UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Overcoming the low reactivity of biobased, secondary diols in polyester
synthesis

Weinland, D.H.; van der Maas, K.; Wang, Y.; Bottega Pergher, B.; van Putten, R.J.; Wang, B.;
Gruter, G.J.M.

DOI
10.1038/s41467-022-34840-2

Publication date
2022

Document Version
Final published version

Published in
Nature Communications

License
CCBY

Link to publication

Citation for published version (APA):

Weinland, D. H., van der Maas, K., Wang, Y., Bottega Pergher, B., van Putten, R. J., Wang,
B., & Gruter, G. J. M. (2022). Overcoming the low reactivity of biobased, secondary diols in
polyester synthesis. Nature Communications, 13, [7370]. https://doi.org/10.1038/s41467-022-
34840-2

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You

will be contacted as soon as possible. o
UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:11 Feb 2023


https://doi.org/10.1038/s41467-022-34840-2
https://dare.uva.nl/personal/pure/en/publications/overcoming-the-low-reactivity-of-biobased-secondary-diols-in-polyester-synthesis(a5d6fb01-35a9-40aa-9058-2d588db0fdd6).html
https://doi.org/10.1038/s41467-022-34840-2
https://doi.org/10.1038/s41467-022-34840-2

nature communications

Article

https://doi.org/10.1038/s41467-022-34840-2

Overcoming the low reactivity of biobased,
secondary diols in polyester synthesis

Received: 26 April 2022

Accepted: 7 November 2022

Published online: 30 November 2022

M Check for updates

Daniel H. Weinland ®", Kevin van der Maas', Yue Wang®",
Bruno Bottega Pergher ®, Robert-Jan van Putten’?, Bing Wang? &
Gert-Jan M. Gruter ©® 12

Shifting away from fossil- to biobased feedstocks is an important step towards
a more sustainable materials sector. Isosorbide is a rigid, glucose-derived
secondary diol, which has been shown to impart favourable material proper-
ties, but its low reactivity has hampered its use in polyester synthesis. Here we
report a simple, yet innovative, synthesis strategy to overcome the inherently
low reactivity of secondary diols in polyester synthesis. It enables the synthesis
of fully biobased polyesters from secondary diols, such as poly(isosorbide
succinate), with very high molecular weights (M, up to 42.8 kg/mol). The
addition of an aryl alcohol to diol and diacid monomers was found to lead to
the in-situ formation of reactive aryl esters during esterification, which facili-
tated chain growth during polycondensation to obtain high molecular weight
polyesters. This synthesis method is broadly applicable for aliphatic polyesters
based on isosorbide and isomannide and could be an important step towards

the more general commercial adaption of fully biobased, rigid polyesters.

Polymer materials are an indispensable part of modern life owing to
their wide range of tuneable properties. The materials sector currently
uses mainly fossil resources (-99%) as a feedstock for polymer synth-
esis, although significant efforts are being undertaken to switch to
more sustainable feedstocks'. A shift away from fossil and towards
biomass leads to challenges, but also opportunities: New types of
monomers become available that potentially lead to materials with
improved properties’. Condensation polymers like polyesters are
especially interesting due to their high oxygen content, which ties into
the high level of oxygenation of bioderived monomers®, and inherent
recyclability*. In terms of improving mechanical-, barrier-, and thermal
properties, the glucose-derived rigid isosorbide is a highly promising
polyester monomer®®. It is already produced on a 25 kiloton scale, but
the problem is that due to it being a secondary diol, its reactivity is very
low, which in turn limits its application to a minor component in
copolyesters’.

For the past three decades, scientists have been unsuccessfully
trying to synthesize fully biobased poly(isosorbide succinate) (PIsSu).
Thus far, no molecular weights high enough for thermoplastic appli-
cations have been reported due to the low reactivity of isosorbide in

(trans)esterifications, even with highly reactive diacid dichlorides
(Fig. 1a). Applications of PIsSu have been limited to powder coatings®,
which do not require a high molecular weight polymer’.

Regardless of the diacid comonomer, there have been no reports
of fully isosorbide-based polyesters with a M, >23.0 kg/mol, despite
the first reported synthesis of isosorbide in the 1950’s and a number of
efforts to overcome the low reactivity of isosorbide with unconven-
tional synthesis strategies (Fig. 1b). These low molecular weights lead to
brittle polymer products, which cannot be used in most thermoplastic
applications. This can also be observed in the large variation of Ty
values reported for PIsSu (Fig. 1a), which is an indication that a plateau
value of the molecular weight has not yet been obtained to reach the
“true” Ty value of PIsSu. Current applications of isosorbide in polyester
synthesis are thus limited to copolyesters with low molar percentages
(<40 mol%) of isosorbide relative to total diol. Even though the incor-
poration of isosorbide into polyesters has been shown to improve their
thermal and mechanical properties, up to now the properties of fully
isosorbide-based polyesters are largely unexplored.

In the present work, an attempt was made to overcome the low
reactivity of isosorbide relative to water by using aryl alcohols as
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a. Previous work on the synthesis of poly(isosorbide succinate) from different succinic acid derivatives

Isosorbide Succinic acid derivative
X =0H, OMe, CI

Diacid/diester M, [kg/mol] PDI TelC] Ref.

Succinic acid 3.1a 1.6 68 o
Succinic acid 2.9 1.3 73 0
Succinic acid 1.22 25 59 3t
Succinic acid 7.3% 17 65 2
Dimethyl succinate 13.42 1.6 56 "
Succinic anhydride 29a 1.7 74 32
Succinyl chloride 8.62 1.9 78 s
Succinyl chloride 772 1.8 36 2
Succinyl chloride 10.8° 21 56 34
Succinyl chloride 754 1.4 65 *

Molecular weights were determined by SEC. @ Polystyrene was used as a SEC
calibration standard. ® Poly(methyl methacrylate) was used as a SEC calibration
standard.

b. Previous strategies to improve molecular weights of isosorbide-based polyesters

1. Chain extension with ethylene carbonate3®

d
M, =22.7 kg/mol, PDI = 1.5, Tg =193°C

two step procedure - stochiometric ethylene carbonate side product - poly(ester carbonate) product

2. In situ acylation with acetic anhydride®*

o
/{o
HO o 9
“ron * on )J\ J\
2 o
0

M, = 18.3 kg/mol, PDI = 4.6, T, = 128 °C
high PDI due to crosslinking - acetic anhydride not directly reusable - not broadly applicable

