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The influence of the addition of linear and four-arm poly(lactide) (PLA) stereocomplexes (scPLAs) on the
non-isothermal and isothermal crystallization behavior of poly(L-lactide) (PLLA) and poly(p-lactide) (PDLA)
from the molten state was investigated. The linear PLAs and four-arm PLA with a similar chain length for
each arm were synthesized by ring-opening polymerization. The linear and four-arm scPLAs were then
prepared by solution blending and characterized by 'H-NMR, FTIR, and WAXD analysis. Various mass
ratios of the scPLAs were subsequently added to PLLA and PDLA as nucleating agents and specimens
were prepared by solution casting. The isothermal and non-isothermal crystallization behavior of the
specimens was examined by differential scanning calorimetry and polarized optical microscopy. The SC
crystallites effectively promoted the nucleation of the PLAs, thereby increasing the general crystallization
rate of the matrix. A 10% content of stereocomplex nucleating agent increased the crystallization rate of
PDLA and PLLA by more than 55% and 70%, respectively. Compared with the linear scPLA, the four-arm

scPLA more strongly promoted crystallization at higher temperatures. This might be because the greater
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SC crystallites, which was more beneficial for adsorption of the matrix on the crystal surface and

DOI: 10.1039/cBra09856e permitted the nucleation and growth at higher temperatures. These results demonstrate that scPLAs can
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1. Introduction

Poly(lactide) (PLA) is a biodegradable plastic that possesses
excellent mechanical properties and good biological compati-
bility and is widely used in the fields of construction, elec-
tronics, packaging, textiles, automobiles, agriculture, and
biomedical equipment.’” However, under the traditional pro-
cessing conditions, the industrial and commercial applications
of PLA are limited by a slow crystallization rate, low crystallinity,
and poor thermal stability.*” The heat resistance of PLA is
affected by various factors, such as the chemical structure,
molecular weight, and molding conditions.*** Numerous
studies have been conducted to improve the thermal stability of
PLA. In particular, considerable attention has been devoted to
PLA stereocomplexes (scPLAs) formed by blending enantio-
meric poly(i-lactide) (PLLA) and poly(p-lactide) (PLDA), which
represents the most promising route to improving the thermal
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potentially be used as nucleating agents to improve the performance and transparency of PLA films.

stability of PLA-based materials."*"” Owing to the tighter side-
by-side crystallization of the two enantiomeric polymers, the
melting point of SC crystallites can reach approximately 230 °C,
which is about 50 °C higher than that of PLA homopoly-
mers."””" Our research group previously studied the effects of
the composition ratio and blending method on the synthesis of
scPLAs." Solid-phase polycondensation effectively increased
the molecular weight of the scPLAs but had a negative impact
on the regularity of the linear chain, and the stereocomplex (SC)
structure did not delay the thermal degradation of PLA. Xie et al.
used solution casting to prepare porous scPLA scaffolds, which
possessed clear pore structures, high mechanical strength, and
good biocompatibility and could be used as implanted bioma-
terials.”® Recently, Bai et al. proposed a low-temperature sin-
tering technology to better prepare scPLAs and avoid their
thermal degradation during processing.*® In addition to linear
structures, scPLAs with branched architectures have also
received considerable attention.** For example, the preparation
of branched* and 3D core structures,??* as well as den-
drimers,* has been reported, increasing the diversity of scPLA
structures. J. Bao discovered that comblike scPLAs possessing
multiple branching points crystallize more rapidly than linear
ScPLAs.?®

