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A series of novel aliphatic polysuccinates was synthesized from dimethyl succinate and various linear
diols, with methylene chain lengths (ncy,) ranging from 2 to 12 in their repeating units. The synthesis used
an innovative and sustainable bulk polymerization method, greatly reducing solvent use and incorporating
low-toxicity catalysts. This approach has enabled the production of a diverse array of polysuccinates for
the first time, as evidenced by nuclear magnetic resonance. The crystallization behavior of these materials
was systematically analyzed through a combination of Differential Scanning Calorimetry—encompassing
non-isothermal, isothermal, self-nucleation (SN), and successive self-nucleation and annealing experi-
ments—as well as in situ synchrotron Fourier—Transform Infrared Spectroscopy (FT-IR), Wide- and Small-
Angle X-ray Scattering (WAXS/SAXS), and Polarized Light Optical Microscopy (PLOM). An intriguing even—
odd effect was discovered across the entire range of ncy,, with samples containing even chain lengths
exhibiting superior property values compared to their odd counterparts. In the ncy, < 5 region, the even-
odd effect is stronger, reflected in marked differences in thermal transitions and crystallization kinetics,
attributable to variations in intermolecular interactions and unit cell structures, e.g., orthorhombic versus
monoclinic. For ncy, > 5, the even—odd effect becomes less pronounced but does not reach saturation,

Received 17th October 2025, presenting differences in thermal transitions, crystallization kinetics, and interplanar distance within the
Accepted 7th November 2025

DOI: 10.1039/d5gc05522a

same unit cell. Remarkably, this study reports for the first time an even—odd effect in SN experiments,
suggesting that the even—odd pattern in this series of polysuccinates lacks saturation, highlighting the
rsc.li/greenchem complexity of these materials and their potential for further exploration in sustainable polymer chemistry.

Green foundation

1. This study describes a green and efficient solvent-free bulk polymerization method to synthesize high-molecular-weight poly(alkylene succinate)s with a
wide range of methylene chain lengths, enabling fine-tuning of thermal and physical properties through molecular design.

2. The method proceeds with 100% yield, uses minimal amounts of catalyst, and produces negligible waste, representing an economical and scalable route to
biodegradable polyesters. These features align with key principles of green chemistry, including safer synthesis, waste minimization, and design for end-of-
life degradation.

3. Further research will focus on broadening the physicochemical characterization of these materials and related copolymers—including mechanical
strength, gas permeability, and biodegradability—to validate their performance in real-world applications and guide the rational design of sustainable
materials for packaging, biomedical, or agricultural uses.

1. Introduction

The rapid evolution of science and technology has dramati-
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Innovative research is increasingly focusing on bio-
degradable polymers that can be broken down by natural pro-
cesses with the help of enzymes. These polymers decompose
into biomass, carbon dioxide, and water without releasing
toxic byproducts.” The broad definition of biodegradability
does not specify a degradation rate or environmental con-
ditions, which allows many polymers to be included in this
category. However, newer standards require measurable miner-
alization rates under specific conditions, leading to debate.’
Despite this, the broad definition remains the most widely
accepted in both research and industrial settings.

Biodegradable polymers can come from natural, renewable
resources like plants or biomass. Examples include poly(lactic
acid) (PLA) and polyhydroxyalkanoates (PHAs), such as polyhy-
droxybutyrate (PHB), poly(hydroxybutyrate-co-valerate) (PHBV),
and poly(hydroxyvalerate) (PHV), polyacetals (PA),*” and poly-
oxalates (POX).>® However, in the case of PLA, its slow hydro-
lysis causes it to be classified as industrially compostable
rather than fully biodegradable.'® Biodegradable polymers can
also be made from non-renewable resources like petroleum or
natural gas, making them synthetic polymers. Notable syn-
thetic biodegradable polymers include poly(butylene adipate-
co-terephthalate) (PBAT), polycaprolactone (PCL), and poly-
butylene succinate (PBS).>'*™**

Within this context, aliphatic polyesters have gained par-
ticular attention due to their excellent biocompatibility, non-
toxicity, and inherent hydrolytic degradability conferred by
ester linkages. The increasing availability of renewable mono-
mers, such as succinic acid and lactic acid,"®” further boosts
the potential of these polyesters as next-generation bio-
degradable or conditionally biodegradable plastics. Advances
in green synthesis enable polymers like PBS to be produced
from bio-based succinic acid, which can be derived from
renewable feedstocks such as sucrose, glucose, and glycerol.

With diverse applications ranging from biomedical devices
to food packaging, aliphatic polyesters are essential in redu-
cing the environmental impact of single-use plastics, paving
the way toward a more sustainable future.® Among this
family, PCL, PLA, and PBS are the most prominent commercial
examples. These polymers are semi-crystalline and show a
wide range of crystallization and melting temperatures,
degrees of crystallinity (X.), degradation rates, permeability,
processability, and mechanical performance.'®*°

Notably, PBS combines a relatively high melting tempera-
ture with mechanical toughness, unlike PLA, which is more
brittle. This balance enables PBS to meet application needs
where PLA’s fragility is a limitation, broadening the range of
functional biodegradable polymers. The availability of mul-
tiple complementary biodegradable materials—each with dis-
tinct property profiles—provides practical and versatile alterna-
tives to conventional non-biodegradable plastics. However,
PBS’s relatively high X. can slow hydrolytic degradation,
posing a key challenge for its wider adoption.

Researchers have employed various strategies to enhance
the properties of PBS-based materials, such as blending, copo-
lymerization, and the incorporation of fillers. Since the succi-
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nate moiety is critical in imparting many favorable properties
to PBS, chain length modifications could offer a broader spec-
trum of properties, including accelerated degradation. For
instance, polyethylene terephthalate (PET) is a widely used
polymer for beverage bottles, textiles, and other applications,
whereas polybutylene terephthalate (PBT), differing in only 2
CH, units, is more flexible and possesses faster crystallization,
finding applications in automotive parts, consumer goods,
among others.”" This reveals a distinct performance difference
between PET and PBT, resulting from adding just two methyl-
ene units. Another interesting example is poly(3-hydroxybuty-
rate) (P3HB), which exhibits a melting temperature (Ty,) of
around 175 °C. In contrast, poly(4-hydroxybutyrate) (PAHB),
with only one additional CH, unit, has a Tm of around 60 °C,
similar to that of PCL. Despite the promising potential for
developing high-performance materials through this approach,
i.e., modifications of the chain length, such changes have yet
to be thoroughly explored within the polysuccinate family.
Furthermore, from the crystallization behavior perspective,
repeating unit chain length variations may give rise to intri-
guing phenomena, such as the even-odd effect, which can
influence the material’s overall performance.

The even-odd effect, as recently reviewed,?® refers to the
alternation of solid-state properties, such as melting and crys-
tallization (T.) temperatures, crystallization kinetics,*>® as
well as mechanical®®*” and optical®® properties, based on
whether the chain length (ncy,) is even or odd. Generally, the
properties of even-numbered CH, chains are higher than those
of odd-numbered ones, impacting chain packing within crys-
tals and altering thermal transitions and unit cell parameters.
While liquid state properties, like boiling points, increase line-
arly with ncy, the influence of the even-odd effect is particu-
larly noted in thermotropic liquid crystalline phases,
n-alkanes, and specific functionalized compounds. This effect
is less studied in aliphatic linear polymers due to its weaker
manifestation and limited research on polymer families with
extensive CH, units. In recent years, the molecular origins of
the even-odd effect have been explored for several polymer
families, such as polyethers,>>?° polycarbonates,?*°
polyamides,*"*> but only a few reported cases are related to
the even-odd effect in aliphatic polyesters.>*>>3

In aliphatic polyesters, recent investigations have high-
lighted the influence of modifications in the diacid and/or
diol components on polymer properties. A notable study by
Soccio et al.>* examined polyesters synthesized from 1,3-propa-
nediol and aliphatic dicarboxylic acids of varying chain
lengths (with ncy, values of 2, 3, 4, and 7), revealing a distinct
odd-even effect in their findings. Similarly, Lu et al.>* explored
polyesters derived from 1,5-pentanediol and aliphatic diacids
ranging from ncy, = 2 to 10, ie., 2 to 4, 7, 8, and 10, where
they observed an even-odd effect. In both studies, the acid
component of the repeating unit was varied while maintaining
a constant diol, underscoring the significant role of diol chain
length, even as similar variations in the diacid part were
employed. Notably, the maximum consecutive variation of
ncy, reported in these works spanned from 2 to 4, encompass-
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ing only three consecutive polymers. In addition, Pan et al.**
recently studied long-space aliphatic polyesters, which are typi-
cally sustainable polyethylene-like polymers, keeping the ethyl-
ene glycol part constant and varying the diacid part with ncy,
=9 to 18, obtaining an even-odd effect. However, their study
aimed to form hexagonal and orthorhombic crystals when the
samples were quenched from the melt to different crystalliza-
tion temperatures. A similar approach, in the sense of using
high n¢y,, has been employed by Alamo ez al.* using aliphatic
polyesters denoted as PEX, Y, where X is the ncy, in the diol
part and Y in the diacid part for studying their crystallization
rate minima. In these materials, an even-odd effect was
observed when Y was 12 and 18, and X was varied between 2
and 6. In contrast, the increase in thermal transitions was
linear for X = 10, 12, and 18. However, in this case, the lack of
an odd number of n¢y, makes it difficult to conclude whether
the even-odd effect is saturated beyond X > 6.