3. Reaction with diphenyl oxalate®

o
I /© /{O ,' "
o YTy — T O
n
2 3 o H o)

M, = 12.9 kg/mol, PDI = 2.1, T; = 165 °C

H

presynthesis of diphenyl oxalate - not broadly applicable (diaryl esters not commercial) - no direct reuse of diphenyl oxalate

c. This work: Aryl alcohol assisted synthesis of high molecular weight isosorbide and isomannide-based polyesters

HO v
o o
=
+ +
OH HO)J\X)J\OH \\'L
X '=(CHa)z, (CHy)3 R = Me, OMe M, = up to 42.2 kg/mol, PDI ~ 2, T, = 35-134 °C

= (CHa)y, CgHy (cyclic)
= (CH,),0, (CH),S

high molecular weights - broadly applicable - aryl alcohol directly reusable

Fig. 1| Previous literature and this work. a Comparison of previous literatureon  weights via silylation of isosorbide’s-OH groups and subsequent reaction with
the synthesis of poly(isosorbide succinate) (PIsSu)’''*-* b Previous strate-  diacid chlorides. Please note that only one regioisomeric combination of iso-
gies to improve molecular weights of isosorbide-based polyesters'®***¢, ¢ The ~ sorbide repeat units is depicted in the polymer structures. The chirality of
synthesis strategy of this work. Not shown in b is a strategy reported by Kri- isosorbide will result in a polymer with a number of possible arrangements that
cheldorf et al.”’. on the improvement of isosorbide-based polyester molecular  do not necessarily possess tacticity.
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Fig. 2 | Synthesis of high molecular weight PIsSu with aryl alcohol. a Monomer
synthesis from glucose, obtainable from either first or second-generation biomass.
b Synthesis of PIsSu from succinic acid, isosorbide and p-cresol (see Fig. 3 for more

1. Esterification
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Poly(isosorbide succinate)

information on the esterification). ¢ PIsSu molecular weights obtained with a
reactive solvent (p-cresol), no solvent, and an unreactive solvent (1,4-dimethox-
ybenzene) under comparable reaction conditions.

reactive solvents to simultaneously remove water and form reactive
aryl ester end groups. The reaction was performed in glassware and
also upscaled to a 2 L autoclave. PlsSu was the main target material, but
also other polyesters were successfully synthesized using both another
1,4:3,6-anhydrohexitol (isomannide) and several aliphatic diacids. The
barrier and mechanical properties of a number of polyesters synthe-
sised with this strategy were studied.

Results

Effect of aryl alcohol on molecular weight

Figure 2 shows the reaction strategy for improving the molecular
weights of polyesters based on isosorbide. The addition of para-methyl
phenol (p-cresol) to isosorbide and succinic acid under esterification
reaction conditions was found to lead to the formation of oligo(iso-
sorbide succinate) units with p-cresyl succinate ester end groups
(Fig. 2b). This was expected, as aryl alcohols are typically considered
chain-stopping moieties in step growth polymers due to their
monofunctionality®. During pre-polycondensation (400-6.5 mbar),
unreacted p-cresol was removed from the reaction melt and within one
hour at full vacuum (<1 mbar), a highly viscous polymer melt was
obtained. Analysis of the final product revealed a number average
molecular weight of 40.4 kg/mol. This is a very high value for a polyester
containing 100 mol% of isosorbide as the diol moiety (highest reported
M, for PlsSu: 13.4 kg/mol"). The polyester had a T of 82°C, which is
higher than previously reported T values for PIsSu (Fig. 1a, previously
reported T values of PlsSu reach as low as 36 °C and never higher than
73 °C). Typically publications on fully isosorbide-based polyesters syn-
thesized from carboxylic acids or carboxylic acid alkyl esters under
standard conditions report polycondensation times between 4 and 8 h,
reaching M, values not higher than 20 kg/mol”" ™,

Aryl esters are known to be more reactive in transesterification
reactions than alkyl esters or carboxylic acids due to the improved
leaving group ability of aryl alcohols and the unfavourable back reac-
tion after transesterification with water or an aliphatic alcohol™. Their
use in polyester synthesis, in the form of diphenyl terephthalate, has
been described in patents from the 1960s by Eastman, in order to
improve molecular weights of polyesters based on the unreactive
secondary diol 2,2,4,4-tetramethyl-1,3-cyclobutanediol”. Some recent
patents describe the use of diphenyl oxalate for the synthesis of
polyesters based on thermally labile oxalic acid, isosorbide, and a

linear diol comonomer'® (Fig. 1b). Traditionally, aryl esters are syn-
thesized from carboxylic acid chlorides™ or carboxylic acids” in a
separate reaction step and require separate purification steps prior to
polyester synthesis, as well as the use of stoichiometric reagents.

Effect of aryl alcohols during esterification and
polycondensation

Subsequently, more in-depth research on this synthesis strategy was
performed. After 5h of esterification between isosorbide, succinic
acid, and p-cresol (1:1:1.5 molar ratio) at 240 °C a steady state was
reached: H,0 was removed from the reaction mixture as condensation
product and oligo(isosorbide succinate) units with a number average
molecular weight of around 1.6 kg/mol were obtained. Structure elu-
cidation of the reaction mixture by 'H NMR revealed the complete
conversion of succinic acid’s carboxylic acid end groups to p-cresyl
succinate groups (Fig. 3a, b). Neither the oligomer length nor the
alcohol-to-ester end group ratio changed significantly with longer
reaction times (Fig. 3¢, d).

The addition of such significant amounts of aryl alcohols to the
monomers during esterification can potentially have two effects: (1)
Reduction of melt viscosity, accompanying improved mass transfer
and improved removal of H,O, thus driving the esterification equili-
brium forward. (2) Formation of the observed p-cresyl succinate end
groups with a superior reactivity compared to carboxylic acid end
groups, which at the same time eliminates water formation and the
accompanying backward reactions during polycondensation, as water
is much more reactive than aryl alcohol.