Improving the overall crystallization rate of PLLA is a key
issue for a variety of industrial applications. The addition of
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a nucleating agent can improve not only the crystallization rate
of PLA but also its thermal stability.>”** For example, the use of
nucleating agents such as talc enhanced the crystallization rate
of PLLA.*>** Natural nucleating agents like cashew gum®* or
granular starch® were also used in PLA. An apparent increase in
the degree of crystallinity and a reduction in the crystallite size
of the PLA were observed after natural nucleating agents were
added. The effect of granular starch as a nucleating agent was
slightly less than that of talc. Cyclodextrin was also reported as
a natural nucleating agent of PLA and the degree of crystallinity
of PLA was increased.’® Our group reported the effect of N-
aminophthalimide compound as a nucleating agent on the
crystallization behavior and morphology of PLA.*>” The results
revealed that above 120 °C N-aminophthalimide compound
induced the rapid crystallization of PLA and significantly
reduced the spherulite radius owing to an obvious epitaxial
effect. Besides the use of small-molecule nucleating agents to
improve the crystallization of PLLA, the addition of PDLA was
also reported to increase the crystallization velocity of PLLA.*” In
another study, PLLA/PDLA nanoparticles were reported to
contain alpha-type crystals.*® After annealing, the molten alpha-
type crystals were cold crystallized to form pure SC-type nano-
particles, which served as nucleating agents for PLLA matrix
crystallization and significantly shortened the crystallization
time of the pure PLLA matrix. For example, when a PLLA film
was cooled from the molten state to induce non-isothermal
crystallization, the addition of 1% PDLA effectively shortened
the PLLA crystallization time. Schmidt et al. found that the
addition of a small amount of PDLA to PLLA resulted in the
formation of SC crystals, which acted as heterogeneous nucle-
ation sites for subsequent PLLA crystallization.”” A maximum
nucleation efficiency of 66% was observed using 15 wt% PDLA.
When asymmetrical blends of PLLA and PDLA are heated above
190 °C, the homocrystals melt, whereas the SC crystals remain
in the unmolten state owing to their high melting point and
therefore function as nucleation sites and cross-linking
points.**** To allow processing of PLLA-based products with
high crystallinity and thermal stability in a relatively short
period of time, PDLA can be incorporated to form SC crystal-
lites, thereby reducing production costs.*

In this work, we mainly studied the influence of linear scPLA
and four-arm scPLA (4ascPLA) as nucleating agents on the
crystallization behavior of PLAs. As shown in Scheme 1, PLLA,
PDLA, and four-arm PDLA (4aPDLA) with a similar chain length
for each arm were synthesized by adding either 3-butyn-1-ol or
pentaerythritol to initiate the ring-opening polymerization
(ROP) of the lactides. Then, the linear and four-arm scPLAs were
prepared by solution blending. The molecular structures were
systematically investigated using nuclear magnetic resonance
(NMR), Fourier-transform infrared (FTIR) spectroscopy, and
wide-angle X-ray diffraction (WAXD) to confirm the successful
synthesis of the linear and four-arm scPLAs. To comprehen-
sively evaluate the effects of the composition and type of
thermal treatment of the scPLAs on the enhancement of the
total crystallization of PLA films containing various amounts of
scPLAs, PLLA and PDLA specimens containing 0.5-10% of the
linear or four-arm scPLAs were prepared by solution casting.
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Scheme 1 Synthesis of PLLA, PDLA, and 4aPDLA.

Subsequently, two types of procedures were adopted for crys-
tallization experiments, namely, (1) isothermal crystallization,
i.e., crystallization at a fixed temperature after melting, and (2)
non-isothermal crystallization, i.e., crystallization in the as-cast
state or after direct cooling of melt-quenched test specimens.
The crystallization of the specimens was examined by differ-
ential scanning calorimetry (DSC) and polarized optical
microscopy (POM). Compared to other nucleating agents, such
as talc,*?, cashew gum?®* or N-aminophthalimide,*’, no change in
chemical composition of PLA was observed in the samples
containing stereocomplex as a NA and scPLA can offer a fully
biodegradable nucleating agent.

2. Experimental

2.1. Materials

t-Lactide (1-LA) and p-lactide (p-LA) (Purac) were purified by
recrystallization three times from ethyl acetate and dried under
vacuum at 30 °C. Stannous octoate (Sn(Oct),, Aladdin) and 3-
butyn-1-ol (Adamas) were purified by distillation under vacuum.
Pentaerythritol (Aladdin) was dried under vacuum at 55 °C for
24 h prior to use. High-molecular-weight PLLA and PDLA were
synthesized in our laboratory. Other reagents were used as
received.