Conversely, a different approach involves varying the length
of the aliphatic diol while keeping a consistent succinic acid
unit, a strategy used in this study. Papageorgiou and Bikiaris*®
synthesized polysuccinates using diols with ncy, values of 2, 3,
and 4. They observed a strong even-odd effect, with slower
crystallization kinetics for poly(propylene succinate) (PPS)
compared to poly(ethylene succinate) (PES) and PBS. In a later
study, Bikiaris et al®® synthesized polysuccinates through
multi-step polycondensation using diols with even ncy, values
of 2, 4, 6, 8, and 10. Although these materials showed interest-
ing properties, the odd members were not examined. As a
result, the variation of ncy, values related to the even-odd
effect remains limited to 2-4, revealing a research gap, since
phenomena such as saturation of the even-odd effect, already
seen in other aliphatic polycarbonates***° and polyethers,**°
may not have been fully explored for polysuccinates. Therefore,
there is an important need for systematic studies on polysucci-
nates with longer diol chains, especially considering their
potential for creating high-performance polymers and random
copolymers,®”*® as recently shown by Safari et al.*®

In the present work, the synthesis of aliphatic polyesters
from dimethyl succinate and linear diols with methylene
chain lengths ranging from 2 to 12 was successfully achieved.
Our innovative, sustainable bulk polymerization method
minimizes solvent use and employs low-toxicity catalysts, pro-
ducing only harmless methanol as a byproduct. We thoroughly
characterize these polyesters, focusing on their thermal
properties, crystalline structures, and morphology while corre-
lating these properties with the alkyl chain length. Notably,
this research is the first systematic investigation of polysucci-
nates with up to 12 CH, units, including an analysis of
odd-chain samples to understand the even-odd behavior
better. Our findings enhance the understanding of repeating
unit chain length, crystallization, and molecular ordering,
paving the way for developing biobased semi-crystalline
and potentially biodegradable polymers with tailored
thermal and mechanical properties, thereby expanding
their applications in environmentally sustainable materials
science.

15550 | Green Chem., 2025, 27, 15548-15567

View Article Online

Green Chemistry

2. Experimental
2.1. Materials

Dimethyl succinate (DMS), 1,2-ethanediol (D2), 1,3-propane-
diol (D3), 1,4-butanediol (D4), 1,5-pentanediol (D5), 1,6-hexa-
nediol (D6), 1,7-heptanediol (D7), 1,8-octanediol (D8), 1,9-non-
anediol (D9), 1,10-decanediol (D10), 1,11-undecanediol (D11),
1,12-dodecanediol (D12) and titanium isopropoxide (TTP) were
used without any further treatment (Sigma-Aldrich).

2.2. Polyesters synthesis

Synthesis of polyesters with varying methylene chain lengths
was carried out via bulk polymerization of dimethyl succinate
(DMS, 1.1 mmol) and a selected a,w-aliphatic diol (1.0 mmol),
with the diol chain (Dncy,) length ranging from ncy, = 2 to
12 methylene units depending on the target polyester. The
different polysuccinates will be named PEncy,, where the ncy,
indicates the number of methylene units of the diol part.

The polymerization procedure consisted of two main stages.
For illustrative purposes, the synthesis of poly(dodecamethylene
succinate) (PE12) is described in detail. DMS and D12 were
introduced into a 50 mL three-necked round-bottom flask
equipped with mechanical stirring (60 rpm) and immersed in a
thermostated silicon oil bath, preheated to 160 °C under a nitro-
gen atmosphere. Once a homogeneous melt was obtained, TTP
(0.00005 mmol) was added as a catalyst. The reaction was main-
tained under these conditions for 3 hours. Subsequently, the
temperature was gradually increased to 220 °C in 10 °C incre-
ments while progressively applying vacuum to prevent foaming
and reduce the sublimation of oligomers. The final stage was
conducted at 220 °C under high vacuum (10~ mbar) and con-
tinuous stirring (60 rpm) for 3 hours. After this step, the material
was extracted and stored in a freezer (—4 °C). This two-step pro-
cedure was similarly applied to synthesize all other polyesters in
the series, obtaining the materials listed in Table 1. More details
are given in Section 3.1.

Table 1 Sample name code and number of methylene groups in the
main chain of the different samples. Molecular characteristics of the
samples: number and Weight average molecular weight, M,, and M,,,
respectively, and dispersity B (M,,/M,))

Molecular weight”

Sample name N, M, (g mol™) M,, (g mol™) b

PE2 2 15600 29150 1.9
PE3 3 21650 41950 2.0
PE4 4 32700 70300 2.2
PE5 5 33031 61980 1.9
PE6 6 16 568 36603 2.2
PE7 7 50469 90138 1.8
PES8 8 23050 56 900 2.5
PE9 9 31400 84 600 2.7
PE10 10 28 050 92 050 3.3
PE11 11 28400 62200 2.2
PE12 12 11950 56 200 4.7

“M,, M, and D were estimated by GPC.

This journal is © The Royal Society of Chemistry 2025
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2.3. Characterization

2.3.1. Nuclear magnetic resonance (NMR). "H NMR spectra
were obtained using a Bruker AMX-300 NMR instrument oper-
ating at 300.1 MHz frequencies. Samples were dissolved in
deuterated chloroform, with TMS as the internal reference.

2.3.2. Gel permeation chromatography (GPC). Molecular
weights and dispersities were determined using GPC con-
ducted at 35 °C with a Waters system equipped with a refrac-
tive index detector and poly(methyl methacrylate) (PMMA)
standards. Samples were chromatographed using 0.05 M
sodium trifluoroacetate-hexafluoroisopropanol (NaTFA-HFIP)
as the eluent, employing a linear column packed with poly
(styrene-co-divinylbenzene) at a flow rate of 0.5 mL min™".

2.3.3. Differential scanning calorimetry (DSC). DSC experi-
ments were performed using a PerkinElmer 8500 calorimeter
equipped with a refrigerated cooling system, Intracooler 3,
under a nitrogen atmosphere flow of 20 mL min~" and cali-
brated with high-purity indium and tin standards. All samples,
with an approximate weight of 3-5 mg per sample, were her-
metically sealed in standard aluminum pans to be tested in
the DSC. The employed thermal protocols are described below.

Non-isothermal experiments

Non-isothermal experiments were performed according to the
following protocol: (1) Heating from room temperature to a
temperature T = 30 °C above the melting temperature (Ty,)
(first heating) of the tested sample, and held for 3 min to
erase thermal history. (2) Cooling from the melt to —40 °C at
20 °C min™". (3) Holding the temperature at —40 °C for 1 min
for stabilization or conditioning, and (4) Subsequently heating
the samples (second heating) to 7. The thermal transitions
(crystallization and melting temperatures) and enthalpies were
determined from DSC curves generated in the (2) cooling and
(4) second heating steps.

The glass transition temperature (Ty) was determined using
the same protocol as above, except for the second step (2),
where a ballistic cooling rate, the fastest rate of the equipment,
was applied to promote the formation of a larger amorphous
phase.

Isothermal crystallization experiments

To accurately perform isothermal crystallization experiments,
the minimum crystallization temperature (7. min) must first be
determined. T¢min is defined as the lowest temperature to
which the sample can be cooled from the melt without under-
going crystallization during rapid cooling (60 °C min™"). This
value was measured following the standard thermal protocol
(Section S1.1) developed previously,’® which was recently
reviewed.*"

Once T min has been established, isothermal crystallization
experiments can be conducted at temperatures equal to or
higher than this threshold (T, > T¢ min). The isothermal proto-
col involves erasing the thermal history, i.e., 3 min at 7, and
then quenched rapidly (i.e., 60 °C min™') to the selected T,
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and maintaining at this temperature until crystallization is
complete. Finally, the sample is heated at 20 °C min™" to T.

The melting endotherm observed after the isothermal step
corresponds exclusively to the crystals formed at the selected
T., allowing for accurate application of the Hoffman-Weeks
method. By plotting T,, as a function of T, the equilibrium
melting temperature (T,,) can be determined through linear
extrapolation of the data.

Due to the slow crystallization rate of PE3 and PE5, a step-
wise isothermal crystallization at selected 7. values was per-
formed on these samples, as described in Section S1.2 and
reviewed in ref. 41.

