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ABSTRACT: To systematically explore the critical contributions of both
molecular weights and crystallization temperature and chain length and
molar ratios to the formation of stereocomplexes (SCs), our group
quantitatively prepared a wide MW range of symmetric and asymmetric
poly(lactic acid) (PLA) racemic blends, which contains L-MW PLLA with
Mn > 6k g/mol. The crystallinity and relative fraction of SCs increase with
Tc, and the SCs are exclusively formed at Tc > 180 °C in M/H-MW
racemic blends. When MWs of one of the enantiomers are over 6k and less
than 41k, multiple stereocomplexation is clear in the asymmetric racemic
blends and more ordered SCs form with less entanglement or the
amorphous region compared to those for the MW of the enantiomers over
41k in the symmetric/asymmetric enantiomers. When the MW of the
blends is more than 41k, SCs and homocrystals (HCs) coexist in the
symmetric enantiomers and the multicomplexation can restrict the asymmetric enantiomers. This study provides a deep
comprehensive insight into the stereocomplex crystallization mechanism of polymers and provides a reference value for future
research attempting to prepare stereocomplex materials.

1. INTRODUCTION
Poly(lactic acid) (PLA) has been widely used in biomedical and
commercial applications to replace conventional oil-based
thermoplastics.1−5 The melting temperature of conventional
PLA, i.e., poly(L-lactide) (PLLA), is around 170 °C and its glass
transition temperature (Tg) is about 60 °C. However,
homocrystalline PLA suffers from disadvantages, such as low
end-use temperature and low hydrolytic durability.6 Its thermal
resistance is limited by a relatively low heat deflection
temperature due to the slow crystallization and low crystalliz-
ability in practical processing such as injection molding.2,3 It is
worth mentioning that the presence of chiral carbon in the
skeletal chain of PLA results in two stereoregular enantiomers,
namely poly(L-lactide) (PLLA)and poly(D-lactide) (PDLA).
The PLLA /PDLA racemic blends lead to the formation of SCs
with denser chain packing and stronger interchain interac-
tions.7−10 The chemical and physical properties of the
stereocomplex poly(lactic acid) (sc-PLA) strongly exceed
those of its parent enantiomeric pure, homocrystalline polymers,
such as higher mechanical strength, better thermal stability,
lower thermodegradation, etc.11−13 Meanwhile, this specific
complex structure can effectively solve the above-mentioned
limitations. Since this first report, the influences of the
homopolymer molecular weight, blending ratio, blending
conditions, and optical purity on the formation and properties
of stereocomplexes have been well investigated.14−21

However, not all of the medium/high-molecular weight (M/
H-WM) PLLA/PDLA blends can achieve perfect stereo-
complexation, i.e., without any homocrystallization of PLLA
or PDLA. Pan et al.21 found that the MW is a crucial factor
influencing the competition of HCs and SCs and crystalline
transition of PLLA/PDLA racemic blends. It has been well
demonstrated that in the 1:1 asymmetric M/H-MW of PLLA/
PDLA blends, SC formation is preferential, and apart from this
composition, homocrystals from either PLLA or PDLA are
induced. The molecular weights of PLLA and PDLA have
profound influences on the competing formation of SCs and
HCs in their enantiomeric blends. There exists a critical
molecular weight of about 105 g/mol, beyond which it is difficult
to form stereocomplexations.22 Because both enantiomers of
PLLA and PDLA must combine in stereocomplexation, they
have a larger diffusion path than that of regular homocrystalliza-
tion. The critical molecular weights for PLLA and PDLA to
achieve exclusive/unique stereocomplexation in melt crystal-
lization and solution crystallization have been found to be about
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6k and 40k g/mol, respectively.23,24 When the MW is less than
40k g/mol, furthermore, the MWs and composition (i.e., the
ratio between PLLA and PDLA) are the two direct and critical
factors that determine the formation of SCs in the asymmetric
PLLA/PDLA.25−28 Dong et al.29 investigated the contribution
of chain length and mole ratios via a specially prepared library of
the discrete oLA with MW < 4k g/mol. Interestingly, this oLA
not only effectively avoided the issues of amorphous-state
formation due to entanglement but also formed an expanded
chain conformation to conveniently explore the contribution of
the chain length and molar ratios to the formation of SCs. From
a practical view, however, a high molecular weight is a
precondition for obtaining excellent mechanical performances
of polylactides.22 Therefore, in the past, extensive efforts have
been devoted to achieving high stereocomplexation from
polylactides with H-MW by various preparation methods, for
instance, repeat casting, supercritical fluid technology, low-
temperature blending, and so on.30 Tashiro et al.31,32 found that
SCs can be formed in the PLLA/PDLA ratio from 70/30 to 30/
70 and provide a possibility for multicomplexation in the M/H-
MW PLLA/PDLA racemic blends.
Due to the difficulty of determination of stoichiometry in

crystalline and amorphous regions of sc-PLA, in which HCs and
the amorphous state are difficult to be assigned explicitly to one
of the enantiomers,7 there are still few research groups and co-
workers studying the effects of the MW and molar ratios on the
formation of SCs andHCs for PLLA/PDLA racemic blends with
Mn > 6k g/mol. It is well known that stereocomplexation is
favorable for the PLLA/PDLA blend, which contains at least one
low-MW (L-MW) enantiomer. To systematically explore the
critical contributions of both molecular weights and crystal-
lization temperature and chain length and molar ratios to the
formation of SCs, our group attempted to quantitatively prepare
a wide MW range of symmetric and asymmetric PLA racemic
blends, which contains L-MW PLLA withMn > 6k g/mol. More
importantly, the investigation of multicomplexation through
asymmetric PLA racemic blends can provide a idea to address
the limitations of H-WM PLLA/PDLA racemic blends.

