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Abstract

This work describes the synthesis of poly(lactic acid) by the ring-opening polymerization of L-lactide in the presence of
oligo(butylene succinate) with two different molecular weights (M, =6100 and 16300 g/mol) as a macroinitiator during
reactive processing. The macroinitiators were added in concentrations 1 wt%, 2.5 wt%, 5 wt%, 10 wt% and 15 wt% in respect
to the L-lactide mass in the premix. The properties of the received copolymers were extensively studied with spectroscopic
techniques, GPC, DSC, XRD, TGA as well as nanoindentation. Blocky copolymers were received with number average
molecular weights ranging from 30 to 100 kg/mol, which decreased with increasing the PBSu content in the feed. The intro-
duction of the flexible PBSu chains decreased the single glass transition detected, while DSC and XRD gave indications that
both components crystallized in the copolymers with PBSu premix content > 5 wt%. Thermal stability was maintained and
depended on the composition and molecular weight. Nanoindentation showed that despite the decreasing trend of hardness
and elastic modulus with increasing PBSu content, the PLA-PBSu 2.5% copolymers had simultaneously higher elasticity
modulus and strength compared to the other compositions, possibly because of a complementary effect of their high molecular
weight and crystallinity. These copolymers were promising for production with continuous reactive extrusion, a novel, fast
and economically viable method to commercially produce PLA-based polymers.
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Introduction

The continuous accumulation of plastic waste and deple-
tion of fossil resources has led the European Union (E.U.)
to support the development of biobased plastics through
research funding, and publish directives on plastic bags and
single-use plastics [1]. In 2022, revisions to the EU legis-
lation on Packaging and Packaging Waste were proposed,
aiming to reduce its use, promote reuse and increase the
recycling rates. At the same time, these new rules will rede-
fine biobased, biodegradable and composting plastics, ensur-
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ing they actually contribute towards a sustainable future [2].

Poly(lactic acid) (PLA) is a biobased thermoplastic poly-
ester that currently dominates the sustainable plastics field,
with ever-growing production capacities and applications
[3-8]. Depending on the chiral isomer used (D or L lactide),
it can be either semicrystalline or amorphous, and most of
the commercially available PLA intended for commodity
applications, such as packaging and single-use products, is
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poor in D-lactide (2-10 mol%). PLA should not be consid-
ered biodegradable because of it is very slow degradation
rate, but it is compostable in industrial composting condi-
tions. PLA also suffers from slow crystallization kinetics
and inherent brittleness, which are often controlled with the
use of additives, addition of a second component (blends),
or comonomers [6, 9-15].

Another important biobased compostable thermoplastic
polyester that is available in the market is poly(butylene suc-
cinate) (PBSu). PBSu is synthesized by the melt polyconden-
sation of succinic acid and 1,4-butanediol, both monomers
that are obtained from renewable sources. While possess-
ing excellent crystallization ability, melt processability and
chemical resistance, medium molecular weight PBSu can be
brittle with a low elastic modulus and can degrade during
processing at high temperatures [16—18]. So, PBSu is most
often copolymerized with adipic acid or other monomers, or
blended with several different polymers including PLA, cel-
lulose derivatives, poly(caprolactone) (PCL), poly(butylene
adipate-co-terephthalate) (PBAT) [16—18]. The European
market of PBSu is predicted to grow at a Compound Annual
Growth Rate (CAGR) of 14.3% in 2023-2033 [19].

When <40 wt% of PBSu is added in PLA to give blends,
its ductility and melt processability are improved [14, 17].
PLA-co-PBSu copolymers can be used as compatibilizers in
these PLA-PBSu blends, resulting in decreased interfacial
tension [20-22], or they can be used to prepare PLA-based
blends with improved toughness, elongation and crystalli-
zation [23-27]. In contrast, blending PBSu in PLA is not
very effective in improving its crystallization [26]. The PLA-
co-PBSu copolymers reported in the literature were either
commercially available (GS Pla® AZ-type with 3 mol% lac-
tate) or synthesized with melt polycondensation which took
a total of at least 7 h. In most cases, the main component
was PBSu [20, 21, 28, 29]. PLLA-b-PBSu-b-PLLA copol-
ymers have also been reported with small PBSu contents
(0.3-35 mol%), synthesized by the traditional routes that
lasted 24 h, and were used as compatibilizers in PLA-PBSu
blends [22, 27].

Reactive extrusion (REX) is a fast, economically viable
method commonly used to functionalize, blend and com-
patibilize polymers, including PLA, in an industrial setting
[11]. Less frequently, REX is used to synthesize PLA by ring
opening polymerization (ROP) of lactide [30-33]. When
adding a second comonomer in the REX of PLA, such as
e-caprolactone, random copolymers can be obtained [34],
while when adding another polymer or oligomer, it acts as a
macroinitiator and blocky copolymers are formed [33]. This
procedure can also be performed in pilot scale [35].