2.2. Preparation of scPLA and 4ascPLA as nucleating agents

PLLA, PDLA, and 4aPDLA were prepared via ROP of the corre-
sponding lactides. As described in a previous study,** stannous
octoate was used as the polymerization catalyst and 3-butyn-1-ol
or pentaerythritol was used as the initiator, which was expected
to afford PLLA or PDLA with an M, of 1.0 x 10* g mol . Briefly,
to a 50 mL round-bottom flask containing a magnetic stirrer bar
were added 1-LA or p-LA (20.20 g, 0.14 mol), stannous octoate
(5.67 x 107> g, 0.14 x 10> mol), and 3-butyn-1-ol (0.14 g, 2.0 x
107? mol). The resulting mixture was heated to 120 °C in an oil

This journal is © The Royal Society of Chemistry 2019
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bath for 24 h under argon with magnetic stirring. After the
reaction had reached completion, the crude product was puri-
fied by recrystallization from chloroform and n-hexane. The
obtained purified PLLA or PDLA was dried under vacuum at
30 °C for 72 h. A similar preparation method was used for
4aPDLA, except that pentaerythritol was used as the initiator
and the monomers and catalyst are fed four times as previously.

scPLA and 4ascPLA were prepared by solution blending and
film casting. First, equivalent masses of PLLA, PDLA, and
4aPDLA were dissolved in dichloromethane to a concentration
of 5 g L™ at 25 °C. Next, the PLLA and PDLA solutions were
blended together and stirred vigorously for 3 h. Finally, the
mixed solution was poured into a culture dish and evaporated at
25 °C for 24 h, and the resulting film was dried at 50 °C under
vacuum for 72 h to remove the residual solvent and obtain
scPLA. The PLLA and 4aPDLA solutions were used in the same
manner to obtain 4ascPLA.

2.3. Sample preparation

High-molecular-weight PLLA and PDLA were dried in a vacuum
oven at 50 °C for 24 h prior to blending with the nucleating
agents (NAs). PLA/NA specimens with the desired composition
(e.g, 100/2.0, w/w) were separately dissolved in dichloro-
methane and stirred for 2 h. The resulting solution was poured
into a Petri dish and then evaporated at room temperature for
24 h. The obtained films were dried in a vacuum oven at 60 °C
for 12 h. For comparison, neat PLA was prepared under the
same conditions. In this study, the PLA/NA samples are denoted
“PLA-NAx”, where x represents the mass fraction of the nucle-
ating agent. For example, the PLLA/scPLA (100/2.0, w/w) sample
is denoted “PLLA-scPLA0.5%”.

2.4. Characterization and testing

NMR, FTIR, and WAXD analyses were performed to confirm the
successful synthesis of the nucleating agents (scPLA and 4asc-
PLA). The structures of the polymers (PLLA, PDLA, and 4aPDLA)
were analyzed by "H-NMR spectroscopy (Bruker DMX-500) using
CDCl; as the solvent. The functional groups present in the
polymers (PDLA, 4aPDLA, scPLA, and 4ascPLA) were analyzed
by FTIR spectroscopy (Bruker EQUINOXSS/HYPERION2000).
The WAXD patterns of the polymers (PDLA, 4aPDLA, scPLA,
and 4ascPLA) were acquired on an X-ray powder diffractometer
(Rigaku D/max 2500) using Cu/Ka radiation (A = 0.154 nm), in
the range of 26 = 5-45° with a scanning speed of 5° min™".
DSC was performed using a METTLER TOLEDO/DSC3+
instrument under a nitrogen gas flow of 50 mL min~" to study
the thermal performance of the PLA/NA specimens under
conditions of isothermal and non-isothermal crystallization
respectively. In the non-isothermal crystallization experiments,
the samples were first heated from 20 °C to 200 °C at a rate of
20 °C min " and maintained at 200 °C for 5 min to remove the
thermal history. The samples were then cooled to 0 °C at a rate
of 20 °C min~"' before reheating to 200 °C at a rate of
10 °C min ' to examine the crystallization and melting behav-
iors, respectively. In the isothermal crystallization experiments,
specimens containing various nucleating agent contents were

This journal is © The Royal Society of Chemistry 2019
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first heated from 20 °C to 200 °C at a rate of 20 °C min " and
then maintained at 200 °C for 5 min to eliminate the thermal
history. The specimens were then quickly cooled to 110 °C at
a cooling rate of 40 °C min~* and maintained at 110 °C until
crystallization was complete. In addition, the previous samples
were first heated from 20 °C to 200 °C at a rate of 20 °C min "
and then maintained at 200 °C for 5 min, followed by cooling to
various temperatures (7. = 105, 110, 115, and 120 °C) at a rate of
40 °C min " and holding at this temperature until crystalliza-
tion was complete.