2. EXPERIMENTAL SECTION
2.1. Materials. Both L- and D-lactic acid (optical purities

>99.5%) were purchased from Musashino Chemical Co., Ltd.
(Yichun, China). Tin(II) 2-ethylhexanoate [Sn(Oct)2, >99.9%]
was purchased from Shanghai Jiuyi Chemical Reagent Co., Ltd.,
China. All these materials were used without purification. PLLA
and PDLA with various L/M-MWs were synthesized by melt/
solid polymerization using Sn(Oct)2 as the catalyst. The detailed
synthesis steps are shown in Figure S1 (Supporting
Information). The PLLA and PDLA with H-MWs were
synthesized by bulk ring-opening polymerization at 130 °C
using diacetone-D-glucose and lauryl alcohol as the initiator and
Sn(Oct)2 as the catalyst. The samples were purified by
precipitation into methanol from the chloroform solution and
then were dried under vacuum at 50 °C for 24 h. The MWs and
polydispersity index (PDI) of PLLA and PDLA are listed in
Table S1.
2.2. Preparation of Various Mixing Ratios of Sym-

metric and Asymmetric Polylactide Enantiomers. PLLA
and PDLA were dissolved in chloroform separately and were
solution-blended at different PLLA/PDLA ratios, coded as Lx/
Dy and Lm/Dn (nL/nD), where nL/nD represents their mole ratio
according to the weight-averaged molecular weights, in which L
and D represent PLLA and PDLA, respectively; x and y

represent the weight-averaged molecular weights (Mw·kg/mol)
of PLLA and PDLA, respectively; and m and n represent the
average degree of the L/M-MW PLLA and PDLA, which refers
to the number of repeat units according to NMR, respectively.
The samples are not indicated whose mole ratio is 1:1 based on
Mw for all samples. The prepared solutions are mixed together
with vigorous stirring for 10 min; then, the racemic mixture was
poured in the mold of polytetrafluoroethylene to naturally
volatilize chloroform. All samples were followed by drying under
vacuum at 60 °C for 10 h, after erasing the thermal history and
being subsequently crystallized at temperature Tc = 80−200 °C.

3. CHARACTERIZATIONS
3.1. Differential Scanning Calorimetry (DSC). DSC

measurements were performed on a NETZSCH DSC-200F3
differential scanning calorimetry instrument (NETZSCH-
Geraẗebau GmbH, Selb, Germany) equipped with an IC70
intracooler. The sample sealed in an aluminum pan was first
heated to 250 °C and held for 5 min to eliminate the thermal
history. To investigate the melting behavior, the sample was
cooled from 250 to 20 °C and then reheated to 250 °C again
under a nitrogen gas flow of 60 mL/min. Both the heating rate
and cooling rate were 10 °C/min. The temperature and enthalpy
of melt crystallization upon cooling (Tmc, ΔHmc), the temper-
ature and enthalpy of cold crystallization upon subsequent
second heating (Tcc, ΔHcc), and the melting temperature and
enthalpy of HCs (Tm,hc, ΔHm,hc) and SCs (Tm,sc, ΔHm,sc) were
calculated on the basis of the DSC curves. For investigating
isothermal melt crystallization, the samples were rapidly cooled
from 250 °C to the desired temperature at a rate of 100 °C/min
and then kept at this temperature for crystallization. It was then
reheated to 250 °C to examine the melting behavior.21 ΔHm,hc
and ΔHm,sc were evaluated from the DSC melting curves.
Degrees of crystallinity for HCs (Xhc) and SCs (Xsc) were
estimated by comparing ΔHm to the corresponding value of an
infinitely large crystal (ΔHm0), which wereΔHm0 = 93.6 and 142
J/g for HCs and SCs,33,34 respectively. The relative fraction of
SCs in the crystalline phase of PLLA/PDLA racemic blends was
calculated by f SC,DSC =Xsc/(Xsc + Xhc).
3.2. X-ray Diffraction (XRD). XRD analysis of melt-

crystallized PLLA/PDLA blends was performed on a Rigaku
XRD Ultima IV instrument (Rigaku Corporation, Tokyo,
Japan) with a D/teX-Ultra using Ni-filtered Cu Kα radiation
(λ = 0.154nm), operated at 40 kV and 30 mA. The sample was
step-scanned from 5 to 40° at a 2θ scanning rate of 5°/min. The
sample was prepared by the same thermal procedure as that used
in DSC. On the basis of XRD results, the relative fraction of SCs
( fsc,XRD) in the crystalline phase of the PLLA/PDLAmixture was
estimated by comparing the diffraction peak area of SCs with the
total peak areas of both SC andHC diffractions, that is, f SC,XRD =
Isc/(Isc + Ihc), in which Isc and Ihc are the peak areas of SC andHC
diffractions, respectively.
3.3. Polarized Optical Microscopy (POM). Polarizing

optical microscopy (POM) images were acquired under
nitrogen atmosphere protection using a polarizing microscope
instrument (Eclipse E200 POL, Nikon, Japan) equipped with a
hot stage (LTS420, Linkam Scientific Instruments). This setup
was used to track the nucleation and spherulitic growth for the
PLLA/PDLA racemic blends during isothermal crystallization.
The PLLA/PDLA racemic blends were melted at 240 °C for 5
min to remove the thermal history and then were quickly cooled
to 120 °C at a cooling rate of 50 °C/min. Once the sample
temperature reached 120 °C, the polarized optical micrographs
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were taken at appropriate time intervals.20 The changes in
nucleation density and spherulitic growth of the samples were
traced until the impingements of the growing spherulites
occurred. All samples were dried at 50 °C for 10h before
detection.

