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Abstract Understanding the mechanisms that influence the formation of stereocomplex crystals (SCs) in poly(lactic acid) (PLA) is critical for
achieving effective regulation of SC content. In the current simulations, we constructed polymer blends with different initial chain conformations
and then obtained four groups of polymer blend systems with similar segment miscibility but different chain extension degrees by controlling
the high-temperature relaxation time. The simulation results indicate that the fraction of SCs formed in these systems is closely correlated with
the average mixing parameters during the crystallization process rather than the initial chain extension degrees. In other words, the average seg-
ment miscibility in the crystallization process is the key factor controlling the formation ability of SCs.
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INTRODUCTION

Currently, the world is paying increasing attention to the rela-
tionship between materials, environment, and resources.!'3!
Improper disposal of non-biodegradable plastics can cause seri-
ous environmental pollution.* In addition, the extensive use of
non-renewable plastics can lead to continuous consumption
and wastage of resources. In this situation, academia and indus-
try are increasingly focusing on the research and promotion of
new renewable and biodegradable materials, such as poly(lac-
tic acid) (PLA).e~8 The main raw materials for synthesizing PLA
are plants, which are renewable. In addition, PLA materials can
degrade into water and carbon dioxide in the environment.
They also exhibit good biocompatibility.®! Based on these ad-
vantages, experts continue to expand the applications of PLA,
such as its use in food packaging, bio-based plasticizers, textiles,
drug delivery systems, and 3D/4D printing materials.'>°1"
However, PLA has the disadvantages of weak mechanical prop-
erties and poor heat resistance, and its large-scale application is
limited."? Then, various methods have been proposed to im-
prove the mechanical properties and thermal stability of
PLA.[B‘M]

An effective method for improving the mechanical proper-
ties and thermal stability of PLA is to increase the content of
stereocomplex crystals (SCs) that form between the poly(L-
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lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) chains dur-
ing crystallization.”.1>161 In 1987, Ikada et al. first observed the
formation of SCs between PLLA and PDLA chains.'”) Zhang et
al. found that in PLLA/PDLA blends, hydrogen bonds could be
formed between the PLLA and PDLA segments, promoting
the formation of SCs.'8 Compared to homocrystals (HCs)
formed in pure PLLA or PDLA, SCs have a higher melting
point, and PLA materials containing more SCs usually exhibit
stronger mechanical strength.'>'6l There are many research
works focusing on how to improve the SC content and opti-
mize the PLA performance by increasing the SC
content.l7.19-231

It should be noted that there are many factors that affect
the formation of SCs, such as segmental mobility, segment
miscibility, chain-folding ability, and supercooling degree for
HC and SC formation, etc.?4-32 However, the factors that
dominate the formation of SCs remain controversial. The chal-
lenge in studying the impacts of these factors on SC forma-
tion lies in their interdependence, as altering one factor can
lead to changes in others. For instance, if two types of poly-
mer chains are alternately grafted onto substrates, the chain
conformation will be extended owing to the crowding effect
of the grafted chains, thereby reducing the chain-folding abil-
ity.33] In the meantime, the miscibility of segments belong-
ing to different polymer chains increases.33! Then, to ensure
the isolation of variables and avoid confounding effects, it is
essential to maintain all other factors constant when examin-
ing the influence of a specific factor on SC formation. Com-
pared with experiments, it is more convenient to control the
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corresponding parameters in simulations.[293133-351 Hy et al.
applied dynamic Monte Carlo (MC) simulations to study the
stereocomplex crystallization of polymer blends for the first
time.3¢! They demonstrated that intermolecular interactions
play a dominant role in the formation of polymer-staggered
crystals (SCs).36] Our group established polymer blend sys-
tems with different segment miscibilities by setting different
diffusion time.33! Then, the effects of other factors, such as
segmental mobility, chain-folding ability, and supercooling
degree, on HC and SC formation can be excluded. It was
demonstrated that the segmental miscibility of the two enan-
tiomers plays a key role in the formation of SCs.133! More and
more experimental results have also confirmed that miscibili-
ty between PLLA and PDLA segments affects the formation
process of SCs.[2837-39]

