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Abstract Stereocomplex crystallization in asymmetric diblock copolymers was studied using dynamic Monte Carlo simulations, and the key
factor dominating the formation of stereocomplex crystallites (SCs) was uncovered. The asymmetric diblock copolymers with higher degree of
asymmetry exhibit larger difference between volume fractions of beads of different blocks, and local miscibility between different kinds of beads
is lower, leading to lower SC content. To minimize the interference from volume fraction of beads, the SC formation in blends of asymmetric
diblock copolymers was also studied. For the cases where the volume fractions of beads of different blocks are the same, similar local miscibility
between beads of different blocks and similar SC content was observed. These findings indicate that the volume fraction of beads of different
blocks is a key factor controlling the SC formation in the asymmetric diblock copolymers. The SC content can be regulated by adjusting the
difference between the contents of beads of different blocks in asymmetric diblock copolymers.
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INTRODUCTION

The development of degradable plastics based on renewable
resources is a hot topic in the field of polymer materials and
engineering.'™ On the one hand, the application of these
degradable polymeric products is conducive to environment-
al protection, since the “white pollution” caused by non-degra-
dable plastics can be avoided. On the other hand, using
polymeric materials generated from renewable resources can
reduce the dependence of industry on petroleum, and this is
especially important for countries lacking natural resources.
Among these degradable plastics based on renewable resou-
rces, poly(lactic acid) (PLA) is one of the most concerned
materials,*~" and it has been used to manufacture a number of
products, such as surgical sutures, membranes and fibers.
However, it should be noted that PLA still cannot totally re-
place the conventional plastics, owing to its relatively weak
mechanical properties and low melting point.B-1% |kada et al.
first observed that stereocomplex crystallites (SCs) can form
between poly(L-lactic acid) (PLLA) and poly(D-lactic acid)
(PDLA) chains during crystallization.[’! These SCs have much
higher melting point compared with that of homocrystallites
(HCs) formed in neat PLLA.''12 |n this case, the presence of
the SCs in PLLA/PDLA blends can effectively improve thermal
stability of PLA materials. However, in PLA blends with high

* Corresponding author, E-mail: nieyijing@ujs.edu.cn
Received August 27, 2020; Accepted September 28, 2020; Published
online October 23,2020

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences
Springer-Verlag GmbH Germany, part of Springer Nature 2020

molecular weights, both SCs and HCs form together during
crystallization,['413141 and the increase of molecular weights
of PLA can lead to the decrease of SC content.['>-171 Accord-
ingly, nowadays, the key point of the research on the im-
provement of mechanical properties and thermal stability of
PLA materials becomes the enhancement of the SC forma-
tion in PLA blends.[3.18]

Some useful methods for promoting the SC formation
have been proposed, such as stretching or shearing PLA
chains,['9-231 synthesizing PLLA-PDLA block copolymers or
star-shaped polymers(24-281 and adding some new compon-
ents that can interact with both PLLA and PDLA chains.[9:29.30]
These excellent studies are mainly based on two mechanisms
to control the SC formation: the change of nucleation/crystal-
lization mode from intramolecular chain-folding to inter-
molecular packing and the improvement in local miscibility
between PLLA and PDLA chain segments.[222931-36] For in-
stance, Hu et al. used dynamic Monte Carlo (MC) simulations
to explore the microscopic mechanisms of strain-enhanced
stereocomplex formation in polymer blends, and detected
that the improvement of the SC formation could be attrib-
uted to intermolecular packing of highly deformed chain
segments during crystallization.22 Our former simulation
work also showed that the increase of the grafting density of
polymer chains grafted on substrate can cause the raise of
chain extension and the dominance of crystallization mode of
intermolecular packing during crystallization, thus promot-
ing the appearance of more SCs.32 In addition, compared
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with linear PLA chains, PLLA-block-PDLA copolymers have
higher local miscibility and therefore stronger ability of SC
formation.[24-27.3437]

For block copolymers, it can be speculated that the dis-
tribution of PLLA and PDLA blocks in chains should affect the
SC formation. Pan et al. reported that symmetric PLLA-PDLA
diblock copolymers exhibit stronger ability of stereocomplex-
ation than the corresponding asymmetric diblock copoly-
mers.24 Unfortunately, the corresponding research work fo-
cusing on the effect of the asymmetry of diblock copolymers
on the SC formation is still lacking, and more work is urgently
needed.