Some control experiments were conducted to find out what
contributes to the high molecular weights that were obtained. Reac-
tions without any solvent yielded a low molecular weight pro-
duct (M,, = 8.4 kg/mol, Fig. 2c), which is in line with previous work on
PIsSu. To rule out (1), a reaction with the non-reactive solvent 1,4-
dimethoxybenzene was conducted, which has a boiling point similar
to p-cresol. Oligomers with a M,, of 5.0 kg/mol were obtained after 5h
esterification, which is significantly higher than in reactions with the
reactive solvent p-cresol (M,, = 1.6 kg/mol). This is likely due to the non-
reactive nature of 1,4-dimethoxybenzene, which does not inhibit the
chain growth of oligomers during esterification. The final product
however had a significantly lower molecular weight (M,, =10.2 kg/mol)
compared to a reaction conducted with p-cresol (Fig. 2c). These

Nature Communications | (2022)13:7370
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Fig. 3 | Esterification between succinic acid, isosorbide, and p-cresol. a‘H NMR
spectrum showing the disappearance of succinic acid’s carboxylic acid proton
around 12 ppm after O h, 0.5h, 2h, 3.5h, and 5 h. b 'H NMR spectrum of aromatic
region upon formation of a clear melt (¢=0) and after 5 h esterification at 240 °C
but before p-cresol removal. For a fully assigned 'H NMR spectrum of the reaction
melt after esterification, see Supplementary Fig. 2. ¢ Evolution of the alcohol (exo-
and endo-OH groups of isosorbide) to ester end group (cresyl succinate) ratio
during esterification with the amount of total unreacted isosorbide (respective
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total mol% of isosorbide). Determined from the 'H NMR spectra of the reaction melt
taken after different esterification times (see Supplementary Fig. 1). For an
assignment of the different end groups and signals corresponding to unreacted
isosorbide used for the calculations, see Supplementary Fig. 2. For equations used
to calculate end group ratios and unreacted isosorbide, see Supporting Informa-
tion p.5. d Molecular weight evolution of oligo(isosorbide succinate) during
esterification determined by GPC. Both ¢ and d show that a steady state is reached
after -5 h of esterification.

results, together with the known high reactivity of aryl esters in
transesterification reactions, confirm the importance of p-cresyl
succinate ester groups for a successful polymerization.

It should be noted that an equimolar ratio of isosorbide and suc-
cinic acid is essential to obtain a high molecular weight polymer pro-
duct. Using an excess of isosorbide, as is commonly reported in
synthesis procedures of isosorbide-based polyesters, leads to an excess
of alcohol end groups during polycondensation. This in turn reduces
the molecular weights that can be obtained during the last stages of the
reaction, as excess isosorbide must be replaced in order to grow the
polymer chain. This is exceedingly difficult with isosorbide due its high
boiling point and low reactivity. Using an excess of isosorbide thus
effectively negates the benefits of in situ generated aryl ester end
groups in the present synthesis strategy.

One important factor when applying the principles of Circular
Chemistry'® to this synthesis strategy is the recyclability of the aryl
alcohol. During esterification between diacid, diol, and aryl alcohol,
water is formed as a condensation product, which is removed from the
reactor and collected in the receiving flask together with small
amounts of aryl alcohol. A biphasic system is formed, as water and
p-cresol are largely immiscible at room temperature. During pre-
polycondensation and polycondensation, the remaining aryl alcohol is
collected in the receiving flask. Recycling experiments of the aryl

alcohol were conducted without separation of the water layer prior to
subsequent reactions. Any additional water from previous experi-
ments added at the beginning of the reaction is rapidly removed
together with water formed during esterification. If desired, both
fractions can be easily separated by either removing water from the
receiving flask prior to polycondensation or phase separation after
polymerization. p-Cresol can be recovered unaltered in both appear-
ance and the chemical composition after polycondensation (Fig. 4b). A
negligible amount of succinic anhydride was identified in p-cresol
recovered after polycondensation (Fig. 4c). To confirmits reusability, a
set of recycling experiments was conducted without any additional
purification (Fig. 4a). Reusing p-cresol up to five times did not result in
a significantly lower molecular weight product.

Optimization of reaction conditions

The reaction conditions with regard to the type and amount of aryl
alcohol, reaction temperature, and catalyst choice were optimized
next. Initial experiments (not shown) revealed that high esterification
temperatures of 240 °C were required to achieve full conversion of
succinic acid -COOH groups to aryl ester end groups within reasonable
reaction times. When choosing the type of aryl alcohol to optimize the
reaction conditions, several factors were considered: (I) The aryl
alcohol should have a sufficiently high ambient pressure boiling point

Nature Communications | (2022)13:7370
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Fig. 4 | Reuseability of p-cresol. a Molecular weight of PIsSu synthesized with
recycled p-cresol. p-Cresol was collected after polycondensation and reused with-
out further purification. After five reuse cycles of p-cresol, no significant change in
the molecular weight of the final product was observed. Differences in molecular
weight can arise due to the very high melt viscosity of PIsSu, which can prevent
stirring in the last 30 min of high vacuum polycondensation. * A leak occurred in the
reactor setup during high vacuum, which resulted in a lower molecular weight.

b Picture of p-cresol after 5 reuse cycles. No change in appearance was visible to

p-cresol from the bottle except for a water layer that formed during esterifica-
tion. Please note that recovered p-cresol was stored under nitrogen in the dark to
prevent discolouration. ¢ 'H NMR spectra of fresh p-cresol (top), p-cresol recovered
after pre-polycondensation (>6.5 mbar, middle), and p-cresol recovered after high
vacuum polycondensation (<1 mbar, bottom). The 'H NMR spectra of recovered p-
cresol were measured after five reuse cycles. '"H NMR analysis indicated very small
amounts of succinic anhydride, which was collected during high vacuum poly-
condensation (<1 mbar).

to enable esterification at 240 °C. This (and (ll)) precluded the use of
unsubstituted phenol, which rapidly boils out of the reactor at 240 °C
and does thus not correspond to the reaction parameters required for
successful esterification. (II) In accordance with the principles of Green
Chemistry, the aryl alcohol should not be a CMR compound, exhibit
acute toxicity or be bioaccumulative. This excluded the use of halo-
genated phenols. (Ill) The aryl alcohols should be readily commercially
available, as the goal of this work was to establish an industrially fea-
sible synthesis strategy. This precluded the use of meta-sub-
stituted derivatives. With these limitations in mind, we set forth to
investigate two additional aryl alcohols which fit these requirements
(Table 1).