4. RESULTS AND DISCUSSION

4.1. Crystallization Kinetics and Crystal Morphology
of the Symmetric PLLA/PDLA Racemic Blends. The
crystallization kinetics and melting behavior of symmetric
PLLA/PDLA racemic blends with different MWs were first

Figure 1.DSCmelting curves of the symmetric PLLA/PDLA racemic blends collected upon the second subsequent heating (a) and first cooling (b);
XRD patterns (c) of the symmetric PLLA/PDLA blends.

Table 1. Thermal Parameters of Symmetric PLLA/PDLA Racemic Blends Collected upon Nonisothermal Melt Crystallization
and Subsequent Melting

cooling subsequent heating

sample Tmc (°C) ΔHmc(J/g) Tcc (°C) ΔHcc(J/g) Tm,hc (°C) ΔHm,hc(J/g) Tm,sc (°C) ΔHm,sc(J/g) fsc,XRD (%)

L11/D11 116.5 −38.44 0 0 196.5 37.94 100
L41/D41 107.2 −37.05 104.9 −14.17 147.6, 175.6 7.98, 15.78 206.1 14.58 10
L95/D95 103.3 −12.87 108.4 −17.81 148.7, 176.3 5.71, 12.09 211.0 13.07 8
L144/D144 98.2 −3.32 115.5 −20.43 162.2, 177.9 3.81, 12.20 215.8 7.03 5
L211/D212 89.4 −0.53 116.7 −25.66 159.6, 165.5 3.34, 14.99 0 0
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investigated by the DSC curves. Figure 1 shows the DSC
thermograms recorded upon subsequent heating and cooling.
The thermal parameters that were derived from the DSC curves
are shown in Table 1. As shown in Figure 1, the crystallization
kinetics and melting behavior of symmetric PLLA/PDLA
racemic blends depended strongly on the molecular weight.
Upon heating, both Tcc and ΔHcc increased with increasing
molecular weight (Table 1).When the heating rate was fixed (10
°C/min), the PLLA/PDLA of L-MW blends had short-
molecular length chains, in which the mutual entanglement
was weak, and it was easy to adjust the conformation for orderly
stacking crystallization, which shows the lower cold crystal-
lization temperature (Tcc) than that of theM/H-MW symmetric
racemic blends. As seen in Figure 1a, the L-MW racemic blends
(e.g., L11/D11) show a melting region at a high temperature of
∼200 °C, corresponding to the melting peak of SCs. However,
the M/H-MW symmetric PLLA/PDLA racemic blends (e.g.,
L41/D41, L95/D95, L144/D144) exhibit two melting regions
at 140−180 and ∼210 °C upon heating. The melting
endotherms at low (∼140 and ∼180 °C) and high (∼210 °C)
temperatures corresponded toHCs and SCs, respectively. These
results demonstrated that the SCs were exclusively formed in L-
MW racemic blends, whereas the mixture of HCs and SCs was
generated in the M/H-MW racemic blends. Notably, ΔHm,sc
decreased steadily, while ΔHm,hc first increased and then
decreased, as the MWs of PLLA and PDLA increased (Table
1). Thus, it can be concluded that the formation of the
stereocomplex of PLLA and PDLA was favorable in L-MW
racemic blends but drastically suppressed in the M/H-MW
racemic blend. The inhibition of stereocomplexation in M/H-
MW racemic blends was assumed to be due to the low chain
diffusion ability and restricted intermolecular crystal nucleation/
growth. Figure 1a also shows that the UH-MW PLLA/PDLA
blends (e.g., L211/D212) can hardly/not form stereocomplex-
ation. Due to the extremely high degree of entanglement and low
chain diffusion ability, the UH-MW PLLA/PDLA blends hardly
formed SCs by solution mixing for a short time. This was
consistent with the existing experimental results.20,21,35,36 These
results suggested that chain entanglements played a crucial role
in SC crystallization compared with common homocrystalliza-
tion. This conclusion was supported by the strong MW
dependence of SC crystallization since the major difference
between L-and H-MW polymers was the degree of entangle-
ment.
Meanwhile, it is notable that the extensive molecular weight

range of symmetric PLLA/PDLA racemic blends (e.g., L41/
D41, L95/D95, etc.) shows multiple melting peaks upon
heating. For L41/D41 and L95/D95, the endotherm peak P3 at
∼150 °C and the peak P4 at ∼175 °C can belong to the α′-form
and the α-form of PLLA, respectively. This is because when
samples are dried at 60 °C for a long time, parts of the
amorphous state form a small amount of the α′-form under a
low-crystallization temperature atmosphere.37 The amorphous
state due to the large amount of entanglement is difficult to
transform directly into the α′-form PLLA in the H/UH-MW
racemic blends. For L144/D144 and L211/D212, however, the
endotherm peak P3 and the peak P4 appear upon second heating,
which may be attributed to the melt recrystallization
mechanism. The endotherm P1 can be attributed to the melting
of preliminary crystals developed in nonisothermal crystalliza-
tion, and the peak P2 is ascribed to the melting of crystallites
formed in recrystallization upon heating. This is ascribed to the
formation of more perfect crystallites with high melting

