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This work presents, for the first time, a detailed report on how the nucleation and crystallization of polylactide
(PLLA) are affected by biobased aliphatic polyesters plasticizers. Three biobased polyesters were synthesized via
solvent-free two-stage melt polycondensation of adipic acid (AdA) with three different biobased aliphatic diols
and used as plasticizers for poly (L-lactic acid) (PLLA). The molecular structure of the synthesized polyesters was
proved using 'H NMR, '3C NMR and Fourier transform infrared (FTIR) spectroscopy. PLLA/AdA-based blends
containing 10 wt% of the polyester plasticizers were studied by tensile tests, dynamic mechanical analysis
(DMA), wide-angle x-ray scattering (WAXS), differential scanning calorimetry (DSC) and polarized light optical
microscopy (PLOM). Adding the plasticizers to PLLA decreased Tg by up to 11 °C and significantly increased the
elongation at break by about 8 times compared with neat PLLA. The addition of 10 wt% of any AdA-based
plasticizer to PLLA increases the nucleation rate from the glassy state by around 50-110 % depending on the
plasticizer. The overall crystallization rate from the glassy state was 2-3 times faster for the plasticized PLLAs
than neat PLLA. These results are a consequence of the lower energy barrier for both nucleation and growth
processes. The incorporation of AdA-based linear polyesters had an incremental impact on the crystal growth rate
(or secondary nucleation) of PLLA spherulites from the melt and glassy states. In conclusion, the AdA-based
aliphatic polyesters allowed to enhance PLLA crystallization rates and showed interesting potential for the
formulation of fully biobased PLLA blends.

1. Introduction rate [4-6]:

Poly(lactic acid) PLA is currently considered as the leading biobased
thermoplastic polymer. Increased volumes of production have been re-
ported thanks to successful use in a wide range of applications. Indeed,
PLA is degradable in industrial composting environment, biocompatible,
biobased and presents advantageous mechanical properties. However,
PLLA use in various moulding processes is hindered by its slow crys-
tallization rate and its high brittleness compared to commodity poly-
mers [1-3]. As a result, various affordable and practical blending
strategies have been reported to efficiently improve its crystallization

* Corresponding authors.

e Addition of small nucleating agents (either inorganic or organic) to
lower the surface free energy of nucleation, thus increasing crystal-
lization temperatures upon cooling.

o Addition of plasticizers or miscible low T, polymers to increase chain
mobility and thus crystallization rates.

There is extensive research on PLLA plasticization. Focusing on
molecular and oligomeric plasticizers, a variety of examples can be
selected to try to summarize this vast literature. Some of the most well
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known plasticizers reported for PLA are triacetin [7] and poly(ethylene
glycol) (PEG) [8-14]. Besides, citrate [7,15-17], laurate, and sebacate
esters and fatty acids [8,18] have also been studied. The primary effect
of these plasticizers is an increase in the crystallization rate, as shown by
Kulinski and Piorkowska [14,19,20], it was also shown that oligomeric
PEG could accelerate PLA spherulite growth rate [11]. However, while
these blends show improved ductility their main drawbacks consist in
significant T, reductions [9,11] and the fact that low molecular weight
plasticizers can leach out upon aging [21]. With this view, many bio-
based oligomeric plasticizers have been reported, and the uses of such as
poly(1,4-butylene azelate), poly(1,6-hexamethylene azelate) and poly
(1,4-butylene succinate), have been patented as early as 1999
[22-24]. However, no detailed reports of the crystallization character-
istics of those systems have been covered.

In this regard, Poly(1,4-butylene adipate) (AdA-1,4 BDO) [25], poly
(2,3-butylene adipate) (AdA-2,3 BDO) [26] and poly(1,6-
hexamethylene adipate) (AdA-1,6 HDO) [27] are also other relevant
examples of fully biobased aliphatic polyesters with similar structural
features. These thermoplastics can be prepared via solvent-free melt
polycondensation by combining adipic acid (AdA) with different bio-
based aliphatic diols: 1,4-butanediol, 2,3-butanediol and 1,6-hexane-
diol. Different synthetic approaches including catalytic conversion,
enzymatic hydrolysis and fermentation of lignocellulosic biomass,
mainly hydroxymethylfurfural (HMF), have been developed to give
these renewable building blocks [28-31]. Although these biobased
plasticizers materials have been extensively studied in PLA and reported
in the literature for a long time, no detailed studies on crystallization
have been reported yet.

This study evaluated the influence of the structure of renewable
aliphatic AdA-based polyester plasticizers over the crystallization,
crystallinity and thermo-mechanical properties of 90/10 w:w PLLA/
plasticizer blends. Emphasis was put on plasticized PLLAs spherulitic
growth kinetics and overall isothermal crystallization kinetics, aspects
that had not been previously reported in the literature. Based on the
results of crystallization from the melt (studied by PLOM) and glassy
state (performed by DSC), the addition of 10 % of any ADA-based
polyesters combined with PLLA caused an increase in the growth rate
and overall crystallization rate of PLLA.

2. Experimental section
2.1. Materials

2,3-Butanediol (2,3 BDO, purum 98 %), 1,4-Butanediol (1,4 BDO,
purum 99 %), 1,6-Hexandiol (1,6 HDO, purum 99 %) and adipic acid
(AdA, purum 99. 5 %), reagents, tertrabutyl titanate (TBT) catalyst,
were purchased from Sigma-Aldrich. All other solvents and materials
used were of analytical grade. Poly(L-lactic acid) (PLLA) Ingeo 4032D

O

OH —R—
H O)J\/\/\H/ + HO-R OH

AdA (6]
1,4 BDO/1,6 HDO/2,3 BDO

With { HO—-R—OH

1,4 BDO
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was purchased from NatureWorks™ and used as received (M, = 90,000
g/mol as determined by size-exclusion chromatography using PLA
standards relative calibration curve, and 1.4 mol% of (D)-lactide
content).

