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1. Introduction

Biobased aliphatic polyesters from a spirocyclic
dicarboxylate monomer derived from levulinic
acidf

Nitin G. Valsange, 2 Maria Nelly Garcia Gonzalez, & ° Niklas Warlin, 2

Smita V. Mankar, ©2@ Nicola Rehnberg,< Stefan Lundmark, Baozhong Zhang (2 *?
and Patric Jannasch (2 *®

Levulinic acid derived from lignocellulose is an important biobased building block. Here, we report on the
synthesis and polymerization of a rigid spirocyclic diester monomer to produce polyesters and copolye-
sters. The monomer was prepared via a one-step acid catalyzed ketalization involving ethyl levulinate and
pentaerythritol by employing a straightforward, solvent-free, and readily scalable method which required
no chromatographic purification. Still, careful removal of traces of water from the spiro-diester prior to
polycondensations proved crucial to avoid side reactions. A preliminary life cycle assessment (LCA) in
terms of greenhouse gas (GHG) emissions indicated that the corresponding spiro-diacid tended to be
environmentally favourable, producing less CO, emission than e.g., biobased succinic acid and adipic
acid. A series of aliphatic polyesters with reasonably high molecular weights was subsequently prepared in
melt and modified melt polycondensations of the spiro-diester with 1,4-butanediol, 1,6-hexanediol, neo-
pentyl glycol and 1,4-cyclohexanedimethanol, respectively. The resulting fully amorphous polyesters
showed glass transition temperatures in the range 12-49 °C and thermal stability up to 300 °C. Hot-
pressed films of the polyesters based on neopentyl glycol and 1,4-cyclohexanedimethanol were transpar-
ent and mechanically strong, and dynamic melt rheology showed stable shear moduli over time to indi-
cate good processability. In addition, the spiro-diester monomer was employed in copolycondensations
with diethyl adipate and 1,4-butanediol and demonstrated good reactivity and stability. Hence, the results
of the present study indicate that the spiro-diester based on levulinic acid is an effective monomer for the
preparation of aliphatic polyesters and other condensation polymers.

today are non-biodegradable (e.g. bio-PET).* In this context,
the development of biobased biodegradable polymers has

The development of biobased plastics from abundant and
readily available sustainable sources has gained great momen-
tum due to the serious environmental concerns of fossil-based
plastics, such as depletion of fossil resources and generation
of greenhouse gas emissions."> However, the transition to bio-
based plastics cannot resolve the environmental problem of
plastic littering since most biobased polymers on the market
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received growing attention due to their unique characteristics
of sustainability combined with biodegradability.” Aliphatic
polyesters are an important class of such polymers which can
be conveniently produced using readily available biobased
monomers and that are totally or partly biodegradable under
certain conditions. In addition, they usually exhibit much
better UV resistance compared to aromatic polyesters.
Prominent examples of aliphatic polyesters are poly(i-lactic
acid) (PLA), poly(butylene succinate) (PBS), and polyhydrox-
yalkanoates (PHAs).>® However, these polyesters are generally
semicrystalline and have low glass transition temperatures
(Tys) and poor thermo-mechanical performance, which hinder
their use in applications where high optical clarity, heat resis-
tance, and impact strength are required. Therefore, the mole-
cular design and synthesis of rigid amorphous polymers is an
attractive pathway in the development of polymers with
improved properties.

This journal is © The Royal Society of Chemistry 2021
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The incorporation of rigid cyclic monomers into the
polymer structure is an attractive pathway to increase the
polymer chain stiffness of amorphous polymers. In this
context, the potentially biobased diol 1,4-cyclohexanedimetha-
nol (CHDM)"® and fossil-based diol cis/trans-2,2,4,4-tetra-
methyl-1,3-cyclobutanediol (CBDO)'®'" have received great
attention. For example, CHDM has been utilized as a comono-
mer to produce a PET-like polyester (PETG) with a higher T,
and alkaline resistance than PET."? In a similar way, CBDO has
been used to prepare polyesters with high impact resistance
and superior optical clarity.'® Furthermore, the Eastman
Chemical company produces a high-performance amorphous
polyester (Tritan™) using both CHDM and CBDO.'*'
Recently, a partially biobased rigid diol with a spirocyclic
acetal structure has been introduced by Perstorp AB to
produce a high-performance amorphous polyester, (Akestra™)
with high transparency and heat resistance (7, > 100 °C) for
hot-filling applications.'*"> These industrial examples demon-
strate the development of fully biobased rigid monomers for
the production of high-performance amorphous polymers. In
addition, various cyclic building blocks derived from ligno-
cellulose have been exploited for the development of polymers
with improved thermo-mechanical properties.'®™® Similarly,
terpene-based cyclic monomers have also been investigated in
polymerizations to obtain amorphous polyesters with 7, values
up to 125 °C."**°

Among various sustainable sources, sugar is an important
source to produce valued monomers towards the development
of new polymers. For example, furan dicarboxylic acid (FDCA)
is the most well-known and commercially available sugar-
based monomer today and has gained attention as a possible
replacement to fossil-based terephthalic acid in PET pro-
duction, yielding a 100% biobased poly(ethylene 2,5-furandi-
carboxylate) or PEF.*"*?> Sugar-based cyclic building blocks
have been extensively studied.”® For example, isosorbide is a
commercially available sugar-based bicyclic rigid diol which
has been used to produce polyesters with an increase in Ty
values.>® Rigid bicyclic diacetalized structures were derived
from sorbitol and mannitol and used in the preparation of
polyesters.>>>® In addition, a galactaric acid-derived dicarboxy-
late was synthesized and used for polyester synthesis.>*”"
Recently, furan-derived tricyclic diacid and tetracyclic anhy-
dride monomers have been synthesized and investigated in
melt and ring opening polymerizations to yield amorphous
polyesters with T, values up to 174 °C.** In addition to rigid
cyclic monomers, spirocyclic monomers have gained signifi-
cant attention due to their ability to enhance thermal and
mechanical properties."® For example, a spiro-diol obtained
through the acetalization reaction of fructose-derived
5-hydroxymethylfurfural (HMF) and biobased pentaerythritol
was employed as a comonomer in the preparation of polyesters
and poly(urethane-urea)s, which showed an increase in T,
values with the spiro-diol content.*® Various spiro-diols with
ketal structures have been prepared from glycerol and cyclic
diketones and used for the preparation of polyesters, poly-
urethanes, and polycarbonates.>® Recently, a new spiro-diol
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based on citric acid was reported to produce polycarbonates
with T,s up to 100 °C.*

Among sugar-based chemicals, levulinic acid (LA) has
recently been recognized as a promising sustainable platform
chemical that can conveniently be produced from hexoses (e.g.
glucose and fructose), cellulose and lignocellulosic
biomass.’* > LA is a bifunctional molecule containing ketone
and carboxylic acid groups, and has been used as a building
block for the synthesis of polymer precursors such as levuli-
nate esters, y-valerolactone, acrylic acid, 1,4-pentadiol, angelica
lactone, diphenolic acid, §-aminolevulinic acid, and 5-hydroxy-
levulinic acid.*®*® Moreover, LA itself has also been directly
used as a monomer. For instance, poly(ketal-ester)s with cross-
linked structures were prepared from LA and pentaerythritol
through concurrent ketalization and esterification reactions.*"
The resulting polymer showed thermal stability up to 320 °C
and good processability. However, the polymerization was
difficult to control, because it mainly proceeded in a nonselec-
tive manner where esterification was favoured over ketaliza-
tion. Recently, levulinate esters such as methyl levulinate and
ethyl levulinate, which can be easily produced by esterification
of LA, have become important precursors for the development
of new monomers.*? For instance, a new diester monomer was
synthesized by reductive amination between methyl levulinate
and aspartic acid and was subsequently used to prepare poly-
esters containing pendent lactam units with T, values of up to
45 °C.”* Using a similar pathway, diester and hydroxyl-ester
monomers with cyclic amino units in the backbone were pro-
duced using methyl levulinate for poly(ester-co-amine) syn-
thesis.** The polymers were deemed suitable for biomedical
applications, but the T,s were rather low despite the cyclic
units in the backbone.