Self-nucleation (SN) experiments

SN is a thermal technique used to generate self-seeds or self-
nuclei within the polymer melt, thereby significantly increas-
ing the nucleation density. Fundamentally, the most efficient
nucleating agents for a polymer are fragments of its own crys-
tals or chain segments that retain a residual chain
orientation.****

SN experiments were conducted following a well-established
protocol described in previous works.*>* The procedure
involves the following steps: (1) Erasure of thermal history for
3 min at T (2) Standardization of thermal history by cooling at
20 °C min~" to —40 °C. (3) Heating at 20 °C min~" to a selected
SN temperature (T). (4) Hold T for a SN time, ¢, of 5 min. (5)
Cooling from T, at 20 °C min ', during which the effects of
the thermal treatment at T are manifested. (6) Conditioning at
—40 °C for 1 min. (7) A subsequent heating scan at 20 °C
min~" to assess changes provoked by step (4) in the melting
behavior. The selected Ts values span the full melting
endotherm of the material and extend beyond the end of the
melting peak (T ena). Depending on the thermal response
observed during the subsequent cooling and heating after
5 min at Ty, three main SN domains®® can be identified:
Domain I, Domain II, and Domain III, along with two subdo-
mains, Domain Ila and Domain IIb, defined by Miiller et al. ***®
More details are provided in Section S1.3.

Successive self-nucleation and annealing (SSA)

SSA experiments were carried out following the protocol
recently reviewed by Miiller et al.”’~>° Steps 1 to 6 of the SSA
protocol are identical to those of the SN protocol, except for
the selection of the Ty. For qualitative comparison across all
samples, we applied the SSA qualitative approach, selecting
the highest T jqea1 among all samples, as the starting T for the
SSA protocol.

The T gea corresponds to the lowest T within Domain I,
i.e., the T, that induces the highest crystallization temperature
without annealing. In step 7, the sample was heated to Ty =
Ts,ideal — 5 °C, instead of T as in the SN protocol, thereby pre-
serving the thermal history. This defines the fractionation
window, which was 5 °C in this study, though values of 2.5
and 10 °C have also been reported.>>*! It is worth noting that
the time at Ty, ¢t; = 5 min, is the optimal time in a standard
DSC, as defined previously.”*"
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Subsequent fractionation steps (4 to 7) were repeated with
progressively lower T values (e.g., Tsy = Tsy — 5 °C, Tz = Tsp —
5 ©°C, etc.) until the full melting range was covered (90 to
30 °C). After completing the fractionation process, a final SSA
heating scan was performed to reveal the resulting fractions.
All heating scans were conducted at 20 °C min™".

Since PE3 and PE5 crystallize slowly from the melt, the
samples were crystallized isothermally at T, and then directly
heated to the starting T avoiding the complete melting of the
crystals, representing a slight modification of the SSA protocol.
However, in our discussion, we indicate that the obtained SSA
final heating is employed for comparison purposes.

2.3.4. Micro-differential scanning calorimetry (micro DSC).
Due to the low crystallization rates of PE3 and PE5, the non-
isothermal experiments were performed using a Micro Calvet
VII microcalorimeter (Setaram) equipped with a double-stage
temperature control with a Peltier cooler. Hastelloy C276
vessels with an elastomer O-ring (NBR) were employed for the
measurements. The sample cell was filled with the polyesters,
and the reference cell was empty. The heating and cooling
scans from —20 to 60 °C were recorded at cooling rates of
0.1 °C min™" and heating rate of 1 °C min™".

2.3.5. In situ synchrotron fourier transform infrared spec-
troscopy (FT-IR). In situ FT-IR experiments were conducted to
analyze all the samples from 4000 to 400 cm™". All samples
were previously dissolved in chloroform (2 mg in 0.5 mL) and
deposited in calcium fluoride (CaF,) plates (22 mm diameter,
0.5 mm thickness) using spin coating (Laurell). FT-IR was per-
formed at the BLO1-MIRAS infrared beamline at the ALBA
Synchrotron facility in Barcelona, Spain. A Hyperion
3000 microscope coupled to a Vertex 70 spectrometer (Bruker,
Germany) was used, operating at a resolution of 4 cm™" with
256 co-added scans per spectrum. This setup enabled real-
time, temperature-dependent measurements to investigate
how conformational changes and intermolecular interactions
influence crystallization behavior. FT-IR absorption spectra
were recorded at —40 °C using a Linkam FT-IR600 hot stage
equipped with a liquid nitrogen cooling system after cooling
the samples from the melt at a rate of 20 °C min™". For PE3
and PES5, the spectra were recorded at room temperature (RT)
after a isothermal crystallization at their respective T..

2.3.6. Synchrotron radiation X-ray diffraction. In situ Wide-
and Small-Angle X-ray Scattering (WAXS/SAXS) experiments
were conducted under non-isothermal conditions at beamline
BL11-NCD of the ALBA Synchrotron (Barcelona, Spain).
Samples were mounted in standard DSC pans and placed
within a Linkam THM600 heating stage equipped with a
liquid nitrogen cooling system. The thermal protocol matched
that used in the DSC measurements, as previously described.
Diffraction patterns were acquired every 1 °C with an exposure
time of 2 s and a latency of 1 s. X-rays were generated at 12.4
keV (A = 1.0 A). For WAXS measurements, a Rayonix LX255-HS
detector (active area: 230.4 x 76.8 mm?; pixel size: 44 pm?) was
positioned 15.5 mm from the sample with a tilt angle of 27.3°.
SAXS data were also collected using a Pilatus3 1M detector
(active area: 168.7 x 179.4 mm?; 981 x 1043 pixels; pixel size:
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172 x 172 pm?; frame rate: 25 frames per second) at a sample-
detector distance of 6463 mm. Scattering intensity was plotted
as a function of the scattering vector, ¢ = 4z sin 6/4, where 1 =
1 A and 26 is the scattering angle. Calibration was performed
using chromium(u) oxide (WAXS) standards.

2.3.7. Polarized light optical microscopy (PLOM). A PLOM
Olympus BX51, equipped with an Olympus SC50 digital
camera and a Linkam TP-91 hot stage, was used to observe
spherulite development. Films approximately 10 pm thick were
prepared by melting the samples between two glass slides. The
samples were submitted to an isothermal protocol, such as the
one used in DSC experiments, to obtain bigger spherulitic
sizes. Micrographs were taken at T, after a specific time that
allowed the formation of the spherulities.

3. Results

3.1. Even-odd effect from the lowest level: synthesis
procedure of polysuccinates

Fig. 1 illustrates the synthetic route for the preparation of
PE12, which is used as a representative example for the poly-
ester series. The route involves a two-step bulk polymerization
process. In the first step, a transesterification reaction occurs
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Fig. 1 Synthetic route for the preparation of PE12. *H-NMR spectra of
the DMS and D12 monomers and both PE12, before and after the poly-
condensation step, were included.
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between DMS and D12 in a 1.1:1 molar ratio, respectively. The
monomers were introduced into a 50 mL three-necked round-
bottom flask and heated to 160 °C under a nitrogen atmo-
sphere with mechanical stirring (60 rpm) until a homogeneous
melt was obtained. TTP (0.00005 mmol) was then added as a
catalyst, and the reaction proceeded under these conditions
for 3 hours.

During transesterification, the -CH; resonance from DMS
at 3.70 ppm gradually decreased, indicating the formation and
removal of methanol (MeOH) via the nitrogen purge.
Concurrently, a new signal appeared at 4.10 ppm, corres-
ponding to the ~-CH,-O- formed. The complete disappearance
of the methyl signal and the appearance of the new -CH,-O-
peak, as shown in the "H NMR spectrum after the first reaction
step (Fig. 1), confirmed the full conversion of the reaction.
This quantitative conversion is particularly notable given the
very low catalyst concentration used. Additionally, a signal at
3.65 ppm was attributed to the terminal -CH,OH groups.

The second step involved polycondensation to increase the
molecular weight of the resulting polyester. The temperature
was gradually raised to 220 °C in 10 °C increments while pro-
gressively applying vacuum (down to 107> mbar) to avoid
foaming and minimize oligomer sublimation. After 3 hours
under these conditions, a high-molecular-weight polymer was
obtained. Fig. 1 shows the complete '"H NMR signal assign-
ment of the polyester after the two-step reaction, presenting
clear signals at 2.64 ppm and 4.10 ppm, assigned to -CH,-
COO- and -CH,-O- protons, respectively. Moreover, the
signals within the 1.20-1.70 ppm region were attributed to the
inner methylene protons (-CH,-). The absence of the
3.65 ppm signal in the final spectrum reflects the effective
chain extension during polycondensation, associated with
high molecular weight polymers.>*>?

Following this methodology, a series of aliphatic polyesters
with varying methylene chain lengths were synthesized.
Scheme 1 indicates the chemical modification (increase in the
ncy, number) between the samples. Table 1 summarizes the
polyester characteristics, showing the molecular weight values
measured by GPC, all in the ~30000 g mol™" range, suitable
for further thermal and structural characterization.