2.2. Polymer synthesis

As shown in Scheme 1 in Results and Discussion section, three fully
biobased aliphatic polyesters were synthesized by the two-stage melt
polycondensation procedure (esterification and polycondensation) as
follows: a predetermined amount of AdA diacid and diol (1,4 BDO, 2,3
BDO, or 1,6 HDO) with the molar ratio of diacid: diol of 1:1.20 were
introduced in presence of 400 ppm of TBT catalyst into the autoclave
reactor equipped with a mechanical stirrer. At room temperature, the
reagents mixture was evacuated several times and filled with nitrogen to
remove the whole amount of oxygen, thus avoiding oxidation during the
reaction. In the first esterification stage performed under nitrogen at-
mosphere, the reaction temperature was raised to 190 °C and the reac-
tion was left to proceed at this temperature for 2.5 h for the polymer
samples derived from 1,4 BDO and 2,3 BDO diols. For AdA-1,6 HDA
polyester, the reactor temperature was gradually increased to 170 °C for
2 h, for an additional 1 h at 180 °C, and it was maintained finally at
190 °C for 0.5 h. The system pressure was then reduced slowly during
polycondensation step to 10 mbar over a time of about 30 min to avoid
excessive foaming and also to minimize the oligomers sublimation while
the temperature was increased to the temperature range of 220-230 °C
(for AdA-1,6 HDO polymer: 2.5 h at 220 °C, and for additional 0.5 h at
230 °C). Unlike, the second synthesis step lasted for 2.5 h for the other
2,3 BDO and 1,4 BDO-based polyesters, in which the temperature was
raised to 220 °C for 1 h and for an additional 1.5 h at 230 °C. At last, after
the polymerization of the target materials was completed, the melt was
cooled to room temperature. The crude product was purified by disso-
lution in chloroform followed by precipitation in cold methanol. AdA-
1,4 BDO, AdA-2,3 BDO and AdA-1,6 HDO are the abbreviations given
to the prepared linear polyester based samples.

2.3. Polymer processing: melt blending and compression moulding

Prior to processing the PLLA and polyesters were dried at 50 °C under
reduce pressure of 100 mbar in order to remove any residual organic
solvent and humidity, thus preventing polyester hydrolysis. Polyesters
plasticizers were melt-blended with PLLA at 10 wt% loading using a
twin-screw 15 em® micro-compounder (MC150, Xplore) under nitrogen
blanketing. Conditions consisted in a barrel temperature of 200 °C and a
crew-speed of 150 rpm (co-rotating mode) with a residence time of 5
min thanks to recirculation. Once cold, recovered strands were pellet-
ized to obtain pellets of 3 mm.

Sheets of 200 pm were obtained by compression moulding dried (as

1) Esterification

170°C-190°C
Ny, 2.5-3.5h

2) Polycondensation 4

2.5-3 h, 220-230 °C

HO\/\/\OH , HO\/\/\/\OH , HO

under vacuum

3 Linear polyesters

OH

1,6 HDO 2,3 BDO

Scheme 1. Synthesis route of linear aliphatic polyesters

129



M. Safari et al.

described above) pellets. A press (LP-S-50, Labtech) was used at 200 °C.
Conditions were as follows: preheating time of 2 min, 3 degassing of 1 s,
3 min of compression at 50 bar followed by a cooling at 18 °C and 50 bar
for 5 min.

2.4. Polymer characterization

All characterization methods are summarized in the Supplementary
Information data.

3. Results and discussion
3.1. Characterization of the linear homopolyesters

3.1.1. Structural characterization of linear polyesters

The present work involves the synthesis of three fully biobased linear
polyesters via two-stage melt polycondensation procedure (esterifica-
tion and polycondensation) as depicted in Scheme 1. The followed route
consisted to react the aliphatic diacid namely AdA with 1,4 BDO, 1,6
HDO or 2,3 BDO diol with the molar ratio of diacid/diol = 1:1.2. The
esterification (first step of polymer synthesis) was performed under a
controlled N5 flow at temperature range of 170-190 °C and over a period
of time oscillating between 2.5 and 3.5 h, depending on the prepared
polyester type. The last stage, the polycondensation, was carried out
under high-vacuum condition at 220-230 °C temperature range over a
period of 2.5-3 h, relying on the polymer composition. It is worthy to
note that the high vacuum application at a very slow rate was firmly
recommended in the beginning of the second step of polycondensation.
This procedure was aimed to prevent excessive foaming and also to
minimize oligomers sublimation, which presents a potential problem
that should be tackled during the melt polycondensation.

GPC measurements (Table S1) for AdA-1,4 BDO and AdA-1,6 HDO in
THF revealed satisfactory number average molecular weights (M,,) of
12,700 and 9900 g/mol, respectively. It is worthy to note that once 2,3-
BDO diol is used, the resulting sample namely, AdA-2,3 BDO, showed a
significant drop in M,,, which was determined to be 4500 g/mol. This
substantial difference in the molecular weight values could arise from
the lower reactivity of secondary hydroxyl groups of 2,3 BDO compared
to primary —OH functional groups of 1,4 BDO or 1,6 HDO. This is in good
agreement with the results reported in Gao's study [36]. Therefore, an
obvious correlation between 2,3 BDO chemical structure and its drastic
effect on the low molecular weight decrease of the resulting materials
was found. No trend could be established between the dispersity values
of the prepared linear polyesters, varying in the 1.79-1.98 range
(Table S1), and the structural features of the diols used herein.