To further confirm that the influence of segment miscibili-
ty on SC formation is the most significant, we constructed
polymer blend systems with varying degrees of initial chain
extension. Subsequently, by adjusting the relaxation times of
these polymer blend systems with varying degrees of initial
chain extension, we obtained four groups of amorphous poly-
mer blend systems with similar segment miscibility but differ-
ent degrees of chain extension. Finally, the dependence of
the SC formation ability of these systems on the degree of
segment miscibility and chain extension was investigated.
The simulation results demonstrated that SC formation abili-
ty is closely correlated with the average segment miscibility
during crystallization rather than the initial chain extension
degree, demonstrating that segment miscibility during crys-
tallization is the dominant factor affecting SC formation.

SIMULATION DETAILS

The current MC simulations were carried out in the lattice space
to ensure the efficiency of the simulations. First, we constructed
a cube simulation box with 64 lattice sites in side length and
placed two kinds of polymer chains with the same chain length
(64 beads), labeled as A polymer chains and B polymer chains,
respectively. A detailed description of the lattice space can be
found in literature.*® The A/B polymer chains consisted of 64
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connected, coarse-grained beads. One of the characteristics of
the current lattice space is that only one polymer bead can be
located at one lattice site. To simulate the bulk polymer systems,
the occupation density of the polymer beads was maintained at
0.9375. The number of A and B polymer chains accounted for
half of the total number of chains. Four initial polymer blend
systems containing chains with different degrees of chain ex-
tension were established, as shown in Fig. 1. In the first polymer
blend system (system (a)), as shown in Fig. 1(a), each chain un-
derwent three folds and was then placed into the simulation
box along the X-axis direction. Thus, the length of each chain
along the X-axis direction was 16 beads. In the second polymer
blend system (system (b)), as shown in Fig. 1(b), each chain un-
derwent one fold and was then placed into the box along the X-
axis direction, and the length of each chain along the X-axis di-
rection was 32 beads. In the third polymer blend system (sys-
tem (c)), each chain was folded once and then placed in the box
along the X-axis direction, as shown in Fig. 1(c). One part of each
chain had a length of 48 beads along the X-axis direction, and
the other part had a length of 16 beads along the X-axis direc-
tion (that is, the length of each chain along the X-axis direction
was 48 beads). In the fourth polymer blend system (system (d)),
all chains with extended chain conformation were directly intro-
duced into the box, and the length of each chain along the X-ax-
is direction was 64 beads, as shown in Fig. 1(d). Under these
conditions, four polymer blend systems with different degrees
of chain extension were obtained.

Hu et al. introduced a parallel interaction parameter (E,) to
drive the polymer crystallization process in dynamic MC simu-
lations for the first time.[*041 Considering the formation of in-
termolecular hydrogen bonds between adjacent PLLA seg-
ments and PDLA segments in SCs, the energy reduction
caused by the parallel arrangement of one PLLA segment and
one PDLA segment should be greater than that caused by the
parallel arrangement of two PLLA segments or two PDLA seg-
ments. In other words, the E, value corresponding to the en-
ergy reduction caused by the parallel packing of one PLLA
segment and one PDLA segment should be higher than that
corresponding to the energy reduction caused by the parallel

Snapshots for the initial polymer blend systems with different chain conformations, that is, the polymer blend systems

containing chains with the lengths of (a) 16 beads, (b) 32 beads, (c) 48 beads, and (d) 64 beads along the X-axis direction, respectively.
The blue cylinders denote the segments belonging to the A polymer chains, and the yellow cylinders denote the segments belonging to

the B polymer chains.
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packing of two PLLA or two PDLA segments.