The "H NMR spectra of the entire series (Fig. S1) show a
consistent signal at 2.64 ppm (-CH,-COO-), while the region
between 4.00-4.30 ppm varies: poly(ethylene succinate) (PE2)
exhibits a singlet, attributed to the equivalent methylene
proton of the ethylene glycol unit, while longer-chain poly-
esters display a triplet corresponding to ~-CH,-O- protons. As
the number of methylene units increases, multiplets in the
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1.20-1.70 ppm region become more prominent due to the
growing —~CH,- segment content.”>”* Moreover, it is appreci-
able that a slight difference in the chemical shift of the peaks
can be associated with differences in the chain length. Fig. 2
displays the trend in chemical shifts for the two main reso-
nances (-CH,-O- and -CH,-COO-) across the polyester series.
An even-odd effect is evident, though this trend becomes less
pronounced at higher chain lengths. Still, this is our first
experimental evidence of an even-odd effect and the absence
of saturation for the analyzed series of polysuccinates.

3.1.1. A greener and more efficient route for poly(alkylene
succinate) synthesis. The described polymerization approach
for making polyesters with specific ncy, is eco-friendly. The
reagents used, DMS and aliphatic diols, are bio-based or sus-
tainably sourced, which helps lessen the environmental
impact of the process.

In the literature, most reported synthetic routes for poly
(alkylene succinates) use succinic acid (SA) as a monomer.**>®
However, SA exhibits very low solubility in aliphatic diols,
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Fig. 2 Chemical shift variation against the CH, number in the chain of
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Scheme 1 Polyester chemical structure, indicating the part of the structure modified in the different synthesized polyesters.
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causing phase separation during the reaction. Additionally,
incorporating hydroxyl acid units into the main chain
decreases the number of hydroxyl end-groups, which are
crucial for efficient transesterification.”® As a result, copoly-
merizations involving SA often show low polymerization
efficiency.®®®" Another issue with SA is that it produces water
as a by-product, which negatively impacts catalyst perform-
ance® and prolongs the reaction due to the difficulty of remov-
ing water.

Using DMS instead of SA overcomes these limitations. The
reaction occurs without phase separation and yields methanol
as the only by-product, which is easily removed and does not
affect catalyst performance. Additionally, DMS has a much
lower melting temperature (T, = 19 °C) than SA (T}, = 185 °C),
enabling a lower reaction temperature in the first step. While
polymerization with SA requires 190 °C (ref. 54-57) or even
225 °C (ref. 59) to fully melt the acid component, the DMS-
based process works effectively at 160 °C during this initial
phase.

In addition, the stirring speed is decreased from 500 rpm,
as commonly reported in the literature,>*” to 60 rpm in this
work, without affecting polymer yield or quality. Klonos et al.®?
used DMS for the synthesis of PE6, PES, and PE10; however,
they performed the initial step in two consecutive heating
stages (180 °C and 190 °C for 2 hours each, repeated twice),
achieving similar M, but with higher energy consumption.
Similarly, Shirahama et al.** synthesize PE4 under comparable
conditions but required a higher catalyst loading (0.2% mol)
to reach similar M,, values.

To evaluate the efficiency and environmental performance
of our DMS-based solvent-free process, a comparison of key
synthesis parameters (reaction temperature, time, stirring
speed, catalyst loading, and M,,) with relevant literature reports
is included in Table S1 (Section S2). This analysis highlights
the substantial reductions in energy consumption, catalyst
use, and processing time achieved in this work.

In previously reported syntheses of poly(alkylene succinate),
the second step is usually carried out at 230 °C for 5 hours,
resulting in a M, of approximately 6500 g mol~.>>*”%> Only
after extending the reaction to 20 hours at this temperature
was a M, of about 30000 g mol™" achieved.>® Due to these
long reaction times and high temperatures, a heat stabilizer,
such as polyphosphoric acid, is often needed.

By contrast, in the synthetic route presented in this work,
optimized reagent ratios and conditions enable shorter reac-
tion times (3 hours) at a lower temperature (220 °C), without
using any heat stabilizer. This protocol, therefore, yields poly-
esters with M,, ~ 30000 g mol™* while reducing both energy
consumption and overall processing time.

Importantly, a low-toxicity catalyst was used in small
amounts due to its high catalytic efficiency. Titanium (Ti) cata-
lysts are known to outperform other organometallic (Zr, Sn,
Hf, and Bi) and metal oxide (Ge and Sb) systems in PE4 syn-
thesis.>® Specifically, titanium(v) isopropoxide was chosen for
its excellent catalytic efficiency at very low concentrations,
enabling rapid polycondensation while reducing metal resi-
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dues. This synthesis uses lower diol/catalyst ratios (1/0.00005)
than those commonly reported in the literature (1/0.002),>*%*
effectively reducing any potential leaching. Although catalyst
recovery was not measured, the combination of minimal
loading and solvent-free operation ensures a negligible
environmental impact. As mentioned earlier, methanol is the
only by-product, which is easily removed, resulting in a clean,
low-waste process.

To date, only the synthesis of poly (propylene succinate)
(PE3),”” ie, odd-numbered, and even poly (alkylene
succinate),?34736°863.64 ;o ' PE2  PE4, PE6, PES, and
PE10 have been reported. The present work not only improves
these existing routes but also extends the methodology to odd-
numbered (PE5, PE7, PE9, and PE11) poly(alkylene succinate)s
and PE12. This sustainable strategy enables the preparation of
a wide range of polyesters, facilitating systematic studies on
chain-length effects in new bio-based and potentially bio-
degradable materials. It should be noted, however, that the
biodegradability of these polymers requires further investi-
gation in future work.

3.2. Standard crystallization conditions: non-isothermal DSC

The thermal properties of the synthesized polysuccinates were
investigated through non-isothermal DSC experiments. Fig. 3
displays the cooling (Fig. 3a) and second heating (Fig. 3b) DSC
scans for all the samples, conducted at a 20 °C min~" scanning
rate. For comparison purposes, Fig. 3 includes PE3 and PE5
samples tested in a micro-DSC. Under standard DSC con-
ditions, these samples cannot crystallize due to their slow crys-
tallization. Thus, they were tested using a cooling rate of 0.1 °C
min~" and a heating rate of 1 °C min~" in the micro-DSC. The
corresponding thermal transition values are summarized in
Table S2.

Fig. 3a shows that despite the slow crystallization of PE3
and PES5, all the samples can crystallize regardless of the ncy,
displaying a single T.. This T. does not increase as ncp,
increases but instead shifts to higher or lower T, depending on
the even or odd nature of the samples. Fig. 3b shows the
second heating scans, in which various samples display several
endothermic and even exothermic peaks, which can be attribu-
ted to cold-crystallization, ie., PE2, and recrystallization
process, e.g., PE4, as shown in Fig. S2. However, in general, the
main endothermic peak corresponds to the T,, which also
alternates between low and high values depending on the even
or odd nature of the sample. This behavior corresponds to an
even-odd effect, which is better analyzed by plotting the first-
order transition temperature versus nicy,, as shown in Fig. 4a.

Before discussing the alternation of the thermal transitions
detected in the cooling and second heating DSC scans, we will
briefly discuss the nature of the additional peaks detected in
the second heating DSC scans. PE2 shows an exothermic peak
at low temperatures corresponding to a cold-crystallization
process since not all the material was able to crystallize during
the cooling step at 20 °C min~". Next, the following exothermic
peak corresponds to a recrystallization process similar to that
displayed by PE4, which is in line with the literature.®® The

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5gc05522a

Published on 20 1404. Downloaded on 06/12/1404 06:54:08 ..

Green Chemistry

Raut)

Heat flow endo up
4

eV :

< PE11

5Wig

‘ - PE12

]

0 20 40 60 80 100
Temperature (°C)

5z 0

View Article Online

Paper
b)

[ N I ) " ) \ "]
St PEZH " !
] /N . !
O beocr” S . PE3 —»-
Glree
_% _______ A e
:: L<—PE6 J\ E
o [—rer N\ ]
I

5 Wy

0 20 4I0 GIO 8I0 160 12IO
Temperature (°C)

Fig. 3 Non-isothermal (a) cooling and (b) subsequent heating scans for all the samples. In the case of PE3 and PES5, indicated with dashed lines,
they were measured using a Calvet microcalorimeter at 0.1 °C min~* cooling rate and 1 °C min~! heating rate, while the rest of the samples were

measured by DSC at 20 °C min~* cooling and heating rate.

a) b)
i ,! W T, (even) 1 ]
110 ' B T (odd) 6ol /I |
1
100} n e @ T, (even)| . ;
ool ,"l @ T,(odd) | ] 56r I
! 1 \ | f
gop |\ 1t 1 Lo ]
o [\ e Rl !
<70 v O/li ; . i
o Vg n, — 48} v N T, J
3 60t Vg = Sz @1 XN /4 1
© [N | , = “ ‘ g i
o Y /
© 50t i ol /!\., o | X4u4p 1 ) & 1
\
§ | ®4 1 /Q\ / ] ! /
= Y ¢ RN 401 \ ! .
30f ' 1o : \ !
‘\ ;‘ ‘| /Q /I ‘ \ ’!\I
of N\ 1 I '
10+ A ‘\/I 1 32 ‘|/
o} A ] A

Nepp
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X. variation as a function of ncy,. A color code is used to distinguish even-numbered (brown) and odd-numbered (blue) samples.

