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Abstract

Fully biodegradable poly(L-lactide)/poly(triethylene glycol adipate) blends with different phase behaviors and significantly
increased crystallization rate were prepared for the first time in this research. Depending on PTGA content, PLLA/PTGA
blends showed different phase behaviors. PLLA was completely miscible with PTGA when PTGA content was not higher
than 15 mass%, while PLLA was partially miscible with PTGA when PTGA content was higher than 15 mass%. Increasing
the PTGA content remarkably increased both the overall crystallization rate and spherulitic growth rate of PLLA, evidencing
the plasticization role of PTGA; however, irrespective of the presence of PTGA, both the crystallization mechanism and the

crystal structure of PLLA remained unchanged.
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Introduction

Poly(L-lactide) (PLLA) has been widely used in many practi-
cal fields as a biodegradable aliphatic polyester [1, 2]. The
physical properties of PLLA significantly depends on the
crystallinity developed during the processing. For instance,
the heat deflection temperature of amorphous PLLA is only
about 60 °C, around its glass transition temperature; how-
ever, it can be remarkably increased if a high crystallinity of
PLLA is achieved. The biodegradation rate of PLLA is also
significantly influenced by the crystallinity, because amor-
phous region is easier to degrade than the crystalline region.
In addition, the mechanical, optical, and barrier proper-
ties of PLLA are also greatly affected by the crystallinity.
Therefore, it is of great interest and importance to study the
crystallization behavior of PLLA. The crystallization rate
of PLLA is usually very slow, depending on the detailed
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crystallization conditions, such as cooling rate and crystal-
lization temperature. If the cooling rate is faster than 20 °C/
min, the melt crystallization process of PLLA cannot be
detected; therefore, amorphous PLLA may be obtained. In
addition, the crystallization rate also depends on the D-lac-
tide composition of PLLA. With increasing the p-lactide
composition, the crystallization rate of PLLA decreases.

The following two methods are often used to accelerate
the crystallization of PLLA. One is the use of heterogeneous
nucleation agent, which decreases the nucleation activation
energy barrier, makes the nucleation easier at a high crystal-
lization temperature, and thus enhances the crystallization
rate of PLLA. Until now, some efficient nucleation agents,
such as poly(lactide) stereocomplex, poly(glycolic acid),
cellulose nanocrystals, orotic acid, cyanuric acid, carbon
nanotubes, polyhedral oligomeric silsesquioxanes, zinc phe-
nylphosphonate, and graphene oxide, have been extensively
studied [3—11]. The other is the use of plasticizer, which
increases the spherulitic growth rate as well as the overall
crystallization rate of PLLA by reducing the glass transi-
tion temperature and improving the chain mobility. Until
now, some plasticizers, such as poly(ethylene glycol) (PEG),
poly(ethylene adipate) (PEA), and poly(diethylene glycol
adipate) (PDEGA) have been reported to be efficient for the
crystallization of PLLA [12-17].
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Poly(triethylene glycol adipate) (PTGA) shows the simi-
lar chemical structure as PDEGA; therefore, PTGA may
also behave as a novel plasticizer for the crystallization
of PLLA. To our knowledge, the effect of PTGA on the
crystallization of PLLA has not been reported in literature
so far. In this research, the miscibility and crystallization
behavior of PLLA/PTGA blends were investigated with vari-
ous techniques in detail. The novelties of this work may be
described as follows. On the one hand, fully biodegradable
PLLA/PTGA blends were prepared for the first time; moreo-
ver, PTGA was found to be a novel plasticizer to enhance
the crystallization of PLLA. On the other hand, depending
on the mass ratio of PTGA, PLLA/PTGA blends displayed
different phase behaviors, i.e., the homogeneous phase in
miscible polymer blend and two-phase structure in partially
miscible blend. This research is expected to be of signifi-
cant importance and interest in both biodegradable polymer
blends and polymer crystallization.