Previously, Hu's group and our group both demonstrat-
ed that dynamic MC simulations provide a very powerful
research method for investigating the underlying mechanis-
ms of polymer crystallization,38-53! including the SC forma-
tion.[17.2231,3234541 Thus, in the current simulation work, we
further applied dynamic MC simulation to study the effect of
asymmetry of diblock copolymers on the SC formation. It was
detected that the SC content decreases with the increaseing
degree of the asymmetry of diblock copolymers, which can
be mainly attributed to the reduction in the local miscibility
between segments belonging to different blocks caused by
the increase of the difference between the contents of seg-
ments of different blocks.

SIMULATION DETAILS

Our current simulations were carried out on a lattice, and the
corresponding simulation box contained 32x32x32 lattice sites
in total. In the box, polymer beads could only exist on the lattice
points. In this case, polymer chains used in the present
simulations could be regarded as lattice chains (one kind of
coarse-grained polymer chain model).! Based on the current

64 Beads

lattice model, one bond formed by two consecutive beads had
26 possible orientations, that is, orientations along 6 axes, 8
body diagonals and 12 face diagonals. Then, the bond length of
the lattice chains could be 1, v2 and V3. In order to reveal the
effect of the asymmetry of diblock copolymers, 240 diblock
copolymer chains with chain length of 128 beads but different
degrees of asymmetry were introduced. Since the radius of
gyration of random chain coils with chain length of 128 beads
was around 12 lattice sites (smaller than the side length of the
box (32 lattice sites)), no confinement effect existed in our
current simulation systems. The diblock copolymers were mark-
ed as A-B diblock copolymers. The volume fraction of A beads in
one diblock copolymer chain (f,) was 0.5, 0.25, 0.125 and 0.0625,
respectively, as illustrated in Fig. 1 (the corresponding volume
fraction of A beads in these copolymer systems was also 0.5,
0.25, 0.125 and 0.0625, respectively). Then, the A-B diblock
copolymer with f,=0.5 was symmetric, while the other diblock
copolymers with f,=0.25, 0.125 and 0.0625 belonged to the
asymmetric diblock copolymers. The bead density of these
copolymers was 0.9375, thus these systems could be considered
as the bulk ones. In addition, we also established the systems of
the blends of two asymmetric diblock copolymers with the
complementary volume fractions of A beads, that is, the volume
fraction of A beads in the first copolymer chain (f,;)/that in the
second copolymer chain (f,,)=0.25/0.75, 0.125/0.875 and
0.0625/0.9375, respectively. In the blends, the volume fractions
of both the A and B beads were 0.5.

In order to achieve the formation of SCs, we should first un-
derstand the underlying mechanism inducing the appear-
ance of SCs in PLA blends. Using infrared spectroscopy,
Zhang et al. found that intermolecular hydrogen bonds can
form between neighbouring PLLA and PDLA segments dur-
ing crystallization in their blends,>) while no similar hydro-
gen bonds appear among neat PLLA or PDLA system. The

64 Beads
A

A :

[ Vo |

32 Beads

96 Beads
A

1 |

[ Vo |

16 Beads

112 Beads
A

A I

s OO0 - OO0

8 Beads

Vo

|

120 Beads
A

e

f,=0.0625

[ Vo |

Fig. 1 Schematic drawing of typical chains of A-B diblock copolymer with different values of f,: 0.5,
0.25, 0.125 and 0.0625. The blue lines and beads denote A blocks, and the red lines and beads denote

B blocks.