The high selectivity of levulinate esters towards ketalization
has enabled the development of new biobased ketal-ester
building blocks for the production of polymers, solvents, lubri-
cants and plasticizers.”>*® A patent reports on the preparation
of plasticizers based on several rigid (spiro)cyclic ketal-esters
from levulinate esters and various polyols.*” The (spiro)cyclic
ketal-esters were also investigated in polycondensations with
various diols. However, the polycondensations resulted in the
formation of low molecular weight polyesters with high poly-
dispersity. The latter may be related to a high degree of
branching in polymers due to the formation of polyfunctional
intermediates by the thermal cleavage of cyclic ketal units. In
conclusion, the preparation of amorphous polyesters using
(spiro)cyclic  ketal-esters remains essentially unexplored.
Hence, the utilization of these biobased rigid building blocks
in polycondensations opens new possibilities for the pro-
duction of high-performance polymers.

Here, we present a straightforward, high-yield and eco-
friendly synthesis of a new biobased spirocyclic diester
monomer (denoted as Monomer L, Scheme 1) using ethyl levu-
linate and biobased pentaerythritol. Pentaerythritol is a widely
used building block in the polymer industry and is available in
100% renewable grade from Perstorp (Voxtar™ M100). The
synthesis of the monomer included solvent-free reaction con-
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Scheme 1 Synthesis of the biobased Monomer L using a solvent-free acid catalyzed ketalization reaction.

ditions and environmentally acceptable solvents/chemicals
during the work-up and isolation procedures. The preliminary
LCA results indicated a significantly lower CO, emission for
Monomer L production compared to biobased succinic acid
and adipic acid. To explore the usefulness of Monomer L, it
was employed in polycondensations with four different ali-
phatic diols (linear, branched and cyclic) to obtain biobased
polyesters. We subsequently investigated the thermal and
mechanical properties, as well as the processability of the
obtained materials. In addition, Monomer L was further inves-
tigated in copolymerizations with diethyl adipate and 1,4-buta-
nediol (1,4-BD) to produce a copolyester with an improved T,
value.

2. Experimental
2.1 Materials

Ethyl levulinate (99%), 1,4-butanediol (1,4-BD, >99%), 1,6-hex-
anediol (1,6-HD, 97%), neopentyl glycol (NPG, 99%), 1,4-cyclo-
hexanedimethanol (1,4-CHDM, a mixture of cis and trans,
99%), diethyl adipate (Reagent plus 99%), dibutyltin(iv)oxide
(DBTO, 98%), chloroform-d (99.8% atom D), and dimethyl
sulfoxide (DMSO-ds, 99.9% atom D) were purchased from
Sigma Aldrich. Sulfuric acid (H,SO4, 95%), sodium bicarbon-
ate (99.7%), sodium sulfate (anhydrous, >99% ACS), ethyl
acetate (>99%), chloroform (99.1%, stabilized with 0.6%
ethanol), heptane, toluene, xylene (a mixture of isomers,
analytical grade, ACS), mesitylene, and methanol were pur-
chased from VWR chemicals. Biobased pentaerythritol
(Voxtar™, 99%) was kindly supplied by Perstorp AB. All chemi-
cals and reagents were used as received.

2.2 Monomer synthesis

Pentaerythritol (20.0 g, 147 mmol) and ethyl levulinate (116 g,
808 mmol) were added to a two-neck round bottom flask
equipped with a magnetic stirrer and Dean-stark trap. The
reaction mixture was heated to 120 °C, followed by addition of
conc. H,SO, (0.04 g, 0.4 mmol). After stirring for half an hour,
a vacuum was applied to the reaction flask and the pressure
was slowly reduced to 10 mbar. The reaction was maintained
under these conditions for 4 h, whereafter no more liquid was
collected in the Dean-Stark apparatus. Next, the reaction
mixture was cooled to room temperature and the reactor was
brought to atmospheric pressure. The contents of the flask
were dissolved in ethyl acetate and washed with a saturated
solution of NaHCOj3, and then with water. The organic layer
was dried over sodium sulfate, filtered, and concentrated on a
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rotary evaporator. Subsequently, the crude reaction mixture
was subjected to high vacuum distillation at 130 °C to remove
traces of ethyl levulinate. Finally, the pure product was isolated
from the crude reaction mixture through extraction with
heptane to collect Monomer L as a colorless viscous liquid
(42.0 g, 74.0% yield).

'H NMR (400.13 MHz, CDCl;, 6, ppm): 1.23 (t, 6H, J = 7.1
Hz, CH,CH,0-), 1.35 (s, 6H, CH;CCH,CH,), 2.04-1.95 (m, 4H,
CH,CH,CO0-), 2.45-2.36 (m, 4H, CH,COO-), 3.56 (s, 4H,
CH,C(CH,),), 3.74 (d, 2H, J = 11.9 Hz, CH,C(CH,);), 3.92 (d,
2H, J = 11.8 Hz, CH,C(CH,);), 4.10 (q, 4H, J = 7.1 Hgz,
-OCH,CHj).

3C NMR (100.61 MHz, CDCls, 6, ppm): 14.15, 19.56, 28.34,
32.07, 33.78, 60.27, 63.70, 63.72, 98.92, 173.66.

Mass: HRMS (ESI+, m/z): exact mass calcd for C;oH3,05 '
389.2181, found 389.2175.

2.3 Greenhouse gas (GHG) emissions

We carried out a preliminary and tentative evaluation by a Life
Cycle Assessment (LCA) using literature data in order to verify
that the production of biobased Monomer L followed an eco-
friendly trend. The aim was also to identify both positive and
negative aspects in the development of Monomer L, and to
explore possible alternatives to decrease the environmental
impact of the production of this new monomer. The impact
category chosen was the total impact of greenhouse gas (GHG)
emissions of Monomer L because it is one of the main
environmental challenges of the present century. In addition,
the data related to other impact categories in the literature are
limited (like eutrophication that is also relevant in biomass
derived products). The method that covers this impact category
is the ‘Greenhouse Gas Protocol (GGP)’ (v1.01) method which
is based on GWP100 (100-year timeframe) (IPCC, 2007).*® The
characterization factors needed to quantify the amount of
impact that the new monomer has in GHG emissions were
taken from this GGP method.

The system boundary was set up following a cradle-to-
factory gate approach, comprising resource extraction, trans-
portation to the raw monomer factory (i.e., levulinic acid (LA)
and pentaerythritol) and production of Monomer L (before it
is transported to the customer). The contributions of biobased
LA, biobased pentaerythritol, ethanol and the contribution of
the synthesis process were analyzed separately up to the step
of Monomer L production. Any transportation of the raw
monomer from one factory to the other for the Monomer L
production was excluded. The GHG emission results on LA
based on palm trees were obtained from Isoni’s work®® after

This journal is © The Royal Society of Chemistry 2021
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some assumptions. Data on biobased pentaerythritol (feed-
stock sugar beet pulp, commercially named Voxtar M100) were
obtained from Perstorp AB.’® The synthesis simulations were
obtained by an estimation from Ecoinvent database version
3.7. Likewise, the ethanol production based on rye was
obtained from Ecoinvent database version 3.7. A comparative
analysis of the diacid form of Monomer L was made with other
biobased and conventional fossil-based monomers. The func-
tional unit was defined as one kg of Monomer L. The geo-
graphical coverage was based on the European Union (EU) for
all monomers except for LA as it is an Asian product and
Bio_SA3 as it is USA. The LCA methodology is standardized in
the ISO 14040-14044 series by the International Organization
of Standardization.>"

2.4 Monomer stability evaluation

Monomers with cyclic acetal and ketal structures are sensitive
towards hydrolysis during polycondensations at high tempera-
tures, often resulting in branching or crosslinking of the
polymer products.'”** Hence, it is important to study and verify
the stability of the monomer prior to any condensation reaction.
In the present case, the thermal stability of the monomer was
investigated by '"H NMR spectroscopy. Monomer L samples
were kept at defined temperatures for 5 h after different drying
protocols before analysis to monitor any structural degradation.
The drying protocols listed below were employed.