Experimental
Materials and preparation of PLLA/PTGA blends

PLLA (4032D, 98% L-lactide, T,=60 °C, and 7,,,=165 °C)
was purchased from Nature Works, which had an M, of
1.90x 10°> g mol~" and a PDI of 1.63.

PTGA was synthesized through a two-stage polycon-
densation method in our laboratory, which had an M, of
1.0x 10° g mol~! and a PDI of 2.35 [18].

Using chloroform as a cosolvent, PLLA/PTGA blends
with different mass ratios of 90/10, 85/15, 80/20, and 70/30
were prepared through a typical solution and casting process.
For comparison, neat PLLA was treated through the same
process.

Scheme 1 displays the chemical structures of PLLA and
PTGA.

Characterizations
The characterizations were similar to those described else-

where [15], which are shown in the supplementary materials
for brevity.

Scheme 1. Chemical structures e
of PLLA (left) and PTGA
(right)
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Results and discussion

Phase behavior study of PLLA/PTGA blends

Phase behavior study is of significant importance in polymer
blends. In this research, the phase behavior of PLLA/PTGA
blends was first investigated by differential scanning calo-
rimetry (DSC) and scanning electron microscopy (SEM).
Figure S1 in the supplementary materials displays the DSC
curves for the PLLA, PTGA, and PLLA/PTGA blends dur-
ing the quenching process at 60 °C min~'. Both PLLA and
PLLA/PTGA blends did not crystallize due to the slow crys-
tallization rate of PLLA; therefore, all samples reached the
completely amorphous state. Figure 1 shows the DSC traces
of the two neat components and their blends at a heating
rate of 20 °C min~! after a melt-quenching process. For the
two neat components, PLLA showed a glass transition tem-
perature (7,) at 60.0 °C while PTGA displayed a T,at—56.8
‘C. The two neat components showed a significant differ-
ence in T, (about 120 °C), which would favor the obvious
decrease in the T, of PLLA component induced by PTGA
as a plasticizer in the blends. For the blends, one or two T,
values were observed depending on the blend composition,
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Fig.1 DSC heating traces of PLLA, PTGA, and their blends at
20 °C min™"! after the melt-quenching process
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Fig.2 SEM images of a neat PLLA, b 90/10, and ¢ 80/20 after sol-
vent etching
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Fig.3 Plots of relative crystallinity versus crystallization time of a
neat PLLA and b 80/20 at different temperatures

showing different phase behaviors. In the case of 90/10 and
85/15 samples, only one single T, was detected at 38.1 and
36.0 °C, respectively, which were intermediate between
those of the two neat components, revealing that PLLA and
PTGA were completely miscible in the amorphous region.
In the case of 80/20 and 70/30 samples, two composition-
dependent T, values were found, corresponding to those of
the two components, respectively. For instance, an 80/20
blend showed two Tg values at 33.5 and —55.2 °C, corre-
sponding to those of PLLA phase and PTGA phase, respec-
tively, while they became 30.4 and —55.5 °C in the case of
a 70/30 blend. The phase behavior in the 80/20 and 70/30
samples evidenced that PLLA and PTGA should be partially
miscible in the amorphous region. In brief, PLLA/PTGA
blends showed different phase behaviors depending on the
blend composition. With the increase of PTGA composition,
the variation from miscible one phase to partially miscible
two phases was found for PLLA/PTGA blends. In addition,
the T, of PLLA phase significantly decreased to 30.4 °C in
a 70/30 blend, suggesting that PTGA should be an efficient
plasticizer and would effectively affect the crystallization
behavior of PLLA.

In addition, it was interesting to compare the effectiveness
of PTGA to some other plasticizers. For instance, the ATg/
plasticizer content was 21.9 K 10% ! for PTGA in this work,
while in the case of PEG, PEA, and PDEGA, the values were
about 17, 13.6, and 15.5 K 10%~", respectively [12, 15, 16],
indicating that PTGA was an efficient plasticizer.