PE3 also shows multiple endothermic peaks, which are chal-
lenging to investigate due to the slow crystallization of this
material, and such studies are not the aim of this article.
Regarding the PE9 and PE11 samples, they show two endother-
mic peaks, which, according to our experimental evidence, pre-
sented in this work below by using various techniques, can be
attributed to the melting of crystals at low temperatures, fol-
lowed or even overlapped by a solid-solid transition that
requires further investigation. Hence, despite showing the

This journal is © The Royal Society of Chemistry 2025

value of each peak in Fig. 4a, we consider the first low-temp-
erature peak to be the melting point of the crystals, while the
peak at high-temperature (probably associated with a revers-
ible solid-solid transition, see below) is plotted for reference
purposes. This assignment is supported not only by experi-
mental evidence but also by the overall trend observed
throughout this work, further confirming its validity.

Fig. 4a shows the T. and Ty, vs. ncy, of the diol segment.
Both thermal transitions show the typical alternation or zigzag

Green Chem., 2025, 27,15548-15567 | 15555


https://doi.org/10.1039/d5gc05522a

Published on 20 1404. Downloaded on 06/12/1404 06:54:08 ..

Paper

trend expected for an even-odd effect. In this case, polysucci-
nates formed by even number of ncy, exhibit higher thermal
transitions than the odd-numbered counterparts.

Fig. 4a shows that the even-odd effect is not saturated
despite reaching ncy, values as high as ncy, = 12. The first
melting peak in PE9 and PE11 (square symbols) was con-
sidered the main fusion process of the crystals, while the
second peak (rhombus symbols) corresponds to a solid-solid
transition process that needs further research to be under-
stood. Moreover, it is important to highlight that when only
odd or even samples are considered, a linear increase of Ty, as
a function of ncy, is expected—a trend that holds when the
first endothermic peak for PE9 and PE11 is used. In contrast,
considering the second peak leads to a clear deviation from
this expected trend, further supporting the notion that it does
not correspond to a typical melting event. Nonetheless,
additional analysis is required to fully understand the nature
of this second peak.

Judging by the significant differences in 7. and T, the
intermolecular interactions are stronger for ncy, = 2 to 4. For
ncu, > 4, the differences between transitions are lower, but the
even-odd effect remains, showing an increasing trend of the
T. and Ty as ncy, increases. The absence of a saturation
region may be associated with persistent and strong dipole—
dipole interactions between carbonyl (C=O) groups, which
continue to influence chain ordering at extended chain
lengths. Moreover, considering that as the ncy, increases, the
material will converge or eventually behave as a polyethylene
chain, the obtained T, are still far from that of polyethylene.
Therefore, in case a saturation exists, it should be found at a
much larger ncy,. This topic falls outside the scope of this
article and requires further investigation. It can be considered
a topic that belongs to the long-spaced polyesters, in which sat-
uration has not been reported even with ncg, = 19.*

Using the second heating DSC scans, each sample’s X. was
calculated (eqn (S1)) and plotted in Fig. 4b. As detailed in
Section S3, due to the unknown equilibrium properties of
most PEncy,, the equilibrium melting enthalpy was estimated
using the group contribution theory of Van Krevelen.®” (more
details in eqn (S2) and Section S3). An even-odd trend is
observed, with X. values ranging from approximately 30 to
60%. In some cases, incorporating a single additional methyl-
ene group results in a difference in crystallinity of nearly 10%,
which can significantly impact the material’s ultimate pro-
perties. These results highlight the importance of studying
material thermal properties, as X, significantly affects mechan-
ical properties, permeability, and biodegradation, impacting
overall performance.

The T, was evaluated via DSC following ballistic cooling
(Fig. S3). The persistence of the even-odd trend in T, values
shows the high crystallization capacity of the polyesters (except
PE3 and PES5). In principle, an alternation of the T, values is
not expected; however, it has been reported for PET, as its T,
values are sensitive to different factors. In general, one of these
factors is the sensitivity of T, to crystallization, which might
lead to certain deviations. For polysuccinates, as is mentioned
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before, there are samples with a high capacity to crystallize,
which can crystallize even when ballistic cooling is employed,
and thus affect the T, values. On the other hand, samples like
PE3 and PE5 cannot crystallize at a fast cooling rate; therefore,
their T, is not influenced or limited by the presence of crystals.
In this context, it is important to note that cooling conditions
might influence the even-odd effect observed in T, values.
Overall, polysuccinates exhibit a persistent even-odd effect of
their thermal transitions and X, which is more pronounced for
short diol segments (ncy, = 2-4), and gradually decreases but
remains detectable as the chain length increases.

3.3. X-rays analysis

WAXS measurements were performed to gain further insights
into the even-odd effect in PEncys. Fig. 5a shows the WAXS
patterns collected at —40 °C after cooling the samples from the
melt at a rate of 20 °C min~". As PE3 and PE5 do not crystallize
under these standard cooling conditions, their WAXS spectra
were obtained at RT after isothermal crystallization at their
respective peak T, values obtained during slow cooling in the
micro-Calorimeter.

Fig. 5 can be divided into two regions containing different
WAXS patterns. For ncy, = 2 to 5, the significant differences
between WAXS patterns can be interpreted as originating from
different unit cells, provoked by the significant differences in
intermolecular interactions evidenced by FT-IR experiments
shown in the next section. For example, the PE2 and PE4
possess different unit cells, i.e., orthorhombic vs. monoclinic.

As far as we are aware, the crystalline structure of aliphatic
PEncy,s has only been reported for PE2°® and PE4.°” Ueda
et al.®® assigned the diffraction peaks of PE2 to an ortho-
rhombic unit cell with @ = 7.60 A, b = 10.75 A, and c (fiber axis)
= 8.33 A, with main reflections due to diffraction from (021),
(121), and (200) planes. Ichikawa et al® identified two
different crystal unit forms in PE4, namely a- and f-form,
being both monoclinic, a different unit cell to the one reported
for PE2 (orthorhombic). The a-form, which is the one obtained
in this work, has unit cell parameters equal to a = 0.523 nm, b
=0.912 nm, ¢ (fiber axis) = 1.090 nm, and § = 123.9°, with their
main peaks corresponding to the (020) and (110) planes. The
p-form is induced only under mechanical stress, and more
details can be found in ref. 69. Beyond these two examples,
crystallographic information for other polysuccinates remains
scarce, underscoring the need for further investigation. These
structural studies are essential to fully understand structure-
property relationships and will be addressed in future work.
Still, Fig. 5a clearly shows that PE3 displays two main peaks at
g values different from those of PE2 and PE4, while PE5 seems
to possess an extra peak, which can be attributed to different
unit cells. Therefore, despite having different thermal his-
tories, there appears to be alternation of unit cells for ncy,
between 2 and 5, as reported for other systems, i.e., monoclinic
vs. orthorhombic unit cells, like aliphatic polyethers and
polycarbonates.**?

For ncy, > 5, the WAXS patterns are similar, showing two
main diffraction peaks. Klonos et al.*® also found two similar

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) WAXS patterns for all the samples. The dashed line corresponds to the WAXS patterns of samples obtained at RT after an isothermal crys-
tallization at their respective T, while the rest of the samples’ WAXS patterns (solid lines) was taken at —40 °C after cooling from the melt at 20 °C
min~t. The q positions are associated with specific reported planes, as in PE2 and PE4, while those q positions that correspond to unreported planes
are indicated with an arbitrary notation. (b) d-spacing as a function of ncy,. Different symbols are employed for ncy, < 5, due to the estimated
d-spacing corresponding to different unit cells, while the same symbol is employed for dpaner and dpanen because we assumed these samples crys-
tallize with the same unit cell. A color code is used to distinguish even-numbered (brown) and odd-numbered (blue) samples.

main diffraction peaks for PE6, PE8, and PE10, but they
focused on the X, estimations. These two diffraction peaks are
similar to those exhibited by polyethylene, which crystallizes
in an orthorhombic unit cell where the reflections due to scat-
tering from the (200) and (110) crystal planes correspond to
lattice spacing of 0.37 and 0.41 nm, respectively.”® The crystal-
lization in a unit cell similar to PE supports our previous
hypothesis that the even-odd effect is weakened in this region,
and this is probably the cause for a higher dominance of the
methylene groups that possess weaker intermolecular inter-
actions than the ester groups. In fact, in other reported
systems with an even-odd effect, the appearance of a PE-like
unit cell indicates the saturation region. However, in PEncy,s,
despite this, Fig. 5a clearly shows that the main planes of each
PEncy, vary their position depending on the even or odd
nature of the polymer. This behavior is better visualized when
we estimate the d-spacing values and plot them as a function
of ncy, of the glycol units in Fig. 5b.

Fig. 5b shows the d-spacing values estimated using Bragg’s
law. Data points corresponding to PE3 and PE5, obtained via
isothermal crystallization, are represented by triangle symbols
for both reflection planes. For short alkyl chains (ncy, = 2 and
4), different symbols are also employed to illustrate that the
d-spacing has originated from different unit cells. Thus, for
this region, ncy, = 2 to 5, there is an alternation of unit cells,
in line with the findings of other systems. However, in this
case, further investigation is needed to determine the unit cell
of these materials. Still, judging by the d-spacing, the even
samples seem to be more efficiently packaged (lower
d-spacing) than the odd ones, and this is reflected in their

This journal is © The Royal Society of Chemistry 2025

thermal transitions and crystallization kinetics, as shown in
the next section.