Despite full conversion of -COOH groups during esterification in a
reaction conducted with p-methoxyphenol, its high boiling point ham-
pered its removal during polycondensation, which resulted in a lower
molecular weight polymer (28.9 kg/mol vs. 40.4 kg/mol with p-cresol).
The use of o-methoxyphenol (guaiacol) resulted in incomplete

conversion of -COOH groups after 5 h esterification, likely caused by the
larger steric hinderance compared to para-substituted aryl alcohols.
Subsequent polycondensation yielded a lower molecular weight pro-
duct (16.9 kg/mol) than reactions with para-substituted phenol deriva-
tives. This is likely related to the incomplete conversion of -COOH
groups to aryl ester groups after esterification, which hinders chain
growth during polycondensation. No other aryl alcohols were investi-
gated as they did not fit the requirements stated above.

The amount of p-cresol required for a successful reaction was
found to be 1.5 equiv. respective to the diacid moiety (Table 2). It was
observed that the amount of solvent also had an effect on the amount
of unreacted isosorbide after esterification. This is due to the alcohol
functionality of aryl alcohols, which leads to esterification with succi-
nate units, which in turn can replace isosorbide.

A pre-polycondensation and polycondensation temperature of
240 °C resulted in a lower molecular weight polymer (M,, = 29.9 kg/mol
vs. M,,=40.4 kg/mol at 220 °C). This is likely related to the thermal

Nature Communications | (2022)13:7370
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Table 1| Influence of aryl alcohol on poly(isosorbide succinate)
molecular weight and Tq

Table 3 | Influence of catalyst on molecular weight and T
of PIsSu

Solvent Boiling M, PDI Ty [°C] Catalyst n (catalyst) ppm M, PDI Ty [°C]
point [°C] [kg/mol] [mol%]* (metal) [kg/mol]

/ / 8.4 2.4 76 / / / 3.7 2.1 70
p-Cresol 202 40.4 2.4 82 BuSnOOH 0.1 520 40.4 2.4 82
p-Methoxyphenol 243 28.9 21 82 BuSnOOH 0.05 260 34.7 2.2 82
o0-Methoxyphenol 205 16.9 2.0 80 Ti(OBu)4 0.1 210 33.0 2.2 83
1,4-Dimethoxybenzene 213 10.2 2.0 78 Ti(OBu)4® 0.05 105 28.7 21 81
(unreactive) Zr(OBu), 0.1 400 3.7 2.1 79
Diphenyl ether (unreactive) 258 10.2 2.0 78 Zn(OAC), 01 287 17 21 72
Reaction conditions (unless noted otherwise): Reactions were conducted on a 60 mmol scale GeO, 0.1 318 15 20 59

(respective diacid), with a 1:1:1.5 molar ratio of isosorbide:succinic acid:solvent and 0.1 mol%
BuSnOOH catalyst (resp. diacid). Esterification was conducted for 5 h at 240 °C. For pre-poly-
condensation, the temperature was decreased to 220 °C and the pressure reduced from
atmospheric pressure to 0.4-0.8 mbar within 2 h. Polycondensation was conducted for 1h at
220°C and 0.4-0.8 mbar.

Table 2 | Influence of p-cresol equivalents on molecular
weight and T of PlsSu

Equiv. M, PDI Ty [°C] Unreacted isosorbide after
p-cresol [kg/mol] esterification [mol%]*

0.5 28.1 2.5 81 0.8

0.9 40.3 2.7 83 1.2

15 40.4 2.4 82 2.0

2.2 31.6 2.0 82 2.9

Reaction conditions (unless noted otherwise): Reactions were conducted on a 60 mmol scale
(respective diacid), with a 1:1 molar ratio of isosorbide:succinic acid and 0.1 mol% BuSnOOH
catalyst (resp. diacid). The amount of p-cresol in each experiment was varied as indicated
(respective diacid). Esterification was conducted for 5 h at 240 °C. For pre-polycondensation, the
temperature was decreased to 220 °C and the pressure reduced from atmospheric pressure to
0.4-0.8 mbar within 2 h. Polycondensation was conducted for 1h at 220 °C and 0.4-0.8 mbar.
*Determined from TH NMR spectra after esterification, see Supplementary Information p. 5.

lability of succinic acid-based polyesters under high vacuum condi-
tions. Previous work on poly(1,4-butylene succinate) revealed that
succinic anhydride is liberated during polycondensation at
240-260 °C". Similarly, we found that succinic anhydride was liber-
ated from the polymer during polycondensation, which is facilitated
by elevated temperatures. This thermal lability of the succinate repeat
unit further underlines the importance of p-cresyl esters formed dur-
ing esterification, as they do not require high reaction temperatures to
react with isosorbide’s unreactive secondary alcohol groups.

Lastly, the influence of the catalyst choice on the reaction outcome
was investigated (Table 3). A reaction conducted without a catalyst
resulted in incomplete conversion of -COOH groups to aryl ester groups,
and a low molecular weight final product (3.7 kg/mol). Butyltin hydro-
xide oxide (BuSnOOH) yielded the highest molecular weights. The more
benign Ti(OBu), yielded polymers with a slightly decreased molecular
weight (33.0 kg/mol). Upon addition of the catalyst to the reaction
mixture, a deep red colouration was observed. This colour persisted in
the final polymer product and is likely caused by the formation of tita-
nium(lV) tetra(p-cresolate). Other catalysts (Zr(OBu),, Zn(OAc),, and
Ge0,) yielded very low molecular weight polymers.

The influence of other reaction parameters like monomer purity
and addition of thermal stabilizers was investigated next (Table 4). A
higher monomer purity and conducting the reaction under exclusion of
oxygen led to a slight increase in the molecular weight of the final
product (Table 4, entry 2). Addition of Irgafos 168 to reactions with p-
cresol improved the colouration of PIsSu (Table 4, entry 3).The mole-
cular weight of PIsSu in reactions with the more benign guaiacol could

Reaction conditions (unless noted otherwise): Reactions were conducted on a 60 mmol scale
(respective diacid), with a 1:1:1.5 molar ratio of isosorbide:succinic acid:p-cresol and the indi-
cated catalyst. Esterification was conducted for 5 h at 240 °C. For pre-polycondensation, the
temperature was decreased to 220 °C and the pressure reduced from atmospheric pressure to
0.4-0.8 mbar within 2 h. Polycondensation was conducted for 1h at 220 °C and 0.4-0.8 mbar.
*Mol% respective diacid.

