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Correlative characterization of stereocomplex
formation in blends of aliphatic polyester
P(PCLm-b-PLLAn) multiblock-copolymers and PDLA

Armando Mandlule,a Yue Liu,a Susanne Schwanz,a Yvonne Pieper,a Heike Scharf,a

Kamila Iskhakova, bc Andre L. C. Conceição, b D. C. Florian Wieland, d

Berit Zeller-Plumhoff, de Francesca M. Toma af and Axel T. Neffe *ag

In phase-separating multiblock copolymers it is a challenge to quantify the relationship between

molecular structure and functional properties, yet this quantification is crucial for processing and

applications. Here, we describe the molecular structure and phase behavior-properties relationships for a

modular system of poly[(e-caprolactone)-b-poly(L-lactide)] multiblock copolymers with well-defined long/

short block lengths and their blends with poly(D-lactide) (PDLA) of varying lengths. The formation of

crystallite types and sizes as well as absolute and relative crystallinities of PCL, PLA homocrystallites (HC),

and PLA stereocrystallites (SC) were studied by DSC and WAXS, and visualized by TEM, POM, and AFM. We

reveal that SC formation occurs in blends containing a ratio between 1 : 1 and 1 : 4 ratio of PDLA and PLLA.

In systems with much longer PCL than PLLA sequence length (113 : 18), SC formation is inhibited. Blend

crystallinity was highest for a medium PDLA length. SC formation is preferred over HC formation, and SCs

act as nucleation points for PCL crystallization. In our work the segment length had a trend to correlate

with crystallite sizes. Tensile strength (from 0.5 to 8 MPa) and elongation at break (from 10% to 4750% at

room temperature) could be increased simultaneously by allowing SC formation, which in the studied

blends correlated with low overall crystallinity. Our study shows strategic polymer synthesis and blending

for the precise control of stereocomplex formation and fine-tuning in high-performance PLA-based

materials. These findings support the knowledge-based choice of blend composition and segment length

to tailor versatile materials with tunable mechanical and thermal properties.

1. Introduction

Structure–property relationships in polymers are crucial for
advancing sustainable material development. To reduce the
environmental impact of waste plastics, hydrolytically degrad-
able polymers such as polylactide (PLA), poly(e-caprolactone)
(PCL), polyglycolide (PGA), poly(para-dioxanone) (PDO), and

poly(trimethylene carbonate) (PTMC) have gained considerable
attention.1 These polymers are partially derived from renewable
resources2 and can potentially be chemically recovered.3 Func-
tions such as the shape-memory effect4,5 can be implemented,
which offers promise particularly in fields that prioritize sus-
tainability and degradability.6–8 The material properties are
inherently linked to their molecular structure, as the architec-
ture and arrangement of polymer chains directly influence their
ability to perform such tasks. The properties of the above-
mentioned homopolymers often limit their applications. For
example, isotactic and hence semicrystalline PLA is a brittle
material with a relatively high Young’s modulus of 3 to 3.5 GPa,
but displays low elongation at break (only 2–10%) and poor
impact strength.9,10

PLA can be synthesized with both optically active L-lactide
(LLA) and D-lactide (DLA) subunits. It can be either amorphous
or semicrystalline, depending on their ratio and sequence
structure. Additionally, PLLA and its enantiomer PDLA can
form a stereocomplex (sc-PLA). sc-PLA formation is driven by
nucleation through CH3� � �OQC hydrogen bonding and/or van
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der Waals forces between L-lactide and D-lactide unit
sequences.8 Stereocomplexes (SCs) between PDLA and PLLA
exhibit significantly different properties compared to lactide
homocrystallites (HC), due to their more ordered and tightly
packed crystalline structure.11 This includes a higher melting
temperature (up to 220–230 1C compared to B180 1C for
homocrystallites),12,13 greater tensile strength, increased tough-
ness, and slower hydrolytic degradation. Therefore, stereocom-
plexation of PLA offers one option to tailor the thermal and
mechanical properties of PLA-based materials. This enhances
the applicability of PLA in more demanding environments. To
overcome the brittleness of PLA, several strategies have been
employed, such as copolymerization,14 blending with softer
(e.g. PCL) or rubber-like polymers, chemical modification,
and the addition of additives.15,16