When ncy, > 5, the WAXS patterns shown in Fig. 5a
resemble each other, indicating that the unit cell is the same;
consequently, we represent the d-spacing with the same
symbol. In this case, there is an alternation limited only to the
d-spacing instead of between different unit cells, as shown for
Ncy, < 5. A PE-like unit cell was also found in long-spaced poly-
esters by Pan et al.>* These authors kept the ethylene glycol
part constant and varied the diacid part between ncy, = 9 to 19
to obtain the long-spaced polyesters. They found the same PE-
like unit cell by quenching the samples from the melt to T, =
60 °C. Differences arose when T, of 0, 20, and 40 °C were used,
evidencing that depending on ncy, the samples can crystallize
in a hexagonal unit cell. This kind of transformation might be
present in polysuccinates, but further research is required to
prove this point. In any case, Pan et al>* do not focus their
attention on the even—odd effect of the long-spaced polyesters.

Fig. 5b for ncy, > 5 shows that, depending on the studied
plane, the d-spacing of the even samples is higher or lower
than that of the odd samples. The chain conformation in the
unit cell provokes these changes. Further details in this regard
are shown below in Section 3.4. Despite the differences in
d-spacing for ncy, > 5, the changes are not as significant as for
ncu, < 5; however, they still lead to a considerable alternation
in the properties studied in this work.

For PE9 and PE11, WAXS patterns recorded during the
second heating scan at 20 °C min™" (Fig. S4) were analyzed to
determine the source of their double endothermic peaks.
Although PE9 and PE11 behave similarly, we will use PE9 as a
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representative example to discuss the observed behavior.
During heating, the changes in the reflection at ¢ ~ 15 nm™*
are minor, whereas for the one at g ~ 17 nm™, in addition to a
slight shift in g position, a new reflection emerges at g ~
16.5 nm ™, at around 56 °C, close to the temperature at which
the second melting peak ends. Beyond this temperature, at
62 °C (Fig. S4), the new reflections persist, while the original
peak at ¢ ~ 17 nm ™" disappears. Subsequently, at higher temp-
eratures, iLe., near 80 °C, all remaining reflections disappear.
Although this unusual behavior requires further investigation,
it appears similar to a solid-solid transition, especially since
the high-temperature endothermic peak cannot be separated/
fractionated, as shown in the following sections. Further
details are provided in Section S4, including SAXS patterns
(Fig. S5). These patterns show a single peak, indicating a
monomodal distribution of lamellar thickness.

WAXS analysis shows that polysuccinates have an alternat-
ing unit cell pattern for short diol segments (ncy, < 5), while
longer chains form a PE-like unit cell where the even-odd
effect appears as subtle differences in d-spacing.

3.4. In situ synchrotron FT-IR analysis

The influence of the even-odd effect on the molecular confor-
mation of the polyester chains was further explored through
FT-IR at the synchrotron. Fig. 6 shows the complete FT-IR
spectra, i.e., 3750 to 750 cm™*, for all the samples recorded at
—40 °C after cooling from the melt at a rate of 20 °C min~". As
in WAXS measurements, PE3 and PE5 were measured at RT
after undergoing isothermal crystallization at their respective

T T
1330cm® 1165¢cm’
3450 cm’ 2945 cm’’

~ \‘ J 1045cm’
'PE12\1

1730 cm!
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' PE11
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Fig. 6 Synchrotron FT-IR spectra of PEncy,s in the 3750-750 cm™?

range at —40 °C after a cooling from the melt at 20 °C min~™. PE3 and
PES spectra was obtained at RT after an isothermal crystallization.
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T.. The main absorption bands observed for the polyesters are
marked in Fig. 6.

Characteristic signals include the asymmetric and sym-
metric deformation vibrations of -CH,~ groups at approxi-
mately 2945 cm™" and 1330 cm ™", respectively. The carbonyl
stretching vibration (C—=0) appears around 1730 cm™", while
the -C-O-C- and O-C-C- stretching vibrations are observed
near 1165 cm™ ' and 1045 cm ™", respectively. Additional minor
bands around 3450 cm™" and 920 cm™' can be attributed to
-C-OH and terminal -OH groups. However, these are not
clearly discernible due to the polymers’ high molecular weight
and low concentration of end groups.”*”7*

Notably, differences between even- and odd-numbered
samples are most evident in the regions corresponding to the
carbonyl stretching and the symmetric -CH,- deformation
vibrations. Considering the different unit cells for ncy, < 5, the
following comparisons focus on ncy, > 5 for clarity. Fig. 7 and
S6 present an expanded view of the carbonyl region
(1700-1780 cm™"), where the spectral shape provides insights
into chain packing. More ordered and densely packed crystal-
line regions typically yield sharper and more defined carbonyl
bands. As shown, samples with an even number of methylene
groups exhibit a distinct, well-defined peak (marked with a
brown arrow), whereas odd-numbered samples display either a
broadened peak or a split into two less resolved peaks (marked
with blue arrows). This behavior becomes less pronounced
with increasing chain length, consistent with a reduction in
the parity-driven effect.
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Fig. 7 Comparison of ncy, > 5 samples in the carbonyl (C=O) bands at

—40 °C after a cooling at 20 °C min~%. The arrows indicate the main
peaks.
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Fig. 8a focuses on the symmetric deformation of the -CH,-
group, centered around 1330 cm™'. Firstly, an increase in
signal intensity is observed with increasing alkyl chain length,
particularly among shorter-chain samples, likely due to a
greater contribution of methylene units.

Furthermore, a shift in peak position is observed among
the different samples. This trend is more clearly visualized in
Fig. 8b, where it is evident that even-numbered samples (from
ncu, = 6 to 12) consistently exhibit peak positions at lower
wavenumbers compared to their odd-numbered counterparts.
In principle, this red-shift can be interpreted as stronger inter-
actions; however, considering the groups involved, it can also
indicate weaker interactions, and, therefore, less energy is
needed to cause vibration. Consequently, in this case, since
PE2 and PE4—with stronger interactions—show absorption
bands at higher wavenumbers (Fig. S7), the shift to lower wave-
numbers could be seen as a weakening of the interactions,
which is more pronounced in the even samples. This trend
may seem counterintuitive based on previous experiments, but
it also highlights the complex behavior of the material for ncy,
> 5. Overall, synchrotron FT-IR analysis demonstrates that the
even-odd effect significantly influences chain conformation
and packing in polyesters. Even-numbered samples display
sharper carbonyl bands, indicating more ordered crystals, but
also exhibit a red-shift in —-CH,- deformation, suggesting
weaker intermolecular interactions when ncy, > 5.

According to the abovementioned results, it is demon-
strated that the intermolecular interactions have an influence
on the molecular conformation and hence their packing and
crystalline structure, showing that having an even or odd CH,
number in the repeating unit could have important relevance
in the microstructure and conformation of the material and
thereby in their final properties and performance.

This journal is © The Royal Society of Chemistry 2025

3.5. Crystallization kinetics: isothermal DSC measurements

The isothermal crystallization kinetics was investigated using
DSC and studied through the Avrami theory.”>”® The Avrami
equation that includes the induction time is shown in eqn (1),
following previous studies.**

1—Ve(t—to) = exp(—k(t — t,)") (1)

where V. is the relative volumetric transformed fraction (evalu-
ated at a specific time (¢ — ¢,)), t is the time of the experiment,
¢y is the induction time described below, k is the overall crystal-
lization rate constant, and n is the Avrami index, which
includes contributions from nucleation and crystal growth
geometry.

The isothermal curves analysis allows for obtaining infor-
mation from ¢,, which is, in fact, used to correctly apply the
Avrami theory, and the experimental overall half-crystallization
time (7509,), which contains information regarding the nuclea-
tion and growth processes. The t, is the time needed for
primary nucleation before any crystallization has started,””””°
and its inverse is equivalent to the initial primary nucleation
rate before growth starts. The ¢, and the 7549, can be automati-
cally obtained by using our free Crystallization Fit Origin ®
APP, as reviewed in our previous work.*!

Fig. 9a and b show 1/t, and the inverse of 7504, Which is
equivalent to an experimental value of the overall crystalliza-
tion rate, 1/7590, as a function of the isothermal T, respect-
ively, for all the polyesters except PE3 and PE5. These two
samples exhibited extremely slow crystallization kinetics,
making it unfeasible to analyze them under the standard iso-
thermal protocol. Instead, a stepwise isothermal crystallization
procedure (Section S1.2) was employed for selected T, as
shown in Fig. S8, confirming their considerably slow crystalli-
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zation behavior. For instance, for PE5, the 759, at T, = 10.5 °C
is 150 minutes, i.e., 1/7509, = 0.067 min~"; thus, performing a
complete study with at least 5 T was discarded.