“Catalyst was added in two portions to compensate for hydrolytic sensitivity of Ti-alkoxides.

be improved to 32.6 kg/mol with an adjustment of reaction conditions
(Table 4, entry 5). The final product did, however, show a dark brown
colouration when compared to reactions with p-cresol. Strong dis-
colouration occurred in all butyltin hydroxide oxide catalysed reactions
after 5 h esterification with guaiacol, regardless of monomer purity and
addition of thermal stabilizers. It should be noted that PlsSu in general
should be colourless, the presence of small quantities of coloured by-
products causes an orange-yellow colour. This is not unusual in early
stage research on (isosorbide-based) polyesters, and it can typically be
improved through further research. The use of guaiacol is more desir-
able in future applications as it is more benign than p-cresol and it can be
synthesized from lignocellulosic biomass. Due to shorter reaction times
and higher molecular weight products, p-cresol was used to explore the
scope of this method and to conduct initial upscaling experiments.

Monomer scope
The scope of the p-cresol assisted polyester synthesis with isosorbide
and isomannide was extended to other relevant diacids (Table 5).
The results in Table 5 clearly show that the described method
can be applied to a broad range of aliphatic diacids. To the best of
our knowledge some polyesters are reported here for the first time.
For the polyesters that have been previously described in the lit-
erature, the molecular weights from the present study are generally
much higher than those from the earlier reports. This is despite the
fact that most compositions reported previously have only been
synthesized from their respective diacid dichlorides, which have a
very high reactivity. It is furthermore important to note that
polyester synthesis from diacid dichlorides is not economically
viable on a commercial scale. The reaction conditions generally had
to be adjusted for the different monomers (see Supplementary
Table 1 for more details). Esterification was typically conducted
until a steady state was reached (see Supplementary Figs. 3 and 4 for
a comparison of 'H NMR spectra taken after esterification for
polyesters described in Table 5). All reported compositions yielded
ductile polymer products, except the new polyester poly(isosorbide
thiodiglycolate), which could not be synthesized with sufficiently
high molecular weights due to the low thermal stability of
thiodiglycolic acid.

Barrier- and mechanical properties of isosorbide-based
polyesters

After successful optimization of the reaction conditions, the material
properties of isosorbide-based polyesters were investigated to find
potential applications (Fig. 5).
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Table 4 | Influence of monomer purity, thermal stabilizers, and aryl alcohol choice on poly(isosorbide succinate)

molecular weight

Entry Monomer purity Solvent Additive ppm (additive) M, [kg/mol] PDI T, [°C]
1 Regular® p-Cresol / / 40.4 2.4 82
2 High® p-Cresol / / 42.8 2.0 82
3 High® p-Cresol Irgafos 168 496 38.9 2.0 81
4 High® p-Cresol Irganox 1010 499 38.7 2.0 82
5 High® Guaiacol® Irgafos 168 496 32.6 19 82
6 High® Guaiacol® Irganox 1010 499 32.4 2.0 82
7 High® Guaiacol® ¢ / 7.1 2.4 78

Reaction conditions (unless noted otherwise): Reactions were conducted on a 60 mmol scale (respective diacid), with a 1:1:1.5 molar ratio of isosorbide:succinic acid:p-cresol and 0.1 mol% BuSnOOH
catalyst (resp. diacid). Esterification was conducted for 5 h at 240 °C. For pre-polycondensation, the temperature was decreased to 220 °C and the pressure reduced from atmospheric pressure to

0.4-0.8 mbar within 2 h. Polycondensation was conducted for 1h at 220 °C and 0.4-0.8 mbar.
“Regular succinic acid and in-house purified isosorbide (see Materials) were used.

®High purity monomers were used (see Materials) and the reaction was degassed at 80 °C (4 vacuum/nitrogen cycles) before starting esterification.

°Esterification was conducted for 9 h instead of 5 h, polycondensation was conducted for 1.5 h instead of 1h.

dEsterification was conducted with Ti(OBu), (0.05 mol% resp. diacid, added in two portions after O h and 5 h esterification), BUSNOOH (0.05 mol% resp. diacid) was added after 9 h esterification. It
was observed in previous experiments that the dark brown colouration in reactions with guaiacol only appears with BuSnOOH catalyst after ~5 h esterification.

The mechanical properties in this series of polyesters (Fig. 5b,c)
depend on the diacid monomer, caused by differences in rigidity, and
thus T values, of the respective materials. PIsSu and poly(isosorbide
diglycolate) (PIsDga) exhibited the most interesting properties. Both
materials are very rigid (as indicated by the high Young’s Modulus of
up to 3870 MPa) and have a higher ultimate tensile strength than
established high T polymers such as Eastman’s Tritan, a fossil-based
high-performance polyester, or the biobased poly(lactic acid)
(PLA)*°?'. A comparison of PIsSu with a recently reported super engi-
neering thermoplastic, based on isosorbide and 4,4’-difluorodiphenyl
sulfone (SUPERBIO, T, =212 °C)*, reveals comparable (with regard to
Young’s modulus) or superior properties (ultimate tensile strength
and elongation at break) for PlsSu.

Similarly interesting trends were found for the barrier properties of
some of the synthesized materials (Fig. 5d). The oxygen barrier of PIsSu,
PIsDga, and poly(isosorbide glutarate) (PlsGlu) was found to be superior
to PET. The lowest oxygen permeability (OP) was found for PlsDga
(024 mmcm®*m2day™bar?), which is comparable to high barrier
materials, such as the recently reported poly(lactic-co-glycolic acid)
(PLGA) copolymers (>80% glycolic acid content, OP <1mm cm®m™
day™bar™)”. The water barrier of all investigated materials was some-
what inferior to PET and PLGA copolymers. Superior material properties
of new biobased materials are important for their industrial adaptation,
as they can incentivise the subsequent replacement of fossil-based
materials?, rather than drop-in materials that can only compete on price.