In our previous work, we synthesized PLA-co-
poly(propylene adipate) (PPAd) blocky copolymers in under
20 min via reactive processing, and the PPAd moieties (up to
15 wt%) improved the elongation of PLA and its hydrolytic
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degradation rates [33, 36, 37]. In contrast, copolymeriza-
tion with the classical two-stage transesterification and
polycondensation method can last up to several hours. In
this work, we investigate the synthesis and the properties of
fully biobased PLA-PBSu copolymers via reactive process-
ing (to mimic REX in a smaller scale) in a torque rheom-
eter. L-lactide monomer and different amounts of PBSu
with two different molecular weights were premixed and
fed in the rheometer, using tin(Il) 2-ethylhexanoate catalyst,
while monitoring the torque. The reactions of all copolymers
were completed in under 15 min. The resulting copolymers
were characterized in terms of their intrinsic viscosity and
molecular weight, chemical structure, thermal and nanome-
chanical properties.

Materials and Methods
Materials

L-Lactide (LA) Purlact® B3 (purity 99% w/w, stereo-
chemical purity in L-isomer 95% (w/w)) was purchased
from Corbion N.V. (Gorinchem, Netherlands), Tin(II)
2-ethylhexanoate Sn(Oct),, and Titanium(IV) isopropox-
ide Ti(OCH(CH;),) and all other reagents were of analyti-
cal grade and purchased from Merck KGaA, Darmstadt,
Germany.

Synthesis of Low Molecular Weight PBSu

PBSu polyesters with different molecular weight were syn-
thesized by two-stage melt polycondensation. In the first
stage (esterification), succinic acid and 1,4-butanediol in
a 1/1.1 molar ratio were charged into the reaction tube.
The reaction mixture was heated at 170 °C-190 °C under
nitrogen atmosphere under continuous stirring. The reac-
tion lasted for about 4.5 h, until the theoretical amount of
H,O produced during the reaction was collected. In the
second stage (polycondensation), 400 ppm of Titanium(I'V)
isopropoxide in toluene with respect to the succinic acid
was added. The temperature was increased to 240 °C and
a vacuum (5.0 Pa) was slowly applied for about 15 min, to
minimize the creation of foam and the polycondensation
procedure was carried out for 0.5 h resulting in PBSuy,,
with [n]=0.22 g/dL or for 1 h producing a PBSu, 53 with
[n]=0.38 g/dL.

Synthesis of PLA-co-PBSu Via Reactive Processing

PLA and its copolymers with PBSu were prepared by reac-
tive processing in a Brabender® Plasti-Corder® Lab-Sta-
tion torque rheometer with a measuring mixer of 50 cm?
of capacity. Roller type blades were used, suitable for the
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processing of thermoplastics according to the manufacturer.
The ROP of lactide was catalysed by Sn(Oct), in a lactide/
Sn(Oct), molar ratio 1000/1. Triphenyl phosphine (TPP) was
used as co-catalyst, in equimolar amount to Sn(Oct), [38].
The catalyst system was added as a solution in dry toluene.
PBSu (diol) was added as initiator for the ROP of lactide to
obtain PLA-co-PBSu copolymers. Blank samples without
macroinitiator (ROP initiated by traces of H,O) were also
prepared. The polymerization was carried out at 180 °C in
the mixer, with a 100 rpm screw speed. A small stream of
dry N, was circulated to minimize the presence of air in the
mixer. The premix of lactide/PBSu/catalyst solution was fed
to the mixer of the rheometer at t=0. Motor torque (which is
proportional or related to material’s viscosity) and tempera-
ture were monitored vs. time during the polymerization. The
samples prepared are listed in Table 1.

Physicochemical Characterization

The molecular weight of the materials was determined using
gel permeation chromatography (GPC) with a Waters Alli-
ance 2690 pump, Waters Ultrastyragel columns HR-1, HR-2,
HR-4E, HR-4 and HR-5, and a Waters Refractive Index
Detector 2414. For the calibration, 9 polystyrene (PS) stand-
ards of molecular weight between 2.5 and 900 kg/mol were
employed. The prepared solutions had a concentration of
10 mg/mL in chloroform, the injection volume was 150 pL,
flow rate 1 mL/min and the total elution time was 50 min.
The oven temperature was 40 °C.

The intrinsic viscosity of the produced polyesters was
measured with an Ubbelohde viscometer (Schott Gerite
GMBH, Hofheim, Germany) at 25 °C using chloroform.
The sample was heated in the solvent mixture at 80 °C
for 20 min until complete dissolution. After cooling, the

solution was filtered through a disposable Teflon filter
to remove possible solid residues. The calculation of the
intrinsic viscosity value of the polymer was performed
by applying the Solomon—Ciuta Eq. (1) of a single point
measurement [39]:

p{z-m(z)-1)]" M

(n] = - ,

where c is the solution concentration, ¢ is the flow time of the
solution and ¢, is the flow time of the solvent. The experi-
ment was performed three times and the average value was
estimated.

Nuclear Magnetic Resonance (NMR) spectra were
recorded in deuterated chloroform. An Agilent 500 spec-
trometer was utilized (Agilent Technologies, Santa Clara,
CA, USA), at room temperature. Spectra were calibrated
using the residual solvent peaks.