Previous studies by Hu et al. demonstrated that assigning
higher E, values to the parallel stacking of different types of
chain segments promotes stereocomplex crystallization in
polymer blends.3¢ Therefore, based on this pioneering simu-
lation, we assigned distinct E,, values for the parallel stacking
of different types of chain segments. During simulations, the
chain motion followed a micro-relaxation mode that includ-
ed the positional hopping of beads as well as the local slip-
page of chain segments, allowing polymer chains to flexibly
adjust their conformation within the simulated space.*9 To
further ensure the accuracy and reliability of the simulation
results, we implemented periodic boundary conditions.

The movements of the chain segments during each MC cy-
cle are governed by the Metropolis sampling algorithm.0!
This algorithm determines whether to accept a motion at-
tempt based on the energy variation principle. In each MC cy-
cle, every bead was granted an opportunity to attempt move-
ment, enabling the polymer systems to evolve gradually over
time. The number of MC cycles during the simulations was
considered as a measure of simulation time. The potential en-
ergy change (AE) induced by the chain motion can be calcu-
lated as follows:

E E. TE
A—E=[Ac+Ap1ﬁ +Ap2ﬁ} < M
E E

kT kT
where E. is the change in potential energy caused by the for-
mation of a non-collinear connection of two A or B polymer
bonds and is related to the flexibility of polymer chains, E,, is
the change in potential energy caused by the formation of a
pair of non-parallel bonds of the same type (A polymer or B
polymer) in adjacent regions, corresponding to the thermody-
namic driving force of the HC formation, E,,, is the change in po-
tential energy caused by the formation of a pair of different
types of non-parallel stacking bonds, corresponding to the ther-
modynamic driving force of the SC formation, Ac is the change
in the number of non-parallel bond pairs, Ap, is the change in
the number of A or B pairs that are non-parallel stacked, and
Ap, is the change in the number of non-parallel stacked pairs
that contain one A bond and one B bond. As mentioned above,
different parallel interaction parameter values were set for the
stacking of two A bonds or two B bonds (E,, /E.= 1), and for the
stacking of one A bond and one B bond (E,, /E.= 1.2), as shown
in Fig. 2. Previously, our group studied the SC formation mecha-
nisms in different polymer blends based on the same parame-
ter settings, including polymer blends with different chain
lengths,B" grafted polymer systems, 242 polymer blend sys-
tems filled with two-dimensional nanofillers,'“3! polymer blend
systems with different mixing degrees¥ ring polymer
systems4>l and block polymer systems.[2>4¢]

RESULTS AND DISCUSSION

Construction of Systems with Similar Initial Segment
Miscibility but Different Degrees of Chain Extension
These four initially preset polymer blend systems were then re-
laxed under athermal conditions (that is, under an infinitely high
temperature). Fig. 3(a) shows the changes in the crystallinity of
these four polymer blend systems during the high-temperature
relaxation process. Crystallinity is defined as the ratio of the

E,/E=1 E,/E=12  E,/E=T
- |

. A polymer bead . B polymer bead

Fig. 2 Schematic diagram of the A and B coarse-grained chain
segments and the setting of parallel interaction parameters
between different bonds.

number of crystalline bonds to the total number of polymer
bonds (crystalline bond is defined as the bond that features
more than five parallel bonds in its neighboring
region).>313336 The crystallinity in all four polymer blend sys-
tems decreases rapidly with increasing relaxation time, indicat-
ing that the crystals existing in these initially preset polymer sys-
tems melt rapidly during the relaxation process. The crystallinity
values in all four polymer blend systems reached 0 after approx-
imately 2000 MC cycles. That is, after 2000 MC cycles, all the
polymer blend systems became polymer melts.

In addition to crystal melting, there are two other phenom-
ena during the relaxation process: chain diffusion between
the two different types of polymer chains and relaxation of
the chain conformation. Fig. 3(b) shows the variations in the
mixing parameters of the two types of polymer chains during
the relaxation process. The mixing parameters were defined
as the mean fraction of lattice sites occupied by one type of
polymer chains in the neighboring regions of the other poly-
mer chains.B1451 With an increase in the relaxation time, the
mixing parameters for all polymer blend systems first in-
crease gradually and then level off, demonstrating that the
two different polymer chains located on either side of the box
undergo gradual diffusion and mixing during the relaxation
process. In addition, the mixing parameters of these four
polymer blend systems with different degrees of chain exten-
sion at the same relaxation time are almost the same, indicat-
ing that the diffusion rate of the chain segments or the mix-
ing rate between the two polymer chains is dependent on the
relaxation time rather than the degree of chain extension in
the initially preset polymer systems.