As-obtained. Initially, the thermal stability of the monomer
was evaluated as obtained after the purification process
without any further treatment. To magnetically stirred glass
vials, 300 mg of Monomer L was added and heated under a
nitrogen atmosphere for 5 h at temperatures between 90 and
170 °C at intervals of 10 °C. The samples were then cooled and
analyzed.

Vacuum drying. 250 mg of Monomer L was added to a
25 mL two-neck round bottom flask equipped with a magnetic
stirrer, vacuum outlet, and nitrogen inlet and then stirred
under a high vacuum for 3 h. Afterwards, the samples were
heated under a nitrogen atmosphere for 5 h at temperatures
between 120 and 160 °C at intervals of 10 °C before analysis.

Azeotropic distillation. 250 mg of Monomer L and 5 mL of
toluene were added to a 25 mL two-neck round bottom flask
equipped with magnetic stirrer, nitrogen inlet and vacuum dis-
tillation outlet. Next, the toluene with a trace amount of water
residue was azeotropically removed under reduced pressure at
50 °C. The samples of the monomer were then kept at
120-160 °C at 10 °C intervals under a nitrogen atmosphere
prior to analysis.

2.5 Polyester synthesis

Monomer L was used in polycondensation with diols such as
1,4-BD, 1,6-HD, NPG, and 1,4-CHDM to obtain polyester
PButL, PHexL, PNeoL, and PCycL, respectively.

Polyester PButL. Monomer L (4.00 g, 10.3 mmol), 1,4-buta-
nediol (1.02 g, 11.3 mmol), and DBTO (13 mg, 0.5 mol%) were
added to a three-neck round bottom flask equipped with a
mechanical stirrer, a nitrogen inlet, and a vacuum distillation

This journal is © The Royal Society of Chemistry 2021
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outlet. Toluene (20 mL) was added to the reaction mixture and
then removed azeotropically at 50 °C under reduced pressure.
Subsequently, the reaction mixture was degassed by three suc-
cessive vacuum-nitrogen cycles at room temperature. Next,
xylene (3 mL) was added to the reaction mixture before stirring
at 130 °C for 5 h under low nitrogen flow. Subsequently, mesi-
tylene (5 mL) was added to the reaction mixture, and the nitro-
gen flow was increased. The reaction mixture was allowed to
stir for 20 h, before it was cooled to room temperature. Next,
the highly viscous reaction mixture was dissolved in chloro-
form (20 mL) and the product was precipitated in 500 mL of
cold methanol (the use of chloroform could be avoided but it
made the workup more difficult). The precipitate was washed
with methanol (2 x 100 mL) and dried under vacuum to obtain
PButL as a white solid (3.66 g, 92.0%).

'H NMR (400.13 MHz, CDCl;, 8, ppm): 1.37 (s, 6H,
CH,;CCH,CH,), 1.69 (p, 4H, J = 3.3 Hz, CH,CH,0-), 2.05-1.96
(m, 4H, CH,CH,CO0-), 2.48-2.39 (m, 4H, CH,COO0-), 3.58 (s,
4H, CH,C(CH,)3), 3.76 (d, 2H, J = 11.8 Hz, CH,C(CH,)3), 3.94
(d, 2H, J = 11.8 Hz, CH,C(CH,),), 4.08 (bt, 4H, ~OCH,).

3C NMR (100.61 MHz, CDCls, 6, ppm): 19.58, 25.24, 28.31,
32.10, 33.80, 63.73, 63.76, 63.85, 98.94, 173.63.

The polyesters PHexL, PNeoL, and PCycL were synthesized
using a similar procedure to that described for PButL.
However, in the synthesis of PNeoL a molar ratio of Monomer
L to diol of 1:1.25 was used, and the transesterification and
polycondensation were carried out for 30 and 40 h,
respectively.

Polyester PHexL. "H NMR (400.13 MHz, CDCl;, 5, ppm):
1.42-131 (s + m, 10H, CH3CCH,CH,, CH,CH,CH,0-),
1.68-1.55 (m, 4H, CH,CH,0-), 2.05-1.96 (m, 4H,
CH,CH,CO0-), 2.47-2.38 (m, 4H, CH,COO-), 3.58 (s, 4H,
CH,C(CH,);), 3.76 (d, 2H, J = 11.8 Hz, CH,C(CH,);), 3.93 (d,
2H, J = 11.8 Hz, CH,C(CHy,);), 4.05 (t, 4H, J = 6.7 Hz, -OCH,).

3C NMR (100.61 MHz, CDCl;, 6, ppm): 19.63, 25.57, 28.34,
28.50, 32.10, 33.74, 63.73, 63.76, 64.33, 98.95, 173.71

Polyester PNeoL. '"H NMR (400.13 MHz, CDCl;, 5, ppm): 0.95
(s, 6H, CH;CCH4(CH,),), 1.37 (s, 6H, CH;CCH,CH,), 2.05-1.96
(m, 4H, CH,CH,COO-), 2.50-2.41 (m, 4H, CH,CO0-), 3.58 (s,
4H, CH,C(CH,)3), 3.76 (d, 2H, J = 11.9 Hz, CH,C(CH,)3), 3.87
(s, 4H, -OCH,), 3.94 (d, 2H, J = 11.9 Hz, CH,C(CH,);).

3C NMR (100.61 MHz, CDCls, 6, ppm): 19.50, 21.72, 28.23,
32.06, 33.85, 34.65, 63.71, 63.75, 69.14, 98.90, 173.47

Polyester PCycL. '"H NMR (400.13 MHz, CDCl;, 8, ppm):
1.05-0.92 (m, 2.8H, CH,CH(CH,),), 1.37 (s, 6H, CH;CCH,CH,),
1.54-1.39 (m, 2.4H, CH,CH(CH,),), 1.66-1.55 (m, 1.4H, CH
(CH,);), 1.90-1.74 (m, 3.3H, CH,CH(CH,), and CH(CH,);),
2.05-1.96 (m, 4H, CH,CH,COO-), 2.48-2.39 (m, 4H,
CH,COO-), 3.58 (s, 4H, CH,C(CH,)3), 3.76 (d, 2H, J = 11.8 Hz,
CH,C(CH,),), 3.88 (d, 2.8H, J = 6.5 Hz, ~OCH,) 3.94 (d, 2H, J =
11.8 Hz, CH,C(CH,)3), 3.98 (d, 1.2H, J = 7.2 Hz, ~OCH,).

3C NMR (100.61 MHz, CDCl;, 8, ppm): 19.59, 25.29, 28.30,
28.82, 32.10, 33.80, 34.44, 37.00, 63.73, 63.77, 67.12, 69.32,
98.94, 173.69.

Polyester PButA. Diethyl adipate (4.00 g, 19.8 mmol), 1,4-
butanediol (1.96 g, 21.7 mmol), and DBTO (25 mg, 0.5 mol%)

Green Chem., 2021, 23, 5706-5723 | 5709
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were added into a three-neck round bottom flask equipped
with a mechanical stirrer, a nitrogen inlet, and a vacuum distil-
lation outlet. The reaction mixture was degassed using three
successive vacuum-nitrogen cycles at room temperature. Then,
xylene (3 mL) was added to the reaction mixture before stirring
for 5 h at 130 °C under low nitrogen flow. Subsequently, mesi-
tylene (5 mL) was added to the reaction mixture and stirring
was continued for 20 h with increased nitrogen flow.
Afterwards, the highly viscous reaction mixture was dissolved
in chloroform and precipitated into 500 mL of cold methanol
(the use of chloroform could be avoided as it made the workup
more difficult). The precipitate was washed with methanol (2 x
100 mL) and dried under vacuum to obtain PButA as a white
solid (3.60 g, 91.0%).