POM was performed on a Leica DMLP system equipped with
a Linkam THMS600 hot stage to investigate the nucleation and
crystalline morphology of the PLA/NA samples. In the non-
isothermal crystallization tests, the specimens were tightly
compressed between two cover glasses, melted at 200 °C and
maintained at this temperature for 5 min to eliminate the
thermal history, and then cooled to room temperature at a rate
of 20 °C min~". In the isothermal crystallization tests, the
specimens were maintained at 200 °C for 5 min and then
rapidly cooled to the desired crystallization temperature (Tiso =
155, 150, 145, or 140 °C). Photomicrographs were obtained at
appropriate time intervals to monitor the morphology of the
growing crystals.

3. Results and discussion

3.1. Synthesis and characterization of nucleating agents
(scPLA and 4ascPLA)

The chemical structures of the PLAs were analyzed by 'H-NMR
spectroscopy and the resonance peaks appeared in the corre-
sponding position based on the published literature.*> As
shown in Fig. 1, peak a at 5.10 ppm and peak b at 1.58 ppm
represent the characteristic signals of the methine and methyl
protons of PLA, respectively, indicating the successful synthesis
of PLLA, PDLA, and 4aPDLA. Fig. 2 shows the WAXD patterns of
PDLA, 4aPDLA, scPLA, and 4ascPLA. According to the litera-
ture,* the diffraction peaks at 14.6°, 16.5°, 18.9°, and 22.6° can
be attributed to the homocrystallites of PDLA and 4aPDLA. In
contrast, the characteristic diffraction peaks for SC crystallites
were observed at approximately 12.2°, 20.8°, and 24.1° in the
spectra of scPLA and 4ascPLA. Furthermore, no characteristic
diffraction peaks corresponding to HC crystals were observed in
the spectra of scPLA and 4ascPLA, demonstrating that the SC
crystals were formed perfectly. Evidence for hydrogen bonding
between PLLA and PDLA, which is responsible for the formation
of the scPLAs, was obtained by FTIR spectroscopy (Fig. S17). All
the "H-NMR, WAXD and FTIR spectral results confirmed the
perfect PLA stereocomplexes formation.

3.2. Non-isothermal crystallization

To evaluate the crystallization and melting behavior, the DSC
non-isothermal crystallization curves of the PLA-NA6% samples
were examined. Fig. 3 shows the PDLA-NA6% and PLLA-NA6%
sample reheating process. It can be seen that the addition of the
nucleating agents (scPLA or 4ascPLA) reduced the cold crystal-
lization temperature of the matrix (PLLA and PDLA) by 6-8 °C

RSC Adv., 2019, 9, 6221-6227 | 6223
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Fig. 1 H-NMR spectrum of (A) linear PLLA, (B) linear PDLA, and (C)
4aPDLA.

and caused the cold crystallization peak to become narrower
and sharper. Prior to cold crystallization, the moving segments
could adhere to the surfaces of the SC crystallites, thereby
promoting matrix crystallization and increasing the
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Fig. 3 DSC thermograms of the specimens during the second heating
cycle.

crystallization rate. The obtained non-isothermal crystallization
thermal performance data of the samples are summarized in
Table 1. The crystallinity of homochiral PLA was calculated
according to formula (1) using the melting enthalpy of PLA:

This journal is © The Royal Society of Chemistry 2019
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Table 1 Thermal properties of samples during the second heating
cycle

Sample T, (°C) T. (°C) Tm (°C) X, (%)
PDLA 55.21 98.87 172.01 60.84
PDLA-4ascPLA6% 53.40 91.53 171.07 68.08
PDLA-scPLA6% 54.22 93.48 171.48 71.22
PLLA 59.63 100.39 175.17 71.28
PLLA-4ascPLA6% 59.76 92.67 174.59 75.97
PLLA-scPLA6% 59.97 94.31 174.96 77.77