FTIR-ATR spectra of the samples were recorded uti-
lizing an IRTracer-100 (Shimadzu, Japan) equipped with
a QATR™ 10 Single-Reflection ATR Accessory with a
Diamond Crystal. The spectra were collected in the range
from 450 to 4000 cm™! at a resolution of 2 cm™! (total of
16 co-added scans), while the baseline was corrected in
absorbance mode.

Differential Scanning calorimetry (DSC) analysis was
performed using a PerkinElmer Pyris Diamond DSC dif-
ferential scanning calorimeter calibrated with pure indium
and zinc standards. The system included a Perkin Intra-
cooler 2 cooling accessory. Samples of 5+0.1 mg sealed
in aluminium pans were used to test the thermal behav-
iour of the polymers after quenching from the melt with a
cooling rate of 50 °C/min. The degree of crystallinity was
calculated using the following equation:

Table 1 List of the

Abbreviation Intrinsic viscosity of ~ PBSu in the PBSu in the pre-  PBSu calcu-
homopolymers apd copolymers PBSu (dL/g) premix (wt%) mix (mol%) lated by NMR
prepared and their final mol% (mol%)*
PBSu content (calculated by
NMR) PLA _ _ _ _

PLA-PBSu,, 1 0.22 1 1 1

PLA-PBSu,, 2.5 0.22 2.5 2 3

PLA-PBSu,,, 5 0.22 5 4 6

PLA-PBSu,,, 10 0.22 10 9 11

PLA-PBSu,, 15 0.22 15 13 17

PLA-PBSu 55 1 0.38 1 1

PLA-PBSu, 55 2.5 0.38 25 2 3

PLA-PBSu 35 5 0.38 5 4

PLA-PBSu, ;5 10 0.38 10 9 11

PLA-PBSu ;5 15 0.38 15 13 17

“Detailed in “Chemical structure” section
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AHm — AHcce
Xc(%) = AHOm (1 = P * 100 @)

100

where Xc is the % crystallinity, AHm is the melting enthalpy,
AHcc is the cold crystallization enthalpy, and AH?,, is the
melting enthalpy of 100% crystalline PLA (93 J/g) [40].

X-Ray Diffraction (XRD) measurements of the poly-
mers and copolymers were performed over the 26 range of
5 to 60°, with steps of 0.05°, scanning speed 1.5 deg/min,
using a MiniFlex II XRD system from Rigaku Co. (Tokyo,
Japan) with Cu Ka radiation (A=0.154 nm).

TGA measurements were carried out using a NETZSCH
STA 449F5 instrument (NETZSCH Group, Germany), in
the temperature range 30 °C—600 °C, heating rate 20 °C/
min under nitrogen atmosphere.

The nanoindentation tests were performed using a
DUH-211S Shimadzu device (Kyoto, Japan) with a force
resolution of 0.196 pN. The tests utilized a diamond tri-
angular tip Berkovich indenter with an angle of 65° and
a tip radius of 100 nm. The hardness values were calcu-
lated based on the indentation depth and the predetermined
applied force. The calculation of the elastic modulus and
hardness was based on the Oliver and Pharr method [41]
and previous work [41-46]. The maximum applied force
was 10 mN and was achieved with a rate of 1.46 mN/s.
In order to calculate the nanomechanical properties, five
measurements were carried out at different locations for
each experiment and the average values were reported.
Due to the material’s viscoelastic nature, a dwell time
of 3 s was implemented to allow sufficient time at peak
load for the creep effects to saturate. The additional
depth induced during the dwell time at constant load was
recorded to provide insight in the creep response of the
material. A finite element analysis (FEA) process has been
developed in order to fit the nanoindentation test curves
and extract the stress—strain behavior of the specimens.
The interface between the indenter and the surface of the
sample was simulated with contact elements and assumed
frictionless. The nanoindentation experiments have been
computationally generated considering the simulation of
the loading stage of the indenter penetrating the surface.
Other works [41-46] have shown that kinematic hardening
leads to a rapid convergence in the corresponding FEA
calculations, so this method was utilized in the developed
curve-fitting procedure.

@ Springer

Results and Discussion

Synthesis of PLA-PBSu Copolymers by Reactive
Processing

PLA and its copolymers with PBSu were synthesized with
ROP using L-lactide and different molecular weight PBSu as
initiators. The temperature of 180 °C for reactive processing
was chosen based on previous work, as it gave polymers with
higher molecular weight than ROP at 190 °C [33]. The rheo-
grams recorded during the synthesis are shown in Fig. 1, and
the molecular weight of the obtained samples are included in
Table 1. All GPC chromatographs had unimodal molecular
weight distribution (Fig. S1). With the addition of up to 2.5
wt% PBSu, 5,, the residence time for torque stabilization
was 10-20 min, which based on previous experience indi-
cates that it should be compatible with continuous REX,
and it has suitable melt strength and viscosity for extru-
sion grade materials. However, depending on feeding rate,
extruder dimensions and rotational speed of a given extruder
the time might need to be adjusted so the transferability to
an extruder will be tested in the near future. In contrast to
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Fig. 1 Torque/temperature curves for ROP of PLA initiated by a
PBSu,, and b PBSu,) 35 during reactive processing
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the short reaction times required for reactive processing,
to prepare such polymers with the conventional melt poly-
condensation method several hours are needed, under inert
atmosphere and high vacuum.