temperatures. Thus, the low- and high-temperature side
endotherms are derived from the melting of the original
homocrystals and those reorganized homocrystals during the
DSC heating scan, respectively.38 Moreover, it is noticed that a
shoulder appears at the right side of Tm,sc of L11/D11 (pointed
out by a black arrow) in Figure 1a, located at 151.6 °C.Note that
Tm,hc for neat PLLA30 is 150.1 °C (Figure S5). The shoulder is
apparently due to the melting of PLLA crystals of a minor
quantity in L11/D11 blends.
As seen in Figure 1b, when the MWs of PLLA and PDLA is

less than ∼41k, the racemic blend exhibits quick crystallization,
and it can complete crystallization upon cooling at 10 °C/min.
However, when the MWs of PLLA and PDLA increased above
41k, a cold crystallization peak (Tcc) is detected in the
subsequent heating. Upon cooling, both Tmc andΔHmc decrease
with increasing MW, as shown in Table 1. These results suggest
that the crystallization rate of the symmetric PLLA/PDLA
racemic blends decreases with increasing MW, similar to the
molecular weight-dependent crystallization kinetics of pure
PLA.39 When the cooling rate is fixed (10 °C/min), the larger
the molecular weight of PLA, the longer the molecular chain
length of PLA, the lower the chain flexibility, and the more
pronounced the entanglement with the molecular chain, which
imply that the degree of the polymer molecular chain was lower
during the adjustment, which is manifested a lower melting
crystallization temperature (Tmc). It is also notable that the
synthesized PLLA and PDLA bear relatively long alkyl ends.
Tsuji et al. have reported that the existence of long alkyl
terminals in L-MWPLLA or PDLA (typicallyMW<10 kg/mol)
will increase the rates of homocrystal and stereocomplex
crystallizations.40 Due to the fact that L/M-MW of PLA is
synthesized by melt/solid polymerization and the other PLA
used here has relatively highMWs and all carry the same initiator
terminal, the effect of the lauryl terminal on homocrystal and
stereocomplex crystallization of symmetric PLLA/PDLA blends
can be negligible.21

The isothermal crystallization and melting behavior of the
PLLA/PDLA mixture with various MWs were further studied.
To obtain the kinetic parameters, DSC curves collected in
isothermal crystallization were analyzed by the Avrami equation.
The Avrami equation is frequently employed to analyze the
isothermal crystallization kinetics of polymers, according to
which the relative degree of crystallinity Xt-dependent
crystallization time t can be expressed as41−43

X kt1 exp( )t
n= (1)

where Xt is the relative crystallinity, n is the Avrami exponent
whose value usually depends on the dimension of crystal growth,
t is the crystallization time, and k is the overall rate constant
associated with both nucleation and growth contributions. The
linear form of eq 1 can be expressed as follows

X k n tlog ln(1 ) log logt[ ] = + (2)

The Avrami parameters n and k can be obtained from the slopes
and the intercepts, respectively.
when 1 − Xt = 1/2

t k(ln 2/ ) n
1/2

1/= (3)

In the case of the DSC experiment, Xt at t is defined as the ratio
of the area under the exothermic curve between the onset
crystallization time and t to the whole area under the exothermic
curve from the onset crystallization time to the end
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crystallization time (Figures 2a,b and S2a,b). Accordingly, the
Avrami exponent n can be obtained from the slope in a plot of
log[−ln(1 − Xt)] versus log t (eq 2), as shown in Figures 2c,d
and S2c,d. The crystallization half-time (t1/2) was obtained from
the Avrami analysis (eq 3).
The Avrami parameters are summarized in the Supporting

Information, Table S2, for PLLA/PDLA racemic blends
crystallized at different Tc values. The values for n depend on
the crystallization mechanism, and n usually is in the integer
range from 1 to 4. It is found for various polymers that the n
value adopts fractional numbers due to secondary crystallization.
The values of n are found between 1.0 and 2.1, depending on the
temperature and stereocomplexation content. A lower n value
suggests that crystal growth may proceed in one dimension for
Xt below 20%. The n value is smaller, possibly due to the faster
crystallization mechanism that does not provide enough time to
grow in three dimensions.44

Because the crystallization of L11/D11 (L30/D30) blends was
very fast at low Tc, their kinetics were analyzed by POM in the
next section (Figure S9d). k and t1/2 of PLLA/PDLA racemic
blends with different MWs are plotted as a function of Tc in

panels a and b of Figure 3, respectively. As shown in this figure
(L41/D41, L95/D95, and L144/D144), t1/2 shows a minimum
and k shows a maximum at around Tc = 110 °C, meaning that
the racemic blends crystallize fastest around this Tc. The
crystallization rate of racemic blends decreases as Tc is
approaching Tg or Tm. The crystallization rate can be easily
described as the reciprocal of t1/2 (Figure S3b). At the same Tc,
t1/2 increases, and k decreases with increasing MW, meaning the
decrease of the crystallization rate. Due to investigation of the Tc
range where only SCs are formed, Tc below 115 °C was used to
facilitate the investigation of isothermal crystallization effects for
L211/D212. Although L211/D212 does not form stereo-
complexes, we clearly found that the crystallization rate in
relation to the crystallization temperature also follows this rule.
In addition, the crystallization rate is much lower than that of sc-
PLA.
4.2. Melting Behavior and Multiple Crystalline

Structure with Different Crystallization Temperatures.
Since SCs and HCs have distinct melting temperatures, the
polymorphic structure of the PLLA/PDLA racemic blends
crystallized at different Tc values can be evaluated by the melting