Fig. 3(c) displays the changes in the mean square radius of
gyration ((Rf])) of the chains in the four polymer blend sys-
tems during the relaxation process. For the three polymer sys-
tems containing chains of deformed conformation (system
(b), system (c), and system (d)), the values of the (Ré) for all
the polymer blend systems decrease with increasing relax-
ation time, demonstrating that the deformed chains in these
three systems relax to the random coil states to increase their
conformation entropy.*”] For polymer systems containing
chains without extension (system (a)), the values of the (Ré)
did not exhibit obvious changes.

Subsequently, by modulating the relaxation time, polymer

https://doi.org/10.1007/510118-025-3387-6
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Fig. 3 (a) Evolutions of crystallinity of the four initially preset polymer blend systems during the relaxation process; (b) Evolutions of
mixing parameters of the four initially preset polymer blend systems during the relaxation process; (c) Evolutions of mean square radius
of gyration of chains in the four initially preset polymer blend systems during the relaxation process.

Table 1 Detailed information of the relaxed polymer blend systems with similar segment miscibility but different degrees of chain extension.

Relaxation time

System (a)/mixing
parameter/(Rg)

System (b)/mixing
parameter/(Ré)

System (c)/mixing
2
parameter/(Rg)

System (d)/mixing
parameter/(Rg)

5000 MC cycles
1x10* MC cycles

System (a)/0.071/23.44
System (a)/0.082/25.08

System (b)/0.065/26.87
System (b)/0.081/25.69

System (c)/0.061/60.44
System (c)/0.071/43.62

System (d)/0.057/66.33
System (d)/0.069/43.88

(a)
2x10* MC cycles System (a)/0.100/25.35 System
3x10* MC cycles System (a)/0.111/25.37

/0.096/25.20
System (b)/0.112/25.30

(
(d)
System (c)/0.088/30.76 System (d)/0.088/30.75
System (c)/0.102/27.43 System (d)/0.100/27.17

melt systems exhibiting different degrees of chain extension
or different mixing parameters (segment miscibility) can be
obtained. In the current simulations, four relaxation time
(5000 MC cycles, 1x10* MC cycles, 2x10* MC cycles, and
3%10* MC cycles) were selected, and 16 polymer blend sys-
tems were obtained; the detailed information is displayed in
Table 1. Systems with the same relaxation times have similar
mixing parameters (i.e., similar segment miscibility) but differ-
ent chain extension degrees. Polymer blend systems with
higher initial chain extension degrees before the relaxation
process have higher chain extension degrees after certain re-
laxation times. However, with an increase in the relaxation
time, the difference in the degrees of chain extension be-
tween the different systems decreases. When the relaxation
time was 30000 MC cycles, there was little difference in the
degrees of chain extension among the four polymer blend
systems.

Isothermal Crystallization
Following the relaxation process, the 16 polymer blend systems

were quenched to a specific low reduced temperature
(KT/E. = 3.0) for isothermal crystallization. The changes in the
crystallinity values of the 16 polymer blend systems with differ-
ent relaxation times during isothermal crystallization are dis-
played in Fig. 4. The crystallinity of all 16 polymer blend systems
increased with increasing crystallization time, demonstrating
that polymer crystallization occurred in all systems.