https://doi.org/10.1007/s10118-021-2512-4


https://doi.org/10.1007/s10118-021-2512-4

634 Xu, Y.etal./Chinese J. Polym. Sci. 2021, 39, 632-639

formation of the hydrogen bonds in SCs can induce the ap-
pearance of higher energy reduction during crystallization
and then higher thermal stability compared with HCs without
the hydrogen bonds. Hu et al. firstly introduced a parameter
for parallel interaction (£,) to reflect the variation of compact
packing energy of adjacent bonds.3846 Apparently, the form-
ation of the hydrogen bonds between adjacent PLLA and
PDLA segments can result in the higher reduction of packing
energy when the parallel packing of one PLLA bond and one
PDLA bond occurs, compared to the energy change caused
by the parallel packing of two PLLA bonds or two PDLA
bonds. According to this phenomenon, in the simulations we
should set a higher value of £, for the packing of one A bond
and one B bond. Hu et al. have found that the presence of a
higher value of £, for two parallel bonds of different types can
promote the stereocomplex crystallization of polymer
blends.22311 Accordingly, on the basis of their pioneer simula-
tion work, 2231 different values of £, were set for the parallel
bonds with different types.

For chain motions on the lattice, we adopted the micro-re-
laxation mode of chains. Then, chain segments could move
based on the single-site jumping or chain segment sliding.
We introduced periodic boundary conditions in the simula-
tions. During simulation, whether the attempts of chain seg-
ment movements could be accepted or not was judged by
the conventional Metropolis sampling algorithm. Each poly-
mer bead had one opportunity to move at one MC cycle. In
this condition, the simulation time could be reflected by the
number of the MC cycles. The following equation was used to
obtain the change of potential energy (AE) owing to chain
segment motions:

E,

kT ~ E.
where E. was the change in energy correlated with the non-
collinear connection of two consecutive polymer bonds, £,; was
the change in energy correlated with two nonparallel packed
bonds both belonging to A polymer (that is, A-A bonds) in
neighboring regions, E;, was the change in energy correlated
with two nonparallel packed bonds both belonging to B
polymer (that is, B-B bonds) in neighboring regions (£, and Ep,
corresponded to driving force for HC formation), E,; was the
change in energy correlated with two nonparallel packed bonds
of different types (A-A bond and B-B bond) in neighboring
regions, which corresponded to driving force for SC formation,
E,, was the change in energy correlated with two nonparallel
packed bonds, one of which was A-B bond (that is, the block
junction bond), Ac was the change in number of pairs of bonds
that were not collinear, Ap; was the change in number of pairs
of A-A bonds that were not parallel packed, Ap, was the change

E E
AE_ [Ac+Ap1L1 +Ap2iz +Ap3s— + Apg—
E Ec

Ep/Ec=1 Epa/E=T

Eps/E=1.2

in number of pairs of B-B bonds that were not parallel packed,
Ap; was the change in number of bond pairs containing one
A-A bond and one B-B bond that were not parallel packed,
and Ap, was the change in number of non-parallel packed
bond pairs containing at least one A-B bond. As mentioned
above, different values of the parameter for parallel interaction
were set for the packing of two A-A bonds (E,/E=1) or two B-B
bonds (Ep,/E=1), the packing of one A bond and one B bond
(Eps/Ec=1.2) and the packing of two bonds containing at least
one A-B bond (Ep4/E=0), as shown in Fig. 2. Since the value of
Eou/E. was set as 0, the block junction bonds of the block
copolymers could not participate in crystallization. The similar
parameter settings were also used in our former simulations on
the SC formation in the mixed polymers grafted on a substrate,
the multi-block copolymers and the polymer blends filled with
two-dimensional nanofillers.%34>4 |n addition, we used lattice
chain model in the simulations instead of the real PLLA and
PDLA chains. It should be noted that the lattice chain model
cannot be used to directly reflect the real PLA chains. Differently,
for molecular dynamics simulations, the all-atom model, the
united-atom model and some coarse-grained models can be
used to directly reflect the real polymer chains. In this condition,
the crystallization mechanisms of some special polymers can be
successfully uncovered. In the current study, based on this
lattice chain model, we focused on the universal mechanisms of
stereocomplex crystallization.