Figure 2. Variation of the relative degree of crystallinity with crystallization time at different Tc values for (a) L41/D41 and (b) L144/D144 and the
related Avrami plots with Xt < 20% for (c) L41/D41 and (d) L144/D144.
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behavior. The DSC melting curves of the PLLA/PDLA racemic
blends crystallized by melting at different Tc values are shown in
Figure 4. As shown in this figure, the melting behavior of the
PLLA/PDLA racemic blends depends strongly on MW and Tc.
The L-MW racemic blend (e.g., L11/D11) merely shows a

melting region at high Tc (200−210 °C) under all Tc values
investigated, indicating the exclusive formation of SCs. This is
consistent with the DSC data (Figure 4a), where only a melting
peak of stereocomplexation is observed at ∼200 °C. It is worth
mentioning that the melting temperature of SCs decreases with
the increased crystallization temperature for L11/D11; the
change is apparently due to the thermal degradation of SCs of a
minor quantity in L-MW racemic blends. Hence, the multiple
crystalline structures are not obviously caused by crystallization
temperature in the L-MW blends. More perfect crystallites in
which irregular stereocomplexes to regular stereocomplexes
transition of the L-MW racemic blends takes place with
increased melting temperature are formed in symmetric L52/
D52 blends (Figure S4). This is explained as more regular SCs
formed via the recrystallization process from the disordered
amorphous state in PLLA/PDLA racemic blends.21

For the M/H-MW racemic blends (L41/D41, L95/D95, and
L144/D144), two melting regions corresponding to HCs of
PLLA or PDLA and SCs of sc-PLA are observed at Tc < 140 °C,
indicating the formation of mixed HCs and SCs. A similar
phenomenon (Figure 1a) which also shows multiple melting
peaks (P1, P2) is observed forM/H-MWblends crystallized atTc
= 120 °C (Figure 4b,c). With further increasing Tc > 140 °C, the
double melting peaks (P1, P2) amalgamated into one peak
because the crystallites formed at high Tc are sufficiently perfect
and do not undergo recrystallization upon heating. Because of
the high melting point of the SC, it has a wider crystallization
temperature region than that of HCs. When Tc is increased to a
higher value than the melting point of homocrystallites (180−
200 °C), SCs are exclusively formed in the M/H-MW racemic
blends, showing the melting peak of SCs at high temperature
(Figure 4b−d). The melting behavior and crystalline structure
of homocrystallites in the M-MW and H-MW racemic blends
also show Tc dependence. The multiple melting behavior of

homocrystallites has been ascribed to the phase transition and
melt recrystallization mechanism.
On basis of the DSC data, Xhc, Xsc, and f SC,DSC of racemic

blends were calculated, as illustrated in Figure 5. Because higher
Tc facilitates the formation of more perfect and more ordered
crystallites, Xhc increases with Tc at Tc < 140 °C [Figure 5a
(L144/D144)], which is consistent with the results of PLLA.
Because SCs are more thermodynamically stable than their HC
equivalents, high Tc is favorable for the formation of SCs. The
Xhc of M -MWblends (L41/D41) andH-MWblends (L95/D95
and L144/D144) progressively decreases withTc at Tc≥ 140 °C
and Tc≥ 160 °C (Figure 5a), respectively. Their Xsc and f SC, DSC
(Figure 5b,c) suggested the favorable formation of SCs at high
Tc. At Tc > 180 °C, HCs completely disappear and SCs are
exclusively formed. The reason is that the homocrystallization
segments from the entangled chain remain amorphous at Tc >
180 °C. As shown in Figure 4, the HCmelting peak is below 180
°C. After the first heating up to 250 °C and cooling to 180 °C to
keep crystallization, HCs kept the amorphous state, unable to
form crystals.
The multicrystalline behavior of racemic blends shows an

interesting MW dependence in the isothermal crystallization. At
the same Tc, Xsc decreases dramatically with increasing MWs
(Figure 5b), demonstrating that the H-MW PLLA and PDLA
are unfavorable for stereocomplexation. The L11/D11 blend
has a large Xsc of 30−40%. The Xsc of M/H-MW racemic blends
(L41/D41 and L144/D144) is less than 15% at all Tc values
investigated, which is much smaller than the Xhc of racemic
blends crystallized at Tc < 140 °C. Tsuji et al. have reported that
the racemic blends with UH-MWs hardly form SCs but only
crystallize in HCs at Tc ≤ 130 °C.40 Other groups and author
think that the restrained stereocomplexation in H-MW racemic
blends is ascribed to two aspects, namely low chain diffusion
ability and restricted intermolecular crystal nucleation/
growth.20 These two aspects, i.e., the chain diffusion ability
and intermolecular crystal nucleation/growth, are the core
mechanism for the formation of stereocomplexes.
First, the chain diffusion is a crucial factor for stereo-

complexation compared to homocrystallization due to the high
level of mixing required between PLLA and PDLA chains in

Figure 3. Plots of (a) overall crystallization rate constant and (b) crystallization half-time as a function of crystallization temperature for PLLA/PDLA
racemic blends with different MWs.
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stereocomplexation. The chain length of the H-MW PLLA and
PDLA has a higher viscosity and lower diffusion capacity
compared to those of the L-MW PLA. In previous work,
researchers have discovered that stereocomplexation precedes
homocrystallization upon cooling the H-MW racemic blend.21