'H and '3C NMR spectroscopies were used to ascertain the chemical
structure of the three synthesized AdA based polyesters samples. All
NMR spectra, depicted in Figs. S1-S3, were perfectly in agreement with
the expected structures, where all signals are correctly assigned to the
different protons and carbons of 1,4 BDO, 2,3 BDO and 1,6 HDO-based
polyester's chain with AdA diacid as shown in Scheme S1. The spectra
did not reveal any additional peak indicative of the presence of any
impurity. The proton and carbon assignments and chemical shifts are
summarized in Table S2.

To further assess the chemical structures of all prepared linear
polyesters, FTIR data (Fig. S4) of the obtained materials were acquired
as supportive evidence for the 'H and 3C NMR findings. All polymers
spectra showed the characteristic absorption bands, originating from
C=0 and C-O-C stretching modes (v C=0 and v C-O-C) of the ester
group, at 1730 and 1245 cm™}, respectively. Two weak peaks near to
2940 cm ™! and 2850 cm ™! were assigned to the C—H symmetrical and
asymmetrical stretching modes of methylene groups of the aliphatic
AdA diacid and (1,4 BDO, 1,6 HDO, or 2,3 BDO) diol moieties. To sum
up, both FTIR and 'H/!3C NMR data firmly corroborated that the
aliphatic linear polyesters derived from fully renewable resources were
successfully prepared.
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3.1.2. Thermal properties of the linear polyesters

The thermal behavior of the AdA-based linear polyesters series was
investigated by DSC and TGA. Special attention was put on the impact of
their chemical structure on their thermal properties.

The DSC scans of the obtained materials derived from AdA dicar-
boxylic acids combined with the three different chain length aliphatic
diols are presented in Fig. 1 (a and b), and the related thermal transition
data, including the melting temperature (T,,) measured from the second
heating scan, glass transition temperature (T,), and crystallization
temperature (T,), were gathered in Table 1. According to these results,
the AdA-based polyesters obtained from 1,4 BDO and 1,6-HDO were
semicrystalline materials. It was found that with decreasing diol chain
length from Cg to C4, the melting point of prepared samples slightly
increases, wherein AdA-1,4 BDO and AdA-1,6 HDO exhibited T;, values
of 58.3 and 56.4 °C, respectively. Moreover, the opposite trend in
crystallization temperatures was discernible, that is, upon decreasing
the chain-length of the incorporated diol units from Cg (HDO) to C4
(BDO), T, decreased from 38.8 to 30.2 °C for AdA-1,6 HDO and AdA-1,4
BDO, respectively.

As can be seen in Fig. 1b, the glass transition temperatures of the
prepared polyesters derived from 1,4 BDO and 1,6 HDO could not be
readily detected. This is a consequence of the high crystallinity of these
polymers. A further endothermic peak at 51.4 °C was revealed for AdA-
1,4 BDO during the second heating scan. This dual melting endotherm
could be ascribed to the melting-recrystallization process or to poly-
morphism in the polyester sample. This phenomenon is commonly
detected in many polyesters.

The polyester derived from 2,3 BDO diol, AdA-2,3 BDO, exhibited a
distinct thermal behavior. Indeed, they were completely amorphous,
neither crystallization peak nor melting endotherm could be detected.
The amorphous behavior of the polyester synthesized from 2,3 BDO lied
to the quite significant repressing effect that the structure of the latter
exerted, through its side methyl groups, on the destruction of chain's
regularity, preventing thus the crystallization of the obtained materials.
The inhibitory effect of 2,3 BDO on crystallization was confirmed in
several previous studies in the literature [5]. This is in full accordance
with what was reported in the present investigation.

As Ty value of all oligomers could not be obtained by DSC, the group
contribution theory was applied to calculate approximate T, values
[37,38]. This concept is based on the sum of the contributions of the
groups, atoms, or bonds that comprise the molecular structure of a
monomer. This method has been extensively used for polymers with a
linear structure [37,38].

3.1.3. Thermal degradation of linear polyesters

As the thermal degradation behavior and stability of polymers had a
critical importance to determine their potential application, the ther-
mogravimetric analysis (TGA) was carried out in a nitrogen atmosphere
to assess the thermal stability of the synthesized linear polyesters and to
compare the effect of the chain length of the introduced diol into the
resulting polyesters' backbone.

The TGA thermograms recorded for the AdA-based polyesters in the
30-600 °C range are depicted in Fig. 2. Table 1 summarizes the
decomposition parameters, calculated from TGA curves, such as the
degradation temperature at 5 % and 10 % as well as the maximum
decomposition temperature (Ty max). All obtained linear polyesters
underwent a single stage degradation and their remained residual
weight at 500 °C ranges between 1.7 and 2.58 %. As can be seen, AdA-
based polyesters showed to be thermally stable up to Ty 50, > 264.6 °C. It
is obvious from Fig. 2 that the thermal stability is affected by the
incorporated diol type. The effect of the diol unit on the considerable
thermal stability increase showed the following order for AdA-based
polymers: 1,4 BDO > 1,6 HDO > 2,3 BDO. The lowest value of onset
decomposition temperature for AdA-2,3 BDO compared to the other two
polyesters (264.6 °C vs 292 °C and 311.8 °C for AdA-1,6 HDO and AdA-
1,4 BDO, respectively) could be mainly associated with the less reactive
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Fig. 1. DSC scans of the prepared linear polyesters derived from adipic acid in combination with 1,4 BDO, 2,3 BDO, and 1,6 HDO diols: (a) first cooling scan, and (b)

second heating scan.

