thermal stability of a polymer is critical for any appli-
cation because it sets the processing temperature limits. To
evaluate the processing viability of these materials, samples were
subjected to thermal gravimetric analysis (TGA) to identify the
polymer degradation temperature via measurement of the mass
lost against temperature. For ABA (87,60) (Table 1, entry 1), the
temperature at which 5% of the initial polymer mass is lost,
Tq, 59, Was determined to be 197 °C. Given its moderate upper
T, value (ca. 50 °C), this material has a broad processing temp-
erature window. The degradation curve shows two distinct steps,
with the relative mass loss at each stage corresponding to the
block composition (Fig. 2). This behavior supports thermal
degradation from the PLC chain-ends (Fig. S11-147).6%*

Mechanical properties

Each of the block polymers were cast into PTFE molds, from
methylene chloride solutions (30 wt%). The solvent was
allowed to evaporate, under ambient conditions for 48 h, and
the films were further dried, in vacuo and at 50 °C, for 24 h.
Transparent, colorless, freestanding films with thicknesses of
around 120 pm were obtained, except in the case of ABA
(85,21) which could not be processed into a freestanding film
owing to its softness (Fig. S157).

100 -
T,g5= 197 °C
801 PLC
(60 Wt%)
§ 60 -
b
K-
=
[
= 40- X T, a0, = 285 °C
PDL
201 (40 Wt%)
0 v
0 100 200 300 400 500

Temperature (°C)

Fig. 2 Thermal gravimetric analysis data for ABA (87,60).
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Uniaxial extension measurements were performed on the
four block polymer samples in order to determine the stress-—
strain relationships. Dumbbell-shaped specimen bars were cut
from the solvent cast films, according to ISO 527-2 type 5B,
and measurements were conducted, at 10 mm min~" cross-
head speed, in accordance with ISO 527. As expected, the
tensile mechanical properties of the polymers varied with both
the relative PLC weight fraction and the overall molar mass of
the triblock.

ABA (87,60) showed behavior typical of a ductile plastic,
with a diffuse yield point at around 10% strain, beyond which
the material showed characteristic plastic deformation (Fig. 3A
and inset). The material showed moderate/high tensile
strength (¢ = 21.2 MPa) and high elongation at break (e, =
400%) (Table 2, entry 3). Its tensile toughness (Uyr) was deter-
mined as 62.3 MJ] m~* by integrating the stress-strain data.
ABA (51,63) has a similar composition but significantly lower
molar mass (51 kg mol™"), it showed a much lower tensile
strength (¢ = 5.6 MPa) (Fig. 3A; Table 2, entry 2). This was
accompanied by a significant decrease in the Young’s
modulus (E, = 165 MPa) and only a minor increase in the
elongation at break (e, = 452%). This result highlights the
importance of maximizing the polymer molar mass to
enhance the mechanical properties by increasing soft block
entanglement and hard domain physical crosslinking.®

In contrast, polymers with lower hard block weight frac-
tions, i.e. ABA (81,48) and ABA (115,42), both with 40-50 wt%
PLC exhibited behaviors akin to elastomers. No yield point
could be determined and the specimens showed extensions to
high elongations (e, > 2500%), however, minimal stress was
required to break both (¢ < 1.2 MPa) consistent with their low
strengths (Fig. 3, Table 2, entries 4 and 5). Hysteresis experi-
ments (0-200% strain, 10 cycles) performed on the stronger of
the two elastomers, ABA (81,48), showed good elastic recovery
of around 84% (Fig. S167). The maximum stress reached by
the specimen decreased noticeably between the first and
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Table 2 Mechanical properties of PLC-b-PDL-b-PLC triblock polymers
as a function of molar mass and weight fraction of PLC

PLC M, B o’ e’
Entry  Polymer wt% (kgmol™) (MPa) (MPa) (%)
132 PLC 100 53.4¢ 950 55 15
2 ABA (51,63) 63 50.7 165 5.6 452
3 ABA (87,60) 60 86.9 321 21.2 400
4 ABA (81,48) 48 81.0 2.0 1.1 2563
5 ABA (115,42) 42 114.6 2.1 0.32 3962
6 ABA (85,21)°

“Young’s modulus. ”Stress at break. Elongation at break. Mean
values from measurements conducted independently on at least 5
specimens. SEC in CHCl,. ABA polymer tensile specimens were cut
from a solvent cast film (30 wt% in DCM) conforming to dimensions
for ISO 527-2 type 5B. Uniaxial tensile measurements conducted at
10 mm min~" crosshead speed. ¢ Sample did not yield a free-standing
film as it was too soft and hence mechanical data not reported.

second cycles compared to only a slight reduction with each
successive cycle thereafter, which attests to some degree of
plastic deformation.