Stereocomplexation between multiple chains will result in the
formation of three-dimensional networks through physical
crosslinks/entanglement. This can suppress the diffusion and
mobility of bridging and surrounding chains. Furthermore, it has
been well recognized that SCs can promote the heterogeneous
nucleation of homocrystallization.18,45,46 Thus, stereocomplex-
ation suffers from a greater kinetic barrier than homocrystalliza-
tion, even though it is more thermodynamically favorable.
Second, there are two external pathways for polymer crystal

nucleation, namely intramolecular and intermolecular nuclea-

tions.47 The former corresponds to folded-chain nucleation with
most crystalline stems folded and truncated by the adjacent
chain at the bundle-end surface, while the latter represents fringe
spherule nucleation where all the crystalline stems extended out
of the bundle-end surface. Because of the lower free energy
barrier, the polymer may be willing to choose the pathway of
intramolecular nucleation rather than intermolecular nucleation.
Stereocomplexation between enantiomeric chains is a typical
example of intermolecular crystal nucleation and growth. In the
H-MW PLLA/PDLA racemic blends, intermolecular growth is
more difficult than intramolecular growth, which may suppress
stereocomplexation.21,23,48,49 However, for the L-MW PLLA/
PDLA racemic blends, the short chain length, high mobility, and
intermolecular H-bond interactions between enantiomers may

Figure 4. DSC melting curves of PLLA/PDLA racemic blends after isothermal melt crystallization at different temperatures: (a) L11/D11, (b) L41/
D41, (c) L95/D95, and (d) L144/D144.
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favor the intermolecular crystal nucleation and growth, resulting
in the enhanced stereocomplexation.50

4.3. Effects of theMolecularWeight andMole Ratio for
the Crystalline Structure of Asymmetric PLLA/PDLA
Racemic Blends. The crystal structure of the asymmetric
PLLA/PDLA stereocomplexes was first well-established by
assuming that the segmental length and themole ratio of the two
enantiomers are the same within a unit cell.51,52 We thus first
focused on the blends with the identical number of repeat units
(xL = xD) and equal amounts (nL/nD = 1:1). In all the cases, a
sharp endothermic melting peak was observed in each DSC
thermograms (Figure 6a), which is about 50 °C higher than that
of the HC of the parent PLLA or PDLA and in good agreement
with the literature.53,54 The melting temperature (Tm) of the
SCs decreases with increasing chain length (Figure 6a),
contradicting/not following the correlation described by the
Thomson−Gibbs equation (eq S1).55 As the chain length

decreases, the enantiomeric chains would match each other in a
more appropriate/suitable and uniform manner, which is
determined by kinetic rather than thermodynamic factors.
This difference is ascribed to the difference of stereocomplexes
between irregular stereocomplexes or entanglement and the
amorphous state and regular stereocomplexes. In other words,
the melting temperature (Tm) of the SC should increase as the
chain length increases except for the imperfect crystallization of
irregular stereocomplexes or entanglement and amorphous
state.
Compared with the as-prepared samples, the crystallinity and

degree of order significantly improve after an isothermal
crystallization treatment (Figure S4). Apparently, there initially
must be many defects within the crystals. With increasing Tc, the
enantiomeric chains would match each other more appropri-
ately dictated by thermodynamics rather than kinetic factors.We

Figure 5. Degree of crystallinity of (a) HCs and (b) SCs and (c) relative fraction of SCs in symmetric PLLA/PDLA racemic blends after melt
crystallization at different temperatures.
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thus focus on a relatively higher temperature (120 °C)
throughout POM images (Figure S9).
On the other hand, the formation of the SC is confirmed by

three characteristic diffraction peaks at 2θ = 12.0, 21.0, and
24.0°, which correspond to the (110), (300)/(030), and (220)
planes of the unit cells, respectively (Figure 6b).14,51,52 Typical
spherulitic morphologies were observed, with the diameter in
the range of several hundred nanometers (Figure S9). The
higher the crystallinity of SCs, the stronger the crystallization
capacity and the faster the crystallization rate in the racemic
blends. This is consistent with the phenomenon that the
stereocomplexation precedes homocrystallization in isothermal
crystallization of M/H-MW racemic blends.56

If the two enantiomeric chains are not of equivalent size, there
will inevitably be redundant segments of the longer ones that
cannot participate in the complexation. Several possible

scenarios can be envisaged: the overhanging segments could
stay amorphous or can complex with another enantiomer (i.e.,
multicomplexation) or form HCs among themselves. These
behaviors critically depend on the degree of chain length
heterogeneity. To quantitatively reveal this effect, dissociated
PLLA and PDLA with nonidentical dimensions (xL ≠ xD) but
equal mole ratios (nL/nD = 1:1) were mixed to form SCs.
Here, we take L30/Dy (1:1) series as typical examples (y = 30,

41, 52, and 60). Distinct chain arrangements were observed with
increasing y. When the difference of the chain length is not
significant (y ≤ 52 represents xL < xD < 2xL), the blends form
exclusively SCs, as confirmed by the characteristic diffractions in
the XRD profile (Figure 7b). No sign of HCs was found.
However, it does not indicate that there are no chain
entanglements or amorphous states. Meanwhile, there is solely
a single melting region (Figure 7a), ruling out the possibility of

Figure 6. DSC thermograms (a) and XRD patterns (b) of SCs with equal mole ratios and the identical number of repeat units.