Table 1
Thermal properties of the prepared linear polyesters derived from AdA diacid in

combination with 1,4 BDO, 1,6 HDO, and 2,3 BDO diols.

Samples Ta,s%  Tdq 10 Rsoooc(®) T (C)  T,(C) T (°C)
AdA-1,4 BDO 311.8 332.1 1.89 —-10.1 58.3 30.2
AdA-2,3 BDO 264.6 322.6 2.58 15.9 - -
AdA-1,6 HDO 292 316.1 1.70 -18.7 56.4 38.8

@ Calculated by the group contribution theory.
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Fig. 2. TGA thermograms of prepared linear AdA-based polyesters in combi-
nation with 1,4 BDO, 1,6 HDO, and 2,3 BDO diols.

secondary hydroxyl groups of 2,3 BDO compared with those of the
primary diols, 1,4 BDO and 1,6 HDO. This means that using 2,3 BDO
building block the polymerization became more difficult to take place,
and polymers having poor thermal stability were produced. This finding
is in good agreement with what was reported in a previous study by Gao

et al. [36]. It is worth mentioning that polyester sample, prepared from
AdA and bearing short-chain diol (1,4 BDO) exhibit superior thermal
stability than polymers bearing longer-chain diol (1,6-HDO): 311.8 °C vs
292 °C. This outcome is in full accordance with what reported in Hu's
work [39].

3.2. PLLA based blends characterization

3.2.1. Tensile tests

The stress—strain curves are shown in Fig. 3 and data are collected in
Table S3. Results showed that neat PLLA was quite brittle compared to
plasticized blends. Neat PLLA showed 6 % elongation at break which
was consistent with the values of 5-9 % that have been reported in the
literature [40]. By plasticizing PLLA, the elongation value remarkably
went up to 25-50 % depending on the oligomer esters type. In addition,
while plasticizer allowed to increase elongation at break, tensile

strength decreased differently depending on plasticizer type.
50 L] L] L] T T
——PLLA

40 PLLA/AdA-1,4 BDO
= ——PLLA/AdA-2,3 BDO
E ——PLLA/AdA-1,6 HDO
‘%’ i
=
175
2
= J
IS
[5)
E

0 1 1 1 1 1
0 10 20 30 40 50 60

Strain (%)

Fig. 3. Representative stress—strain curves for PLLA and plasticized PLLAs.
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Interestingly, the tensile strength trend followed that of plasticizers
molecular weight.

PLA > AdA — 1,6 HDO > AdA — 1,4 BDO > AdA —2,3 BDO

However, surprisingly, elongation at break of short chain
plasticizers-based blends were lower than that of longer ones. This result
could not be related to crystallinities of moulded part which were
amorphous. The elongation at break was in good agreement with T, of
the plasticizers; the lower the T, of the plasticizer led to higher ultimate
elongation in the plasticized PLLAs.

Santos et al. had studied PLA plasticized by oligoesters and found
unremarkable increases in the elongation at break (from 3 % for neat
PLA and 5.6 % for PLA/oligoester) [41].

3.2.2. DMA measurements on PLLA based blends

After PLLA has been blended with 10 wt% of various types of AdA-
based linear polyesters plasticizers, samples were moulded in thin
films on which DMA experiments were run. Results are presented in
Fig. 4a and b. It could be observed that the introduction of 10 wt% of
plasticizers did not drastically change the viscoelastic behavior of blend
versus that of neat PLLA. Indeed, below 50 °C, no differences in storage
modulus E' can be observed, indicating that at those levels of incorpo-
ration, the plasticizers do not significantly lower PLLA rigidity. Differ-
ences were however observed for temperatures ranging between 50 °C
and 90 °C. In this domain, the onset temperatures at which storage
modulus started decreasing were lower for plasticized PLLAs.

1000 5
—_
QCS
E 100 E
Nl
S
10 ——PLLA \
—— PLLA/AdA-1,4 BD
|—— PLLA/AA-2,3 BDO
—— PLLA/AdA-1,6 HDO
1 1 1 1 1 1 1 1
5 55 60 65 70 75 80 85 90
Temperature (°C)
b
4( ) ————
——PLLA
— PLLA/AdA-1,4 BDO
3| — PLLA/AdA-2,3 BDO i
o | PLLaada-L6HDO
:
Q
< ot ]
g
<
+~
1t ]
0 1 1 1 1
50 55 60 65 70 75 80 85 90

Temperature (°C)

Fig. 4. (a) Evolution of storage modulus E' with temperature and (b) evolution
of loss factor tan & with temperature of plasticized PLLA blends.
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This observation was also expressed in the variations of tan §. Fig. 4b
shows T(alpha), the main viscoelastic transition measured when
following tan(delta). Only one T(alpha) is observed for all plasticized
PLLAs, suggesting PLLA/plasticizers miscibility. As expected, plasticized
PLLA blends presented lower T(alpha) temperatures when compared to
neat PLLA. Indeed, T(alpha) was found to be 77 °C for neat PLLA, 74 °C
for PLLA/AdA-2,3 BDO, 72 °C for PLLA/AdA-1.6 HDO and 65 °C for
PLLA/AdA-1.4 BDO. Interestingly, results followed the same trend than
that of plasticizers molecular weight:

AdA —1,4BDO > AdA — 1,6 HDO>AdA — 2,3 BDO

3.2.3. Non-isothermal DSC experiments on plasticized PLLAs

The non-isothermal crystallization and melting behavior of neat
PLLA and its blends are presented in Fig. 5a and b. The related thermal
transition data, measured from the second heating scan, including the
melting temperature (Tp), glass transition temperature (Tg), and cold
crystallization temperature (T), are gathered in Table 2.