As a control experiment, attempts to solvent cast a 50:50
blend of the two constituent polymers, ie. PDL and PLC,
resulted in the formation of a waxy substance which could not
be removed from the mold and was unsuited for any further
testing (Fig. S157). This result emphasizes the importance of the
triblock polymers in providing materials with useful properties.

Chemical recycling

These fully renewable triblock polymers also present an inter-
esting potential for PLC block chemical recycling back to the
component monomers: LO and CO,. The depolymerization of
the PLC block was investigated by dissolving ABA (87,60) in
toluene, at 80 °C, with the same dizinc catalyst, 1, used in DL
ROP (Fig. 4A). The depolymerization reaction was monitored
by the regular removal of aliquots for NMR and SEC analysis.

70
oPC

- 60
s epPLC
§, 50 +
X
S @ PLC-PHB (low MW)
5 404 . .
= PLC-PHB (high MW)
2 30
£ °
] 20 Toughened PLA @ ABA (87,60) ABI-.\-SO

10 T T T T T

0 200 400 600 800 1000

Elongation at break (%)

Fig. 3 Mechanical Properties of PLC-b-PDL-b-PLC triblock polymers. (A) Stress—strain curves for uniaxial extension measurements. Failure points
marked with an “X". Inset: enlargement of the 0-100% strain region. (B) Ashby plot of tensile strength vs. elongation at break allowing comparison of
the properties of ABA (87,60) with commercial and literature samples (see ESI Table S17 for further details on samples used in comparison).
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Fig. 4 Deploymerization reactions of ABA (87,60). (A): 1.6 mM of 1; (B)
Stacked *H NMR spectra (CDCls) taken at various timepoints throughout
the depolymerization (LO *H NMR spectrum is added for comparison);
(C) Kinetic analysis with catalyst 1 (blue circles) and no catalyst (red
squares); (D) SEC analysis (THF eluent, vs. PS standards) of aliquots taken
at various time-points (see also Fig. S197).
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The successful PLC depolymerization and quantitative refor-
mation of LO was observed after 6 h (using mesitylene as an
internal standard). "H NMR spectroscopy shows the complete
disappearance of the PLC resonances and concomitant
increase in the LO peaks (Fig. 4B & S18, S217). Kinetic studies
show a linear decrease in polycarbonate concentration vs.
time, indicative of a zero order rate dependence in PLC con-
centration (Fig. 4C, blue squares). The depolymerization reac-
tion does not occur in the absence of catalyst, 2 (Fig. 4C, red
circles), and, under these conditions, the concentration of PLC
remains constant over the timescale of the experiment. For the
degradation experiments (Fig. 4C, blue squares), SEC analysis
showed a continual decrease in polymer molar mass, whilst
retaining narrow P values (1.1-1.2), from 87 kg mol™* (M, of
the block polymer before depolymerization) to 33 kg mol ™,
the molar weight of the starting PDL (Fig. 4D, S197). This data
supports the selective and controlled (step-wise) depolymeriza-
tion of the PLC end-blocks. To investigate whether depolymeri-
zation or transesterification could occur in the PDL block, the
reaction was deliberately heated for an extended period of time
(2 days), but the PDL retained the same values for molar mass
and dispersity. The residual PDL can be further degraded via
dilute acid catalyzed hydrolysis (p-toluenesulfonic acid,
0.01 M) at 60 °C. Under these conditions, the PDL molar mass
decreased to ~6% of its oringal value in 40 h (Fig. S227).

Discussion
Sustainable block polymers

Conventional plastic production relies on unsustainable fossil
fuel sources and the majority of these materials are neither
recycled nor degradable.”® Polyesters and polycarbonates are
interesting alternatives as their chemistry is intrinsically
degradable and/or recyclable, e.g. by hydrolysis of ester/carbon-
ate linkages and many of the monomers can also be obtained
from renewable sources.”®'® For instance, PDL has been
shown to readily degrade under acidic conditions, which may
be suitable for recycling.®"®* DL is also a non-toxic monomer
that can be obtained from castor oil.”*>®* Currently, commer-
cial polycarbonates are produced via the polycondensation of
bisphenol A and phosgene, both of which are toxic.®” On the
other hand, the monomers that make up PLC (LO and CO,)
are non-hazardous and bio-renewable.®®