With the addition of 5 wt% PBSu, ,, (Fig. 1a), some melt
strength is retained yielding the polymer PLA-PBSu,, 5
suitable for injection moulding grade materials, but high
residence time was required. Increasing the content of
PBSu, ,, further (10 and 15 wt%) led to very low torque
values and poor melt strength. On the other hand, good melt
strength, viscosity and suitability for continuous reactive
processing were retained with adding up to 5 wt% PBSu 54
(Fig. 1b). PLA with 10 wt% PBSu, 55 could be used for
injection moulding while 15 wt% yielded low torque and
melt strength. In both cases, PBSu acted as an initiator, and
the polymerization started earlier than for neat PLA, but
the maximum torque (viscosity) was lower. The higher the
molecular weight of PBSu, the faster the polymerization and
higher torque values recorded, thus PBSu, ;s was found the
better option as an initiator for the reactive processing of
PLA.

In line with the reduced torque values, the M, (Table 2)
also decreased with the addition of PBSu. The M, of neat
PLA was 102900 g/mol, which is similar to extrusion
grade PLA available in the market. The copolymers with
PBSu, ;3 had higher M, values in comparison with their
homologues with PBSu, ,,. Overall, there was a decreasing
trend of the M,, with increasing PBSu content, except for
the polymers PLA-PBSu ;5 1, PLA-PBSu, 55 2.5 and PLA-
PBSu 3¢ 5 which had similar M,,, despite the reduction of
their torque. This suggests that besides M,, other factors can
affect torque, such as the low melt viscosity of PBSu. This
decreasing trend was also reported for PLA-poly(propylene
adipate) copolymers synthesized by reactive processing. As

Table2 Molecular weight and PDI of the prepared polymers as
measured by GPC

Sample M, (g/mol) M,, (g/mol) PDI
PBSu 5, 6100 13200 2.2

PBSu 55 16300 26000 1.59
PLA 102900 169700 1.65
PLA-PBSu,, 1 76000 123300 1.62
PLA-PBSu,, 2.5 79600 121100 1.52
PLA-PBSu,, 5 49700 77800 1.56
PLA-PBSu,,, 10 31000 49400 1.59
PLA-PBSu,, 15 31900 46700 1.46
PLA-PBSu 35 1 77400 122800 1.58
PLA-PBSu 33 2.5 79000 124300 1.57
PLA-PBSu, 33 5 80200 125400 1.56
PLA-PBSu, 35 10 54200 78900 1.45
PLA-PBSu 35 15 39000 55400 1.42

the concentration of hydroxyl groups increases, the ratios of
lactide and catalyst to macroinitiator hydroxyls decreases,
while the ratio of lactide to catalyst is kept constant. So, the
increased number of hydroxyl groups in the reaction that
act as initiation sites result in more simultaneously growing
PLA chains and fewer active tin alkoxide species, ultimately
reducing the molecular weight [33]. The obtained molecular
weights might differ from theoretical expectations because
of multiple reasons including incomplete conversion and
variations in chain length (PDI> 1). Additionally, degrada-
tion reactions take place during reactive processing/extru-
sion attributed to mechanical and oxidative degradation and
can result in overprediction of the molecular weight [47].

Despite the decreasing trend of the M, when comparing
the values with the literature for PLA-PBSu copolymers rich
in PBSu prepared by melt polycondensation, either random
or block, the maximum M, achieved was approximately
17000 g/mol and in all cases the reaction time was at least
7 h [20, 21, 28, 29]. It is important to note however that all
these copolymers were either equimolar or rich in PBSu. In
the literature, to synthesize PLA-b-PBSu-b-PLA with M, to
16000 g/mol using 1 mol% PBSu of M, =5000 g/mol, the
polycondensation reaction time was 24 h [22]. When PBSu
with M, =17000 g/mol was used, the obtained copolymers
with 5 mol% PBSu had M, = 83000 g/mol, but the polycon-
densation reaction time was again 24 h [27].

Chemical Structure

The chemical structure of the produced copolymers was
examined with NMR and FTIR-ATR spectra. The 'H-NMR
and '*C-NMR spectra are presented in Fig. 2.

First, PBSu was synthesized by the melt polycondensa-
tion of succinic acid and excess 1,4-butanediol. Because
of the excess diol, the synthesized PBSu is expected to
be hydroxyl-terminated. The 'H spectra of PBSu,,, and
PBSu, 33 (Fig. 2a and b) have strong resonance signals
that are explained below, but also weak resonance signals
at 3.67 ppm (Fig. S2) that are assigned to the methylene
proton of —-CH,OH and reveal the presence of hydroxyl-
terminated chains [48]. No signal that could be associated
with terminal -CH,COOH groups is detected in the region
around 2.5 ppm, further supporting that the PBSu has ter-
minal hydroxyl groups [49].