Figure 7. DSC thermograms (a) and XRD patterns (b) of L30/Dy with equal mole ratios.
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multicomplexation. Since xD is not longer than 2 times xL (xD <
2xL), a longer chain cannot accommodate two short chains in
the series. Interestingly, without considering the different chain
lengths (xD), the Tm of all these blends remains almost constant,
close to that of L30/D30 (1:1), demonstrating that all these SCs
must have the same crystalline layer (dc) according to the
Thomson−Gibbs equation (eq S1).55 Thus, the thickness of the
SC crystalline layer is limited by the length of the short chains,
while the excess segments of the longer ones remain amorphous
or contain crosslinks. We also parallelly studied a series of
asymmetric PLLA/PDLA racemic blends with varying xL and
xD, while keeping xD < 2xL. Similar behaviors are recorded in
Figure S6. However, when the difference is significant (y = 60
represents xD ≥ 2xL), the blends cannot form specifically
uniform SCs, which has been confirmed by the characteristic
diffractions in the XRD profile (Figure 8b). The sign of HCs was

found. Meanwhile, there were two melting peaks (Figure 8a), in
which those around 160 and 211 °C belong to the HCs formed
by the extra segments of PDLA60 and the SC crystalline formed
by asymmetric L30/D60 (1:1) blends (Figure S5), respectively,
and the result points sideways to the possibility of multi-
complexation. The phenomenon will be discussed in more detail
in the following sections.
Additionally, with further expansion of the chain length

disparity (xD ≥ 2xL), there will be enough space in the longer
chain to accommodate more than one short enantiomer, and
multicomplexation becomes possible [e.g., L30/D60 (1:1)]. As
straightforward evidence, the sample L30/D60 (1:1) shows a
rather different behavior compared to the above-mentioned
cases [e.g., L30/D30 (1:1), L30/D41 (1:1) and L30/D52 (1:1)].
Under this circumstance, the second short chain could find
enough room for complexation. Moreover, competitive

Figure 8. DSC thermograms of L30/D60 (a) and L30/Dn (b) and XRD patterns of L30/D60 (c) and L30/Dn (d) with different mole ratios.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05198
ACS Omega 2022, 7, 41412−41425

41421

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05198/suppl_file/ao2c05198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05198/suppl_file/ao2c05198_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c05198/suppl_file/ao2c05198_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05198?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05198?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05198?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05198?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05198?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


crystallization between SCs and HCs becomes nonnegligible,
with the coexistence of SCs and HCs, as illustrated by the
additional diffractions originating from HCs (Figures 7b and
S5b).57 In addition, two melting regions appear upon heating,
the low- and high-temperature side endotherms are produced by
the melting of homocrystals and stereocomplexes. All evidence
indicates that segmental segregation occurred, with a portion of
PDLA60 forming independent HCs. In other words, HCs were
formed among the redundant segments of the longer PLA chain.
As a result, the molar ratios of the resultant SCs must deviate
from the initial composition (i.e., 1:1).
The overhanging segments of PDLA60 on the substrate

surfaces of SCs could be further associated with an additional
PLLA30. Due to chain folding, the formation of HCs would also
become possible.47,50,58 To further emphasize the mole ratio
effect (nL > nD), L30/D60 with different compositions (2:1, 3:1,
4:1, and 5:1) were parallelly prepared, following the same
protocol (xD ≥ 2xL). According to the above-mentioned
argument, the optimal mole ratio for the L30/D60 blends to
form SCs is 2:1 and 3:1, while there will be excess PLLA30 in the
case of 3:1. In fact, compared with L30/D60 (1:1), samples L30/
D60 (2:1) and L30/D60 (3:1) form exclusively uniform SCs, while
the formation of HCs fully disappeared (Figure 8a). Only the
diffraction of the SC is identified by XRD (Figure 8c, red curve
and blue curve). The melting peak of the PDLA60 HC also
disappears, leaving only an endothermal peak corresponding to
the SC (Figure 8a). On the other hand, HCs reappear when the
content of PLLA30 was further increased. In the case of L30/D60
(4:1) and L30/D60 (5:1), HCs of excess PLLA30 can be
recognized in XRD (Figure 8c, green curve and purple curve)
and DSC results (Figure 8a, green curve, and purple curve). The
effects of the chain length on the formation of SCs in polymer
blends have also been investigated computationally by other
groups,28,59 and the theoretical predictions are in good
agreement with our experimental observations.
The analysis of the melting temperature provides deeper

insights into the chain packing. A simplistic and direct inference
would suggest that each PDLA60 should associate with two

PLLA30. L30/D60 (3:1) forms exclusively uniform SCs, which
was confirmed by the characteristic diffractions in the XRD
curves (Figure 8c). No sign of HCs was found.Meanwhile, there
is only one single melting region (Figure 8a), excluding HCs of
excess PLLA30. This is probably a result of the inability to form
expanded chain conformations due to entanglement or HCs in
the formation of less surplus PLLA30 restrained by SCs in the
formation of asymmetric L30/D60. For this reason, therefore,
L30/D60 (3:1) hardly forms SCs.
For further examining the assumption, PLLA and PDLA with

nonidentical sizes (xD < 2xL) and unequal mole ratios (nL/nD ≠
1:1) were mixed to form SCs. L30/D41, L30/D52, L41/D52, and
L52/D60 with different compositions (1:1, 1.5:1, and 2:1) were
parallelly prepared, following the same protocols (xD < 2xL). As
a result, we found that L30/D41 (1.5:1 and 2:1) forms HCs, while
L30/D52 (1.5:1 and 2:1) cannot form HCs, as evidenced by the
characteristic diffraction in the XRD curves (Figure 8d). Similar
behaviors with L41/D52 (1.5:1 and 2:1) and L52/D60 (1.5:1 and
2:1) are recorded in Figure S6. In this situation that HCs the
form of less surplus the short chain is restrained by SCs the form
of asymmetric PLLA/PDLA blends is formation of SCs. As a
result, homocrystallization takes place when there is a deviation
from the equal molar ratio (Figures 8 and S5). The percentage of
HCs increases as the amount of PLLA30 increases (Figures 8a,c,
and S5). In addition, the melting temperature (Tm) difference
between L30/D41 and L30/D52 is about 5 °C. This difference is
ascribed to the difference in the thickness (dc) of stereo-
complexes between L30/D41 and L30/D52. The short chains (e.g.,
PLLA30) are unable to find an more appropriate and full path in
SCs formed by PDLA41; this is not the case for PDLA52.
Based on what was mentioned above, it is reasonable to