Synthesis, structure and properties of homopolymers, copo-
lymers, and diblock copolymers (DCs) of PLA have been exten-
sively experimentally and theoretically studied.8,17 Properties
are influenced by four levels of microstructure: the size of the
crystals in the amorphous matrix, the interaction of neighbor-
ing chain segments, their symmetry, and defects. These levels
are relatively well understood and can be controlled.18 Polylac-
tide homocrystallites are formed in monodisperse oligomers
with a minimum length of 11 units (B792 g mol�1), whereas
the minimum block length for stereocrystallization is 7 units
(B504 g mol�1).19 In copolymers, longer sequences seem
necessary due to the reduced chain mobility. The smallest
investigated crystallizable PLLA block had a number average
molar mass (Mn) of 964 g mol�1 (B13.4 repeating units) in
PLLA–PCL diblock copolymers, while the PCL block required an
Mn of 1133 g mol�1 to crystallize with an amorphous PLLA
part.20 Moreover, the PCL block size required for crystallization
increased to more than 2000 g mol�1 when PLLA was
crystalline.20 This illustrates the interdependencies of polymer
crystallite formation in systems containing multiple crystal-
lizable components, particularly how crystallization of PLLA
can inhibit PCL crystallization.

The structure-phase and structure–property relations in
multiblock copolymers (MBCs) of PLA are not fully understood,
compared to homopolymers, copolymers and DCs, though
studies on other MBCs suggest similarities as well as peculia-
rities of MBCs compared to diblock copolymers.8,17,21 MBCs
consist of sequences of two or more different polymer blocks,
such as PLA and PCL, which are covalently bonded. MBCs offer
a high degree of tunability by varying the block types, lengths
and sequences. This would allow the design of materials with
specific properties tailored to diverse applications. This versa-
tility expands their potential use in fields such as medicine,
electronics and packaging but also increases the complexity of
the system. Understanding the structure–property relationships
in MBCs is crucial for advancing and linking both fundamental
polymer science and practical applications.22,23

There are some selected examples of PLA-based MBCs and
their blends reported, such as supramolecular PLLA–PCL
MBCs, where PLA–PCL–PLA triblock copolymers are connected
via ureido-pyrimidone units forming strong hydrogen-bonded

dimers and are mixed with PDLA (at a 1 : 1 ratio of PLLA to
PDLA).24 Here, it was found that the introduction of PCL blocks
reduced the crystallite size of the stereocomplexes (as indicated by
a lower melting temperature) and complicated homogeneous
nucleation of stereocomplexes, but significantly improved the
elongation at break and only slightly reduced the tensile strength
of the blends. Additionally, self-condensation of PLLA–PCL
diblock copolymers or individual PCL and PLLA blocks led to
alternating or randomized PLLA–PCL MBCs, where stereocomplex
formation is enabled in both types,25,26 as it is in blocky copoly-
mers of PLLA and PCL.27 Remarkably, the crystallization of MBCs
influenced their interactions with proteins and cells, indicating
potential applications in guiding cellular behavior, which is
known to depend on factors like crystallization and mechanical
properties.28

During the development of reprogrammable and reversible
shape-memory polymers, it was shown that PLLA sequence
lengths in PLLA–PCL MBCs could be reduced to 15 units, and
the added PDLA component could be reduced to six units while
still permitting stereocomplex formation and reversible
actuation.23 This demonstrates the importance of MBC archi-
tectures in enabling precise control over material properties, as
shorter block lengths can still achieve desired mechanical and
thermal properties through stereocomplex formation. However,
there is currently limited understanding on how varying block
lengths and compositions within PLA–PCL-based MBCs affect
their crystalline structures, SC formation,29 and mechanical
properties.30–32 Reported studies focused single handed either
on their synthesis, mechanical properties, or miscibility and
crystallization behavior of different phases. Hence, a compre-
hensive study is missing.

This study aims to fill this gap by systematically investigating
four different combinations of P(PCL-b-PLLA)x MBCs: (i) short
PCL/short PLLA (s/s), (ii) short PCL/long PLLA (s/l), (iii) long PCL/
short PLLA (l/s), and (iv) long PCL/long PLLA (l/l). This selection
enables a detailed examination of how block lengths influence
the formation of different crystalline phases, including SCs and
homocrystallites (HCs) (Fig. 1). Moreover, the study also explores
the role of poly(D-lactide) (PDLA) with varying chain lengths
(15, 29, or 56 units) in SC formation, as the mobility of individual
chains plays a critical role in determining the crystalline phase
and overall crystallinity.19