LO is derived from limonene,>*?® an abundant natural
terpene obtained from citrus fruit peel waste or produced by
algae. Limonene has an estimated global production capacity
of 70 000 to 100 000 tonnes per year and its repurpose as feed-
stock for polymer production is highly promising.>”*® In
addition, the CO, usage is appealing as it is an abundant, non-
hazardous and fully renewable resource and a waste product of
many industrial and agricultural processes.'® The synthesis of
PLC directly consumes CO, as a feedstock and its production
may contribute towards the reduction of greenhouse gas emis-
sions by both the photosynthesis of the citrus fruit plant and
the opportunity to store CO, in value-added materials.®®”°
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A recent techno-economics study estimated the cost for PLC
production to be between $1.36-$1.51 per kg, which is com-
parable to existing petrochemical plastics such as polystyrene
($1.2-$1.6 per kg).°® Thus, the synthesis of PLC-h-PDL-b-PLC
(DL, LO and CO,) appears to meet many of the criteria for sus-
tainability, including re-use of industrial wastes, use of bio-
based monomers, efficient conversions and the delivery of
better plastic properties. Because the monomers are already
commercially available and used at scale in other processes,
there is also improved potential for delivery of these products
at scale. Naturally, more detailed analyses of process con-
ditions, scale and costs, as well as thorough life cycle assess-
ments would be needed to validate the opportunities for these
products.

Mechanical property comparisons

One important aspect of the new triblock polymers is the
improvements to the thermal and mechanical properties
afforded by combining PLC and PDL into triblock structures.
By tuning the polymer’s molar mass values and/or the relative
weight fractions of the constituent blocks, it is possible to
obtain readily processable polymers that show characteristics
of elastomers (ABA (81,48) and ABA (115,42)) at lower PLC wt
% or toughened plastics (ABA (51,63) and ABA (87,60)) at
higher PLC wt %.

Of the samples, the most promising in terms of mechanical
properties is the ductile thermoplastic, ABA (87,60). The other
example in this material class, ABA (51,63), shows a signifi-
cantly reduced tensile strength and minimal improvement in
elongation. The remaining two materials, examples of elasto-
mers, show very high elongations at break but have the short-
coming of low tensile strength. Nonetheless, these high strain-
low stress materials may be of interest in future as natural
fibre mimics, e.g. elastins.”*

The enhanced performance of ABA (87,60) arises primarily
from the toughening imparted by incorporating the softer PDL
block. The tensile toughness of the material (Ur = 62.3 MJ
m™3) is greatly increased when compared to bio-based PLC
(Ur estimated at 3.15 MJ m™~>), which fails to exceed 20% strain
and exhibits brittle failure.*

Comparisons to other literature materials enable bench-
marking of the properties of ABA (87,60) and highlight the
need for bio-based materials with improved mechanical per-
formances. We recently reported ABA triblock polymers, based
on poly(cyclohexene carbonate) (PCHC), derived from CO,,
and PDL, with the structure PCHC-b-PDL-b-PCHC.%*> Compared
to an equivalent composition sample, ABA (87,60) has a lower
tensile toughness (PCHC-b-PDL-b-PCHC with 50 wt% PCHC,
Ur = 112 MJ m~?) but both polymers show similar values for
tensile strength (¢ = 21.2 vs. 20 MPa) (Fig. 3B above). The
advantage of ABA (87,60), compared to the sample containing
PCHC, is the ability to increase the renewable content and to
make use of industrial wastes (limonene). Another well-estab-
lished bio-based polymer is polylactide (PLA) which when
applied without additives is also very brittle. Compared to a
purposefully toughened poly(lactide) (PLA) sample, with
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o = 25.8 MPa, ABA (87,60) shows equivalent tensile strength
and greater toughness (Fig. S177).”?

Recently, a series of block polymers incorporating PLC as
the hard block and poly(hydroxybutyrate) (PHB) as the soft
block were reported.”® Block polymers, containing 54 wt%
PHB, at two different molar mass values (‘low’ M,, = 90 and
‘high’ M,, = 211 kg mol ") were compared and both samples
showed slightly lower tensile strength and Young’s moduli
compared to pure PLC. However, only the high molar mass
sample showed an improvement in elongation at break, with
the maximum tensile strain at 18%. Whilst the tensile
strengths of these PLC-b-PHB are higher than ABA (87,60), the
elongation at break and toughness are much lower.

One future research direction could be to explore other soft
blocks to toughen PLC or other brittle, aliphatic polycarbo-
nates, e.g. PCHC. Poly(e-caprolactone) (PCL) would be desir-
able given its low glass transition temperature and the com-
mercial availability at low cost of e-CL. The crystallinity of the
PCL block would, however, need to be supressed and strategies
to achieve this include its copolymerization with other lac-
tones, e.g. 8-valerolactone.”® Other soft block polymers could
be produced by the ROP of functionalized lactones or by the
ROCOP of epoxides, like propene oxide or alkyl glycidyl ether,
and anhydrides, like succinic or glycolic anhydride.>*”*”>
Polycarbonate soft-block polymers could include poly(tri-
methylene carbonate) or materials derived from the ROCOP of
alkylene oxides and carbon dioxide.”®

Another area for future development is to exploit the
pendent double bond, in the repeat unit of PLC, for post-
functionalization. The alkene groups could be cross-linked or
substituted with moieties that undergo intermolecular inter-
actions so as to enhance microphase separation, and increase
tensile strength and toughness.