"H NMR (400.13 MHz, CDCl;, 6, ppm): 1.58-1.75 (m, 8H,
CH,CH,0-, CH,CH,COO-), 2.25-2.38 (m, 4H, CH,COO-),
4.12-4.04 (m, 4H, ~OCH,).

3C NMR (100.61 MHz, CDCl;, §, ppm): 24.31, 25.24, 33.79,
63.78, 173.24.

A copolyester (PButLA-20) was synthesized using Monomer
L (20 mol%), diethyl adipate and 1,4-BD.

Copolyester PButLA-20. Diethyl adipate (2.71 g, 13.4 mmol),
Monomer L (1.30 g, 3.3 mmol), 1,4-butanediol (1.66 g,
18.4 mmol), and DBTO (21 mg, 0.5 mol%) were added into a
three-neck round bottom flask equipped with a mechanical
stirrer, a nitrogen inlet, and a vacuum distillation outlet.
Toluene (20 mL) was added to the reaction mixture and then
distilled off azeotropically at 50 °C under reduced pressure.
Next, the reaction mixture was degassed using three successive
vacuum-nitrogen cycles at room temperature. Xylene (3 mL)
was added to the reaction mixture which was then stirred at
130 °C for 5 h under low nitrogen flow. Subsequently, mesity-
lene (5 mL) was added to the reaction mixture, and the nitro-
gen flow was increased. Then, the reaction mixture was left to
stir for 20 h, before it was cooled to room temperature. The
highly viscous reaction mixture was dissolved in 20 mL of
chloroform (the use of chloroform could be avoided as it made
the workup more difficult) and the polymer was precipitated in
cold methanol (500 mL), washed with methanol (2 x 100 mL),
and dried under vacuum to obtain PButLA-20 as a white sticky
solid (3.54 g, 89.0%).

'H NMR (400.13 MHz, CDCl;, §, ppm): 1.37 (s, 6H,
CH;CCH,CH,), 1.59-1.76 (m, 12H, CH,CH,COO-, CH,CH,0-),
2.04-1.95 (m, 4H, CH,CH,COO-), 2.25-2.38 (m, 4H,
CH,CH,CO0-), 2.48-2.39 (m, 4H, CH,COO-), 3.58 (s, 4H,
CH,C(CH,);), 3.76 (d, 2H, J = 11.9 Hz, CH,C(CH,);), 3.94 (d,
2H, J = 11.8 Hz, CH,C(CH,);), 4.08 (bt, 8H, ~-OCH,).

3C NMR (100.61 MHz, CDCl;, §, ppm): 19.53, 24.32, 25.23,
25.25, 28.27, 32.07, 33.79, 33.82, 63.70, 63.73, 63.78, 63.80,
98.90, 173.23, 173.59.

2.6 Characterization

'H and *C NMR measurements were performed on a Bruker
DR X400 spectrometer at 400.13 MHz and 100.61 MHz,
respectively, with the samples dissolved in chloroform-d or
dimethyl sulfoxide-ds. Chemical shifts were reported as &
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values (ppm). A Micromass QTOF mass spectrometer (ESI) was
used for determining the exact mass of the monomer. The
molecular weights of the polyesters were determined by size-
exclusion chromatography (SEC) in THF. The SEC setup
included three Shodex columns coupled in series (KF-805,
-804, and -802.5) in a Shimadzu CTO-20A prominence column
oven, a Shimadzu RID-20A refractive index detector, using the
Shimadzu LabSolution software. All samples were run at 40 °C
at an elution rate of 1 mL min~'. Calibration was done by
using poly(ethylene oxide) standards (M, = 3.86, 12.60, 49.64
and 96.1 kg mol™"). Thermogravimetric analysis (TGA) was per-
formed on a TA Instruments model Q500 TGA system. The
samples were heated from room temperature to 600 °C at a
heating rate of 10 °C min™' under a nitrogen atmosphere.
Thermal decomposition temperatures (Tyqs) were determined
at the maximum decomposition rates. Tq s is the temperature
taken at 5% weight loss, and the char yield is the remaining
weight % at 600 °C. Differential scanning calorimetry (DSC)
measurements were performed on a DSC Q2000 analyzer from
TA Instruments. Glass transition temperatures (7,s), melting
temperatures (Tp,s) and heats of fusion (AH,s) were deter-
mined from the second heating cycle where the samples were
heated from —50 or —80 to 200 °C. The crystallization tempera-
ture (T.) was measured from the DSC cooling curve. The poly-
esters PNeoL and PCycL were hot pressed into films (35 mm x
5 mm x 1 mm) for dynamic mechanical analysis (DMA). Hot
pressing was performed at 100 and 110 °C, respectively, after
which the samples were rapidly cooled to room temperature.
DMA measurements were performed in tensile mode using a
TA Instruments Q800 analyzer. The samples (17.5 mm
between the clamps) were heated from —30 to 100 °C at a
heating rate of 3 °C min™" and a frequency of 1 Hz with a con-
stant strain of 0.1%. Rheology measurements were carried out
on an AR2000 ETC Advanced Rheometer from TA Instruments,
using parallel plates with a diameter of 15 mm under air.
Samples were prepared into discs of 15 mm diameter and
1 mm thickness by hot pressing the polyesters PNeoL and
PCycL at 100 and 110 °C, respectively. Time sweep experiments
were performed at 130 °C, with constant strain (1%) and oscil-
lation (1 Hz) for 1500 s. Moreover, dynamic frequency sweep
experiments were conducted on PCycL in the frequency range
0.1-100 Hz using constant strain (1%) at temperatures from
110 to 130 °C. The data obtained from the frequency sweeps
were used in a time-temperature superposition to construct a
master curve at 130 °C.

3. Results and discussion
3.1 Monomer synthesis

Monomer L was synthesized using an acid-catalyzed double
ketalization reaction of ethyl levulinate and pentaerythritol
using a green chemistry protocol under solvent-free reaction
conditions (Scheme 1). Here, a 5.5-fold excess of ethyl levuli-
nate with respect to pentaerythritol was employed for the
reaction, which was catalyzed by sulfuric acid at 120 °C. The

This journal is © The Royal Society of Chemistry 2021
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use of excess ethyl levulinate is expected to favor the complete
conversion to the ketal product without any undesirable
transesterification products. In addition, an excess of ethyl
levulinate facilitated the removal of the by-product water by
forming an azeotrope that drove the ketalization to com-
pletion. Afterward, the mixture was dissolved in ethyl acetate
and the acid catalyst was quenched by washing with a satu-
rated aq. NaHCOj; solution. Complete quenching was essen-
tial because trace amounts of acid residues led to the slow
decomposition of the monomer into the starting reactants.
The "H NMR spectrum of the crude reaction mixture revealed
that it contained up to 95% of the desired Monomer L with a
small percentage of monoketal as the impurity (structure
shown in Scheme S3%). Up to 74% of the pure Monomer L
was extracted from the viscous crude reaction mixture using
heptane. Further extraction from the crude reaction mixture
using more heptane gave Monomer L contaminated with
small concentrations of the monoketal impurity. This
straightforward and efficient purification procedure is attrac-
tive for upscaled production at industrial levels. Moreover,
the green aspect of both the reaction (solvent-free) and purifi-
cation procedures (no chromatographic separation) makes
the monomer production eco-friendly.