SEM was further used to directly observe the phase mor-
phology of PLLA/PTGA blends. The fractured surfaces of
neat PLLA and PLLA/PTGA blends were first etched by
tetrahydrofuran (THF) for 30 min and then observed with
SEM. Figure 2a, b display that one homogeneous phase was
found for neat PLLA and the completely miscible blend
(such as 90/10). However, Fig. 2c demonstrates that two-
phase morphology was clearly observed for the partially
miscible PLLA/PTGA blend (such as 80/20), as PTGA
phase was soluble and etched by THF, showing a large num-
ber of small dark holes on the surface of PLLA phase. In
brief, the phase morphology study by SEM was consistent
with the DSC results.

Isothermal melt crystallization kinetics study

The physical properties of semicrystalline polymers are
related to the crystallinity formed during the polymer
processing. Figure 3 depicts the crystallization time
dependence of relative crystallinity of neat PLLA and
80/20 at indicated crystallization temperature (7,) val-
ues. For each sample, it required longer time to com-
plete the crystallization with increasing T, suggesting
slower crystallization rate. In addition, the blend needed
shorter crystallization time than neat PLLA at the same
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Fig.4 Avrami plots of a neat PLLA and b 80/20

T., indicating that PTGA accelerated the crystallization
of PLLA due to its effective plasticizer role.

We further analyzed the isothermal melt crystallization
kinetics of neat PLLA and PLLA/PTGA blends with the
well-known Avrami equation:

1 — X, = exp(—kt") @)

where X, is the relative crystallinity at crystallization time ()
[19, 20]. Figure 4 displays the Avrami plots of neat PLLA and
80720, demonstrating four nearly parallel straight lines; conse-
quently, the Avrami equation could accurately describe the iso-
thermal melt crystallization kinetics of neat PLLA and 80/20.
The Avrami parameters n and k of neat PLLA and PLLA/
PTGA blends are listed in Table 1. According to the Avrami
equation, n is the Avrami exponent reflecting the nucleation
mechanism and growth geometry of the crystals, while k is
the crystallization rate constant including both nucleation and
crystal growth processes [19, 20]. In this work, the n values
of all samples were between 2 and 3, manifesting that neat
and blended PLLA crystallized via the same crystallization

@ Springer

Table 1 Avrami parameters of neat PLLA and PLLA/PTGA blends

Samples T/°C n k/min™"
PLLA 115 2.7 2.12x1073
120 26 1.63%x1073
125 26 7.08x1074
130 2.5 5.03%x1074
90/10 115 2.6 8.21x1073
120 2.4 473%1073
125 2.7 1.30x 1073
130 2.5 5.71x107*
85/15 115 23 2.05%1072
120 2.4 6.23x1073
125 2.6 2511073
130 29 3.68x 107
80/20 115 24 1.80%x 1072
120 2.5 6.23%x1073
125 2.4 2.72x1073
130 2.6 6.95%x 107
70/30 115 22 1.38%x1072
120 2.5 3.48x1073
125 2.4 1.46x1073
130 2.6 2.77x107*

mechanism. The k values gradually decreased with increasing
T, for each sample, indicating a slower crystallization rate;
moreover, the k values obviously increased with the PTGA
content, suggesting a faster crystallization rate. Crystalliza-
tion half-time (#, 5) was further applied to compare the overall
crystallization rate of neat PLLA and PLLA/PTGA blends.
Through the following equation, ¢, s was calculated.

los = (%)1/“ 3

To better understand the influence of PTGA content
on the crystallization rate of PLLA in the blends, Fig. 5
demonstrates the plots of ¢, 5 versus degree of supercool-
ing (AT) for neat PLLA and PLLA/PTGA blends. On the
one hand, ¢, 5 of each sample gradually decreased with
increasing AT, suggesting a faster crystallization rate due
to the greater crystallization driving force. On the other
hand, ¢, 5 obviously varied for different PTGA contents
at the same AT; moreover, the temperature at which the
maximum crystallization rate occurred should also vary
for different PTGA contents. The reason would be dis-
cussed later in the spherulitic morphology and growth
study by polarized optical microscopy (POM).
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Fig.5 Variations of #,5 with AT for neat PLLA and PLLA/PTGA
blends