Fig. 9a and b show the 1/t, and 1/z5¢, vs. T, curves for most
materials (except PE3 and PE5). In this case, these polymers
possess a fast crystallization rate due to their flexible nature,
making it impossible to obtain data at low T.. In polymers, for
a 1/ts509, vs. T, curve, the expected behavior is a bell-shaped be-
havior delimited by the T, and Ty,. This bell-shape behavior is
provoked by the competition of a diffusion-controlled region at
low T, or left-hand side of the bell-shaped curve, ie., high
supercooling, understood as AT =T, — T, in which as T,
decreases the diffusion of the chain to the growth front is
difficult, due to the closeness to Ty, where the motion of the
chain is practically frozen, slowing down the 1/r50e. In con-
trast, at the right-hand side of the bell-shaped curve, ie., at
high T. or low AT, the 1/z549, increases as 7. decreases due to
accelerated nucleation, as high AT promotes higher nuclea-
tion. While close to the 77, the 1/75, values are low because

15560 | Green Chem., 2025, 27,15548-15567

of the attachment-detachment process of the chain to the
growth front or extremely slow nucleation. Experimentally, for
rather flexible materials, only the right side of the bell-shaped
curve is obtained due to experimental limitations, ie., the
cooling rates are insufficient to bypass crystallization during
cooling.?"~%

Fig. 9 shows that, as expected in the nucleation-dominated
region, the 1/¢, (that takes into account only primary nuclea-
tion) and 1/750¢, (that takes into account both primary and sec-
ondary nucleation after ¢, has elapsed) decrease as 7.
increases. When the different materials are compared, it is
observed that the curves shift to higher or lower 7. depending
on the evenness or nature of the studied polysuccinate. This
alternation is clearly illustrated in Fig. 9c and d.

Fig. 9c compares the T. needed to reach a constant value of
1/t, of 1.0 and 2.0 min™* as a function of Ncu,, While Fig. 9d
compares the 7. needed to reach a constant value of 1/z5¢, of
0.4 and 0.6 min~". These plots allow for the comparison of the
effect of the ncy, on 1/ty and 1/754e.. Fig. 9c and d show that,

This journal is © The Royal Society of Chemistry 2025
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despite the lack of data for PE3 and PE5, although they could
probably show the lowest T, the values of T, (at constant 1/t,
and 1/7509,) are significantly higher for PE2 and PE4 than
those for ncy, > 5. It can be assumed that for ncy, = 5, the Tt
values will reach a minimum, as in the non-isothermal charac-
terization. For ncy, > 5, there is an alternation of T, vs. ncy,
with an ascending trend, evidencing that the even-odd effect
is present despite the large number of methylene groups.
Furthermore, lower T, values are displayed for the polyesters
with an odd number of CH, repeating units. This evidence
suggests that even samples crystallize faster than the odd
ones, which may be related to their structural and confor-
mational characteristics, as reported in other systems.*>”>
However, for ncy, > 5, it is worth noting that the structural and
conformational changes of the polymers prepared in this work
result in significant alterations to the thermal transitions and
crystallization kinetics.

PE2 // 502C // 10 min

PE7 //33°C // 1 h 30 min

View Article Online

Paper

The even-odd trend in isothermal properties has been
reported for a limited number of polymers, including polycarbo-
nates,”” polyethers,* and polyamides.** Consistent with non-iso-
thermal results, there is no saturation of the even-odd effect
under isothermal conditions. By fitting the isothermal curve
with the Avrami theory (eqn (1)), we obtain information on n,
which varies between 2.5 and 4 across the samples, as shown in
Fig. S9a. These values suggest the formation of spherulites that
are nucleated instantaneously during crystallization, as the n is
close to 3, while values between 3.5 and 4 correspond to spheru-
lites that nucleate sporadically.*>*"”®#! The n does not exhibit a
systematic dependence on the even-odd alternation, consistent
with prior reports.”” From the Avrami theory, the trend of K*"
values vs. T,, shown in Fig. S9b, is consistent with 1/z50, vs. T
ones, evidencing the goodness of the fitting.

Fig. 10 shows representative micrographs from PLOM
experiments performed under isothermal conditions using a

PE3 //20°C//3h

PE6 // 472C // 1h 15 min

PE11//62°C// 1h

Fig. 10 PLOM micrographs acquired during isothermal crystallization from the melt for PE2, PE3, PE4, PE6, PE7, and PE11, at the indicated times

and temperatures.

This journal is © The Royal Society of Chemistry 2025
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selected T. for each material, confirming the presence of
spherulites in all cases. Fig. S10 shows the images for all the
materials.

All the materials display spherulites, which align with the
obtained Avrami indexes, whose size decreases as ncy,
increases. The apparent nucleation density is difficult to judge
due to the differences in T.. However, with these results, it can
be hypothesized that for ncy, = 2 to 5, the nucleation density
is significantly higher for the even samples compared to the
odd ones, a clear sign of the even-odd effect. For ncy, = 6 to
12, both the spherulitic size and the nucleation density show
lower variations, which is in line with DSC results, the product
of the weakening of the even-odd effect.

Isothermal DSC shows that methylene parity influences
crystallization rates in polysuccinates. Even-numbered chains
crystallize faster due to higher nucleation, while odd-num-
bered chains are slower. For longer chains (ncy, > 5), the even-
odd effect continues but weakens, highlighting the role of
structural and conformational factors in thermal transitions
and spherulite development.

3.6. Melt memory and fractionation: self-nucleation (SN) and
successive self-nucleation and annealing (SSA)

SN and SSA experiments were performed under the same pro-
tocol for most samples, except for PE3 and PE5 (due to their
extremely slow crystallization). All samples exhibit the three SN
domains during the SN test: Domains I, II, and I1I, as illustrated
for selected samples in Fig. 11, which shows the cooling and
heating scans after holding for 5 min at T;. Analogous plots
for all the samples are shown in Fig. S11. Interestingly, the
short aliphatic chain samples PE2 and PE4 (Fig. S1la and
S11b), in which the intermolecular interactions are strong,
exhibit larger Domain Ila, which is associated with self-nuclei
that persist above the melting point. As ncy, increases, Domain
Ila decreases, as observed for PE6 and PE7. For longer methyl-
ene segments (ncy, > 7), Domain Ia disappears entirely
(Fig. S11c-S11i). This disappearance of Domain Ila is likely
linked to a reduction of the strength of the interactions due to
the incorporation of additional methylene units, as previously
reported by Sangroniz et al.®® These results align with those
shown above, in which the differences between thermal tran-
sitions, crystallization kinetics, and unit cell for ncy, =2 to 5
were greater than those presented for n¢y, = 6 to 12.

Miiller et al.****%* have shown that the width of Domain Ila
is proportional to the strength of melt memory, demonstrating
that Domain Ila depends on intermolecular interactions. In
their studies on polyesters, polyamides, polycarbonates, and
polyethers, they found that as the ncy, increases, melt
memory, and thus the width of Domain IIa, decreases. In our
previous work on polycarbonates,*” we confirmed this behav-
ior and further observed that Domain Ila appears only within
the even-odd effect region. It disappears once the even-odd
effect becomes saturated, corresponding to a region where
intermolecular interactions are considerably weaker.

Building on these concepts, we analyzed how the widths of
Domain Ila, Domain IIb, and their sum (Domain II) vary with

15562 | Green Chem., 2025, 27,15548-15567
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Ncw,, as shown in Fig. 12. Consistent with the above results,
the variation in Domain II can be divided into two regions:
nen, < 5 and ncy, > 5. In the short-chain region (ncy, < 5),
although data are missing for ncy, = 3 and 5, a stronger melt
memory effect is evident, reflecting more robust inter-
molecular interactions. In this region, Domain II is mainly
influenced by Domain IIa, which is wider than Domain IIb.
Interestingly, PE4 shows a larger Domain II than PE2, in line
with the work of Klonos et al.,*® deviating from the expected
trend of decreasing Domain Ila with increasing ncy,. However,
this region is difficult to interpret due to structural differences
in unit cells, as discussed in Section 3.3. For ncy, > 5, the melt
memory significantly decreases, although some residual
memory remains, particularly for ncy, = 6 and 7. However,
here, Domain II is primarily defined by Domain IIb, as Domain
Ila becomes negligible. This shift indicates a weakening of
intermolecular interactions, which, based on the complete dis-
appearance of Domain Ila for ncy, > 7, eventually vanish. In
the specific case of PE9 and PE11, which exhibit complex
thermal behavior due to a second endothermic peak associ-
ated with a solid-solid transition, only Domain IIb is con-
sidered present, while Domain IIa is absent. This is because as
T, surpassed the end of the first melting peak (low-tempera-
ture endotherm), the self-seeds can be formed from the trans-
formed crystals, i.e., solid-solid transition. Furthermore, as
shown in Fig. S11f and S11h, the SN behavior of PE9 and PE11
confirms that the high-temperature endothermic peak lacks
Domain III, supporting that this peak has a behavior that
resembles a solid-solid transition.