Firstly, the copolymer systems were relaxed in an athermal
condition for 106 MC cycles in order to gain an equilibrium
random coil state, which was then used as the initial state for
subsequent crystallization. The subsequent isothermal crys-
tallization took place at the reduced temperature (kT/E.) of
3.0. In the following sections, kT/E. was marked as T* for con-
venience.

RESULTS AND DISCUSSION

Asymmetric Block Copolymers

Fig. 3 shows the crystallinity evolutions for the different diblock
copolymers including the symmetric and asymmetric diblock
copolymers during isothermal crystallization at T'=3.0. Here,
crystallinity is treated as the ratio of the number of bonds
having more than 5 parallel neighboring bonds to the total
number of bonds in the systems.*® Besides, this bond will be
regarded as a crystalline bond. It can be clearly seen that during
crystallization the values of the crystallinity for all these diblock
copolymer systems increase with increasing simulation time,
indicating the occurrence of crystallization in these diblock
copolymers. In addition, all these different diblock copolymers
exhibit similar crystallization rates, attributed to the same
crystallizability of the A and B blocks.

Epa/Ec=0

33 83 3% s

Fig.2 Schematic diagram of sections of A and B coarse-grained chains and parallel interaction parameter
between different bonds, i.e., Ep;/E=1 for two A-A bonds, E,,/E.=1 for two B-B bonds, E,3/E.=1.2 for one A-
A bond and one B-B bond and E,/E=0 for two bonds containing at least one A-B bond.
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Fig. 3 Crystallinity evolutions in diblock copolymers with different

values of f, as a function of crystallization time during isothermal
crystallization at 7'=3.0.

Furthermore, we try to reveal the effect of the asymmetry
of the diblock copolymers on the formation of SCs. In the
present work, we still use the same definitions of SC and HC
bonds as those used in our former simulation work.[323454]
When in the neighboring domain of one crystalline bond (A/B
crystalline bond), the values of the ratio of the amount of A/B
crystalline bonds to that of B/A crystalline bonds are between
0.5 and 2, this bond would be defined as one SC bond. Other-
wise, when the values of this ratio are larger than 2 or smaller
than 0.5, and this bond would be defined as one HC
bond.323454 Qur definition of SC bond was inspired by the
experimental results of Tashiro et al., which revealed that in
SCs the ratio of the amount of PLLA crystalline segments to
that of PDLA crystalline segments is within a certain range.[>%
Then, to understand the difference between the two kinds of
crystalline bonds (that is, HC and SC bonds) more intuitively,

the snapshots of the morphologies of the HCs and the SCs in
the diblock copolymers with the different values of f, are
shown in Fig. 4. In the figure the crystalline bonds belonging
to the different kinds of blocks are drawn with different col-
ors. Obviously, for the HCs, the crystalline bonds belonging
to the same kind of blocks (the cylinders with same color in
Fig. 4) are parallel with each other in local domains. On the
contrary, for the SCs, the crystalline bonds of the different
kinds of blocks (the cylinders with different colors in Fig. 4)
are aligned in parallel in local regions. In addition, it can also
be seen in Fig. 4 that the number of the HC bonds increases
with the decrease of the values of f,, while that of the SC
bonds decreases, indicating that the enhancement of the
asymmetry of the diblock copolymers leads to the significant
decline in the final SC content. In experiments, Pan et al. also
observed that the formation ability of SCs in the asymmetric
PLLA-PDLA diblock copolymers is weaker than that in the
symmetric block copolymers.i24l However, the detailed under-
lying mechanism of this phenomenon is still unclear.

