Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

¥ ROYAL SOCIETY
P OF CHEMISTRY

RSC
Applied Polymers

View Article Online

View Journal

Understanding nucleation efficiency of
stereocomplex-crystallites on homochiral
crystallization in poly(L-lactide)/poly(p-lactide)
blends: homogenization near crystal growth front

‘ '.) Check for updates

Cite this: DOI: 10.1039/d4lp0031%e

Qi Chen, (2 2P Mansurali Mithani,® Rafael Auras, (2 ©

Jacob Judas Kain Kirkensgaard 2 ¢© and llke Uysal-Unalan @) ¥

Understanding the concurrent behavior of homochiral (HC) and stereocomplex (SC) crystallization in
stereocomplex polylactide (SCPLA) is crucial for developing polymorphic SCPLA-based materials for a
range of applications. This work explores the SC-nucleated HC crystallization behavior in symmetric, poly
(ethylene glycol)-plasticized, and asymmetric SCPLA systems under both non-isothermal and isothermal
conditions. Pre-existing SC crystals with different states were generated by annealing samples at various
temperatures, and their influence was assessed through nucleation efficiency (NE), Avrami exponents, and
the crystallization half-time of SC-nucleated HC crystallization. Variations in the results can be attributed
to differences in the concentration of 103 helices in local regions near the crystal growth front following
SC crystallization. This work suggests that a dynamic equilibrium between thermal fluctuation, compo-
sition gradient-driven homogenization, and nucleation-driven aggregation processes control the concen-
tration of these helices. Aggregation enriches local regions with 105 and 3; helices, promoting both HC
and SC nucleation while restricting random-coil diffusion, whereas homogenization disperses these
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ordered segments into the surrounding matrix, diminishing their local influence. This mechanistic per-
spective offers new insight into the interplay between helical accumulation and matrix relaxation in SC-
nucleated HC crystallization and provides guidance for the design of next-generation polymorphic

Open Access Article. Published on 09 January 2026. Downloaded on 3/17/2026 3:32:34 PM.

(cc)

rsc.li/rscapplpolym SCPLA-based materials.

Introduction

The emerging interest in stereocomplex polylactide (SCPLA),
derived from a poly(r-lactide) (PLLA) and poly(p-lactide) (PDLA)
mixture, arises from its potential to enhance the properties of
PLA-based materials."™ The SC-crystal fraction in SCPLA is
crucial in exploiting its advantageous properties, such as a
higher melting temperature than homochiral ecrystals.*
Obtaining a substantial SC-crystal fraction in high-molecular-
weight SCPLA presents a challenge initially linked to the
diffusion barrier associated with cooperative racemate pairing
and folding. Further research highlighted other challenging
factors, such as phase separation®® and nucleation mode,” in
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determining the crystallization of SC and HC. Several strat-
egies, such as plasticizer addition® and selective nucleators,’
have successfully promoted selective SC-crystallization,® ™"
despite an incomplete understanding of the underlying mecha-
nisms. Particularly, the promotion of racemate pairing via
applying a shear field or nucleating agent can facilitate optimal
SC-crystallization conditions.”'* However, the suppressed HC-
crystallization behavior in the meantime, despite the clear
nucleation effect of SC-crystals on HC crystallization, remains
elusive. A thorough comprehension of HC crystallization behav-
ior in the context of SC crystallization is critical to understand-
ing the competition between HC and SC crystallization.
Alongside the spontaneous suppression of HC crystalliza-
tion in the systems favoring SC crystallization, diverse HC crys-
tallization behaviors can be witnessed in SC-nucleated HC
crystallization experiments."*>* The nucleation efficiency (NE)
of SC-nucleated HC crystallization is found to be dependent
on the ratio of PLLA to PDLA, with near-equivalent compo-
sition leading to the formation of more heterogeneous nuclea-
tion sites and an elevated NE."> Researchers have sought to
explore this nucleation effect. Narita et al.'®*%*! investigated

RSC Appl. Polym.


http://rsc.li/rscapplpolym
http://orcid.org/0000-0002-6908-0040
http://orcid.org/0000-0002-4378-359X
http://orcid.org/0000-0001-6265-0314
http://orcid.org/0000-0002-0963-6166
http://crossmark.crossref.org/dialog/?doi=10.1039/d4lp00319e&domain=pdf&date_stamp=2026-01-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00319e
https://pubs.rsc.org/en/journals/journal/LP