The structure and purity of Monomer L were confirmed by
"H NMR spectroscopy (Fig. 1). First, all the signals in the spec-
trum were unambiguously assigned. The signals of the ethyl
ester groups appeared as a triplet at 1.23 (a) and quartet at 4.1
(b) ppm. Furthermore, the protons of the methyl groups
attached to the spirocyclic unit gave rise to a singlet at 1.35 (e)
ppm. The singlet at 3.56 (%) and two doublets at 3.74 (g) and
3.92 (f) ppm were attributed to the methylene protons of the
spirocyclic unit. Surprisingly, the methylene protons attached
to the ester group and the spirocyclic unit were observed as
multiplets between 2.45 and 2.36 (c¢) and 2.04 and 1.95 (d)
ppm, respectively (Fig. S47), and not as triplets. This phenom-
enon is known as the second-order behavior in proton NMR
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spectra.”® It is mostly observed in rigid molecules wherein the
hindered rotation around the C-C bond gives rise to the non-
equal populations of the possible conformers, making the
geminal protons magnetically non-equivalent. Thus, the hin-
dered rotation of the C-C bond of the rigid spirocyclic and
methylene units in Monomer L was the most likely reason for
the second-order splitting of methylene protons. Still, when
the spectrum was recorded in DMSO-d, solution (Fig. S5t), the
methylene protons (¢ and d) appeared as a first-order triplet,
diminishing the appearance of the second-order multiplets
due to the increased dynamic interconversion of conformers
in polar solvent. The signal assignments were further con-
firmed by "*C and 2D NMR investigations (i.e., COSY, HMBC,
and HSQC, Fig. S6-S97).

3.2 GHG emissions of Monomer L

The evaluation of the total impact of GHG emissions by the
LCA of Monomer L was done on the basis of a cradle-to-gate
approach for the functional unit of 1.0 kg of Monomer L. As
can be seen in Fig. 2a, the LCA of GHG emissions for
Monomer L gave a value of 2.50 kg of CO,.q per kg of L, of
which 1.45 kg of CO,cq per kg of L was derived from the LA
(the largest impact). Moreover, 0.37 kg of CO,q per kg of L ori-
ginated from the biobased pentaerythritol and 0.35 kg of
CO,¢q per kg of L for ethanol. The synthetic processes, ketaliza-
tion (“Synthesis 1) and esterification (“Synthesis 2”) only con-
tributed to the total emissions by small values, i.e., 0.24 and
0.1 kg CO,q per kg L, respectively. In other words, 58% of the
total GHG emissions was attributed to LA production, followed
by pentaerythritol and ethanol productions with 15% and
14%, respectively.

The diacid form of Monomer L was compared to Bio_SA1
(apple pomace-based),> Bio_SA2 (based on dextrose from
corn),” Bio_SA3 (non-food crop feedstock),’® Bio_FDCA (beet
sugar-based),”” Bio_AA1 (lignin feedstock),’® Bio_AA2 (from
forest residues),’® and fossil-based terephthalic acid. As shown

®
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Fig. 1 'H NMR spectrum of Monomer L in CDCls.
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Fig. 2 Evaluation of the total impact of GHG emissions of Monomer L (a), and the diacid form of Monomer L compared to other biobased and

fossil-based conventional monomers (b).

in Fig. 2b, the diacid form of Monomer L showed a value of
2.35 kg of CO,.q per kg, which is an average value in compari-
son with the other diacids. This initial result is quite promis-
ing for Monomer L. The assessment was only intended to
provide preliminary first-hand information regarding the
environmental impact of Monomer L based on literature data.
Overall, the results suggest that the production of Monomer L
tends to be environmentally favourable in terms of GHG emis-
sions. As expected, the outcome of the analysis is very sensitive
to the production of LA. With more favourable, yet realistic,
input parameters such as source of biomass, location, type of
process, efficiency of equipment, deforestation, etc., the results

5712 | Green Chem., 2021, 23, 5706-5723

would be more advantageous. Therefore, in order to gain a
deeper insight into the environmental impacts of Monomer L,
more thorough LCA investigations and a full LCA development
into the same geographical coverage will be needed.

3.3 Monomer stability and development of polycondensation
conditions

As reported in the literature, cyclic acetal and ketal monomers
are thermally and hydrolytically sensitive and degrade into
multifunctional (polyhydroxy) products during polycondensa-
tions at high temperatures.”>®® This often leads to branching
or crosslinking of the polymer, and may eventually lead to gel

This journal is © The Royal Society of Chemistry 2021
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formation. Lower temperatures (typically <200 °C) are required
in order to minimize these undesirable side reactions.>*?*’
Initially, conventional melt polycondensations (using high
vacuum) of Monomer L with 1,6-HD were attempted at various
temperatures between 130 and 160 °C (which may be com-
pared with the decomposition temperature of the monomer,
Tas = 201 °C) without any pre-drying of the monomer.
However, these polycondensations led to partial or complete
gel formation depending on the reaction time. It is reasonable
to assume that the gelation was due to the degradation of ketal
units, giving rise to additional hydroxyl groups that induce the
formation of crosslinked structures. Because of this finding,
studies of the monomer stability after different drying pro-
cedures were performed in order to investigate the degradation
pathway and identify the conditions under which the
monomer was stable. Firstly, the as-obtained monomer after
the purification was heated under a nitrogen atmosphere for
5 h at temperatures between 90 and 170 °C at 10 °C intervals.
The structural changes were subsequently studied by "H NMR
spectroscopy. Stacked spectra of the monomer samples after
heating at various temperatures are shown in Fig. S10.} As
seen, new signals emerged in the spectra, most of which over-
lapped with the monomer signals. The chemical shift and
integrals of the isolated new signals at 2.19 (), 2.56 (n), and
2.74 (m) and at 1.38 (¢'), 3.62 (k), 3.71 (), and 3.84 (i) revealed
that they originated from ethyl levulinate (one of the starting
reactants) and the monoketal ester, respectively (Fig. S107).
Thus, the partial hydrolysis of the ketal units of the monomer
to form the monoketal ester and the starting ethyl levulinate
was confirmed. As expected, the degree of hydrolysis increased
with temperature, as indicated by the increased intensity of
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the corresponding signals of the degradation products. The
degree of hydrolysis calculated from the '"H NMR spectra was
in the range ~5-20%, indicating the low thermal and hydro-
Iytic stability of Monomer L under these conditions. Hence,
the monomer was not suitable for use in polycondensation
reactions before further treatment.

We hypothesized that residual moisture was the main
reason for the hydrolysis and low stability of the ketal unit.
Hence, high vacuum drying of the monomer under stirring
was carried out before heating under a nitrogen atmosphere
prior to the NMR analysis. As seen in Fig. S11,} the "H NMR
spectra showed almost no degradation up to 130 °C, and only
very slight degradation between 140 and 160 °C, when com-
pared with the previous results on the as-obtained monomer
sample. This strongly implied that hydrolysis due to the moist-
ure present in the reaction mixture was responsible for the gel
formation observed during the initial polycondensations,
suggesting that moisture-free and inert conditions are critical
for successful polymerizations. Subsequently, melt polycon-
densations of Monomer L with 1,6-HD using a high vacuum
drying protocol was successfully carried out at 130 °C without
any sign of gelation. However, high vacuum drying of the reac-
tion mixture for a long time (3 h) is impractical for industrial
production due to the low energy efficiency of the process and
instead azeotropic distillation was performed. Hence, the
stability of Monomer L was analyzed after azeotropic distilla-
tion using toluene and the results showed a very similar result
to that observed after high vacuum drying with almost no
thermal degradation up to 130 °C (Fig. 3). Hence, the removal
of water by azeotropic distillation of the reaction mixture
and polycondensation at a temperature of 130 °C were adopted

L TR R L L o ) T TR R R L R R B T (P O T T O S B (R

45 4.0 35

25 20 15 1.0

Chemical Shift (ppm)

Fig. 3 IH NMR spectra of the monomer (pre-dried by azeotropic distillation) after stirring at different temperatures for 5 h.
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for the successful preparation of polyesters without any
gelation.