We then focused on SC formation in these 16 polymer
blend systems. Based on the experimental results of the SC
structures,*8l we defined the SC bond and the HC bond as fol-
lows: a crystalline bond is designated as a SC bond if the ratio
of A-chain to B-chain crystalline bonds in the neighboring ar-
eas lies within 0.5-2; conversely, it becomes a HC bond when
this ratio is not in this range.[24251 The SC fraction was deter-
mined by dividing the number of SC bonds by the total num-
ber of crystalline bonds. Fig. 5 illustrates the morphologies of
the SCs and HCs in the four polymer blend systems with a re-
laxation time of 5000 MC cycles after isothermal crystalliza-
tion. Both the HCs with the local packing of crystalline bonds

https://doi.org/10.1007/510118-025-3387-6
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Fig. 4 Changes of crystallinity in the 16 polymer blend systems with different relaxation time, that is, (a) 5000 MC cycles, (b) 1x10* MC
cycles, (c) 2x10* MC cycles and (d) 3x10* MC cycles during isothermal crystallization, respectively.

Fig. 5 Snapshots for the morphologies of HCs and SCs in (a) the crystallized system (a) with the relaxation time of 5000 MC cycles, (b)
the crystallized system (b) with the relaxation time of 5000 MC cycles, (c) the crystallized system (c) with the relaxation time of 5000 MC
cycles, and (d) the crystallized system (d) with the relaxation time of 5000 MC cycles. The blue cylinders denote the crystalline segments
belonging to the A polymer chains, and the yellow cylinders denote the crystalline segments belonging to the B polymer chains.

belonging to the same type and the SCs with the local pack-
ing of crystalline bonds belonging to different types form in
these systems.31:37]

Fig. 6 displays the final SC fraction in the 16 polymer blend
systems at the end of isothermal crystallization (106 MC cy-

cles). As shown in Fig. 6, for the same polymer blend systems
with different relaxation time, polymer blend systems with
longer relaxation time exhibited higher final SC fractions. It
should be noted that polymer blend systems with longer re-
laxation time have lower chain extension degrees (Fig. 3c and
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Table 1). Thus, it can be concluded that the polymer blend
systems with lower degrees of chain extension have a higher
final SC fraction, which is somewhat inconsistent with the
previous viewpoint, which assumes that polymer systems
with a higher degree of chain extension would have higher
SC content.l2939 QOverall, for these different polymer blend
systems with the same relaxation time, polymer blend sys-
tems with lower initial chain extension degrees have higher
final SC fractions. However, there were some exceptions. For
example, at a relaxation time of 1x10* MC cycles, there is not
much difference between the final SC fractions of systems (c)
and (d). At a relaxation time of 2x10* MC cycles, the final SC
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fractions in systems (a) and (b) are almost the same, and the
final SC fraction of system (c) is slightly higher than that of
system (d). At a relaxation time of 3x10* MC cycles, the final
SC fraction of system (d) was higher than that of system (c).
These inconsistencies suggest the presence of other critical
factors that determines the formation of SCs.

In our previous work, we demonstrated that local segmen-
tal miscibility is the key factor dominating the formation of
stereocomplexes in polymer blends.3344 In the current work,
it should be confirmed whether the SC formation in the poly-
mer blend systems is also dominated by local segmental mis-
cibility. Fig. 7 shows the variations in the mixing parameters
of the four polymer blend systems with different relaxation
time during isothermal crystallization. The mixing parameters
in all four polymer blend systems with different relaxation
time increased with an increase in the crystallization time dur-
ing isothermal crystallization, demonstrating that the A and B
polymer chains are mixed continuously during isothermal
crystallization. For the polymer blend systems with relaxation
time of 5000 MC cycles and 1x10* MC cycles, the systems
with smaller initial chain extension degrees had higher mix-
ing parameters under the same crystallization time. For the
polymer blend systems with a relaxation time of 2x10* MC cy-
cles, system (d) has the lowest mixing parameters during crys-
tallization, followed by system (c). In the early stage of crystal-
lization, the mixing parameters of system (a) are higher than
those of system (b), but in the late stage of crystallization, the
mixing parameters of system (b) are higher than those of sys-
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Fig. 7 Variations of the mixing parameters in all the four polymer blend systems with different relaxation time, that is, (a) 5000 MC
cycles, (b) 1x10* MC cycles, (c) 2x10* MC cycles and (d) 3x10* MC cycles.
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tem (a). For the systems with a relaxation time of 3x10* MC
cycles, system (a) had the highest mixing parameters during
crystallization, followed by system (b), while system (d) had
higher mixing parameters than system (c).