Open Access Article. Published on 09 January 2026. Downloaded on 3/17/2026 3:32:34 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

the temperature correlation and the intricate relationship
between NE and structural parameters of pre-existing SC-crystals
formed from different PLLA/PDLA ratios and molecular
weights. Various approaches have been undertaken to elucidate
this mechanism. Wen et al.*® dismissed the lattice matching
type epitaxy mechanism by crystallographic characterization,
while Wang et al.>” emphasized the role of the interfacial free
energy difference between foreign surfaces and PLLA crystals
when comparing the nucleation of PLLA by different fibers,
including SCPLA fiber. Some studies have also considered the
influence of the SC-crystal network structure. For instance,
Rahman et al.** proposed that local stress could be built up
within the SC-crystal network, triggering stress-induced nuclea-
tion of HC crystallization. On the other hand, Lv et al?®
suggested that the SC-crystal network might prolong the reten-
tion time of HC-crystal memory. Despite many research efforts,
the mechanism driving NE variation in SC-nucleated HC crystal-
lization remains an area of continued investigation and puzzle.

A clear understanding of SC-nucleated HC crystallization
behavior requires consideration of the independence between
nucleation and crystal growth. Wei et al.'® noted the simul-
taneous promotion of HC nucleation and suppression of
overall HC crystallization within the SC-crystal network.
During the nucleation or early stage of crystallization, before
the chain attaches to the nuclei, it has been suggested that
PLA chains adopt a state of local ordering®® near the crystal
growth front to minimize the free energy pathway, adhering to
the Ostwald rule.”*?° Concerning this, our prior work pro-
posed frozen local ordering near the growth front, which leads
to an increase in the rigid amorphous fraction.” Other
researchers have proposed various theories regarding the early
stage of SC crystallization, such as the transformation of 103
(as a precursor for HC crystallization) to 3, helices (as a precur-
sor for SC crystallization) driven by hydrogen bonding inter-
action between enantiomers,®® and the accumulation of
unmatched PLLA or PDLA acting as impurities for SC crystalli-
zation.>” To comprehend the underlying mechanisms of SC-
nucleated HC crystallization and its intricate behavior, this
study utilized self-nucleation experiments to induce various
states of SC-crystals at different temperatures. The chain states
in the early crystallization stage were considered with the aid
of poly(ethylene glycol), PEG, addition, and asymmetric com-
position. The isothermal HC crystallization under different
states of SC-crystal formed at different temperatures was ana-
lyzed by the Avrami equation to unravel the behavior.

Experimental section

Raw materials

PLLA (trade name Luminy® 1130 with M,, ca. 160 kg mol ",
p-lactide content <1%) and PDLA pellets (trade name Luminy®
D120 with M,, ca. 120 kg mol ™, 1-lactide content <1%) were pur-
chased from TotalEnergies Corbion (Gorinchem, Netherlands).
The PEG (trade name PEG600) and dichloromethane (DCM)
were purchased from Sigma-Aldrich (Seborg, Denmark).
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Preparation of stereocomplex PLA

The SCPLA blends were prepared through the solvent casting
method. Equal amounts of PLLA and PDLA pellets were dis-
solved in DCM at a concentration of 5 wt% under magnetic stir-
ring overnight at room temperature. The resulting solution was
poured into a glass Petri dish and left to dry at ambient con-
ditions overnight. Afterward, the films were dried in an oven at
70 °C for 12 hours to ensure complete solvent evaporation.
These films were designated as SCPLA films. For the prepa-
ration of plasticized SCPLA blends, PEG was added at a concen-
tration of 2 wt% relative to the dry weight of SCPLA. The PEG
was mixed with the PLLA/PDLA solution under magnetic stir-
ring, followed by the same solvent casting procedure described
above. The resulting films were denoted as PEG2. To create
asymmetric SCPLA blends, a ratio of 90:10 of PLLA to PDLA
was mixed and dissolved in a 5 wt% DCM solution. The solvent
casting procedure was then carried out following the abovemen-
tioned steps. The resulting films obtained were named L90.