Both 'H and *C spectra confirm the successful polym-
erization of L-lactide in the presence of PBSu,,, and
PBSu, ;5 to afford the corresponding copolymers. Nota-
bly, in the 3¢ spectra (Fig. 2c and d), we can observe the
resonance signals corresponding to the C=0 of the esters
of the PLA and PBSu segments at 169.5 and 172.2 ppm,
respectively. Furthermore, the -CH,OH end chain moie-
ties that can be detected in the 'H spectra of the two PBSu
homopolymers at 3.67 ppm are not observable anymore in

@ Springer
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Fig.2 a, b 'H NMR and ¢, d '>C NMR spectra of the synthesized copolymers and the corresponding homopolymers, e signal assignments. Left:

polymers with PBSu,, ,,; right: polymers with PBSu, 3¢

the spectra of the copolymers indicating that PBSu, acting
as a macroinitiator, reacts through its end-groups to initiate
the ROP of L-lactide. Traces of unreacted LA can be seen
around 5 ppm. Otherwise typical resonance signals of PLA
and PBSu units are observed: 1.58 ppm (-CH; C, PLA),
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1.70 ppm (-CH,— 4, PBSu), 2.62 ppm (C(O)CH,— 2, PBSu),
4.11 ppm (-OCH,— 3, PBSu), and 5.16 ppm (CH B, PLA)
for the 'H spectra; 16.6 ppm (-CH; C, PLA), 25.2 ppm
(-CH,— 4, PBSu), 29.0 ppm (C(O)CH,- 2, PBSu), 64.1 ppm
(-OCH,- 3, PBSu), 68.9 ppm (CH B, PLA), 169.5 ppm
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(C=0 A, PLA) and 172.2 ppm (C=0 1, PBSu) for the
13C spectra (Fig. 2c and d). Finally, the composition of the
copolymers was estimated by comparing the integrations
of the PLA CH (5.16 ppm) and PBSu OCH, (4.11 ppm)
resonance signals. A good agreement with the feed ratio
was found, as shown in Table 1 and Table S1. The excess
of PBSu found in the final copolymers could be due to the
small amounts of unreacted L-lactide or to some monomer
sublimation during the extrusion process. Unfortunately, as
both PLA and PBSu are aliphatic polymers and due to the
relatively small amounts of PBSu incorporated in the copol-
ymers, it is not possible to differentiate the signals corre-
sponding to the protons of the PBSu units connected to PLA
units (PBSu-OCH,CH,CH,CH,-C(O)CH(CHj;)-O-PLA) and
further discuss the microstructure of the copolymers (i.e.
random or block copolymers, and block length). Neverthe-
less, according to previous work, PLA-b-PBSu-b-PLA tri-
blocky or PLA-b-PBSu diblocky copolymers are expected
in the case that PBSu has two -OH end groups or one -OH
groups, respectively [22, 27, 33]. Because of the difficulty
to prove the presence of only block copolymers, we must
keep in mind that it is possible that a blend composition
was received, comprised of PLA homopolymer and PLA-
b-PBSu-b-PLA copolymer. Thus, the copolymers received
are referred to as blocky.

In Fig. S3, the FTIR-ATR spectra of PLA, PBSu and their
copolymers are presented. The spectrum of PLA showed

—— PLA—— PLA-PBSU, ,, 1
—— PLA-PBSuU, ,, 2.5 PLA-PBSU, ,, 5
PLA-PBSU, 5, 10 PLA-PBSU, ,, 15

(a) c=0 —— PBSug 5,
1425, CH, 1330, C-H
B
S
(]
e \
@®
2
2 0
)
o
<
1800 1600 1400 1200

Wavenumber (cm™)

absorption bands at 2900-3000 cm™~! of C—H stretching,
at 1746 cm™! caused by the C=0 stretching of polyesters,
at 1452 cm™! of —CH; bending, and C—O—C stretching at
1180 cm~! and 1081 cm~!. PBSu had its main absorption
bands at 2945 cm™! assigned to C—H stretching vibrations
of the CH, groups, at 1713 cm™! caused by the stretch
vibrations of C=0, at 1472 cm™! due to CH, bending, at
1425 cm™! due to CH, stretching, at 1330 cm™' due to C-H
stretching vibrations, at 1153 cm™! from C—O-C stretch-
ing, and at 1044 cm™! due to C—H bending of the CH-OH
group [50, 51]. Upon closer examination of the region
1800-1200 cm™! (Fig. 3), the evolution of PBSu-related
absorption bands in the spectra of the copolymers can
be seen in the copolymers with the higher PBSu content.
More specifically, the C=0 bands of both PLA and PBSu
appeared, and the bands caused by vibrations of the groups
of PBSu, namely CH,, appeared in the spectra of PLA-PBSu
10 and 15 wt%.