To quantitatively reveal the dependence of the SC content
on the asymmetry of the diblock copolymers, we further
count the final SC fraction as a function of the values of f,.
Here, we define the final SC fraction as the value of the num-
ber of SC bonds divided by the total number of crystalline
bonds at 2.0x10> MC cycles. As shown in Fig. 5, it can be seen
that as the values of f, decrease, the final SC fraction is also re-
duced, suggesting that the increase of the degree of the co-
polymer asymmetry can apparently weaken the formation
ability of SCs. In addition, it can also be seen that the values of
the final SC fraction linearly depend on the values of f,, imply-
ing that the volume fraction of beads of different blocks or
the degree of asymmetry is the key factor dominating the
formation of SCs in the asymmetric diblock copolymers. Sub-
sequently, we further focus on the mechanism controlling the
formation of SCs in the asymmetric diblock copolymers.

f,=0.0625

Fig. 4 Snapshots of HCs (upper panel) and SCs (bottom panel) in diblock copolymer systems with different values of f,; crystalline
bonds in A polymer are denoted by yellow cylinders, and crystalline bonds in B polymer are denoted by blue cylinders.
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Fig. 5 Final SCfraction in diblock copolymers as a function of f,; the
arrow is used to identify the direction in which f, decreases (the
degree of asymmetry of diblock copolymer increases).

As revealed in the previous corresponding experiment
and simulation work, there are two main mechanisms con-
trolling the formation of SCs, i.e., the local miscibility of dif-
ferent polymer chain segments and the nucleation
mode.[222931-35] Fig, 6(a) depicts the evolutions of mixing
parameters of B beads during crystallization for these differ-
ent diblock copolymer systems. The mixing parameter of B
beads was defined as the fraction of A beads existing in the
local neighboring regions of B beads.!># This mixing paramet-
er of B beads can be used to reflect the local miscibility
between A and B beads. As shown in Fig. 6(a), the diblock co-
polymers with the lower values of f, exhibit the lower mixing
parameters of B beads during crystallization process. For the
diblock copolymer with a lower value of f, (that is, the higher
degree of asymmetry), the fraction of A beads is lower. In this
condition, the possibility of B beads to meet A beads in the
corresponding neighboring domains will be lower, thus res-
ulting in the lower values of the mixing parameters of B
beads. In short, the systems with the higher degree of asym-
metry have weaker local miscibility, which is not conducive to
the SC formation. Fig. 6(b) further displays the dependence of
the mixing parameters of B beads in the initial state of the dif-
ferent block copolymers on the values of f,. It can be seen
that there is a linear relationship between the mixing para-
meters of B beads in the initial state and the values of f,,
demonstrating that the local miscibility is closely dependent
on the fraction of different beads. It should be noted that, if
the value of f, is improved from 0.5, the diblock copolymer
will also become asymmetric. Then, the systems with f,>0.5
(asymmetric diblock copolymers with higher volume fraction
of A block) will also have lower mixing parameters and thus
lower fraction of SCs compared with that with f,=0.5 (sym-
metric diblock copolymers).

Moreover, we go further to examine whether the change of
asymmetry of block copolymers will affect the nucleation
mode. Fig. 7 depicts the adjacent chain-folding probability in
crystals during crystallization at T'=3.0 for these diblock co-
polymers with different values of f,. The definition of the adja-
cent chain-folding probability is the same as that used in the
former work.13249 Namely, the adjacent chain-folding probab-
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Fig. 6 (a) Mixing parameters of B beads during crystallization at
T'=3.0 for block copolymers with different values of f,; (b) Mixing
parameters of B beads in initial state of different block copolymers as
a function of the values of f,.
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Fig. 7 Change of adjacent chain-folding probability in crystals

during crystallization at T7'=3.0 for diblock copolymers with different
values of f,.

ility in crystals is defined as the fraction of crystalline stems in
crystals that are directly connected by short loops composed
of less than five beads.3238-401 Generally, the value of the ad-
jacent chain-folding probability can be used to reveal the
nucleation or crystallization mode of polymers.3238-401 As de-
picted in Fig. 7, it can be found that all the block copolymers
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exhibit the similar evolutions of the adjacent chain-folding
probability due to the same chain length of these different
diblock copolymers. In other words, the nucleation mode in
the diblock copolymers with different asymmetry is not the
mechanism affecting the formation of SCs. In the current sys-
tems, only the local miscibility between different blocks plays
the important role in the SC formation.