Differential scanning calorimetry

The SC-nucleated HC crystallization of the solvent-casted films
was investigated using differential scanning calorimetry (DSC)
(Q2000, TA instruments, New Castle, USA) equipped with an
RCS 90 cooler, operated under a nitrogen gas flow of 50 mL
min~". All measurements were performed on solvent-cast films
weighing 5.5 + 0.5 mg. The temperature protocol employed in
this study was adapted from established self-nucleation experi-
ments described in the literature.*®** Initially, the samples
were rapidly heated from 30 °C to 270 °C at a rate of 100 °C
min~" and held at 270 °C for 3 minutes, as depicted in Fig. 1.
Subsequently, the films were cooled to 30 °C at 10 °C min™",
yielding different microstructures ranging from partially
melted to isotropic melt states. The films were then subjected
to various self-nucleation temperatures (7,) ranging from
160 °C to 270 °C for 5 minutes to induce a diverse range of
melt structures. The choice of T, exerted a significant influ-
ence on polymer crystallization, which was assessed by exam-
ining the crystallization peak temperatures (7.) during the sub-
sequent cooling process from T, to 30 °C, and melting temp-
eratures (7T,,) and melting enthalpies (AH,,) during the sub-
sequent heating process from 30 °C to 270 °C, both at a rate of
10 °C min~". The protocol was further modified to study the
isothermal HC crystallization behavior under different 7, and
the state of SC-crystals, as shown in Fig. 1B. After cooling from
T, the films were held at selected temperatures (140-160 °C)
for 30 minutes. Each experiment was performed in duplicate,
and it should be noted that the T. values demonstrated
minimal deviation,** typically within the range of 1-2 °C.

Results and discussion

Fig. 2A illustrates the heating curve of SCPLA after removing
the thermal history through annealing at 270 °C for 3 minutes.
The curve reflects the characteristic thermal behavior of high-
molecular-weight SCPLA, displaying a pronounced melting

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 DSC temperature protocols for (A) nonisothermal and (B) iso-
thermal crystallization after annealing at T,.

peak c. 175 °C attributed to HC crystals and a less prominent
melting peak associated with SC crystals, c. 220 °C.* The
marked yellow area (186-242 °C) represents the annealing
temperature range (7,) investigated in this study. Fig. 2B shows
the typical melting peak of HC-crystals and the crystallization
peak temperature (7.) obtained during homochiral PLA
(HCPLA) cooling from various T, values. The self-nucleation
behavior of semicrystalline homopolymers, including HCPLA,
has been extensively studied.**?® Specifically, in this study,
constant T, values are observed for 7, > 180 °C. Since T, is pro-
portional to the nucleation density of crystallization, the con-
stant T, values at T, > 180 °C imply a constant concentration of
nuclei, characterizing a heterogeneous nucleated crystalliza-
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tion in an isotropic melt.>* In this state, HC-crystals were fully
melted without any residual melt memory, incurring self-
nucleation effects, which otherwise would have promoted sub-
sequent crystallization as evidenced by higher T. values
observed at T, = 180 °C. Consequently, the present study inves-
tigates the dependence of subsequent HC crystallization in
SCPLA solely on the remaining SC-crystals at different states.
Fig. 3A presents the DSC cooling curves of SCPLA after
annealing at different T, values, where the corresponding T,
values were marked next to the respective curves. When T, <
220 °C, only one exothermic peak was detected. At these lower
temperatures, the SC-crystals undergo annealing and crystal
perfection; thereby, the subsequent ecrystallization of SC
during the cooling process might occur too rapidly to be
detected by the instrument, as evidenced by the hardly visible
exothermic peak at T, = 220 °C. Since SC crystallization was
too quick to be detected, the detected exothermic peak
between 100 °C and 150 °C should be attributed to HC crystal-
lization. At higher temperatures (226 °C < T, < 240 °C), SC-
crystals are partially molten, resulting in the detection of two
exothermal peaks during the cooling scans. As SC crystalliza-
tion precedes HC crystallization, the peaks at higher and lower
temperatures should be ascribed to SC and HC crystallization,
respectively.>*>® At higher T, (>246 °C, only 270 °C is shown
for brevity), only one weak exothermic peak was observed and
remained constant at around 101 °C. This temperature corres-
ponds to the HC crystallization peak obtained by annealing
HCPLA at T, > 190 °C (Fig. 2B). Previous work using WAXS has
also confirmed that only HC-crystals form during the noni-
sothermal crystallization of SCPLA from the isotropic melt at a
cooling rate of 10 °C min~".° Therefore, the T, obtained for
SCPLA annealed at high T, should be attributed to HC crystal-
lization. Fig. 3B summarizes the relationship between the HC
crystallization peak (T.uc) and the SC crystallization peak
(T.,sc) obtained at different T, values. As the HC-crystals have
completely melted at these T, values, the variations in T, yc
indicate changes in the nucleation efficiency (NE) of pre-exist-
ing SC-crystals in influencing subsequent HC crystallization.
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Fig. 2 (A) DSC heating curve of SCPLA after cooling from 270 °C at 10 °C min~. The thermal history of the samples was first removed at 270 °C for
3 min. (B) Endothermic peak of HC-crystal melting for HCPLA and the crystallization peak temperatures (T 4c) during HCPLA cooling from different

T, (as x-axis).
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Fig. 3 (A) DSC curves of SCPLA during cooling from different T, to 30 °C at 10 °C min~%. (B) Corresponding Tenc and T sc obtained from the DSC

cooling curves. (C) Corresponding DSC heating curves from 30 °C to 270

As proposed by Fillon et al.,*> NE can be represented by eqn
(1), where NE is proportional to T..