X. = AH/AHY, x 100% (1)

where AHY, is 93.1] g~ '.%

It can be seen from Table 1 that the SC crystallites, as
nucleating agents, had little influence on the glass-transition
temperature (T,) and melting temperature (Ty,) of the matrix
but led to a certain degree of improvement in the crystallinity
(X.) of the PLAs. Furthermore, the T, values of the 4ascPLA
samples were lower than those of the scPLA samples, indicating
that 4ascPLA more strongly promoted matrix crystallization. A
possible explanation for this is that the higher branched
molecular chain and greater steric hindrance of 4ascPLA
resulted in the formation of incomplete SC crystallites con-
taining a large number of defects, which made it easier for the
adsorbed matrix to nucleate and grow on the surfaces of the SC
crystal. Moreover, owing to the lower 7. and the inhibitory effect
of the molecular chain structure of 4ascPLA on the motion of
the segment, the growth velocity of the HC crystallites was
reduced, resulting in crystal defects in the crystalline region.
Consequently, the X. of the sample containing 4ascPLA was
slightly lower than that of the sample containing scPLA. POM
was also employed to examine the non-isothermal crystalliza-
tion behaviors of the PLLA-NA samples. The results were
consistent with the DSC results, as shown in Fig. S2.7

3.3. Isothermal crystallization

Fig. 4 shows the curves of heat flow versus time at a Tjs, of
110 °C, which reflect the crystallization of the samples over
time.

It can be seen from Fig. 4(a)-(d) that the presence of the
nucleating agent significantly increased the crystallization rate
at a Tiso of 110 °C and the crystallization rate increased with
increasing nucleating agent content. Furthermore, the crystal-
lization behavior of PLA/NA samples containing 10% nucleating
agents was studied at Tjs, values of 105, 110, 115, and 120 °C,
and the resulting curves are presented in Fig. 5(a)-(d). The
samples exhibited the sharpest and narrowest peak at a Tjg, of
105 °C, at which the crystallization was fastest. The crystalliza-
tion rate decreased with increasing Tis,, although the samples
still exhibited a considerable crystallization rate at a Tjs, of
120 °C, which was attributed to the presence of the nucleating
agents.

The relative crystallinity (X;) as a function of time can be used
to better evaluate the isothermal crystallization kinetics, as
plotted in Fig. S3 and S4.1 X, can be calculated as follows:**

This journal is © The Royal Society of Chemistry 2019
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(c) PLLA-scPLAx, and (d) PLLA-4ascPLAx specimens during isothermal
crystallization at 110 °C.

X, de (2)

1 "dH
sl
where dH/d¢ is the heat liberation rate and AH, is the total
quantity of heat, calculated from the total peak area in Fig. 4
and 5.

The half-time of crystallization (¢;,,), which is defined as the
time required to achieve an X; of 50%, was determined from the
relative crystallinity curves shown in Fig. S3 and S4.1 The results
are summarized in Tables S1 and S2.7 The ¢;/, values of PDLA
and PLLA were 5.27 and 4.32 min, respectively. When the
scPLAs were added as a NA with a content of 0.5%, t,,, was
shortened by approximately 1 min, indicating a good nucleating
effect. Furthermore, after adding 10% NA, the ¢,,, value of PDLA
was reduced to around 2 min, and the crystallization rate was
increased by more than 55%. Similarly, the ¢, value of the PLLA
sample with 10% NA was shortened to close to 1 min, and the
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Fig. 5 DSC thermograms of the (a) PDLA-scPLA10%, (b) PLLA-
scPLA10%, (c) PDLA-4ascPLA10%, and (d) PLLA-4ascPLA10% spec-
imen during isothermal crystallization at various temperatures.
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crystallization rate was increased by over 70%. Compared to
other inorganic and organic NAs like talc,**, cashew gum** and
granular starch®, the nucleating effect of the scPLAs as NAs is
not inferior.