Scale-up in 2L autoclave

To prove the industrial viability of this method, the synthesis of PIsSu
was scaled up from a 100 mL glass reactor to a 2L stainless steel
autoclave (see Supplementary Figs. 50 and 51 for photos of the
respective reactors) under optimized reaction conditions. The reac-
tion was conducted on a 3.1 mol scale, which corresponds to 366 g of
succinic acid, 453g of isosorbide, and 503g p-cresol. The ring
opening hydration of isosorbide to 1,4-sorbitan, previously described
by Yoon et al. (Fig. 1b)*, was observed in reactions conducted in the
2L autoclave. This led to a small excess of alcohol end groups in
oligomers after esterification, which, as previously mentioned,
reduces the molecular weight of the final product. To account for
this, a 1.5 mol% excess of succinic acid was added during esterifica-
tion (corresponding to mol% of 1,4-sorbitan calculated by 'H NMR
spectrum of esterification sample, see also Supplementary Figs. 54,
55). High molecular weight PIsSu was obtained after 1h full vacuum
polycondensation in the autoclave (M, =35.3 kg/mol, PDI=2.2, T,=
80 compared to M, =38.9 kg/mol, PDI=2.0, T;=81°C obtained in
glass). Around 500 g of PIsSu were obtained within 1 h of extrusion at

3 bar and 220 °C, which corresponds to a yield of 70% (Supplemen-
tary Fig. 57, Mieoretical(PISSU) =707 g). More polymer could have
been obtained, but extrusion becomes increasingly slow during its
later stages. The extruded and chipped product was comparable to
PIsSu synthesized in a glass reactor regarding mechanical and barrier
properties (Supplementary Tables 7 and 8).

Biodegradability and hydrolytic stability of PIsSu

When designing new biobased materials it is important to consider
their entire life cycle, including options for reuse, (chemical) recycling
and ultimately the material’s fate in the environment’. The biode-
gradability and hydrolytic stability of PIsSu under ambient conditions
was investigated (see Supplementary Figs. 58 and 59). The former was
studied by following CO, evolution in soil burial experiments, in which
no significant degradation was observed after more than a year. The
hydrolytic stability was followed by 'H NMR at neutral pH and no
soluble compounds were identified after 195 days at 25 °C. This con-
tradicts previous reports where PIsSu was found to be degradable
under soil burial and enzymatic hydrolysis conditions'>*. This differ-
ence could be due to the significantly lower molecular weights and
higher temperature used in those studies (M, -7.5 kg/mol; measure-
ments conducted at 37 °C) and it is very well possible that given more
time the higher molecular weight materials from the present study will
also show biodegradation®. The degradability characteristics of high
molecular weight polyesters based on isosorbide do, however, require
further investigation. Similar to other polyesters, the ester function-
ality in the presented polymers enables chemical recycling®.

Discussion

In conclusion, we presented a synthetic method for the synthesis of
high molecular weight polyesters based on the biobased, yet unreac-
tive secondary diols isosorbide and isomannide. The in situ formation
of reactive aryl esters during esterification leads to a significant
enhancement of the end group reactivity during polycondensation
and enables the synthesis of high molecular weight materials with
100 mol% biobased, rigid secondary diol content. To date, these
materials have been impossible to synthesize with molecular weights
high enough for applications that require ductile properties. The
described method is applicable to both known and novel polyester
compositions. The described isosorbide-based materials show pro-
mising barrier and mechanical properties that can outperform com-
mon fossil-based materials. The operational simplicity and use of
standard polyester synthesis equipment and monomers could spark
further research into applications of the polymers that are now
accessible. Other, previously inaccessible, polyester compositions
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Table 5 | Polyesters synthesized with isosorbide, isomannide and aliphatic diacids by p-cresol assisted polyesterification

Polymer M, [kg/mol] PDI Ty [°C] Polymer M, PDI Ty [°C]
[kg/mol]
41.0 21(17)  52(28) 28.3" 28(27) 827(82)
(16.05' b, 9)25 (290 ab, c)ZB
H, o o (e} H, ° o
/{,O % /{,O )
o H o /H g n
Poly(isosorbide glutarate) (PIsGlu) ) ) .
Poly(isomannide succinate) (PImSu)
29.4(101%9)°  21(27)  35(20) 40.1 27(1.6) 51(37)
(‘”0 ab, c)25
H, O o H O o o]
forp op
o H 0 o H "
Poly(isosorbide adipate) (PIsAd) Poly(isomannide glutarate) (PImGlu)
401 (18.3 " 2.2(4.6) 1339128) 30.2 22(15) 35(28)
(200 ab, 5)25
H O o
oy 4o
"/ O n
o H o
Poly(isomannide adipate) (PImAd)
Poly(isosorbide-1,4- cyclohexanedlcarboxylate
(PIsCyc)
22.3 (/) 1.9 83 326 (/) 2.4 134
£ \Egl Ao I
lo} H
Poly(isosorbide diglycolate) (PIsDga)
n
(0]
Poly(isomannide-1,4-cyclohexanedicarboxylate)
(PImCyc)
16.9 (/) 1.8 57 20.4.(/) 2.0 80

) Aoy

Poly(isosorbide thiodiglycolate) (PIsThd)

Fphh ey

Poly(isomannide diglycolate) (PImDga)

Previously reported literature values for molecular weights and T are given in brackets for known polyester compositions. If no values are indicated, the respective polyesters have not been

reported. For detailed synthesis conditions, see Supplementary Table 1.
asynthesized from the respective diacid chloride.

°determined after precipitation in CHzCl/MeOH.

°Polystyrene was used as a SEC calibration standard.

9Poly(methyl methacrylate) was used as a SEC calibration standard.

Synthesized from dimethyl adipate. Synthesis from adipoyl chloride: 26.0 kg/mol, PDI=1.5, Tq =40 °C*.

fSynthesized with 30 mol% (respective isosorbide) of acetic anhydride, hence the high PDI.
Scis/trans ratio of 1,4-cyclohexanedicarboxylic acid: 41.8/58.2.
"Polymer was melt quenched in liquid nitrogen to enable dissolution in DCM.

This polymer is the only semi-crystalline material synthesized in this work. Melting points coincided with previous literature reports®

Icis/trans ratio of 1,4-cyclohexanedicarboxylic acid: 39.4/60.6.

based on monomers with a low reactivity as well as the application of
similar methods in other classes of step growth polymers (polyamides,
polycarbonates) could be explored further.