T, — T

NE = e — i (1)

In the present study, 7" (101 °C) and T (132 °C) were
obtained from Fig. 3B, representing the crystallization temp-
eratures of the isotropic PLLA melt and the highest crystalliza-
tion temperature of the self-nucleated PLLA melt, respectively.
Consequently, NE of the SC-crystal on subsequent HC crystalli-
zation varied from 100% to nearly 0%, depending on the state
of pre-existing SC-crystal at different T, values. Examining the
state of pre-existing SC-crystal is crucial to gaining a deeper
understanding of this phenomenon. Fig. 3C illustrates the
DSC heating curves of SCPLA following subsequent crystalliza-
tion cooling from different T, values, as denoted next to the
respective curves. At higher T, values (>246 °C), both the con-
stant T, values (Fig. 3B) and the melting peak of the SC-
crystal (T sc) (Fig. 3C) demonstrate the typical crystallization
behavior of high-molecular-weight SCPLA. Under these T, con-
ditions, the SCPLA was in an isotropic melt state, and pre-exist-
ing crystals were completely melted without any melt memory.
Consequently, predominantly HC-crystals were formed during
subsequent crystallization, as observed in Fig. 3C. Conversely,
at the lower T, value of 180 °C, the temperature was too low to
melt the HC-crystal fully, and the subsequent crystallization
behavior was influenced by both the remaining HC-crystal and
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°C at 10 °C min~" after the cooling from different T,.

the SC-crystal. This resulted in the highest NE (T, uc) among
the studied T, temperatures. As mentioned above, the present
study solely focuses on the dependence of subsequent HC crys-
tallization in SCPLA on the remaining SC-crystals at different
states; therefore, the following discussion is confined between
180 °C < T, < 246 °C. For the sake of conciseness, the tempera-
ture ranges are further divided into two categories: range I and
II. This division is solely for simplification and should not be
mistaken for self-nucleation domains.>*

In the range I, the T, ¢ (Fig. 3B) firstly remains constant.
Fig. 3C also demonstrates that the Ty, sc remain unchanged.
This suggests that, although SC crystallization occurs during
annealing, pre-existing SC-crystals do not undergo further
thickening, as confirmed by the consistent SAXS pattern and
intensified SC diffraction pattern collected in situ during
heating of solvent-cast SCPLA (Fig. S1A and S1B available in
the SI). Besides, two melting peaks were observed for HC-
crystal melting around 175 °C in Fig. 3C, which may have origi-
nated from incomplete HC crystallization during cooling from
T, and the crystallization during DSC scanning. Such phenom-
enon diminished at high 7, > 220 °C (range II), indicating a
temperature effect on the HC crystallization that is further ela-
borated in the following section. Further increasing annealing
temperature in range II, the T.yc decreases and reaches its
lowest value at T, = 220 °C, corresponding to the constraint in
NE. Fig. 3C shows an increase in Tn, sc with the increasing T,
values, indicating the thickening of pre-existing SC-crystals
during annealing, as also evidenced by the shift of the SAXS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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peak to lower g during in situ measurements (Fig. S1C and S1D
available in the SI). The SC crystallinity reached a maximum
after annealing at 220 °C. This phenomenon may indicate the
correlation between T ¢, and SC crystallinity, as discussed in
the following section. Increasing the annealing temperature
into the range II leads to the development of T.sc (Fig. 3B),
indicating the occurrence of SC crystallization during cooling
from the associated T, due to the considerable melting of SC-
crystals. However, the SC-crystals may partially melt, and the
remaining crystal or crystal fragments can serve as nuclei or
seeds for subsequent crystallization.*® The concentration of
remaining SC-crystal or crystal fragments that act as nucleators
for subsequent SC crystallization decreases with increasing Ty,
reducing the Tc,SC-35 However, such variation in the concen-
tration of SC-crystal or its fragments does not influence the
subsequent T ¢, which seems to contradict the above-men-
tioned possible correlation between SC crystallinity and T¢ yc.
To understand the effect of concentration of SC-crystal or
crystal fragments on the T j;c, SCPLA annealed at different T,
for 30 minutes is compared with annealing for 5 minutes.
Fig. 4A illustrates the melting enthalpy of HC and SC-crystals
(AHpmuc and AHp,gc) obtained after subsequent crystalliza-
tion. Due to the increased degree of crystallization with pro-
longed annealing time to 30 min, the AH,,sc values were
increased between 180 and 220 °C compared to that from
5 min. This effect is particularly prominent at T, = 220 °C,
where the highest crystallization is located. At T, values above
220 °C, the similarity between AH;,¢c obtained from 5 min
and 30 min of annealing indicates that most of the crystals
have melted, with only a few thickened SC-crystals may survive,
resulting in limited changes in AHp, sc at the two different
annealing times. For both 5 min and 30 min annealing times,
across the entire range of T, values, a higher AH,, ¢ is associ-
ated with a lower AH;, i, and vice versa. This indicates that
the concentration of pre-existing SC crystals (crystallinity) sig-
nificantly influences subsequent HC crystallization. To further
support this, FTIR imaging was used to provide complemen-
tary chemical and morphological information to the DSC data,
thereby supporting the observed inverse relationship between
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SC and HC crystallisation at T, values of 190 °C and 220 °C
(Fig. S2; Table SI). Interestingly, Fig. 4B shows that although
Teuc varies with T,, the magnitude of this variation is rela-
tively small when compared to the substantial changes in SC-
crystal concentration observed in Fig. 4A for 180 °C < T, <
210 °C and 230 °C < T, < 250 °C. This suggests that while the
SC-crystal state and its nucleation effectiveness are indeed
temperature-dependent, the concentration of pre-existing SC
crystals and fragments predominantly influences the crystal-
growth process (AHp, uc), whereas its impact on the nucleation
density reflected by T, uc is comparatively slight.