Spherulitic morphology and growth rate study

The spherulitic morphology and growth rate were investi-
gated with POM for neat PLLA and PLLA/PTGA blends.
Figure 6 depicts the POM images for neat PLLA and PLLA/
PTGA blends after they finished crystallizing at 120 °C and
filled the whole volume. As clearly shown in Fig. 6, with

50 um

Fig.6 POM images of a neat PLLA, b 90/10, ¢ 85/15, d 80/20, and e
70/30 (same scale bar for all samples)

an increase in PTGA content, the size of PLLA spherulites
gradually became larger; consequently, the number of PLLA
spherulites remarkably decreased. The spherulitic mor-
phology variation suggested that the nucleation density of
PLLA spherulites decreased after the blending with PTGA.
Such variation is common in miscible or partially miscible
crystalline/amorphous polymer blends, as the amorphous
plasticizer plays a diluent role in the crystallization of the
crystalline component [12—17].

In addition, the spherulitic growth rate (G) values were
further measured in a wide T, range for neat PLLA and
PLLA/PTGA blends. Figure 7 displays the variation of G
with T, for all samples. In the case of neat PLLA, the G val-
ues first increased, reached a maximum, and then decreased
with an increase in 7, in the investigated 7, range, showing
a very common bell shape in polymer crystallization. In the
case of PLLA/PTGA blends, they showed the similar bell
shapes to that of neat PLLA, regardless of the blend compo-
sition. At the same T, the blends showed greater G values
than neat PLLA; moreover, the higher the PTGA content, the
greater the G value. The increase in G in the blend should
mainly be related to the decreased 7, of PLLA phase. From a
polymer crystallization viewpoint, the decreased 7, favored
the mobility of polymer chain and should be helpful for the
polymer to move and arrange into ordered structure, thereby
enhancing the spherulitic growth rate.

Crystal structure study

Figure 8 presents the wide angle X-ray diffraction
(WAXD) profiles of all samples, after they finished crys-
tallizing at 125 °C for 9 h. PLLA shows polymorphism
depending on crystallization conditions; moreover, the
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Fig.7 Spherulitic growth rates of neat PLLA and PLLA/PTGA
blends
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Fig.8 WAXD profiles of neat and blended PLLA and PLLA/PTGA
blends

most thermally stable a-form will be developed when
PLLA is crystallized from the melt at and above 120 °C
[21]. In the present study, neat PLLA was crystallized at
125 °C; therefore, it should display the a-form crystal
structure. From Fig. 8, the two typical diffraction peaks at
20=16.8° and 19.2° were attributed to the (110)/(200) and
(203) planes, respectively, of the a-form of PLLA crystals
[21]. In addition, regardless of PTGA content, all the four
PLLA/PTGA blend samples displayed the similar diffrac-
tion WAXD patterns as neat PLLA. Consequently, amor-
phous PTGA did not modify the crystal structure of PLLA.

Conclusions

To accelerate the crystallization and extend the applica-
tion, PLLA/PTGA blends with different mass ratios were
prepared for the first time in this research with PTGA
being a novel plasticizer. Depending on PTGA content,
PLLA/PTGA blends showed different phase behaviors.
When PTGA content was not higher than 15 mass%, only
one single glass transition temperature and one phase
morphology were found, indicating that PLLA was com-
pletely miscible with PTGA. When PTGA content was
higher than 15 mass%, two glass transition temperatures,
which varied with PTGA content, and two-phase mor-
phology were observed, suggesting that PLLA was par-
tially miscible with PTGA. Both the overall crystalliza-
tion rate and spherulitic growth rate of PLLA remarkably
increased with increasing PTGA content. Such increase
should mainly be explained by the plasticizer role of
PTGA, thereby increasing the chain mobility of PLLA
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in the blends. However, PLLA/PTGA blends showed the
same crystallization mechanism and crystal structure as
neat PLLA, despite the presence of PTGA.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-023-12641-z.
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