Methods

Materials

Regular purity isosorbide was purchased from Carbosynth (>98%) and
purified further by recrystallization from acetone and subsequent
distillation over NaBH,4. High-purity isosorbide was purchased from
Roquette Fréres (Polysorb grade, >99.9%). Succinic acid was pur-
chased either from Acros Organics (>99%, regular purity) or from
Thermo Scientific (299%, high purity). Unless otherwise noted in
Table 4, the normal purity compounds were used for the synthesis of
polyesters. Isomannide was purchased from Carbosynth (>98%) and
purified by recrystallization from acetone. p-Methyl phenol (p-cresol,
>99%), o-methoxy phenol (>99%), adipic acid (>99%), diglycolic acid
(>98%), thiodiglycolic acid (>98%) and germanium dioxide (99.9%)

. Tc=131°C, T;;1=172°C, T2 =185°C.

were purchased from Acros Organics. Butyltin hydroxide oxide
hydrate (97%), titanium(IV) butoxide (>97%), zinc(ll) acetate (>99.9%),
glutaric acid (>99%), 1,4-cyclohexanedicarboxylic acid (>99%), 1,4-
dimethoxybenzene (>99%), diphenyl ether (>99%) and cellulose
(powder, 20 um average particle size) were purchased from Sigma
Aldrich. p-Methoxy phenol (>99%) was purchased from Fisher Scien-
tific. Petraerythritoltetrakis(3-(3,5-di-t-butyl-4-hydroxyphenyl)propio-
nate) (Irganox 1010) (98%) and Tris(2,4-di-tert-butylphenyl)phosphite
(Irgafos 168) (98%) were purchased from ABCR. Zirconium(IV) but-
oxide (80% w/w in 1-butanol) was purchased from Alfa Aesar. Acetone
and toluene were purchased from VWR. DMSO-d6, DCM-d2, and D,O
were purchased from Sigma Aldrich. Soil (LUFA 2.2) was obtained from
LUFA Speyer.

Characterization and processing techniques
'H NMR spectra were recorded on a Bruker AMX 400, *C NMR, and 2D
spectra were recorded on a Bruker DRX 500. Spectra were referenced
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Fig. 5 | Barrier and mechanical properties of isosorbide-based polyesters.

a Pictures of a PIsSu tensile bar during tensile testing and a PIsSu polymer film.

b Young’'s Modulus and ultimate tensile strength of isosorbide-based polyesters.
Shown values are averaged from three measurements. PIsSu values were deter-
mined with samples synthesized in the 2 L autoclave. Reference values for Tritan TX
1001, PLA and Superbio were taken from the literature’**. ¢ Elongation at break of
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isosorbide-based polyesters. Shown values are averaged from three measurements.
d Oxygen and water permeability of isosorbide-based polyesters. The oxygen
permeability was determined at 30 °C and 50% humidity. The water permeability
was determined at 38 °C and 90% humidity (PIsAd was measured at 30 °C due to the
material’s low 7). The values for PET were determined with commercially available
PET (RamaPET N180, 10% crystallinity, not biaxially oriented).

to the residual solvent signal. For 'H, 2C, and 2D NMR spectra of all
synthesized polyesters, see Supplementary Figs. 6-42.

Molecular weights were measured using Size Exclusion Chroma-
tography (SEC) on an Agilent HPLC system (1260 Infinity II) with two
PLgel 5pum MIXED-C (300 x 7.5mm) columns and a 1260 Infinity I
Refractive Index detector. Dichloromethane was used as mobile phase
with a flow of 1 mL/min at T = 35 °C. A sample concentration of 5 mg/ml
was used, the injection volume per sample was 50 pul. Polystyrene
standards (M, =550 g/mol to 6,025,000 g/mol, PS-H Easy Vial from
Sigma Aldrich) were used for calibration. Calculation of the molecular
weights was carried out with Agilent GPC/SEC software for
OpenLAB CDS.

Differential scanning calorimetry (DSC) measurements of
polymers were carried out on a DSC 3+ STARe system from
Mettler Toledo. The polymer sample (3-5mg) was sealed in
an aluminium pan (40 um) and subjected to two subsequent
heating and cooling cycles (heating/cooling rate 10 K min™) from
0 to 300°C under a constant nitrogen flow (50 mLmin™).
Data reported was taken from the second heating cycle. For

DSC traces of all synthesized polyesters see Supplementary
Figs. 43-45.

Thermogravimetric analysis (TGA) measurements were carried
out on a TGA/DSC 3+ STARe system from Mettler Toledo. The polymer
sample (20-25mg) was sealed in an aluminium pan (100 pm). The
sample was then heated from 25°C to 500 °C at 10 Kmin™ under a
constant nitrogen flow (50 mL min™). See Supplementary Fig. 46 for an
overlay of all TGA traces and Supplementary Table 3 for Tsyq values.

Tensile bars were produced with a Thermo Scientific HAAKE
Minijet Il apparatus according to ISO-527-2, sample type AS. The
polymer samples were dried overnight in a vacuum oven before
injection moulding. Around 2 g of polymer material were used per
tensile bar. An injection pressure of 1200 bar was used and held for 8 s
after injection. Mould and cylinder temperatures were varied
depending on the polymer. For the exact conditions for each polymer,
see Supplementary Table 5.

The tensile properties were determined on a Instron 5565
machine with a load cell (10 kN) and an Instron strain gauge extens-
ometer (2630-106-25mm). Sample size was set to width (4 mm),
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thickness (1.95 mm), parallel length (20 mm), and test speed (5 mm/s).
The extensometer was removed at an extension of 12 mm and the
measurement was continued after. All samples were tested until rup-
ture at this same speed. See Supplementary Fig. 49 for stress-strain
graphs.

Polymer films were prepared by compression moulding using a
thermal press (Carver Auto Four/3015-NE,H). Around 2g of dried
polymer was sandwiched between two poly(tetrafluoroethylene)
(PTFE) films (0.14 mm thickness) and two aluminum plates (3 mm
thickness). The plates with the polymer were placed upon the pre-
heated bottom plate of the thermal press. See Supplementary Table 4
for the temperatures used for each polymer. After -1 minute, the
polymer was softened and a pressure of 0.5 ton was applied. The
pressure was held for 15 s and subsequently increased to 1, 2.5, 5, 10,
and 20 tons in 15s intervals. After 20 s at 20 tons, the pressure was
released and the average thickness of the polymer film was measured
with an electronic micrometer.