As pre-existing SC-crystal demonstrated a different influ-
ence in subsequent nonisothermal HC crystal growth and
nucleation, the isothermal HC crystallization under different
T, was also investigated to add to the understanding of the
root cause. Fig. 5A and B selectively display the DSC traces
during isothermal crystallization at various temperatures and
the subsequent heating after cooling from 7, = 220 °C. No
obvious exothermic peaks were observed during the isother-
mal treatment at 160 °C (Fig. 5A). Moreover, a pronounced HC-
crystal melting peak was absent in the heating curves (Fig. 5B).
These observations imply a minimal extent of HC or SC crystal-
lization that occurred during the isothermal process at 160 °C.
Therefore, the melting enthalpy of the SC-crystal obtained
during isothermal at 160 °C equals the amount of SC-crystal
formed at that T,. Fig. 5B also demonstrates that the melting
enthalpy of the SC-crystal remains independent of the isother-
mal crystallization temperatures. This indicates that the
observed exothermal peaks (Fig. 5A) during isothermal treat-
ment should be attributed solely to HC crystallization. Fig. 5C
and D present the crystallization half-time and Avrami expo-
nent n obtained from Avrami analysis on the HC-crystallization
exothermal peak.’”*® The crystallization half-time serves as an
indication of the overall crystallization rate. Hence, the degree
of supercooling (Ty,,0-T.) required to achieve a similar crystalli-
zation rate varies with different T, values. Specifically, samples
annealed at T, = 220 °C require a higher degree of supercool-
ing. By extrapolating the curves to the same temperature, one
can evaluate the crystallization rate of the systems after anneal-
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180 | s 5
3
~ 160 | E
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(A) Melting enthalpies of HC (AH, nc) and SC-crystals (AHy, sc) of SCPLA obtained upon cooling from different T, for 5 min (empty symbols)

or 30 min (solid symbols). (B) The corresponding T, values of HC and SC-crystallization of SCPLA during cooling from different T, for 5 min (empty

symbols) or 30 min (solid symbols).
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ing at the three different T, values.>® Compared to T, = 240 °C,
the overall crystallization rate of HC crystallization is sup-
pressed after annealing at T, = 200 and 220 °C.