3.4 Polyester synthesis

Monomer L was polycondensed with the aliphatic diols 1,4-
BD, 1,6-HD, NPG, and 1,4-CHDM, respectively, using dibutyl-
tin oxide (DBTO) as a catalyst (0.5 mol% with respect to
Monomer L) to obtain the corresponding polyesters
(Scheme 2). A 10 mol% excess of 1,4-BD, 1,6-HD, and 1,4-
CHDM and a 25 mol% excess of NPG with regard to Monomer
L were used to compensate for the loss of the diols during the
polymerization. In all cases, azeotropic distillation of the reac-
tion mixture was carried out prior to the polycondensation.
First, the melt polycondensation (conventional method using
a high vacuum) of Monomer L with 1,6-HD and 1,4-CHDM,
respectively, was investigated. In the first step, transesterifica-
tion was achieved at 130 °C for 5 h under low nitrogen flow,
and in the second step polycondensation was carried out
under a high vacuum at 130 °C for 20 h. During the polycon-
densation of Monomer L with NPG, a significant loss via evap-
oration and sublimation of NPG was observed, which led to
incomplete transesterification. Moreover, the transketalization
of Monomer L with NPG was identified as a side reaction
(details are given in ESI Note 1, Schemes S1-S2 and Fig. S1-
S31). This side reaction was not observed for any of the other
diols, and was presumably driven by the possibility of NPG to
form a six-membered cyclic ketal structure. This observation
was further supported in model reactions of Monomer L with
a monofunctional alcohol (neopentyl alcohol or 1-butanol) in
the presence of DBTO at 130 °C, i.e., under similar conditions
to those used for the polycondensations. After driving off
excess alcohol, the "H NMR spectra showed a clean corres-
ponding transesterification product with no sign of any trans-
ketalization product (Fig. S12 and S137). Hence, the branching
of the polyesters can most likely be attributed to the degra-
dation of spirocyclic ketal structures by hydrolysis, as dis-
cussed in section 3.3. The transketalization of Monomer L
with NPG was found to be reversible after an equimolar
amount or slight excess of NPG was employed in the polycon-
densation. On the other hand, the large excess of NPG used to
compensate for its loss favored the side reactions and
restricted the reversible character. To avoid this issue, a modi-
fied melt polycondensation was investigated.®"®*> In this pro-
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cedure, the transesterification was completed in 30 h under
continuous nitrogen flow using xylene (a mixture of isomers)
as a solvent. The subsequent polycondensation was performed
at 130 °C for 40 h using mesitylene as a solvent with increased
nitrogen flow. The use of xylene in the transesterification
helped to reduce the loss of NPG through evaporation. Still, a
25% molar excess was required to achieve complete transester-
ification. Mesitylene was added for the azeotropic removal of
the excess diol during the polycondensation step, which
efficiently increased the molecular weight of the resulting
polymer (further details on the optimization of the polycon-
densation is found in ESI Note 27). All the solvents driven off
during the polyester synthesis may be recycled. In order to
compare with the results obtained by the conventional melt
condensation, the polyesters based on the other diols were
also synthesized by the modified melt polycondensation
method. The transesterification and polycondensation steps
were performed at 130 °C for 5 h and 20 h, respectively.

After the polycondensations, the viscous reaction mixtures
were dissolved in chloroform and the products were precipi-
tated in methanol to give polyesters in 87-98% isolated yields
(Table 1, photographs of polyester samples are shown in
Fig. S14}). Notably, the use of chloroform can be avoided by
instead using greener solvents such as ethyl acetate or
dimethyl carbonate to dissolve the polyesters, but these sol-
vents gave less distinct (but still handleable) precipitates. In a
continuous industrial process, a polyester melt is typically fed
directly into an extruder after the final polycondensation step,
thus avoiding the use of solvents altogether. According to the
SEC measurements, the polyesters PButL, PHexL, PNeoL, and
PCycL reached reasonably high molecular weights with M, =
18.3, 16.3, 17.1, and 10.0 kg mol ™", respectively, and polydis-
persities in the range D = 2.03-2.88, indicating only very
limited branching apparently due to hydrolysis and ring-
opening of the spirocyclic structure. However, the "H NMR
spectra showed no shifts related to branching except for
PNeoL. This sample displayed small signals corresponding to
the side product residues in the polymer (discussed in ESI
Note 27). Although the degree of branching is small and
difficult to detect by "H NMR spectroscopy because of the very
low concentration of branch points, it can still result in D
values significantly above the ideal value of 2. In fact, the
shape of the SEC chromatograms (Fig. S15-S167) indicated

[¢] O
EtO OEt
(0] (o]

DBTO catalyst

HOOOH

Polyester = PButL

AR}

HO HO
\/\/\OH Ho\/\/\/\OH HO\X/OH \_<:>_\
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Scheme 2 Synthesis of polyesters by a modified melt polycondensation of Monomer L and a variety of different aliphatic diols.
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Table 1 Data of the polyesters prepared by conventional and modified melt polycondensations
Polyester Melt polycondensation method Isolated yield® (%) M, (kg mol™) M,” (kg mol™) D’
PButL Modified 92 18.3 52.7 2.88
PHexL Modified 87 16.3 37.2 2.28
Conventional 94 17.0 37.1 2.18
PNeoL Modified 95 17.1 46.4 2.73
PCycL Modified 98 10.0 20.4 2.03
Conventional 98 9.02 23.4 2.60
PButA Modified 91 5.14 9.53 1.85
PButLA-20 Modified 89 20.5 52.4 2.55

“Calculated from the weight of the polyester obtained after purification.

that the rather high D value in some cases was due to the pres-
ence of branched polymer chains. As can be seen, the chroma-
togram peaks indicated bimodal distributions with shoulders
on the high molecular weight side (towards low retention
volumes). These shoulders were most prominent for PButL
and PNeoL, which showed the highest D values (2.88 and 2.73,
respectively). Notably, polyester PCycL and PHexL synthesized
by using the conventional melt polycondensation reached M,
=9.02 and 17.0 kg mol ™", respectively, which was comparable
with the samples produced via the modified method. This
indicated that the modified melt polycondensation under
nitrogen flow was equally efficient as the high-vacuum melt
polycondensation to reach high molecular weights.

The chemical structure of the polyesters was confirmed by
"H NMR spectroscopy and was further supported by *C and
2D NMR investigations (i.e., COSY, HMBC and HMQC,
Fig. $17-S327). The stacked "H NMR spectra of the polyesters,
along with Monomer L, are depicted in Fig. 4. As expected, the
polyesters showed broader 'H NMR signals in comparison
with the monomer. The disappearance of the ethyl signals (a
and b) of the ester group in the monomer confirmed the com-
plete transesterification of Monomer L. Furthermore, the
signals originating from the monomer unit, including the CH,
signals (c and d), the CHj; signal (e) and the CH, signals of the
ketal ring (f, g, and £), were observed at nearly identical chemi-
cal shifts as those of the monomer, clearly demonstrating the
presence of the spirocyclic monomer residue in all the poly-
esters. In addition, the signals from the OCH, (1) and CH/
CH,/CHj; groups (2 and 3) of the aliphatic diol residues were
also observed. It should be noted that in polyester PCycL, each
signal from the cyclohexylenedimethylene units was split into
two peaks because of the presence of a mixture of the two dia-
stereoisomeric units (cis and trans) in 1,4-CHDM residues. The
relative contents of these isomeric units in the polymer (30/70,
cis/trans) were nearly identical to that in the monomer feed
(28/72, cis/trans).