Thermal Transitions and Crystallinity

The thermal transitions of the synthesized polymers were
studied with DSC. The curves obtained by heating the sam-
ples with a rate of 20 °C/min after quenching are presented
in Fig. 4. PLA has a T,=55.6 °C, T,,=115.2 °C and a
double melting point at T, ); =166.8 °C and T ,=172.2 °C
caused by crystal reorganization during heating. PBSu is
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Fig.3 FTIR-ATR spectra of a PLA-PBSu,,, copolymers and b PLA-PBSuy, ;5 copolymers in the region 1800-1200 cm™" and peak assignments
of PBSu (light blue spectra). The copolymer spectra are normalized to the PLA C=0 band at~ 1745 cm™! (Color figure online)
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Fig.4 DSC heating scans of a PLA-PBSu,,, copolymers and b PLA-PBSu, ;5 copolymers after quenching with heating rate 20 °C/min

a fast crystallizing polyester that exhibits multiple melt-
ing behaviour due to melt-recrystallization and has a AH&
=210 J/g [52]. From the DSC scans of Fig. S4 a the recrys-
tallization and subsequent melting are observed at 95.8 °C
and 108.1 °C for PBSu,,, and at 97.9 °C and 105 °C for
PBSu, 55. The ultimate peak of the final melting is recorded
at 113.8 °C and 114.5 °C for PBSu, ,, and PBSu, 54, respec-
tively. The slight increase of the recrystallization and melt-
ing peak temperatures are attributed to the larger molecu-
lar weight of PBSu,, 55 and therefore longer and more rigid
chains with stronger intermolecular interactions that require
more thermal energy to overcome.

The DSC heating scans of the PLA-PBSu copolymers are
similar to the one of PLA (Fig. 4), with small shifts of the
peaks. During cooling from the melt it was observed that
none of the copolymers contained the sharp melt crystal-
lization peak of PBSu, (Figure S5) which occurs at around
80 °C-85 °C [53]. The effect of the introduction of the PBSu
moieties in PLA on its thermal characteristics is shown in
Fig. 5. A single T, is detected in all copolymers, which was
the case for triblock PLA-PBSu-PLA copolymer with PBSu
content 27-90 mol%, attributed to a miscible amorphous
phase [54]. In both PLA-co-PBSu copolymers series, T,,
T,. and T, have a decreasing trend, which agrees with the
decreasing M, trend (Table 2). Since the T, decreases also
in similar M, copolymers with the increase of the PBSu
content (i.e. PLA-PBSu, 53 1, PLA-PBSu, 55 2.5 and PLA-
PBSu, 35 5), it can be assumed that both the reduced chain
length and the presence of PBSu play a role in softening
due to the modified micro/nanostructure of the continu-
ous phase by PBSu. The decrease of T, and therefore the
improvement of crystallizability is more pronounced in the
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Fig.5 Effect of the molecular weight and concentration of PBSu on
the thermal characteristics of PLA (heating rate 20 °C/min). The lines
are used to guide the eyes

copolymers PLA-PBSu,, ,, since they have lower M, and
their chains can fold into lamellae more easily. Because the
T,, of PBSu occurs in the same temperature range as the
T, of PLA during heating with 20 °C/min, scans were also
recorded at 10 °C/min to see if melting of PBSu can be
detected. Only one copolymer, PLA-PBSu) ,, 15 had a weak
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melting peak at around 100 °C (Figure S6) when heating
with 4 °C/min, which can be associated with PBSu moieties
that crystallized. The crystallization of the copolymers will
be studied in more depth in a future paper.

The XRD patterns of PLA and its copolymers with differ-
ent molecular weight PBSu, recorded after isothermal cold
crystallization are presented in Fig. 6. Both PLA and PBSu
are semicrystalline materials with strong diffraction peaks.
The PLA homopolymer had diffraction peaks at 26=14.7°
(010), 16.4° (200/110), 18.7° (203), and 22° (210), while
PBSu had peaks at 19.6° (020), 21.9° (021), 22.6° (110)
and 28.7° (111) [17]. All copolymers had the diffraction
peaks of PLA, but it is difficult to conclude if the peaks after
20° are a result of diffractions of PBSu crystals because of
overlap with the peaks of PLA. It is however worth noting
that a weak diffraction peak that matches the position of the
peak of PBSu at 28.7° seems to appear in the copolymers
with PBSu content>5%. In combination with the identifi-
cation of melting of PBSu moieties in the copolymer PLA-
PBSu,,, 15 (Figure S6), there are indications that PBSu
crystals might form simultaneously with PLA crystals for
high PBSu content of low molecular weight. When the
PLA block length was larger than 7.8 repeating units, it was
reported that both PLA and PBSu crystals coexisted [54].

Thermal Stability

The thermal stability of PLA and its copolymers with
PBSu was examined using TGA. The recorded mass loss

a T
@ A eesuy
© .
> ) \ X PLA-PBSu ,, 5
.(7) :
S A . PLA-PBSu, ,, 2.5
(0] W) 0.22
= :