The Avrami exponent 7 is often used to indicate the nuclea-
tion mechanism and crystal growth dimension.’® Depending
on the growth dimension from 1D to 3D, the crystal growth
dimension contributes a value of 1 to 3 to the exponent. The
nucleation mode contributes a value of 0 and 1 to the expo-
nent for heterogeneous and homogeneous nucleation, respect-
ively. However, homogenous nucleation may not be applied in
the present study as it requires conditions such as high super-
cooling or the presence of microdomains within small dro-
plets.>® As shown in Fig. 5D, annealing at T, = 240 °C resulted
in Avrami exponents ranging from 3.0 to 3.2, indicating simul-
taneous nucleation and 3D spherulitic crystal growth, com-
monly observed in heterogeneously nucleated polymer crystal-
lization without confinement. Interestingly, at 7, = 220 and
200 °C, the Avrami exponent decreased to the range of 2.4-2.8
and 2.2-2.4, respectively, indicating confinement effects on
HC crystallization. Similar observations have been reported in
the systems with geometrical constraints®** or restricted
diffusion.”>** As discussed earlier, the concentration of SC-
crystals does not affect the nucleation density of HC crystalliza-
tion, ruling out geometrical constraints imposed by pre-exist-
ing SC-crystals as the cause for the reduction in Avrami expo-
nent. Although a higher concentration of SC-crystals can sup-
press crystal growth (Fig. 4), the crystal growth dimension

RSC Appl. Polym.

should remain unaltered, as evidenced by T, = 220 °C having
higher Avrami exponents than T, = 200 °C, despite the higher
concentration of pre-existing SC-crystals. Another possibility is
that the diffusion of homopolymer chains for HC crystalliza-
tion is restricted** after annealing at temperatures below
220 °C in the studied temperature range. The underlying
mechanism is further discussed in the subsequent section.

To investigate the potential contribution of diffusion effects
to HC crystallization, self-nucleation experiments were per-
formed using plasticized SCPLA with 2 wt% PEG (PEG2) fol-
lowing the same protocol. Fig. 6 illustrates the 7. and the
melting enthalpies of SC and HC crystals under different 7, for
PEG2, compared to SCPLA. A selective reduction in T¢,;c was
observed at range I (7, < 220 °C) in Fig. 6A, suggesting that a
diffusion barrier may be present at those temperatures. In SC-
nucleated HC crystallization, favorable interactions between
SC-crystals and amorphous PLA chains are believed to play a
crucial role.’ Within the SCPLA melt, the self-concentration of
same-chiral segments and the mixing of racemate segments
occur spontaneously due to thermal fluctuations.”® This local
competition may dictate the HC and SC crystallization
competition.

On the other hand, driven by the selection progress of SC
crystallization, racemate pairing flourishes near the growth
front of nuclei, forming SC helices or precursors.”***" Closer
look at the chain conformation by flash-DSC and micro-FTIR
methodologies by Zhang et al.*" suggested the coexistence of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The T, correspondence of (A) T. and (B) melting enthalpies for plasticized SCPLA blend with 2 wt% PEG (labelled PEG2) as compared to neat
SCPLA (labelled SCPLA). The error bars are not presented because of low measurement deviation.

105 helices and 3; helices in the melt before crystallization.
Moreover, the 10; helix should emerge first and gradually
transform to the 3; SC helix driven by hydrogen bonding.*'
The source of 10; helix may originate from multiple events,
such as the uncrystallized segments of intermolecular nuclea-
tion and the rejection of the selection process.>” As a result,
the probability of interaction between neighboring 105 helices
increases, promoting the HC nucleation. Since the matrix com-
prises equivalent random PLLA and PDLA coils, the enriched
103 (either in PLLA or PDLA) may tend to homogenize into the
matrix conformation driven by thermal fluctuation and con-
centration gradient. This homogenization process may be in a
dynamic equilibrium with the aggregation process of 10; and
3; helices driven by crystallization. Chain diffusion may
control the homogenization progress; hence, high chain mobi-
lity may intensify the homogenization, resulting in fewer 105
helices and thereby lower T.uc, as evidenced by the lower
T, nc at higher T,. In the case of the PEG-plasticized system,*
the plasticization effect can also facilitate homogenization,
causing lower T.yc than unplasticized SCPLA. Additionally,
since the selection process of SC crystallization, PEG may be
rejected from the local region near the growth front, and a
composition gradient may exist to further drive the homogen-
ization from local region composition to matrix composition.
At range II, T, between 220-242 °C, compared to SCPLA,
PEG addition does not affect the HC nucleation but promotes
SC nucleation, as evidenced by the increase in T.gc (Fig. 6A).
The unchanged T.uc after PEG addition indicates the dis-
appearance of the diffusion control to homogenization, and
the nucleation behavior is governed by the survived SC-crystals
or fragments at different T,. SC-crystals or fragments can serve
as seeds for subsequent crystallization, leading to increased
T.sc with the concentration of survived SC-crystal or frag-
ments. Fig. 6B also shows a significant improvement in
AHy, sc by PEG addition, which can be attributed to faster
crystal growth in the presence of a plasticizer.® The higher SC-
crystallinity in PEG2 can thus lead to higher concentrations of
survived SC-crystal and fragments, demonstrating the elevated
Tcsc in PEG2. Moreover, as the pre-existing SC-crystals melt
and recrystallize at those high T,,*® homogenization is mainly