The oxygen and water permeability was determined using a Total-
perm (Permtech s.r.l) instrument. Calibration of the system was carried
out with a standard PET film provided by Permtech (ltaly), according to
the ASTM F1927-14 standard. The system reports the oxygen transmis-
sion rate (OTR) at the established conditions; these values were nor-
malized for the film thickness (x) to determine the oxygen permeability.
The water permeability was measured using the same Totalperm
(Permtech s.r.l) instrument calibrated for water vapor according to the
ASTM E96/E96M-15 standard. The measurements were complete when
the collected data had reached a tolerance level of 0.5%. Water vapour
transmission rate values were normalized by the film thickness and
divided by the water saturation pressure at the indicated temperature
and relative humidity (in kPa) to obtain water permeability values. See
Supplementary Figs. 47 and 48 for raw data graphs.

A Respicond respirometer was used for determining the biode-
gradability of PIsSu, details of the method were described in a recent
publication®. Briefly, biodegradation tests were performed in the dark,
in closed 250 mL vessels which were maintained at 25 °C. CO, evolved
from the test medium was trapped by a potassium hydroxide solution
inside the vessel. Then the amount of trapped CO, was calculated
based on the decrease in the conductivity of the KOH solution. Con-
ductance in the KOH solution was measured hourly and the solution
was refreshed regularly, before the absorption of CO, reached its limit.
The incubation experiments lasted ~410 days, including two abiotic
controls, five replicates of blanks (soil without test material), triplicates
of cellulose (positive reference), and five replicates of test material
(PIsSu). Polymers were ground and sieved through a 600 um mesh
filter (except cellulose powder added as obtained). Typically,
~120-170 mg test material (equivalent to 75 mg of carbon) was added
on top of around 19 g wet soil (equivalent to 15g dry soil) in each
vessel. It means the carbon loading was kept 5mg C g™ dry soil in all
experiments with test materials.

Hydrolytic stability of PIsSu was measured in an NMR tube.
Approximately 10 mg polymer powder (<600 um) was added to
1mL D,0O, containing 3.6 mM dimethyl sulfoxide (DMSO) as a
standard. These tubes were subsequently kept at a controlled
temperature of 25°C. The hydrolysis experiment was performed
over 195 days. Samples were typically measured every one or two
weeks. An Avance Il 400 MHz NMR spectrometer ("H NMR) was
used to measure soluble hydrolysis products. All monomers
resulting from polymer hydrolysis are soluble in D,O and can
therefore be quantified.

Polymerization experiments in 100 mL glass reactor

Isosorbide (8.768g, 60.0 mmol, 1.0 eq.), succinic acid (7.085g,
60.0 mmol, 1.0 eq.), and p-cresol (9.732 g, 90.0 mmol, 1.5 eq.) were
weighed into a three-necked 100 mL round bottom flask. Butyltin
hydroxide oxide hydrate (0.013 g, 0.06 mmol, 0.001 eq.) was added to

the reactor as a suspension in 0.5 mL toluene. The flask was equipped
with a nitrogen gas inlet, a top stirrer, and a distillation head with a
thermometer and a receiving flask attached to it. The reactor was
heated to 240 °C under a constant nitrogen flow. Stirring was initiated
at a rate of 100 rpm when the oil temperature reached 150 °C. After 5h
at 240 °C a melt sample of the reaction mixture was taken under a
positive nitrogen flow to check the conversion. The oil was then cooled
to 220 °C and a rotary vane oil pump was connected to the receiving
flask to initiate pre-polycondensation. A vacuum of 400 mbar was
slowly applied and held for 15 min. The pressure in the reactor was
halved (200, 100, 50, 25, 12.5, and 6.5 mbar) every 15min until a
pressure of 0.4-0.8 mbar was reached. The stirring speed was then
reduced to 30 rpm due to the viscous polymer melt. Polycondensation
was continued for 1 h, when, in successful reactions with a sufficiently
high molecular weight polymer, stirring of the reaction melt became
impossible without breaking the vacuum due to the highly viscous
polymer melt. The reactor was flushed with nitrogen and the polymer
product was scraped from the reactor with a spatula under a positive
nitrogen flow. This synthesis procedure was adjusted depending on
the diol and diacid monomers used: See Supplementary Table 1 for the
exact conditions for each polyester composition.

Polymerization experiments in 2 L stainless steel autoclave

The synthesis was conducted with high-purity monomers (see Materi-
als). Isosorbide (453.0 g, 3.1 mol, 1.0 eq.), succinic acid (366.1 g, 3.1 mol,
1.0 eq.), p-cresol (502.8¢g, 4.65mol, 1.5 eq.), butyltin hydroxide oxide
hydrate (0.647 g, 3.1 mmol, 0.001 eq.) and tris(2,4-di-tert-butylphenyl)
phosphite (0.351g, 0.5 mmol, 0.0002 eq.) were weighed into a 2L
stainless steel autoclave. The reactor was closed and heated to 220 °C
under a constant nitrogen flow. Stirring was initiated at a speed of
100 rpm when the oil temperature reached 150 °C. After 1h at 220 °C,
the oil temperature was increased to 240 °C. This temperature was held
for 5h until no more water was collected in the receiving flask of the
reactor (see Supplementary Fig. 52). A melt sample of the reaction
mixture was taken under a positive nitrogen flow to quantify the
alcohol to ester end group ratio and the amount of 1,4-sorbitan (Sup-
plementary Fig. 55). Based on that observation, succinic acid (5.49 g,
46.5 mmol, 0.015 eq.) was added to the reaction mixture and stirred for
another 1.5h at 240 °C. After, the oil temperature was decreased to
220°C and pre-polycondensation was initiated by slowly applying a
vacuum of 400 mbar. The pressure in the reactor was halved (200, 100,
50, 25,12.5, and 6.5 mbar) every 15 min until a pressure of 0.1-0.5 mbar
was reached. The reaction was deemed complete when a torque of
around 1200 Ncm™ was reached, which typically took between 1 and
1.5h at 0.05-0.3 mbar. For a detailed plot of reactor parameters (p, T,
torque, rpm) see Supplementary Fig. 56. The reactor was then flushed
with nitrogen and a pressure of 3 bar was applied to the reactor. The
polymer product was then extruded through the bottom nozzle of the
reactor into a water bath and chipped.

Data availability

The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information file.
All other relevant source data is available from the corresponding
author upon reasonable request.
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