believe that the possibility of multicomplexation also exists in
the M/H-MW PLLA/PDLA asymmetric blends. To investigate
the possibility of multiple complexations in asymmetric M/H-
MW PLLA/PDLA blends, the sample L6.7/D95 with different
ratios (1:5, 2:5, 1:1, 5:2, 5:1) was prepared via solution blending
for 3 days. As shown in Figure 9a, with the molar ratio of short
chains (L6.7) increased, the melting peak of SCs increased and

Figure 9. DSC thermograms (a) and XRD patterns (b) of L6.7/D95 with different mole ratios.
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the melting peak of HCs decreased, which was confirmed by the
characteristic diffractions in the XRD curves (Figure 9b).
Meanwhile, an exothermic phenomenon (Pex) prior to the
melting region of HCs (∼150 °C) corresponds to the transition
from α′-small to α-large homocrystals.39,52,60,61 Due to the α′-
to-α transition after heating, the melting point observed in the
DSC curves of α′ crystals corresponds to the α crystals formed in
the phase transition.8 It is worth noting that the HC melting
region of L6.7/D95 (5:1) almost disappears (Figure 9a), but the
HC diffraction still exists in Figure 9b. This is because a large
number of SCs, which is not uniform because the entanglement
is inevitable, inhibit the formation of HCs during the cooling
crystallization process to maintain the amorphous state. Because
the entanglement is unavoidable in L6.7/D95 (5:1), the short
chains cannot be formed with closely packed SCs with the long
chains. However, the existence of multicomplexation is
undeniable.
In summary, we have mainly investigated the possibility of

multicomplexation in asymmetric M/H-MW PLA blends with
L-MW enantiomers. The problem of low-crystallinity SCs can
be solved by multicomplexation, but the limitation of the
method cannot be ignored. More importantly, high-crystallinity
SCs are difficult to achieve in the processing of M/H-MW
PLLA/PDLA blends.23 Pan et al.20 prepared the H-MW PLLA/
PDLA (1:1) blends with various entanglement degrees by freeze
drying, in which the entanglement density was tuned by varying
the concentration of precursor polymer solutions. Disentangling
facilitates the crystallization of SCs by not only accelerating the
crystallization rate but also improving the SC crystallinity
because the disentangled chains had higher diffusion ability,
which favors the crystallization of SCs. Two aspects, namely,
chain diffusion ability and intermolecular crystal nucleation/
growth, are also the central mechanisms for the formation of
stereocomplexes. Hence, these issues are the direction of our
group as key factors to be addressed in the future.

5. CONCLUSIONS
The chain length and molar ratio effects cannot be neglected for
the competitive mechanism of stereocomplexes (SCs) and
homocrystals (HCs) in poly(lactic acid) (PLA) enantiomers.
To systematically explore the critical contributions of both
molecular weights and crystallization temperature and chain
length and molar ratios to the formation of SCs, our group
quantitatively prepared a wide MW range of symmetric and
asymmetric PLA racemic blends, which contains L-MW PLLA
with Mn > 6k g/mol. For investigating the Tc effect, we
quantitatively prepared the symmetric PLLA/PDLA racemic
blends to nonisothermal/isothermal melt crystallization at 120−
180 °C. We observed that crystallinity and relative fraction of
SCs increase with Tc, and the SCs are exclusively formed at Tc >
180 °C in M/H-MW racemic blends. This can control the
microstructure and physical performance of M/H-MW PLLA/
PDLA blends. To investigate the MW effect, we quantification-
ally explored the critical contribution of chain length and mole
ratios to the formation of SCs in L/M/H/UH-MW symmetric
and L-MW asymmetric PLLA/PDLA blends. When MWs of
one of the enantiomers are over 6k and less than 41k, the
multiple stereocomplexation is clear in the asymmetric racemic
blends. The resultant crystals adopt different molecular packing
depending on the relative chain length. In general, when the two
enantiomers have exactly the same chain length, more ordered
SCs form with less entanglement or the amorphous region than
for the MW of the enantiomers over 41k. On the other hand,

when the two components are not of equivalent size, the excess
segments of the longer ones could stay amorphous on the basal
surfaces or complex with other short enantiomers, depending on
the difference in the chain length. Although there exists
competitive crystallization between SCs and HCs, the former
is preferred under an appropriate mole ratio; when the MW is
over 41k and less than 200k, due to low chain diffusion ability
and restricted intermolecular crystal nucleation/growth, SCs
coexist withHCs. Based on this fact, to investigate the possibility
of multiple complexations in asymmetric M/H-MW PLLA/
PDLA blends, the problem of low-crystallinity SCs can be solved
by multicomplexation. However, the limitation of the method
cannot be ignored; when the MW exceeds 210k, the racemic
blends are hardly/not able to form SCs. This study provides an
insightful and comprehensive exploration into the stereo-
complex crystallization mechanism of polymers and provides a
reference value for future researchers attempting to prepare
stereocomplex materials.
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