Fig. 5a shows that PLLA and plasticized PLLAs were not able to
crystallize from the melt during cooling at 10 °C/min due to the slow
overall non-isothermal crystallization rate of PLLA [3]. The second
heating scans, Fig. 5b, show glass transitions, cold-crystallization exo-
therms, and melting endotherms for neat PLLA and all blends, respec-
tively. All samples were able to crystallize when heated from the glassy
state because of the enhanced nucleation process that occurs in PLLA
during vitrification.

The neat PLLA sample showed a single melting endotherm, however
all blends samples showed bimodal melting endotherms (with two
melting points). This bimodal melting behavior could be a consequence
of recrystallization during the heating run [14,42] and/or the presence
of two crystalline forms [43,44]. The WAXS results discussed below
proved the existence of two crystalline forms, @ and @' in PLLA/AdA-1.6
HBO and PLLA/AdA-2,3 BDO samples.

Table 2 shows that all blends samples had lower cold crystallization
temperatures (T¢c) than neat PLLA indicating a higher nucleating ca-
pacity of blends as compared to neat PLLA. This higher nucleation ca-
pacity was possibly due to the plasticizing effect of AdA-based linear
polyester on the neat PLLA. These changes in the nucleation density will
be discussed in detail below.

The melting temperatures of the blends (second melting peak) were
slightly higher (around 1-3 °C) than the melting temperature of neat
PLLA (with its single melting peak). The reason for such slight increase
in melting points was not clear, although it could be connected with the
enhanced cold crystallization capacity of the material in the blends.

Data gathered in Table 2 showed that for the neat PLLA and plasti-
cized PLLAs, the cold crystallization (AH.) and melting enthalpies
(AHp; + AHpg) values were nearly identical within the 10 % mea-
surement error, indicating that all crystallization processes were
accomplished during heating and samples did not crystallize at all
during the cooling runs.

The single glass transition temperatures (Tg) of neat PLLA and its
blends with AdA-based polyesters were well visible during the heating
scans (Fig. 5b). In general, the DSC curves of neat PLLA and all blends
with AdA-based polyesters exhibit one T, value, which indicates that the
blend system would be miscible [45]. The neat PLLA showed a Tg around
63 °C, however in the blended PLLA with AdA-based polyester, Tg values
decreased to 52-56 °C in view of the plasticizing efficiency of the linear
polyesters. Similar depression in glass transition values in comparison to
neat PLLA chains have been reported for related polymer blends
[46-48].

As the blended polyesters are miscible with PLLA and the amount
added is only 10 %, the AdA-based polyester plasticizers are not able to
crystallize in the blend. The crystallization and melting processes
observed in Fig. 5b showed that the plasticizer didn't crystallize and only
PLLA cold crystallization could be observed. These observations could
be explained by the combination of small plasticizer quantities and
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Table 2

Thermal properties of PLLA and blends samples. All values were obtained from
the DSC second heating runs shown in Fig. 5.

Tin1 AHp; Tinz AHpz Tec AH. Ty
Q) J/g) Q) J/g) (°C) /g Q)
PLLA 149.6 23.7 - - 121.6 24.0 63.2
PLLA/ 152.6 18.5 144.7 7.7 106.4 30.9 53.6
AdA-
1,4
BDO
PLLA/ 150.7 18.6 141.4 7.2 105.9 32.1 52.0
AdA-
2,3
BDO
PLLA/ 151.9 18.9 143.0 8.9 106.8 31.5 56.3
AdA-
1,6
HDO

blend components miscibility.

To study the crystalline structure of the neat PLLA and PLLA/AdA-
based blends samples, WAXS experiments were performed at room
temperature for melt-crystallized samples. Fig. 6 shows WAXS scans of
the neat PLLA and the PLLA/AdA-1,6 HDO, PLLA/AdA-1,4 BDO, and
PLLA/AdA-2,3 BDO blends, after crystallization at T, = 125 °C for 2 h.

According to Fig. 6a, all samples showed one strong diffraction peak
at 20 = 16.6° and two weak diffraction peaks at 20 =14.8° and 19.0°
corresponding to the 010, 100/200, and 203 reflections of the stable o
form of PLLA, respectively [49-51]. As it was expected for the neat PLLA
sample, only the a phase of PLLA was able to form at crystallization
temperatures above 120 °C with an orthorhombic unit cell [49,52,53].
Fig. 6b shows an enlargement of WAXS patterns shown in Fig. 6a. In the
case of PLLA/AdA-1,4 BDO blend, the plasticizer did not change the
PLLA main crystal structure. In the case of PLLA blended with PLLA/
AdA-2,3 BDO and AdA-1,6 HDO, a peak appears at 20 = 24.2° that
corresponds to « form crystal (less ordered than a form crystal), hence
in these samples a mixture of a and @ phases exists. Moreover, PLLA/
AdA-1,6 HDO shows a new peak at 20 = 21.50° whose origin is un-
known, as it is not related to the presence of o crystals. This merits
further crystallographic studies which are outside the scope of the pre-
sent paper.
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3.2.4. Nucleation and growth rates from the melt state

To study the plasticization effect of PLLA by linear AdA based
polyesters on the nucleation and growth of PLLA spherulites, the growth
rate and nucleation density were determined by PLOM. Micrographs
were collected during isothermal crystallization from the melt state at
different temperatures for spherulitic size and nuclei quantity mea-
surements. We performed PLOM observation by crystallization from the
molten state because when PLOM micrographs were taken from the
glassy state crystallization, a granular texture was observed (an example
result for the neat PLLA is shown in Fig. S6). This microspherulitic
morphology was expected from the enhanced nucleation that occurs
when the crystallization proceeds from the glassy state preventing nuclei
counting and spherulitic growth measurements.