Based on the results in Figs. 6 and 7, it can be observed that
the final SC contents and mixing parameters have a similar
dependence on the relaxation time. We further attempted to
confirm whether the final SC content has a close relationship
with the mixing parameters. First, the average values of the
mixing parameters of all polymer blend systems with differ-
ent relaxation time during the crystallization process were
calculated. Second, the final SC content was plotted versus
the average mixing parameters, as shown in Fig. 8. It can be
clearly seen that the final SC content increases with increas-
ing average mixing parameters, implying that the SC forma-
tion ability is closely correlated with segment miscibility. To
further verify the dependence of the SC formation ability on
the segment miscibility, linear fitting was applied to the data
in Fig. 8. It can be seen that there is a good linear relationship
between the final SC fraction and the average mixing param-
eters, demonstrating that the SC formation ability closely de-
pends on the segment miscibility.

0.22
Equation y=a+b*x
Draw Concatenate data
0.20 | weight Unweighted
Intercept  —0.01207 + 0.00457
Slope 0.0504 +0.00138 A
c 0181 SSR 1.9697x10"
v
K] Pearson's r 0.99478 v
k] || RsqcoD 0.98959
8 0.16 AdjRSq 0.98885
Y
= 0.14 =
£ = 5000 MC cycles
012 e 1x10°MC cycles
A 2x10*MC cycles
0.10 F v 3x10°MC cycles
Linear fitting
0.08 ! ! ! !
2.0 2.5 3.0 3.5 4.0 4.5

Average mixing parameter

Fig.8 The final SC fraction versus the average mixing parameters.

In short, the current simulation results demonstrate that lo-
cal segment miscibility during the crystallization process
plays a dominant role in the SC formation process, which is
consistent with some reported experimental results. For in-
stance, Hu et al. found that the effect of the correlation hole
of neighboring monomers among high-molecular-weight
polymers leads to a reduction in segmental miscibility, and
thus hinders intermolecular nucleation for SC formation.[28]
Lan et al. observed phase separation in high-molecular-
weight PLLA/PDLA blends, which exerts a negative impact on
SC formation.B7] The similar phase separation between PLLA
and PDLA was also reported by Shi et al.[38]

The current new finding (that the average segment misci-
bility in the crystallization process is the key factor control-
ling the formation ability of SCs) can be used to guide the de-
sign of high-performance PLA materials. For instance, PLLA
and PDLA chains can be chemically modified by introducing
polar groups capable of forming hydrogen bonds. Then, the
intermolecular interactions between the PLLA chains and the

PDLA chains can be enhanced, leading to an improvement in
the miscibility between the PLLA segments and the PDLA
segments and an increase in the SC content. Thus, PLA mate-
rials with excellent mechanical properties can be obtained.

CONCLUSIONS

In this study, we investigated the effects of segment miscibility
and chain extension on the formation ability of SCs. First, four
polymer blend systems with different degrees of initial chain ex-
tension were constructed, and then these systems were relaxed
at high temperatures. In the high-temperature relaxation pro-
cess, the preset crystal melts, the chain conformation relaxes,
and different types of chain segments are mixed with each oth-
er. The miscibility of segments of different types in these poly-
mer blend systems is not related to the initial chain extensibility,
but only to the high-temperature relaxation time. By controlling
the high-temperature relaxation time, four groups of systems
with similar mixing degrees but different degrees of chain ex-
tension were obtained. The SC formation abilities of these sys-
tems were studied. The final SC fraction in the systems with
longer high-temperature relaxation time was higher. Further
analysis showed that the final SC fractions in these systems had
a linear relationship with the average mixing parameters during
crystallization, demonstrating that the average segment misci-
bility in the crystallization process is the key factor controlling
the formation ability of SCs.
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