3.5 Copolyester synthesis

Monomer L was further evaluated as a co-monomer to demon-
strate its versatility and usefulness in copolymerizations to
tune polymer properties. Poly(butylene adipate) (PButA) is a
commercially available aliphatic polyester with a wide range of

This journal is © The Royal Society of Chemistry 2021

b Measured by SEC in THF against poly(ethylene oxide) standards.

applications due to its mechanically flexible, semicrystalline
and biodegradable properties and was selected as a starting
point for the incorporation of Monomer L. Homopolyester
PButA and a copolyester containing 20 mol% of Monomer L
(PButLA-20) were produced via a modified melt polycondensa-
tion using a similar protocol to that described above for the
homopolyesters (Scheme 3). The transesterification and poly-
condensation were performed at 130 °C for 5 and 20 h, respect-
ively. After the polycondensations, the resulting viscous reac-
tion mixtures were dissolved in chloroform and the products
were precipitated in methanol to obtain PButA and PButLA-20
in 91 and 89% isolated yield, respectively. The M, values of
PButA and PButLA-20 were measured by SEC to be 5.14 and
20.5 kg mol ™, respectively. The T, and Ty, values of the PButA
sample (further discussed below) were consistent with the lit-
erature values.”> Moreover, the '"H NMR spectrum of the
polymer showed no end group signals (Fig. 5).

The chemical structures of PButA and PButLA-20 were con-
firmed by 'H NMR, *C NMR and 2D NMR (Fig. $33-S407)
spectroscopy. In the "H NMR spectra of PButA (Fig. 5), the
signals corresponding to the backbone polymers were clearly
observed, including the CH, signals of the adipate residue
(signals 1 and 2) and the CH, signals of the butylene chain
segments (signals 3 and 4). Further signals of Monomer L resi-
dues (c-h), in addition to the signals from the PButA back-
bone, confirmed the structure of the copolyester PButLA-20.
Finally, the Monomer L content in PButLA-20 was determined
by comparing the integral of the adipate signal (1) with the
signals (c and d) from the residues of Monomer L. In this way
the Monomer L residue content was calculated to be 20%, i.e.,
precisely corresponding to the monomer feed. This demon-
strated the excellent reactivity and stability of Monomer L in
copolymerization, allowing for a high level of control of the
polycondensation results.

3.6 Thermal properties

The thermal stability of the polyesters was evaluated by
thermogravimetric analysis (TGA) under nitrogen. As shown in
Fig. 6A-B and Table 2, all the polyesters showed two decompo-
sition rate maxima (T4 ~350 °C and 420 °C). The first Ty at ca.
350 °C had the highest rate, which corresponded to the
thermal decomposition of polyester backbones. The second Ty
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Fig. 4 H NMR spectra of polyesters produced via modified melt polycondensations. Data were recorded using CDCl; solutions.
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Scheme 3 Synthesis of copolyester PButLA-20 by the modified melt polycondensation of diethyl adipate, 1,4-butandiol and Monomer L.

at ~420 °C had a relatively low rate, which may be ascribed to
the degradation-induced formation of a crosslinked structure
during the TGA measurements at higher temperatures. This
observation is consistent with previous reports.*® Furthermore,
Ta,s (the temperature at 5% weight loss) was above 300 °C for
all the polyesters, indicating the possibility for melt proces-
sing. The Ty 5 values of the polyesters based on the non-cyclic

5716 | Green Chem., 2021, 23, 5706-5723

diol units showed an increasing trend with an increase in the
size of the diol units (i.e., PHexL > PButL > PNeoL). In
addition, polyester PCycL with a cyclic diol unit showed a
higher Ty s compared to the polyesters containing non-cyclic
diol units. This may be attributed to the higher structural
rigidity of the cyclic diol unit. The char yields were relatively
low, which is consistent with their aliphatic nature. In order to

This journal is © The Royal Society of Chemistry 2021
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verify that no degradation occurred below Ty s, the samples of
all the polyesters were first kept at 200 °C for 10 min in the
TGA instrument before cooling to room temperature. All the
thermally treated samples were perfectly soluble in chloro-
form-d and NMR analysis detected no structural change, thus
demonstrating the high thermal stability of the present poly-
esters (Fig. S417).

The thermal transitions of the polymers were investigated
by differential scanning calorimetry (DSC) and the data
obtained are shown in Fig. 7 and Table 2. The glass transition
of the fully amorphous polyesters was observed in the range T,
=12-49 °C, and increased with increasing rigidity of the diol

This journal is © The Royal Society of Chemistry 2021
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(A) TGA thermograms and (B) first derivative curves of the polyesters recorded under a nitrogen atmosphere.

unit of the polymer. In the series, PCycL exhibited the highest
Ty at 49 °C, which was attributed to the presence of the bulky
cyclohexylenedimethylene units in the polymer chain, followed
by PNeoL, PButL, and PHexL with T, values of 41, 25 and
12 °C, respectively. The T, values of polymers are in general
influenced by the level of branching.®*®> and, as already men-
tioned, the present SEC results indicated limited branching.
Still, at this low level the effect should be very small.

The thermal properties of the copolyester PButLA-20 were
investigated and compared with reference to the homopolye-
sters PButA and PButL. TGA measurements showed two
decomposition rate maxima at Ty ~346 and 435 (°C) for

Green Chem., 2021, 23, 5706-5723 | 5717
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Table 2 Thermal properties of the biobased polyesters

Tq ma Tas® Charyield® 7,0 1,° T
Polyester  (°C) (°C)  (wt%) (°C) (°C) (°C) AHy"
PHexL 356,430 316 12 12 — — —
PButL 356,425 315 15 25 — — —
PNeoL 351,421 308 15 41 — — —
PCycL 352,421 318 12 49 — — —
PButA 365 302 4 —55 57 30 58.3
PButLA-20 346,435 307 8 —-40 31 — 0.61
“ Obtained by TGA. ® Determined by DSC.
—— PButL
—— PHexL
—— PNeoL
7 —— PCycL
:5, B
E 7 o
> 49 °C
k)
Y - )
= 41 °C
0 P
T —wc
| 12°C
T T M T T T T
0 20 40 60 80 100

Temperature (°C)

Fig. 7 DSC traces of the polyesters obtained during the second heating
cycle (T4 values are indicated).

PButLA-20, while the base polymer PButA only showed a single
decomposition rate maximum at 365 °C (Table 2 and Fig. 8A
and B). The second Ty of PButLA-20 at ~435 °C was similar to
that observed for PButL and it exhibited a lower rate to that of
PButL, which was consistent with the lower content of spiro-
cyclic units in the copolymer chain. The Ty 5 values were quite
close for the two samples, 302 and 307 °C for PButA and
PButLA-20, respectively. In addition, the Tqs and char yield
values for PButLA-20 were slightly higher in comparison with
PButA, indicating enhanced thermal stability induced by the
presence of Monomer L.

As expected, DSC analysis revealed changes in the T, and
Tm values of polyester PButA upon the incorporation of the
spirocyclic monomer (Table 2 and Fig. 8C and D). PButA
showed T, = —55 °C and a crystalline melt interval between 52
and 61 °C with T, = 57 °C. This indicated the presence of
different populations of crystallites, which is consistent with
the literature.®®®” In contrast, PButLA-20 showed an increased
Ty value at —40 °C together with a minor melt endotherm at
31 °C. The melt enthalpy of PButLA-20 (AH,, = 0.61 ] g™') was
nearly 100 times lower than that of PButA (AH,, = 58.3 ] g71),
indicating an almost insignificant degree of crystallinity of the

5718 | Green Chem., 2021, 23, 5706-5723
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former sample. The observed decrease of the Ty, value and
melt enthalpy of PButLA-20 was attributed to the irregular
structure of the statistical copolymer.