To comprehensively understand the structure–property rela-
tionships in these MBCs, a multimodal and correlative char-
acterization approach is employed. This approach integrates
multiple analytical techniques, including differential scanning
calorimetry (DSC), wide-angle X-ray scattering (WAXS), polar-
ized optical microscopy (POM), atomic force microscopy (AFM),
and transmission electron microscopy (TEM) to correlate the
molecular structure and phase behavior with the mechanical
properties. By combining these methods, we can obtain a
comprehensive view of molecular architecture, formation of
crystalline phases in relation to block lengths and how these
microstructural features influence the macroscopic properties
of these MBCs. Through this systematic investigation, we aim
to establish detailed molecular structure/phase structure/
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property relationships in PLA–PCL MBCs, contributing valuable
insights into phase formation and the ability to tailor polymer
properties for specific applications. This knowledge could have
significant implications for the development of new materials
in biomedicine, packaging, and other technical fields.

2. Materials & methods
2.1. Materials

The synthesis involved the use of the following chemicals as
received: chloroform (99.9%), toluene (99.5%), methanol (99%),
tetrahydrofuran (THF) (99.9%) and dichloromethane (DCM)
(99.9%) were purchased from Carl Roth, Karlsruhe, Germany.
Dimethylaminopyridine (DMAP) (99%), p-toluenesulfonic acid
monohydrate (pTSA) (98.5%), deuterated chloroform (99.8%)
and N,N0-diisopropylcarbodiimide (DIPC) (98%) were purchased
from Sigma-Aldrich, Missouri, USA. Anhydrous 1-hexanol (99%,
Acros Organics, Geel, Belgium), tin(II)-2-hexanoate (96%, Alfa
Aesar, Massachusetts, USA), anhydrous benzyl alcohol (BnOH)

(98%, Acros Organics, Geel, Belgium), 10% palladium on acti-
vated carbon (Alfa Aesar, Massachusetts, USA), L,L-dilactide
(99.5%, Corbion, Amsterdam, Netherlands), and D,D-dilactide
(99.5%, Corbion, Amsterdam, Netherlands), were stored over
molecular sieves. e-Caprolactone (99%, Acros Organics, Geel,
Belgium) was distilled before use. Dimethylaminopyridine 4-
toluenesulfonate (DMAP�pTSA) was prepared as previously
described.25,33

2.2. Synthesis

The synthesis of PLLA–PCL multiblock copolymers (P(PCLm-b-
PLLAn)x MBCs) involves four distinct reaction steps and has
been reported by Izraylit et al. before.26 The full reaction
scheme (ROP of PCl, ROP of PLLA, hydrogenation, polyconden-
sation) is shown in the SI (Scheme S1). Firstly, the PCL block
was synthesized through ring-opening polymerization (ROP) of
CL using benzyl alcohol (BnOH) as initiator and tin(II)-2-
hexanoate (SnOct2) as catalyst. Prior to the polymerization, all
glassware was dried overnight in an oven at 200 1C and further
heated with a heating gun which was set to 600 1C under

Fig. 1 Synthesized multiblock copolymers (P(PCLm-b-PLLAn)x) consisting of different block lengths PCL (red) and PLLA (blue) with specific repeating
units are blended with PDLA (black) of different chain lengths and the microstructure, sc-PLA formation and properties of the blends are investigated in
terms of crystallite types, size, distribution and the phase structure relation to macroscopic mechanical properties.
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vacuum for fifteen minutes, then purged with argon three times.
Subsequently, e-caprolactone was vacuum distilled before being
combined with anhydrous BnOH (1 : x) and SnOct2 (1 : 2000) in a
round bottom flask. The amount of BnOH, which acts as an
initiator, was calculated depending on which molar mass was
targeted. The polymerization process was conducted under an
argon atmosphere for 2.5 h at 120 1C. The resulting polymer was
cooled to room temperature, dissolved in chloroform (300 mL),
and precipitated in cold methanol (1 L) under stirring. After 5 h
of refrigeration, the precipitate was filtered and dried in a
vacuum oven at 110 1C for 36 h to remove residual components.
Finally, a sample was subjected to 1H-NMR and GPC analyses to
verify molar mass and conversion rate.

Secondly, the benzyl-protected poly[(e-caprolactone)-block-(L-
lactide)] was synthesized via ROP of L,L-dilactide with the
previously synthesized PCL as the macroinitiator. For calculat-
ing the amount of initiator (Bn-PCL), the molar mass of Bn-PCL
determined by 1H-NMR was used. Initially, Bn-PCL was trans-
ferred to a reaction flask containing L,L-dilactide under argon
flux. The reaction vessel was then heated to 140 1C using an oil
bath, and Sn(Oct)2 (1 : 500) was added via a syringe. After
4 hours, the reaction mixture was cooled, dissolved in 300 mL
of chloroform, and precipitated into 1 L methanol, yielding a
white precipitate. This precipitate was filtered through a glass
filter with an average pore size of 10–16 mm and subsequently
dried under vacuum.