© 2026 The Author(s). Published by the Royal Society of Chemistry

driven by temperature and is more complete. In this context,
extra plasticization from PEG may not further contribute to the
saturated homogenization, resulting in similar T¢ ;¢ in PEG2
with unplasticized SCPLA. On the other hand, the general
increase in T ¢ with T, can be attributed to the enriched 10,
helix formed during SC crystallization at lower T.gc.
Additionally, at T, > 242 °C corresponding to isotropic melt, as
discussed before, the T, yc remains the same as neat SCPLA,
whereas the T.gc appears around 120 °C, which is simply
because of the well-known PEG promotion effect on SC-
crystallization.®

To further investigate the homogenization process during
SC-nucleated HC crystallization, asymmetric blends with a
PLLA:PDLA ratio of 90:10 (L90) were employed using the
same self-nucleation procedure. Fig. 7A illustrates the corre-
lation between T, and T,, while Fig. 7B shows the corres-
ponding melting enthalpies of SC and HC crystals after the
crystallization during cooling. Despite a lower concentration of
pre-existing SC-crystals in L90 (Fig. 7B), HC nucleation was still
promoted, with T, yc falling within a similar range as that of
symmetric SCPLA in Fig. 7A. This observation can be attribu-
ted to the saturation of the “nucleating agent” concentration,
as previously observed in asymmetric SCPLA.'® Interestingly,
in contrast to PEG2, the variations in T uc for L90 samples
were primarily altered at 7, > 220 °C, while the T, yc in the
diffusion-controlled region (T, < 220 °C) showed less influence
from the asymmetric composition. As discussed earlier, the
105 helices can enrich near the growth front and act as nuclei
for HC crystallization, and the dynamic balance between hom-
ogenization and crystallization-driven aggregation determines
the concentration. At T, < 220 °C, the homogenization is sup-
pressed; the local region of L90 may be close to a symmetric
1:1 composition due to the helix selection of SC crystallization
to the paired racemic PLLA/PDLA.***”~*° Therefore, the asym-
metric composition of L90 incurred a slight increase on T yc.
This slight increase can be linked to the composition gradient
in L90 compared to symmetric SCPLA, where L90 has a local
region composition closer to symmetry and a matrix region
enriched with PLLA. The higher composition gradient selec-
tively drives more homopolymer PLLA to diffuse towards the

RSC Appl. Polym.
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symmetric SCPLA.

local regions, resulting in a slightly higher T, yc. At higher T,
approaching 220 °C, the great extent of conformation hom-
ogenization reduced the overall concentration of 10; helices;
therefore, the impact of composition difference decreased.
Increasing T, to >220 °C, the lower T.uc in L90 than sym-
metric SCPLA indicates fewer 10; helices formed during sub-
sequent SC-crystallization in L90. As the diffusion barrier for
homogenization disappeared at those high T7,, the local
regions in L90 adapted the matrix composition in PLLA : PDLA
9:1. This might have resulted in a lower concentration of 3;
helices and, consequently, attracted fewer 10; helices by hydro-
gen bonding® during homogenization progress in the sub-
sequent SC crystallization. However, this effect can be neg-
lected when SC-crystallization occurs at lower temperatures
(Te,sc) where enough 10; helices are aggregated due to sup-
pressed homogenization, as evidenced by less T¢ 1;c changes in
L90 at higher T, around 236 to 242 °C.

The proposed mechanisms of SC-nucleated HC crystalliza-
tion and their influence on the phenomena observed in this
study are summarized in Fig. 8. During the early stages of crys-
tallization, before PLA segments attach to the nuclei (SC crys-
tals), two chain conformations (105 and 3; helices) may coexist

Homogenization into matrix:
i. Composition
ii. Conformation

Matrix composition;
Random coil

PLLA:PDLA = 1:1;
105 or 3, helices

SC Crystal

Fig. 8 The schematic diagram of homogenization progress during SC-
crystallization, where the 103 or 3; helices enriched near the growth
front of SC-crystals tend to homogenize into the matrix in both its com-
position and conformation.