Notably, Fig. 12 reveals that for ncy, > 5, Domain IIb exhibits
an even-odd effect, reported here for the first time. This obser-
vation also indicates the absence of saturation of the even—-odd
alternation. Sangroniz et al.** did not observe this effect, likely
because their analysis included only even-numbered polya-
mides. Also, Klonos et al.,>® who only work with even polysuc-
cinates, ncy, = 2, 4, 6, 8, and 10, could not detect this trend.
Variations in a wide range of ncy, = 6 to 12 in polycarbonates
(including odd samples) were studied, and an alternation of
Domain II was not observed. In the particular case of poly-
esters, variations in the diacid component of polyesters were
made, without reaching an alternating or even-odd effect. In
our case, the variation occurs in the diol segment. If only even
or odd samples are analyzed independently, Domain IIb
decreases with increasing ncy,, highlighting the importance of
studying a complete set of data that includes odd and even
samples. Overall, our findings suggest that the chemical
nature of the polysuccinate backbone strongly affects Domain
IIb, particularly in the odd-numbered samples, which consist-
ently display a broader Domain IIb than their even-numbered
counterparts. Still, further investigations are needed to under-
stand this intriguing effect.

SSA experiments were carried out on the samples. For com-
parative purposes, ie., qualitative comparison approach, the
highest T iqeal, corresponding to the PE4, i.e., T geal = 113 °C,
was used for all the samples. PE3 and PE5 were also fractio-
nated using the protocol described in Section 2.3.3. As illus-
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Fig. 11 DSC cooling and heating scans (at 20 °C min™) after 5 min at the indicated T, of (a) PE4, (b) PE6.

trated in Fig. 13a, all tested polyesters can be successfully frac-
tionated by SSA. The employed T gea1 Only cause self-nuclea-
tion in all samples, without annealing. Hence, the first
thermal fraction, which is the one that melts at the highest
temperature, is produced by Ts; = Tsyideal — 5 °C, the next frac-
tion is created by Ty, = Tg; — 5 °C, and so on, resulting in an
SSA profile formed by the melting peaks that go from low to
high temperatures.

According to previous works, SSA’s best thermal fraction-
ation results are obtained when defects (like branches, como-
nomers, or stereodefects) interrupt the linear crystallizable
sequences, resulting in a distribution of well-resolved
endothermic peaks corresponding to crystalline populations
with different lamellar thicknesses.*’"*>*"#*%¢ On the other
hand, molecular weight differences in homopolymers may also
cause some thermal fractionation, but usually the fractions are

This journal is © The Royal Society of Chemistry 2025

not so well defined. Another reason for fractionation is related
to intermolecular interactions, which can be regarded as
defects and hence, can also generate thermal fractionation.
Therefore, sharper fractions are expected when the strength of
the intermolecular interactions is higher.®?

Fig. 13a presents the final DSC heating runs after SSA. The
results show that all samples can be fractionated, including
PE3 and PES5, for which a different SSA protocol was employed;
however, their SSA profiles are still shown for comparison pur-
poses. In most cases, the fractionation profiles display a domi-
nant high-temperature melting fraction followed by very small
secondary fractions that lack high resolution.

Interestingly, for PE7 and PE9, there is an unfractionated
peak at high temperatures, as shown in Fig. 13a, that may be
related to a solid-solid transition process, and this was also
observed during non-isothermal experiments. The absence of

Green Chem., 2025, 27,15548-15567 | 15563
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peak fractionation associated with solid-solid transitions has
been previously reported for poly(hexamethylene carbonate)
and poly(octamethylene carbonate).’” Moreover, it is impor-
tant to highlight that solid-solid transitions, such as the Brill
transition,*®*' typically do not produce a detectable DSC
signal and, in most cases, can only be identified through
WAXS experiments. Nonetheless, the origin and nature of the
solid-solid transition observed in the present study require
further investigation.
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For the remaining samples, the fractionation is similar.
However, it is worth noting that the fractions are sharper for
PE4 than for PE12, a result which could be related to the
weaker intermolecular interactions in PE12. Despite the
similar fractionation, the major difference between the
samples lies in the temperatures at which the highest fraction
melts, or the Ty, peaksssa- The Ty pearsssa values are plotted as a
function of ncy, in Fig. 13b, displaying an alternating or
zigzag behavior. The T, pearsssa can be regarded as an experi-
mentally obtained T, at one of the closest conditions to
thermodynamic equilibrium due to the crystal perfection
achieved during the successive annealing thermal treatments
performed on the samples during the SSA protocol.

Fig. 13b presents the Ty, peasssa, together, for comparison
purposes, with the experimental peak melting temperatures
T (measured during non-isothermal DSC runs) and T;, (deter-
mined by the Hoffman-Weeks extrapolation after isothermal
crystallization) versus ncy, revealing a clear even-odd alterna-
tion in all the cases, with even-numbered polyesters consist-
ently exhibiting higher melting points than odd-numbered
ones. These results confirm the independence of the even-odd
effect on the thermal history, as expected and in line with pre-
vious works.”?* As in the other experiments, the T peaksssa
values have a larger difference (between even and odd
samples) in the ncy, = 2 to 5 range, and then the differences
become weaker, but the melting points show a general ascend-
ing trend with ncy, in the range where ncy, = 6 to 12. These
trends further confirm the persistence of the even-odd effect
across various thermal and morphological characterization
levels and highlight the influence of chain parity on lamellar
stability and thermal resistance. Moreover, these results indi-

b)
140 F¢ ; - ; ; —

130 F L

120 +

110} " .
1004 o n .

9f L .
700 L v

50

40 ™ b 4

Nepp

(a) Final heating after the SSA protocol was applied to the indicated samples. We used the following conditions for the SSA protocol: T igeal

= 113 °C, a fractionation window of 5 °C, and scan rates of 20 °C min™™. (b) T, T and T peak (SSA) as a function of ncy,.
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cate that the even-odd effect can have a subdivision between a
region where intermolecular interactions are stronger and
where these interactions, although present, lose strength. It
can be hypothesized that with long enough n¢y,, the even—-odd
effect will be saturated. The ncy, value, where a transition
between the even-odd effect and saturation occurs, depends
on the nature of the polymer. Notably, this transition occurs at
ncy, around 9 in polycarbonates and polyethers, whereas in
this work, no saturation is reported for ncy, as high as 12.

SN and SSA experiments demonstrate that methylene parity
influences melt memory, lamellar stability, and thermal frac-
tionation in polysuccinates. Even-numbered chains exhibit
stronger interactions and higher melting points, whereas odd-
numbered chains are weaker. The even-odd effect remains
consistent across different chain lengths and thermal his-
tories, although it diminishes for longer chains (ncy, > 5).

4. Conclusions

In this work, we synthesized and characterized the largest
series of aliphatic polysuccinates reported to date. A novel and
sustainable synthesis method was developed to produce poly-
succinates with varying chain lengths, from ncy, = 2 to ncy, =
12. This method uses a solvent-free bulk polymerization
process that eliminates volatile organic compounds and other
polluting solvents. Methanol is the only byproduct, which is
volatile and easily removed, enabling a clean process with
minimal waste. Additionally, the monomers are either bio-
based or obtained through environmentally responsible syn-
thetic methods, reducing environmental impact from the
outset. The catalyst is used in very small amounts due to its
high efficiency, further minimizing catalyst-related contami-
nation. Together, these features enhance the sustainability
and environmental friendliness of the polymer synthesis route
presented herein.

Across all tested crystallization conditions, the polyesters
display a clear and consistent even-odd effect, visible even in
samples with long aliphatic chains (ncy, = 12). This alternation
suggests that the parity of methylene and ester groups signifi-
cantly influences molecular packing due to different inter-
molecular interactions and chain conformations, leading to
the even-odd effect. Two distinct regions can be identified
based on the strength of intermolecular interactions. For short
alkyl chains (ncy, = 2 to 5), stronger intermolecular inter-
actions are observed, as indicated by a more pronounced
even-odd effect. For longer chains (ncy, = 6 to 12), interactions
weaken, and although the even-odd effect still exists, the
differences between even and odd samples are less distinct.
These variations in interactions also impact the structure, as
shown in the WAXS patterns. In the short chain region,
notable differences in the WAXS patterns suggest the for-
mation of different unit cells. As the chain length increases,
the influence of methylene groups—characterized by weaker
interactions—becomes more dominant over ester groups,
resulting in more similar unit cells. Additionally, SN experi-

This journal is © The Royal Society of Chemistry 2025
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ments reveal significant differences between the two regions,
with Domain Ila vanishing when ncy, > 5. However, despite the
reduction or disappearance of interactions, Domain IIb behav-
ior indicates that no saturation point was observed at high
ncy, values, implying that intermolecular interactions and
packing effects remain important across the entire range, even
with large alkyl chains between the functional groups.

Overall, this study highlights how strategic polymer struc-
ture design, especially controlling the methylene/ester group
ratio, can be used to modify the properties of polyesters. This
approach paves the way for creating bio-based and potentially
biodegradable materials with customizable features and
enables the development of functionally optimized materials
without relying on chemical additives or post-synthesis modifi-
cations, supporting more sustainable polymer processing and
use. Developing high-performance materials through inher-
ently sustainable methods strongly advances environmentally
conscious polymer science.
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