Depolymerization

To better design plastics for chemical recycling requires selec-
tive, catalytic depolymerization chemistries, ideally under con-
ditions accessible to scale-up, and the delivery of the true
monomers.’ This latter point is very important as any pro-
posed recycling process should avoid unnecessary derivatives
or neutralization steps. Another consideration is that the
thermal treatment of many polycarbonates, prepared from
ROCOP of CO,/epoxides, often leads to formation of the
thermodynamically favoured cyclic carbonate product. There
are only a few examples of depolymerization to the corres-
ponding epoxide and these processes were recently reviewed
by Darensbourg.”” Base- or metal-catalyzed depolymerization
of poly(cyclopentene carbonate) and poly(indene carbonate)
yield both epoxide and cyclic carbonate products.”®®°
Depolymerization of poly(indene carbonate) typically only
gives indene oxide as a minor product, whereas a high selecti-
vity for cyclopentene oxide formation (92%) was reported
when wusing a catalyst comprising (Salen)CrCl/n-Buy;NNj
([repeat unit]:[Cr]:[base] = 50: 1:2). For the latter reaction, a
temperature of 110 °C was necessary and the complete degra-
dation of the poly(cyclopentene carbonate) was only observed
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after 30 h. The rapid and complete depolymerization of 1-ben-
zyloxycarbonyl-3,4-epoxy pyrrolidone (BEP), to CO, and the
starting N-hetero-epoxide, was reported using a dinuclear chro-
mium-salen complex operating at 100 °C.*' Although this
novel polycarbonate is fully recyclable the synthesis of BEP
requires several steps. In the context of these prior investi-
gations, the complete depolymerization of PLC to LO is par-
ticularly noteworthy. Koning and coworkers previously
reported PLC depolymerization to LO with no observable cyclic
carbonate,*® using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) to
deprotonate the hydroxyl end-groups and triggering chain
backbiting. Under these conditions, a polycarbonate repeat
unit to catalyst loading ([M]: [TBD]) of 25:1, enabled quantitat-
ive recovery of LO after 16 h at 110 °C (no depolymerization
was observed at 80 °C). A significant broadening of the
polymer b to ~2 was also noted and attributed to a deprotona-
tion/protonation equilibrium. This work represents an
improvement on Koning’s pioneering prior work because the
use of the di-zinc catalyst, 1, allows for faster depolymeriza-
tion, with complete reaction to LO monomer occurring in just
6 h ([M]:[1] = 27:1) and at a slightly lower temperature (80 °C).
The reaction proceeds controllably and the residual polymer
retains a narrow P throughout - this finding potentially offers
opportunities to control forward and reverse reactions in
future. In addition to full recovery of LO, the selective unzip-
ping of just the PLC end-blocks in these triblock polymers,
whilst leaving the PDL block unaffected, is conceptually inter-
esting. The remaining PDL could be used to initiate polymeriz-
ation with other monomers readily allowing access to different
materials and fulfilling concepts of upcycling.'®

Conclusions

The successful and efficient copolymerization of three com-
mercial bio-based monomers, carbon dioxide, limonene oxide
and e-decalactone, yielded ABA triblock polymers. The poly-
mers comprise PLC blocks, with high T, and rigidity (A), flank-
ing PDL blocks, with low T, and high flexibility (B-blocks). The
materials compositions and molar masses were straight-
forward to control since living polymerizations were applied.
The materials were fully characterized, including by thermal
and tensile mechanical measurements; the most promising
sample shows significant improvement in properties com-
pared to poly(limonene carbonate). It shows a 20x increase in
elongation at break, retains good tensile strength and is 20x
tougher than PLC. It shows a processing temperature window
of >140 °C and produces optically transparent toughened
plastic films. After use, it was efficiently chemically recycled to
limonene oxide, carbon dioxide and poly(e-decalactone) pre-
polymer. Overall, this work demonstrates a generally appli-
cable method to effectively combine bio-based monomers to
yield plastics showing higher value properties and with poten-
tial for straightforward chemical recycling. Future investi-
gations into the applications for these block polymers as
toughened plastics and substitutes for petrochemicals are rec-
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ommended. In terms of polymer chemistry, the PLC block fea-
tures alkene substituents which could be further reacted, e.g.
through cross-linking processes or with other functional
groups.”® The principles presented here are expected to be
broadly applicable to other bio-based monomer combinations,
including terpene derived anhydrides and epoxides, carbo-
hydrate-derived lactones and epoxides and waste carbon
dioxide.
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