Fig. 7 shows the spherulite morphology of neat PLLA and its blends
with AdA-based linear polymers after isothermal crystallization at
120 °C for 20 min. Typical PLLA negative spherulites were observed. As
it can be seen in Fig. 7, among the samples under this study, the smallest
spherulites belonged to neat PLLA, and the largest ones were formed
when PLLA was blended with AdA-2,3 BDO.

Fig. 8 shows the data collected from the captured micrographs dur-
ing isothermal crystallization at the indicated temperatures for PLLA/
AdA-1,4 BDO sample as a representative set of nucleation kinetics
data. The nucleation kinetics data for the rest of samples was presented
in Figs. S8 and S9. In general, when the crystallization is performed from
the molten state, for neat PLLA and its blends with AdA-based polymer,
as the crystallization temperature decreased the nucleation density
Pnuclei increased, and the influence of crystallization temperature on the
Pnuclei in the blends was stronger than in neat PLLA (Fig. 8a). The PLLA/
AdA-2,3 BDO blend showed the lowest nucleation density among all
samples resulting in the largest spherulites (also see Fig. 7c).

In all cases, and for all different crystallization temperatures, there
was a nearly linear increase of the radius with time as seen in Fig. 5b and
Fig. S8. Xiao et al. reported PLA plasticized with triphenyl phosphate
(TPP) and found that spherulite growth rates for PLA/TPP were higher
than those of neat PLA [51].

The nucleation rate (I) presented in Fig. 9a versus T, was determined
from the initial slope of the nucleation density versus time plots (such as
that in Fig. 9a), where a straight line could be fitted to the experimental
data (Fig. 9a and S8 plots). Neat PLLA showed the highest nucleation
rate from the melt in comparison to the blends. By adding 10 % of any
AdA-based polymer, a remarkable drop in the nucleation rate from the
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Fig. 6. (a) WAXS patterns in the full angular range examined and (b) enlarged WAXS patterns of the neat and blend PLLA samples after isothermal crystallization

from the melt at 125 °C.

melt occurred at a same crystallization temperature (see Fig. S9). At
these relatively high crystallization temperatures, the primary nucle-
ation effect was weakened by the plasticization effect of the linear
polymer additive, which could be a result of an excess chain mobility
that enhances chain detachment rates in comparison to chain attach-
ment rates to existing heterogeneities. The nucleation of the PLLA melt
occurs by heterogeneous nucleation.

The experimental growth rate G (um/min) values were calculated
from the slope of spherulite radius versus time (e.g., Fig. 8b) and plotted
versus the isothermal crystallization temperatures in Fig. 9b. The
spherulitic growth rate, G, shows a bell-shaped temperature depen-
dence, as a result of the competition between secondary nucleation
control at higher temperatures and diffusion control at lower tempera-
tures. The growth rate displays a maximum at around 125 °C for neat
PLLA and its blends [54].

The incorporation of AdA-based linear polymer units had an incre-
mental impact on the growth rate, G, of neat PLLA spherulites. The
spherulite growth rate G increased with polyester addition, probably
because of less restricted polymer chain mobility (inducing faster and
easier polymer diffusion) in the blends sample as these blends showed a
lower T, value in comparison to neat PLLA (see Table 2 for T, values).
For this reason, the increase in G was particularly significant in the left-
hand side of the bell-shaped curve, which was the one dominated by
diffusion.

The Lauritzen and Hoffman (LH) theory [54] was employed to
determine the energetic parameters related to the growth process, ac-
cording to the following exponential equation:

_ —Kg
G = Gyexp (@D)]

)

where Gy is the growth rate constant and almost independent of tem-
perature, U* is the transport activation energy which characterizes
molecular diffusion across the interfacial boundary between melt and
crystals (taken as a constant value of 1500 cal/mol). T is the crystalli-
zation temperature and Ty is a hypothetical temperature at which all
chain movements freeze (Tp = T — 30 °C); T‘,),, is the thermodynamic
equilibrium melting temperature of the polymer and R is a gas constant.
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Plotting InG + R(T’—HTO)
slope and intercept were equal to Kg and G respectively. The work done
by the polymer chains to form a fold was given by q = 2agbgo,. Examples
of L-H plots for neat PLLA can be found in Fig. S10. The dashed lines in
Fig. 9b correspond to fittings to Eq. (1). Table 3 shows that Kg, a
parameter proportional to the energy barrier for the crystal growth of
PLLA, decreased with AdA-based plasticizer addition in comparison
with the value for neat PLLA. Similar trends were observed for the fold
surface free energy o, and for the work done to form folds, q. The values
of these three energetic parameters (Kg, o, and q) varied as expected
considering the trends observed in spherulitic growth rate in Fig. 9b. As
the rate of spherulitic growth increased, these energetic parameters
decreased as the plasticizing action of the added AdA-based polyesters
increased.

versus 1/T.(AT)f gave a straight line and its

3.2.5. Overall isothermal crystallization from the glassy state

Isothermal DSC experiments can be used to determine the overall
crystallization kinetics that includes both nucleation and growth.
Fig. S11 shows the experimental isothermal crystallization from the
glassy state of the neat PLLA and its blend with AdA-based polymers. As
it can be seen in Fig. S11, by applying the isothermal protocol explained
in the experimental part (also the protocol can be seen in Fig. S5) to
perform isothermal crystallization experiments from the glassy state, we
were able to determine the overall isothermal crystallization kinetics for
neat PLLA and its blends with linear AdA-based polyesters.