3.7 Film formation

Polymer films were prepared by casting from solution.
Homogeneous polymer solutions in chloroform (100 mg
mL™") were spread evenly onto Teflon crucibles, followed by
solvent evaporation at room temperature under a glass conical
funnel overnight. PButL, PHexL, PNeoL and PButLA-20 formed
smooth films without significant wrinkles, cracks or bubbles.
However, only PNeoL produced a stable and free-standing
film, while the other two polymers gave soft sticky films
because their T, values were close to room temperature. PCycL
formed films with cracks upon casting, most likely due to its
relatively low molecular weight. As can be seen in Fig. S42,t
the film formed by PNeoL was transparent, tough and
mechanically flexible. In addition, the T,s of PNeoL and PCycL
were above the minimum value typically required for amor-
phous polymers in powder coating applications (usually
40-45 °C).°®7° Therefore, these two polyesters were selected
for dynamic mechanical and melt rheological analysis.

3.8 Dynamic mechanical and rheological properties

The dynamic mechanical properties of polyesters PNeoL and
PCycL were studied by DMA analysis of hot-pressed samples
(Fig. S4371). Polyester PButL, PHexL and PButLA-20 could not
be analyzed due to their soft and sticky character, and the
dynamic mechanical properties of PButA have been reported
previously.”"”?

As shown in Fig. 9A-C and Table 3, the storage modulus
(E") values at the glassy plateau (20 °C) of the polyesters PNeoL
and PCycL were 2.36 and 1.91 GPa, respectively. Hence, PCycL
showed a lower storage modulus than PNeoL. This observation
may be explained by the lower molecular weight of PCycL
(10 kg mol™") compared to PNeoL (17 kg mol ™). The Ty, values
were taken at the local maximum of E” at the glass transition
(Fig. 9B, E"max in Table 3). Consequently, the T, values were 43
and 48 °C for PNeoL and PCycL, respectively. These values
were in good agreement with the corresponding data obtained
by DSC, showing a good correlation between the two methods.
The tan é curve, which indicates the variation of the damping
behavior, showed a local maximum (tan émya,y, Table 3) due to
the energy dissipation originating from a sharp increase of the
segmental mobility of the polymer in the T, region. However,
after this region, the tan§ curve showed a quick and steady
increase with temperature for both PCycL and PNeoL, respect-
ively, without the presence of any well-defined rubbery
plateau. This indicated a rapid transition into the viscous flow
region. This observation may be attributed to the absence of
crystallinity and a limited degree of chain entanglements in
the two polymer samples due to their relatively low M,, values.

Dynamic rheology measurements were carried out to assess
the stability, melt processability and flow characteristics of the
polyesters in the melt state. Rheological properties measured
at low strains and strain rates in the linear viscoelastic region

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 DMA data showing the (A) storage modulus, (B) loss modulus, and (C) tan § of polyester PNeolL and PCycL (1 Hz, 0.1% strain).

Table 3 Dynamic mechanical properties of PNeoL and PCycL

Polyester E'“(GPa) T,” (°C) tan Spmax”
PNeoL 2.36 43 43
PCycL 1.91 48 52

“Storage modulus taken at 20 °C. ” Determined as the peak maximum
in the E” curve. “ Determined as the peak maximum in the tan § curve.

This journal is © The Royal Society of Chemistry 2021

are sensitive to molecular weight and structure, and changes
in the modulus may thus indicate degradation by, e.g,
polymer chain scission or crosslinking reactions. High pre-
cision time sweep experiments were performed in oscillatory
shear mode on PNeoL and PCycL by using hot-pressed sample
discs (Fig. S437) in a parallel plate arrangement. Sweeps were
carried out at 130 °C for 25 min at a frequency of 1 Hz using a
constant strain of 1%. This ensured that the measurements
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Fig. 10 Time sweep traces showing the shear storage modulus (G'), shear loss modulus (G") and phase shift (delta) for PNeoL (A) and PCycL (B) at

130 °C (1 Hz, 1% strain).

were performed within the linear viscoelastic region. Fig. 10A
and B show the melt shear storage modulus (G’), shear loss
modulus (G”) and phase shift (§) as a function of time at
130 °C for PNeoL and PCycL, respectively. As can be seen, for
both polyesters, these parameters were almost constant
throughout the measurements. This observation indicated the
high thermal stability of the polyesters under low shear in the
melt state without any noticeable signs of polymer chain
degradation. Furthermore, '"H NMR analysis of the samples
directly after the rheological measurements revealed no struc-
tural changes in relation to the data obtained before the
experiments (Fig. S44-S45f). This further indicated the
absence of any significant degradation. The polyester PNeoL
exhibited a higher value of G’ than PCycL at 130 °C, which was
most probably related to its higher molecular weight. Overall,
the time sweep experiments demonstrated a very stable rheolo-
gical behavior of the polyesters during the measurements in
the melt state.

In order to further investigate the shear flow characteristics,
PCycL was selected as a representative sample for frequency

dependent dynamic rheological measurements. The frequency
dependence of the rheological properties was measured at 110,
115, 120, 125 and 130 °C in the frequency range 0.1-100 Hz at
a constant strain of 1%. Time-temperature superposition
(TTS) was applied to the data in order to create a master curve
covering the flow behavior of the polymer melt over a broader
frequency window. Fig. 11A shows the master curves for G’ and
G" as a function frequency at the chosen reference temperature
(130 °C). At 330 Hz, the master curves of PCycL displayed a
transition from the melt flow region, where G” dominated over
G, to a rubbery plateau where G’ increased above G”.
Furthermore, the shift factors (ay) versus temperature for
PCycL obeyed the Williams-Landel-Ferry (WLF) equation:

_Cl(T - Tref)

CZ + (T - Tref) (1)

log(ar) =

where ay is the temperature shift factor used to generate the
master curves, T is the temperature, Ty is the reference temp-
erature (130 °C), and C; and C, are the empirical constants

. 15
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Fig. 11

(A) Storage G’ and loss G modulus master curves of PCycL at T,

=130 °C, and (B) temperature dependence of the shift factor (squares) and

fit of the Williams—Landel—Ferry equation (dashed curve, C; = 3.156, C, = 107.7 K).
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obtained from the curve fitting. Fig. 11B shows the WLF fit of
the shift factors for PCycL, which demonstrated the WLF be-
havior of the polyester. The C; and C, constants depend on the
selected Ty.r in the TTS. Hence, converting these constants to
Cy and C; values with T, (49 °C) = Ty (130 °C) using eqn (2)
and (3) enabled a direct comparison with the literature values.

C,C

=TT (2)
Gy + (Tg - Tref)

C8 = Cy + (Tg — Trer) (3)

The calculated values of C; and C; were 12.8 and 26.7 K,
respectively, which are close to the reported values for other
non-aggregating polymers, displaying C, and Cj values of
16.79 + 5.43 and 51.6 + 28.1 K, respectively.”>”*

4. Conclusions

An eco-friendly, sugar-based spiro-diester monomer was pre-
pared by a straightforward reaction of biobased ethyl levulinate
and pentaerythritol. The synthesis of Monomer L was carried
out with an environmentally friendly pathway and the product
was straightforward to scale-up and purify. However, the melt
polycondensation was challenging due to the hydrothermal
sensitivity of Monomer L. However, after a thorough investi-
gation of the thermal stability of Monomer L, suitable
polymerization conditions were identified. Using optimized
drying and polycondensation conditions, the spiro-diester was
successfully polymerized with various potentially biobased
diols to produce a series of aliphatic polyesters with reasonably
high molecular weights. The fully amorphous polyesters
exhibited sufficient thermal stability with Tys in the range
308-318 °C and Tgs in the range 12-49 °C, which were signifi-
cantly higher than the corresponding polyesters of the diols
and alternative aliphatic dicarboxylates. Both hot-pressed and
solvent cast films of the polyesters based on NPG and 1,4-
CHDM were flexible and mechanically strong with high trans-
parency, which suggests their potential use in coating appli-
cations. Moreover, melt rheological experiments revealed
sufficient thermo-rheological stability of these polyesters for
melt processing.
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