At a nucleating agent content of 10%, the crystallization rate
markedly increased as the Tis, was reduced from 120 °C to
105 °C owing to the relatively low nucleation rate of the PLLA
and PDLA matrix at a Tjs, of 120 °C, which mainly depended on
heterogeneous nucleation by the nucleating agent. At Tis, =
105 °C, the ¢, values of PDLA and PLLA samples were
approximately 1.5 min and 0.8 min, respectively. Under this
circumstance, although the matrix itself had a rather fast
nucleation rate, both spontaneous nucleation and heteroge-
neous nucleation occurred, resulting in a significant increase in
the crystallization rate. Compared to scPLA, 4ascPLA decreased
the crystallization time to greater extent at higher temperatures;
however, as the temperature decreased, the nucleating effects of
the two NAs became similar. The structure of 4ascPLA is more
conducive to the promotion of matrix nucleation at higher
temperatures.

The Avrami equation is typically employed to investigate
isothermal crystallization kinetics:**

X, =1 — exp(—kt") 3)

where X, is the relative crystallinity expressed in formula (2), n is
the Avrami index, and k is the total rate constant. The linear
form of formula (3) can be expressed as follows:

In[—In(1 — X))]=nlnt+1nk (4)

By linearly fitting In[—In(1 — X;)] versus In ¢, n and In k can be
determined from the slope and intercept, respectively, of Fig. 6
and 7. The data for the relative crystallinity between 20% and
80% in Fig. S3 and S471 were used to guarantee the precision of n
and k. The value of n, as summarized in Tables S1 and S2,} is
determined by the nucleation mechanism and growth model.
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Fig. 6 Avrami plots for the (a) PDLA-scPLAx, (b) PDLA-4ascPLAx, (c)
PLLA-scPLAx, and (d) PLLA-4ascPLAx samples during isothermal
crystallization at 110 °C.
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Fig.7 Avrami plots for the (a) PDLA-scPLA10%, (b) PLLA-scPLA10%, (c)
PDLA-4ascPLA10%, and (d) PLLA-4ascPLA10% samples during
isothermal crystallization at various temperatures.

Although the theoretical value of n is 3 for the process of
heterogeneous nucleation, the actual value of 7 is not usually 3
owing to the influences of the measurement method, temper-
ature range, and relative crystallinity region. Moreover, because
of the complexity of crystallization, crystals do not grow entirely
uniformly. Thus, the values of 7 listed in Tables S1 and S2t are
essentially between 2 and 3, indicating that the specimens were
heterogeneously nucleated in a three-dimensional growth
mode. The n value increased with increasing NA content. In
general, both the k and ¢;,, are evaluated to compare total
crystallization rates; thus the trends in k are consistent with the
trends in ¢;,,. As shown in Tables S1 and S2,f temperature had
a greater effect on k than NA content.

POM was also applied to examine the isothermal crystalli-
zation behavior of the PLLA-NA6% samples in an effort to
further verify the aforementioned influence of nucleating
agents on PLA crystallization (Fig. S57).

4. Conclusion

In this work, linear and four-arm scPLAs were prepared via
solution blending and used as NAs for PLAs. "H-NMR, FTIR, and
WAXD characterization confirmed the successful preparation of
the scPLAs. The effects of the scPLAs on the crystallization
behaviors of PLAs were then examined. The non-isothermal and
isothermal crystallization behaviors were evaluated for PLLA
and PDLA specimens containing linear scPLA and four-arm
4ascPLA. DSC analysis revealed that the SC crystallites effec-
tively promoted PLA nucleation, thereby increasing the total
crystallization rate of the matrix. When the SC NAs were added
with a content of 10%, the crystallization rates of PDLA and
PLLA increased by more than 55% and 70%, respectively. At
higher temperatures, 4ascPLA exerted a greater nucleating
effect on the PLAs than scPLA. This might be because the
greater degree of branching and steric hindrance of 4ascPLA led
to the formation of defective SC crystallites, facilitating the

This journal is © The Royal Society of Chemistry 2019
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adsorption of the matrix on the crystal surface and permitting
nucleation and growth at higher temperatures. The non-
isothermal and isothermal POM photomicrographs confirmed
DSC results. This work expands the applications of scPLAs and
suggests a potential role for scPLAs as NAs to improve the
performance and transparency of PLA films.
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