The overall crystallization rate (reported as the inverse of the crys-
tallization half time (1/7500)) as a function of T, for all samples is shown
in Fig. 10a. For neat PLLA and its plasticized blends, the overall crys-
tallization rate increased with crystallization temperature and a
maximum value was reached at around 115 °C. After reaching the
maximum value at 115 °C, 1/7599, decreases with T.. This bell shape
curve is typical of polymer crystallization, while the low T, range is
dominated by diffusion, while the high T, range is governed by nucle-
ation (both primary and secondary nucleation in this case). The PLLA/
AdA-based polymers blends showed a much faster crystallization rate
than neat PLLA. For instance, comparing the blends at a constant T,
value of 115 °C, the PLLA blends show four times faster crystallization
rate as compared to neat PLLA. These results were mainly connected to
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Fig. 7. Spherulitic morphology of the melt crystallized polymers samples observed by PLOM, at a crystallization temperature of 120 °C after 20 min for (a) neat
PLLA, (b) PLLA/AdA-1,4 BDO (c) PLLA/AdA-2,3 BDO (d) PLLA/AdA-1,6 HDO. Scale bar: 200 pm.
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Fig. 8. (a) Nucleation density and (b) spherulite radius as a function of time for a PLLA AdA-1,4 BDO sample at different T, values.

the plasticizing effect of the linear AdA polyester on PLLA. incubation time, or the time needed for nucleation before any crystal-
Fig. 10b shows the inverse of the induction time for the primary lization or growth can proceed. Therefore, 1/t is proportional to the
nucleation (1/tp) from the glassy state as a function of T,. ty is the primary nucleation rate from the glassy state. As it can be seen in
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lines are the fits to the Lauritzen-Hoffman (LH) theory, Eq. (1).

Table 3

Parameters obtained from fitting the PLOM data to the Lauritzen—Hoffman
model.

Sample name Gop (cm/s) Kg(Kz) Oe (erg/cmz) q (erg)
PLLA 0.146 8.62E+04 58 2.29E-13
PLLA/AdA 1,4 BDO 0.280 2.89E+04 19 0.87E-13
PLLA/AdA 2,3 BDO 0.678 6.00E+04 39 1.80E-13
PLLA/AdA 1,6 HDO 2.010 7.34E4+04 48 2.20E-13

Fig. 10b, while neat PLLA had a lower 1/t value compared to its plas-
ticized blends, PLLA/AdA-1,6 HDO showed the highest 1/t, values. The
addition of 10 % AdA-1,6 HDO to PLLA increased the nucleation from

(a)

>é m e

PLLA
PLAL/AdA-1,4 BDO

PLLA/AdA-2,3 BDO
PLLA/AdA-1,6 HDO

T, (°C)

Fig. 9. (a) Nucleation rate as a function of the crystallization temperature and (b) spherulitic growth determined by PLOM for the indicated samples. The dashed

the glassy state, as chain mobility at temperatures close to vitrification
(where long-range chain mobility is highly restricted) is also enhanced.
It is interesting to stress that in the nucleation from the melt state
(Fig. 9a), the opposite results were found because an excess in mobility
(caused by plasticization) can decrease the primary nucleation in the
melt.

The Lauritzen and Hoffman theory can also be applied to fit the
overall crystallization data obtained by DSC measurements using
following equation:

1

[ts00 = 1/15o%exP [R(Tcli To)} L‘T(

—Kg’
T, -T.)

(2)

® PLLA
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Fig. 10. (a) Overall crystallization rate and (b) primary nucleation rate, obtained by DSC for samples isothermally crystallized from the glassy state, as a function of
Tc. The solid lines represent fits to the Lauritzen and Hoffman theory.
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where most of the terms have been defined above. Here K is a constant
proportional to the energy barrier for both primary nucleation and
spherulitic growth (secondary nucleation) and it is different from Kg
(Eq. (1)) derived from growth rate and therefore proportional only to the
energy barrier for growth. The solid lines in Figs. 10a represent fits to the
Lauritzen-Hoffman theory. All the relevant parameters obtained from L-
H equation are listed in Table 4.

A faster crystallization process from the glassy state is characterized
by a lower energy barrier for nucleation and growth (i.e., lower Kg,
lower surface fold energy (o,), and a smaller work done by the chains to
fold (g)). As anticipated, Table 4 showed that all these energetic pa-
rameters were lower for plasticized PLLA, even though the trends ob-
tained for the blends did not show meaningful changes that could be
correlated with the specific overall crystallization rate results observed
in Fig. 10. When comparing the values in Tables 3 and 4, it is clear that
the values obtained from fitting the L-H theory by PLOM are smaller
than those obtain ed. by DSC. Indeed, the values reported in Table 3 take
into account only the growth of spherulites, while Table 4 considers both
nucleation and growth.

Xiao et al. [51] reported that the overall crystallization time for PLA/
TPP blends decreased when compared with neat PLA, in view of the
plasticizing action of TPP that increased mobility and reduced the T,
value.

3.2.6. Fitting of DSC isothermal crystallization data to the Avrami theory
The Avrami equation (Eq. (3)) can describe the primary overall
crystallization process in polymers by the following equation [32]:

1—Ve(t—ty) = exp(—k(t — 1p)") 3
where V. is the relative volumetric transformed fraction (as a function of
time), t is the experimental time of crystallization, t; is the induction
time for crystallization, k is the rate constant of isothermal crystalliza-
tion, and n is the Avrami index for describing nucleation mechanism and
crystal growth. We employed the Origin plug-in developed by Lorenzo
et al. [32] to fit the Avrami equation to the experimental data. Fig. 11
shows a representative fit of Avrami theory for the crystallization of the
PLLA/AdA-1,6 BDO sample at 100 °C. The Avrami plot of the experi-
mental data obtained during crystallization of the neat PLLA at 110 °C is
presented in Fig. S12, and the data from the Avrami fitting model for all
samples are collected in Table S4.