Next, the benzyl protection group was removed from benzyl-
protected poly[(e-caprolactone)-block-(L-lactide)] via hydrogena-
tion. A solution containing the block copolymer (max. 30 g)
dissolved in 150 mL of THF was introduced into a Büchi
ecoclave reactor. Subsequently, 300 mg of Pd/C catalyst was
added, and the reaction was allowed to proceed for 28–36 h at
50 1C under a hydrogen atmosphere (5 bar). After completion,
which was indicated by a decrease in pressure, the reaction
mixture was precipitated into cold methanol, yielding a white
precipitate that was filtered through a glass filter with an
average pore size of 10–16 mm and then dried under vacuum.

Lastly, the final multiblock copolymer P(PCLm-b-PLLAn)x was
synthesized through a block extension via polycondensation
reaction of the PCL–PLLA diblock copolymers. The synthesis
principle and the synthesis of DMAP�pTSA or 4-dimethyl-
aminopyridinium 4-toluenesulfonate (DPTS) has been described
previously.25,33 Initially, the multiblock copolymer was dissolved
in 100 mL of toluene and dried using a rotary evaporator to
remove water traces. The resulting multiblock copolymer was
transferred to a reaction flask under argon and dissolved in
DCM. Subsequently, 0.2 equivalents of DMAP, 0.2 equivalents of
DMAP�pTSA, and 4 equivalents of DIPC were added. The Mn of
the unprotected diblock determined by GPC was used for the
calculation of DMAP, DMAP�pTSA and DIPC. The reaction was
allowed to proceed for 3 days at room temperature under
stirring. The end of the reaction was indicated by the crystal-
lization of the polymer in the reaction vessel, if the viscosity
became too high during the reaction and the magnetic stirrer
stopped rotating, additional solvent was added. The reaction
mixture was then diluted with 300 mL of DCM and precipitated

into methanol (1 L), resulting in a white solid precipitate. This
precipitate was filtered and dried under a vacuum.

Poly(D-lactide) was synthesized by a ring opening polymer-
ization of D,D-dilactide by using 1-hexanol as initiator and
tin(II)-2-hexanoate (SnOct2) as catalyst. The reaction was con-
ducted at 140 1C for 60 minutes under an argon atmosphere
and the resulting polymer was dissolved in chloroform. After-
wards, the product was precipitated in cold methanol and
washed 3 times with methanol. Subsequently the polymer
was dried in a vacuum oven until a constant mass was achieved.

Films were fabricated through blending poly[(e-caprolactone)-
block-(L-lactide)] (P(PCLm-b-PLLAn)x) MBCs with poly(D-lactide)
(PDLA) at predetermined weight percentage ratios. The respec-
tive amounts of Multiblock and PDLA were carefully weighed
and dissolved in chloroform with stirring over a 24-hour period.
Subsequently, the solutions were poured into a PTFE Petri dish,
covered with aluminum foil, and the solvent was allowed to
evaporate under ambient conditions for another 24 hours.
Finally, the films were subjected to drying in a vacuum drying
oven under vacuum (0.01 mbar) at 25 1C for 3 days to remove
residual solvent.

2.3. Characterization

2.3.1. Nuclear magnetic resonance spectroscopy (1H-NMR).
1H-NMR spectra were acquired at room temperature using a DRX
Avance 500 MHz or 700 MHz spectrometer (Bruker, Rheinstet-
ten, Germany), with deuterated chloroform (CDCl3) as the sol-
vent and conducting 128 scans. Prior to analysis, the samples
were dissolved at room temperature using a concentration of
15 mg mL�1, and the solution was filtered with a cotton filter
before the analysis. Signal positions (ppm) and integrals from
respective groups were considered during spectrum evaluation.
The spectra were individually referenced to the residual solvent
protons of chloroform at 7.26 ppm. To assess molar mass based
on the obtained 1H-NMR data, an estimated error of 12% was
accounted for, considering factors such as saturation effects,
intensity losses from isotropic sidebands, sample non-
uniformity in the magnetic field, and line shape contributing
to peak overlapping.34 The molecular structures of PCL, PCL-b-
PLLA diblock copolymers and P(PCLm-b-PLLAn)x multiblock
copolymers were assigned according to the work of Izraylit
et al.26 The degree of polymerization (DP) for PCL was calculated
using the following equations:

DPn PCLð Þ ¼ 5� ICH2

2� IBn
þ 1 (1)

with the integral IBn at B7.3–7.4 ppm, while for the ICH2
the

–CH2–O group at B4.1 ppm was used. The +1 is due to
the terminal group that is not represented in the integral at
4.1 ppm. The number-average molecular weight (Mn) was then
calculated as:

Mn(PCL) = DPn � M0(PCL) + Mend groups (2)

where M0 (PCL) is the molar mass of one PCL repeat unit
(114.14 g mol�1), and Mend groups corresponds to the total molar
mass of the terminal groups (e.g., benzyl and hydroxyl =
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108.14 g mol�1). The degree of polymerization of both blocks
was determined from the integral ratios of the end-group pro-
tons to the methine protons of the PLA block (dB 5.2 ppm) and
the methylene CH2–O protons of the PCL block (d = 4.1 ppm):

DPn PLAð Þ ¼ 3� ICH

2� IBn
(3)

and the number-average molar mass (Mn) was then calculated as:

Mn(Di-block) = (DPn(PCL) � M0(PCL)) + (DPn(PLA) � M0(PLA)) +
Mend groups. (4)

with M0(PLA) = 72.07 g mol�1.
2.3.2. Gel permeation chromatography (GPC). The molar

mass and its distribution of the polymers were determined via
gel permeation chromatography (GPC) using a Tosoh EcoSEC
HLC-8320 Gel Permeation Chromatograph equipped with a
refractive index detector (Tosoh Bioscience, Stuttgart, Germany).
This setup was complemented with a PSS Universal Data Center
(PSS, Mainz, Germany), a viscometer ETA2010 (PSS, Mainz,
Germany), an EcoSEC UV detector 8320 (Tosoh Bioscience),
and a light scattering detector SLD7100 (PSS, Mainz, Germany).
Two HT-GPC columns of type PSS SDV analytical linear M 5 mm
(PSS, Mainz, Germany) were connected in series for analysis.

During measurements, chloroform (CDCl3) stabilized with
ethanol (0.6–1%) was utilized as the eluent, maintained at 35 1C
with a flow rate of 1.0 mL min�1. Additionally, 0.05 weight
content toluene served as an internal standard to ascertain the
hydrodynamic volume relative to elution volume. Molar mass and
dispersity calculations were executed using WINGPC 6.2 (PSS) SEC
software (Polymer Standard Service, Mainz, Germany). An error
margin of 10% of the measured value was considered, accounting
for variations in the measurement of polystyrene calibration
standards.

2.3.3. Differential scanning calorimetry (DSC). DSC mea-
surements were performed on a Netzsch DSC 204 Phoenix
(Netzsch, Selb, Germany) to determine the crystallization –
(Tc), melting – (Tm) and the glass transition-temperatures (Tg)
and their respective enthalpies of the polymers and their
blends. For the peak areas an error of 1 1C and for the measured
enthalpies an error of 10% were considered in the evaluation.
Measurements have been performed on 5–5.5 mg polymer
sample under a nitrogen atmosphere by using heating and
cooling rates of 10 K min�1 in the range of �100 to 230 1C. For
the calculated relative crystallite content of the polymer blends
the first heating run was used and, in a further step, compared
to the calculated crystallinities obtained by WAXS measure-
ments. From the determined melting and crystallization
enthalpy values of the measurements the relative crystallite
content (wc) of all components have been calculated, according
to eqn (5):

wc ¼
DHm

wtx � DH0
m

� 100% (5)

and the absolute crystallite content was calculated according to

eqn (6):

fc ¼
DHm

DH0
m

� 100% (6)

where DHm is the experimental melting enthalpy of a fraction,
determined as the area under the melting peak and wtx is the
mass fraction of PDLA, PLLA, PCL or sc-PLA in the respective
mixture. For the calculations of sc-PLA the lower amount of
either PDLA or PLLA content, which was present in P(PCLm-b-
PLLAn)x:PDLAy was used and multiplied by two. This represents
the percentage of a PLLA : PDLA 1 : 1 mixture. DH0

m is the
specific melting enthalpy of 100% crystalline polymer, which
is 135 J g�1 for PCL,35 142 J g�1 for PLA stereocomplex36 and
93 J g�1 for a 100% crystalline PLLA or PDLA homocrystallites.37

For samples in which cold crystallization occurred during the
first heating run, the relative crystallinity was calculated accord-
ing to eqn (7):

wc ¼
DHm � DHccð Þ
wtx � DH100

m

� 100% (7)

where DHm is the enthalpy of melting, DHcc is the cold
crystallization enthalpy, DHm is the melting enthalpy for a
100% crystalline PLLA, sc-PLA, PCL or PDLA and wtx is the
mass fraction of PDLA, PLLA, PCL or sc-PLA in the respective
mixture.