: PLA

10 20 30 40

2 theta (degrees)

and DTG graphs are shown in Fig. 7 and the thermal deg-
radation characteristics are presented in Table S2. PLA is
thermally stable until 270 °C, where its degradation starts
and is completed in one step at 315 °C. PBSu, regard-
less of its molecular weight is more thermally stable than
PLA [54], as its degradation does not start until ~350 °C
(Fig. S7), which can be attributed to its longer aliphatic
segment. All PLA-PBSu copolymers exhibit two distinct
degradation steps, the first corresponding to their PLA
segments and the second to their PBSu segments. The
copolymers with 1 wt% PBSu in the feed (PLA-PBSu, ,,
1 and PLA-PBSu, 34 1, red lines in Fig. 7) are an excep-
tion, as the PBSu content wasn’t high enough to detect a
separate degradation step. The T, ; and T, ; of the PLA
segments are not significantly affected by the presence of
PBSu in general. In contrast, the T, , and T, , of the PBSu
segments are lower than these of neat PBSu. In the DTG
graphs (Fig. 7b and d), the shifting of the peaks shows
that by increasing the amount of PBSu in the copolymers,
the thermal stability of the PLA segment decreased, and
the thermal stability of the PBSu segments increased.
The thermal stability of PLA blocks has been reported to
increase as their block lengths increased and vice versa,
so as the PLA content and molecular weight of the copoly-
mers decreases, the PLA block length is smaller, and more
end groups are present in the macromolecular chain [54]
Tthe decreased thermal stability of the PLA blocks as the
PLA content in the copolymer increases can be due to
backbiting or transesterification during heating that might
produce vaporizable short chains.

(b)

Y T
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Fig.6 XRD patterns of a PLA and its copolymers with PBSu, ,, and b PLA and its copolymers with PBSu, 53 after isothermal cold crystalliza-

tion at the T peak for 1 h
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Nanomechanical Properties

The mechanical behaviour of PLA-PBSu copolymers was
evaluated by nanoindentation testing. The resulting nanoin-
dentation depth curves are presented in Fig. S8. Composi-
tion, crystallinity, and molecular weight are the main the
properties that affect the mechanical properties of polymers.
The specimens used for nanoindentation were prepared
with compression moulding using the same conditions, i.e.,
melting at T, +40 °C and then the specimens were left to
cool at room temperature. The crystallinity of PLA in the
as-received specimens from compression molding was esti-
mated by DSC, using a heating rate of 20 °C/min. Because
of the different composition and molecular weight of the
copolymers however, crystallinity and T, are not identical

@ Springer

between the different polymers but show an increasing
trend with the decrease of molecular weight and increase
of PBSu content. It is worth noting that the T, of the com-
pression molded specimens differs from the melt-quenched
ones \*MERGEFORMAT Fig. 4 and\*MERGEFORMAT
Fig. 5) because of the difference in their thermal history. The
semicrystalline compression molded specimens had higher
T, values than these melt-quenched (amorphous) in the DSC
furnace, as expected (Table 3).

The hardness values of PLA and the copolymers are
shown in Fig. 8a. Overall, hardness decreased from
156 +36 MPa for PLA down to 57 + 10 MPa for the copol-
ymer PLA-PBSu, ;3 15. The decreasing trend is in line
with the M, reduction (Table 2) and the plasticization con-
cluded from the decrease of the T, (Fig. 5) and there is no
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Table3 Crystallinity and T, values calculated by DSC curves of the
as-received specimens used for nanomechanical properties that were
prepared with compression molding

Sample Tg °C) Crystallinity (%)
PLA 52.2 20.6
PLA-PBSu.,, 1 51.3 18.5
PLA-PBSu,, 2.5 53.5 25.2
PLA-PBSu,,, 5 52.3 19.2
PLA-PBSu,,, 10 49.7 25.1
PLA-PBSu,,, 15 56.1 304
PLA-PBSu 45 1 53.1 26.1
PLA-PBSu 15 2.5 52.6 24.7
PLA-PBSu, ;5 5 49.1 30.6
PLA-PBSu, ;5 10 55.3 29.9
PLA-PBSu 35 15 53.5 36.7

significant difference in the hardness values between the two
series of polymers. An obvious exception in this trend is
both copolymers with 2.5 wt% PBSu, which despite their
quite different M, have similar hardness values, both larger
than this of PLA. The relatively high M, in combination
with the crystallinity might have synergistically caused the
increase of hardness. Elastic modulus (Fig. 8b) increased
with 2.5 and 5 wt% PBSu and decreased for all other PBSu
contents. In these two compositions, it seems that the effect
of crystallinity prevails that of plasticization and causes an
increase of the elastic modulus. The trend is similar to that of
hardness, with the copolymers containing 2.5% PBSu exhib-
iting the largest hardness and modulus values. However, with

(a) 220

200
180 -
160 -
140 -
120 -

100 A

N §§

Hardness (MPa)

—m— PLA-PBSU, ,,
404 —0O— PLA-PBSUO_3B

2 0 2 4 6 8 10 12 14 16

PBSu content (wt%)

(b) 6000

higher concentrations of 10% and 15% PBSu, the hardness
and elastic modulus decrease again due to the sharp molecu-
lar weight drop. Overall, there are no big differences in the
hardness and elastic modulus values between the two copol-
ymer series, i.e. PLA-PBSu, ,, and PLA-PBSu, 35, except
for the copolymers with 5% PBSu which can be attributed
to the quite different molecular weights (49700 g/mol vs
80200 g/mol). Deviations of the hardness from the law of
additivity has been reported before for block copolymers and
have been attributed to either microphase separation or dif-
ferences in the micromechanical deformation behaviour on
the nanometer scale [55]. The decreasing trend of the elastic
modulus and stress at break was reported before for PLA-
PBSu block copolymers with PBSu contents 5-35 mol%.
The elongation of PLA was improved when 25 mol% or
35 mol% of PBSu was incorporated [27].