Fig. 11a shows the Avrami plot (derived from Eq. (3)) that is line-
arized by the double logarithmic scale of the axis, within 3-20 % con-
version range that corresponds to the early stage of primary
crystallization, before any spherulitic impingement takes place. The
Avrami index, n, obtained as well as the k value and the correlation
coefficient for the fit, R2, are included in the plot for one example. The
normalized experimental heat flow data is well modeled by the Avrami
fit using the obtained values from Eq. (3), and a comparison between
experimental data and predictions from the Avrami equation is plotted
in Fig. 11b.

Table 4

Values obtained by fitting the L-H theory to experimental DSC overall crystal-
lization data. Parameter proportional to the energy barrier for secondary
nucleation (KQ, fold surface energy (o), and work done by the chain to perform
a fold (¢).

Sample name 1/19(1/s)  KyK? o, (erg/ q (erg) R?
cm?)

PLLA 3.84E+04 10.1E+04 66 3.04E-13 0.995

PLLA/AdA-1,4 2.39E+04 9.44E+04 62 2.83E-13 0.989
BDO

PLLA/AdA-2,3 0.57E+04 7.81E+04 51 2.34E-13 0.910
BDO

PLLA/AdA-1,6 1.12E+04 8.50E+04 64 2.84E-13 0.892
HDO
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Fig. 11. An example of Avrami plots of the data obtained during crystallization
of PLLA/AdA 1,6 BDO at 100 °C. (a) Avrami plot of the experimental data
obtained during crystallization. (b) Normalized heat flow experimental data
during crystallization compared to the data predicted by the Avrami model.

Fig. 12 shows the kinetic parameters of overall crystallization as a
function of the crystallization temperature for neat PLLA and its blends
with AdA-based linear polymers. In Fig. 12a, the inverse of the experi-
mental half-crystallization (1/7s0. exp) data is plotted. The solid lines in
Fig. 12a correspond to the L-H fitting. The k'/" values were calculated
from the Avrami theory parameter by elevating k (isothermal crystalli-
zation rate constant) to 1/n (1/Avrami index), and they were propor-
tional to the overall crystallization rate. The k" values are plotted
versus T, in Fig. 12b and also fitted to the L-H theory (solid lines). The
significant similarity between Fig. 12a and Fig. 12b is a consequence of
the well-fitted Avrami equation to the experimental overall crystalliza-
tion rate data until approximately 50 % conversion.

Fig. 12c shows the values of the Avrami index n as a function of T.
The values fluctuated between 1.5 and 3.5. As it was described earlier,
the overall isothermal crystallization kinetics by DSC was determined
from the glassy state, therefore the nucleation density was remarkably
improved. At lower crystallization temperature the n value is nearly 3
indicating that spherulites grew instantaneously, as expected from the
high nucleation rate from the glassy state. At a higher crystallization
temperature, n values decreased to nearly 2, which may be explained by
a morphological change from spherulites to axialites.
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Fig. 12. (a) Overall crystallization rates, expressed as the inverse of the
experimentally determined half-crystallization times, (b) normalized crystalli-
zation constant from the Avrami model and (c) Avrami index for the indicated
neat PLLA and plasticized samples as a function of crystallization temperature.
Solid lines in (a) and (b) correspond to the fit of the Lauritzen-Hoffman (L-
H) theory.

4. Conclusions

This present study explored the effect of biobased aliphatic polyester
plasticizers on PLLA. While the thermomechanical and mechanical
properties were evaluated, a special focus was put on the nucleation and
crystallization kinetics of neat and plasticized PLLA.

To this aim, three different biobased linear aliphatic AdA-based
polyesters were successfully synthesized through the two-stage melt
method (esterification and polycondensation). AdA-1,4 BDO and ADA-
1,6 HDO showed a semicrystalline behavior, however ADA-2,3 BDO
was totally amorphous.

Subsequently, 10 wt% of these polyesters were used as a plasticizer
for PLLA in order to enhance its crystallization rate. Plasticized PLLA
blends displayed a single T, value, suggesting full blend miscibility, that
shifted to lower temperatures. WAXS results demonstrated that the
presence of AdA/ 1,4 BDO and AdA/ 2,3 BDO plasticizers were able to
form both « and o crystal structures of PLLA.

Tensile tests showed PLLA blends plasticized with 10 wt% AdA-1,6
HDO presented the highest improvement in toughness with an 8-fold
increase in elongation at break.

Isothermal crystallization from the melt state indicated that the
addition of only 10 wt% of any plasticizer to PLLA caused a significant
dramatic increase to the spherulitic growth rate. However, plasticization
led to a decrease in the nucleation rate and nucleation density. In
addition, it was found that the plasticizer based longer aliphatic chains
monomers (AdA-1,6 HDO) caused a higher impact on the spherulite

International Journal of Biological Macromolecules 214 (2022) 128-139

growth rate of PLLA. This could probably be connected to easier polymer
diffusion. Plasticizer incorporation within PLLA caused a remarkable
increase in the overall crystallization rate that derived from a lower free
energy barrier for both nucleation and growth of PLLA crystals that
initiated their crystallization from the glassy state. Moreover, the plas-
ticizers based on shorter aliphatic chains monomers had a larger impact
on PLLA overall crystallization rate.
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