RSC Appl. Polym.

and become enriched in local regions surrounding the
nuclei.*’ This early aggregation is driven by nucleation-selec-
tion processes (acceptance or rejection of chains) and by
hydrogen-bonding interactions. While SC crystallization con-
sumes a fraction of the 3; helices, the remaining 10; helices
serve as effective seeds for subsequent HC crystallization.
Thermal fluctuations and composition gradients simul-
taneously promote homogenization of the local environment,
guiding it toward the overall matrix composition and chain
conformation.

In our proposed mechanism, the accumulation of 10;
helices near the crystal growth front plays a decisive role in
determining whether SC or HC crystals preferentially nucle-
ate. The 105 helix provides a local conformational environ-
ment that facilitates the alignment of enantiomeric PLLA and
PDLA chains, thereby lowering the nucleation barrier for SC
formation. When 10; helices reach sufficiently high local
density, they promote stable interchain packing and thus
enhance SC nucleation efficiency. Conversely, when the
density of 10; helices is low or spatially heterogeneous,
the cooperative pre-organization required for SC formation
is weakened, making HC nucleation more favorable.
Consequently, the balance between SC and HC crystallization
is governed by the extent of 103-helix enrichment at the
growth front and its ability to prearrange chains for
stereocomplexation.

The concentration of 105 helices is set by a dynamic equili-
brium between crystallization-driven aggregation and hom-
ogenization driven by thermal fluctuations and composition
gradients. This equilibrium is diffusion-controlled. At low
annealing temperatures (7, < 220 °C), where SC crystallization
dominates, homogenization is suppressed, leading to strong
local aggregation of both 105 and 3, helices. Although some 3,
helices are consumed during SC formation, the remaining 10
helices efficiently promote HC nucleation, resulting in a high
Teuc. Increasing T, or adding plasticizer enhances chain
mobility, strengthens homogenization, and consequently
reduces T puc. At higher T, (>220 °C), where SC crystals melt
and homogenization prevails, the local composition becomes
fully adapted to that of the matrix.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In such scenarios, a high PLLA ratio in L90 demonstrated
lower T ;¢ than SCPLA with symmetric composition. This may
be because the local PLLA : PDLA 9: 1 composition hinders the
formation of 3, helices, resulting in fewer 105 helices surviving
with less hydrogen bonding. The aggregation of 10; and 3,
helices, on the other hand, retards the diffusion of homopoly-
mer from the matrix onto the growth front of HC-nuclei
during isothermal crystallization, and consequently, showing
reduced Avrami exponents and two HC-crystal melting peaks
as shown in Fig. 3C due to the suppressed or incomplete HC-
crystallization.

Conclusion

This study reported the nonisothermal and isothermal stereo-
complex (SC)-nucleated homochiral (HC) crystallization behav-
ior by creating different states of pre-existing SC crystals at
various annealing temperatures (T,), adapting the classic self-
nucleation experiments. The HC crystallization temperatures
during nonisothermal crystallization were found to be tempera-
ture-dependent rather than dependent on pre-existing SC crys-
tallinity. Specifically, NE decreased with T, at lower tempera-
tures (7, < 220 °C), while it increased with T, at higher tempera-
tures (T, > 220 °C). The minimum of NE was found at T, =
220 °C, where the SC crystallization proceeds at the highest rate.
The application of Avrami analysis for isothermal crystallization
revealed variations in crystallization half-time and Avrami expo-
nents with T,. Notably, the slowest overall HC crystallization
rate was observed after annealing at T, = 220 °C, which could be
attributed to the suppression of crystal growth by the highest
pre-existing SC crystallinity. Additionally, a decrease in Avrami
exponents was observed for samples annealed at 7, = 200 and
220 °C compared to T, = 240 °C, indicating diffusion-controlled
crystallization. Furthermore, the addition of PEG as a plasticizer
altered the NE. At T, < 220 °C, NE decreased compared to
unplasticized SCPLA, further indicating diffusion-controlled
progress. Conversely, L90 with asymmetric composition dis-
played lower NE than symmetric SCPLA, mainly at T, > 220 °C,
suggesting that equilibrium of the diffusion can be achieved at
higher temperatures. To understand the intricate behaviors,
this study proposed that the nucleation of HC crystallization is
linked to the concentration of 10; helices remaining after the
prior SC-crystallization. This concentration may be governed by
a dynamic equilibrium between homogenization and aggrega-
tion, with the homogenization being a diffusion-controlled,
thermal fluctuation and composition gradient-driven process,
and the aggregation being a crystallization-driven process.
These findings provide new insights into the complex interplay
between SC and HC crystallization and an approach to design-
ing polymorphic polymer materials.
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