Blends of Asymmetric Block Copolymers

In the above diblock copolymer systems, the diblock copoly-
mers with higher degree of asymmetry (that is, smaller value of
f,) have lower volume fraction of A beads. In this condition, it is
difficult to directly extract the influence of asymmetry on the SC
formation without considering the influence of the fraction of
beads. Thus, in order to reveal the effect of the asymmetry of
diblock copolymers on the SC formation excluding interference
from the volume fraction of beads, we further investigate the SC
formation in the blends of the asymmetric diblock copolymers.
In all the blends of the asymmetric diblock copolymers, the
volume fractions of A and B beads are both fixed at 0.5, while
the degree of asymmetry is different (f,,/f,,=0.25/0.75, 0.125/
0.875 and 0.0625/0.9375, respectively). Then, the effect of the
asymmetry of diblock copolymers can be revealed individu-
ally. As shown in Fig. 8, the crystallinity values of all the blends
of the asymmetric diblock copolymers increase during crystal-
lization, demonstrating that crystallization occurs in all the
corresponding systems.
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Fig. 8 Crystallinity evolutions in the different blends of asymmetric
diblock copolymers as a function of crystallization time during
isothermal crystallization at T'=3.0.

Fig. 9 displays the dependence of the final SC fraction on
the values of f,;. It can be observed that the value of the final
SC fraction is almost independent of f,;, indicating that the
degree of asymmetry of diblock copolymers is not the key
factor affecting the SC formation. As shown in Fig. 10, the
mixing parameters of B beads in the different blends of the
asymmetric diblock copolymers are almost the same. In other
words, these blends of the asymmetric diblock copolymers
have the same volume fraction of beads, and then exhibit the
similar local miscibility.

Based on these observations, it can be concluded that the
volume fraction of beads belonging to different blocks is the
key factor controlling the SC formation in the asymmetric
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Fig. 9 Final SC fraction of the symmetric diblock copolymer (f,=0.5)
and the blends of asymmetric diblock copolymers with different
values of f,;. The error bars are also shown in the figure.
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Fig. 10  Mixing parameters of B beads during crystallization at

T'=3.0 for the symmetric diblock copolymer (£,=0.5) and the blends of
asymmetric diblock copolymers with different values of f,;.

block copolymers. In the asymmetric block copolymers with
higher degree of asymmetry, the difference between the
volume fractions of the two beads belonging to different
blocks will be greater, resulting in the lower local miscibility
and thus the smaller values of the final SC content. However,
in the blends of the asymmetric block copolymers, although
the degree of the asymmetry is still different, the volume frac-
tion of the different beads is the same, leading to the similar
local miscibility and also the similar values of the final SC con-
tent.

In addition, compared with the asymmetric blends, the
asymmetric diblock copolymers should have higher local mis-
cibility due to the presence of the block junction bonds. Then,
the asymmetric diblock copolymers should have higher abil-
ity of the SC formation.

CONCLUSIONS

In the current simulations, we investigate the SC formation in
the asymmetric diblock copolymers, and reveal that the key
factor dominating the SC formation is the volume fraction of
beads belonging to different blocks. In the asymmetric diblock
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copolymers, the copolymers with the higher degree of
asymmetry have larger difference between the volume fractions
of beads belonging to different blocks, and then the local
miscibility between the beads of different blocks would be
lower, leading to the lower values of the final SC content.

In the blends of the asymmetric block copolymers, the
volume fraction of beads belonging to different blocks is the
same, then resulting in the similar local miscibility between
beads of different blocks and also the similar values of the fi-
nal SC content. The current new simulation results can supply
some theoretical guidance for the regulation of the content
of SCs in block copolymers.

DATA AVAILABILITY
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cannot be shared at this time as the data also forms part of an
ongoing study.
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