To conduct FE analysis, the model was introduced with
an initial value for the first tangent modulus of the sample’s
stress—strain curve, which is related to the elastic modulus
derived from the nanoindentation tests. The FE model was
then subjected to an incremental application of the meas-
ured indentation depth on the indenter and the corresponding
force reaction was computed and compared to the measured
value. The goal was to obtain FEA force-depth data that
fits the experimental nanoindentation curve; otherwise, the
tangent modulus value had to be recalculated. If the com-
putational force matched the measured force, the value of
the tangent modulus was accepted, and the next force and
depth values were applied to the model. The subsequent
calculation steps considered the previous indentation depth
value, the existing stress status, and the previously obtained
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Fig. 8 Effect of PBSu molecular weight and content on a Hardness and b elastic modulus of the PLA-PBSu copolymers. The lines are used to

guide the eyes
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tangent modulus. This iterative process continued until the
last load-depth values converged and the loop ended. To
achieve a satisfactory curve fitting of the nanoindentation
curves, at least 20 simulation steps were performed to obtain
converged FEA solutions. This methodology allows for the
estimation of the materials' constitutive laws by calculating
stress—strain curves of polymers based on nanoindentation
force-depth data under different testing conditions.

The FEA generated stress—strain curves for PLA and its
copolymers with PBSu,, ,, and PBSu 35 are presented in
Fig. 9a and b, respectively. Table 4 shows the convergence
between FEA and the experimental elastic modulus values
for all the copolymers. The results show a good correlation
between the measured nanoindentation tests and the com-
putational data for all specimens. For PLA-PBSu specimens
the FE results seem to underpredict the elastic modulus in
some cases. This is due to the inherent nature of calculation
from the Oliver-Pharr approach, which measures the elas-
tic modulus from the unloading section of the load-depth
curve, while the FEA calculates the response from the
loading curve up to maximum force. Overall, FEA verifies
the nanoindentation results for the increase of modulus for
2.5 and 5%, while only the 2.5% copolymers seem to have
higher modulus as compared to the rest of PLA/PBSu speci-
mens. Therefore, PLA-PBSu 2.5 copolymers revealed simul-
taneously higher elasticity modulus and strength compared
to the other copolymers. Considering these results, it can
be concluded that the addition of PBSu affected the over-
all stress—strain behaviour of the 1%,10%,15% copolymers
by reducing the elastic modulus values, however from the
stress—strain curves the ultimate strains were increased due
to flexible macromolecular change of PBSu, confirming the
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Table 4 Elastic moduli of the PLA-PBSu copolymers determined
from nanoindentation and FE analysis

Sample Elastic modulus (MPa) Elastic modu-
nanoindentation lus (MPa)
FEA
PLA 3300 3353
PLA-PBSu,, 1 2580 2515
PLA-PBSu,, 2.5 5360 5123
PLA-PBSu,, 5 5020 4838
PLA-PBSu,,, 10 2610 1956
PLA-PBSu,, 15 2620 1467
PLA-PBSu 35 1 2750 2567
PLA-PBSu 35 2.5 4860 4694
PLA-PBSu 35 5 3860 3667
PLA-PBSu ;5 10 2830 2439
PLA-PBSu s 15 2010 2090

plasticization effect detected by the decrease of T,. Finally,
the experimental nanoindentation technique assisted by FEA
has proven to be a very successful method for determin-
ing the nanomechanical behaviour of PLA and PLA-PBSu
copolymers.

Conclusions

PLA-PBSu blocky copolymers were successfully prepared
with reactive processing with reaction times <20 min. The
number average molecular weights were in the range of
31900-80200 g/mol, it could be regulated by varying the
ratio of L-lactide monomer to PBSu in the premix. The
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Fig.9 FEA generated stress—strain curves of a PLA and its copolymers with PBSu,, ,, and b PLA and its copolymers with PBSu, 55
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PLA-based copolymers were found promising for continu-
ous REX for PBSu with [n]=0.22 dL/g content up to 2.5
wt%, and with PBSu with [1]=0.38 dL/g content up to 5
wt%. Using higher molecular weight of PBSu ([n]=0.38
dL/g) resulted in faster polymerization and higher torque
values, thus PBSu, ;3 was deemed a more suitable initia-
tor for the reactive processing of PLA. The copolymeriza-
tion decreased the T, and T, of PLA because of the flexible
PBSu segments, and XRD peaks related to cold crystalliza-
tion emerged from the crystals of PLA and likely PBSu moi-
eties in PBSu contents > 5%. Thermal degradation occurred
in two steps and the thermal stability decreased when the
M, was smaller. Future studies are planned to investigate
the crystallization and molecular mobility and the effect of
the PLA-PBSu copolymers as compatibilizers in PLA-PBSu
blends.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10924-023-02981-0.
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