2.3.4. X-ray crystallographic analysis (WAXS & synchro-
tron). Lab WAXS measurements were performed at room tem-
perature with a D8 Discover diffractometer using a 2D-detector
from Bruker AXS (Karlsruhe, Germany). The samples of dimen-
sions 2 � 0.5 cm and width 50 mm were fixed at both ends
during characterization. Peak position was determined with an
error of Dy = 0.11, originating from variations in sample
thickness and position in the sample holder. The X-ray gen-
erator producing copper K-a radiation with a wavelength of
0.154 nm was operated at a voltage of 40 kV and a current of
40 mA. A graphite monochromator and a pinhole collimator
with an opening of 0.8 mm defined the optical and geometrical
properties of the beam.

The synchrotron WAXS measurements were performed at
the beamline P62 at the Petra III storage ring, Deutsche
Electron Synchrotron Facility (DESY), Hamburg at the SAXS-
MAT beamline P62,38 with a beam size of 700� 400 mm (H � V),
and a wavelength of 0.103 nm. As a calibrant for WAXS silicon
powder (Si) was used. To avoid local differences in composition,
the sample was measured at three different locations. Analysis
of peak positions and full width at half-maximum (FWHM)
values provided information regarding crystallite size and
degree of crystallinity (relative content). The crystal sizes (L)
were calculated according to the Scherrer equation:39

L ¼ K � l
DFHW� cos 2y

� 100% (8)

where L is the expansion of the crystal perpendicular to the
planes of the reflection, K (0.9) is the Scherrer form factor, l is
the wavelength of the X-rays, DFHW is the full half-width of the
reflex after correction of the instrument-related broadening
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measured in radians and 2y is the Bragg angle. The WAXS
profiles in the 2y range of 10–301 were processed using the P62
reduction tool, which included steps for converting 2D to 1D data,
azimuthal integration, and correction for instrumental broaden-
ing. The processed data were initially fitted using Voigt profiles, as
implemented in the P62 tool, to account for the contributions of
instrumental broadening (Gaussian component) and crystallite
size or strain effects (Lorentzian component).

Subsequently, the graphs were manually analyzed, and the
areas under the peaks corresponding to the respective phases
(amorphous, stereocomplex crystals, PCL crystals, and homo-
crystals) were evaluated. The area under the curve obtained
from the Voigt fit (e.g., 34.38) closely matched that of a
Gaussian fit (e.g., 34.04). For simplicity and to facilitate phase
quantification, Gaussian curves were ultimately adopted. This
decision was based on the negligible difference in the calcu-
lated areas between the two fitting methods and the ease of
interpreting Gaussian functions for phase analysis. The sub-
traction of the amorphous phase from the overall profiles is
illustrated in Fig. S3 in the SI. The relative degree of crystallinity
(Xc) was calculated according to the following relation:

Xc ¼
Ic

Ic þ Ia
� 100% (9)

where Ic represent the integrated intensities under the crystalline
diffraction peaks and Ia the intensities of the amorphous halo.

2.3.5. Transmission electron microscopy (TEM). In order to
further explore the changes in the morphology of the different
compositions of the polymer, TEM measurements are carried out.
A FEI Talos F200X transmission electron microscope (Thermo
Fisher Scientific, Massachusetts, USA) equipped with a Ceta 16 M
camera and a Single-tilt holder was used and operated at 200 kV,
to obtain the high-resolution transmission electron microscope
(HRTEM) images of the samples. All samples for morphology
observation were taken by immersing a carbon copper Lacey grid
in the respective polymer solution. As the solvent evaporated, a
free-standing polymer film formed, spread over the holes of the
Lacey-C film. The films were then stained with ruthenium tetr-
oxide (0.5% in H2O) vapor for 20 min.

2.3.6. Atomic force microscopy (AFM). The polymer films
and prepared TEM grids were investigated by an AFM MFP-3D
(Asylum Research, Santa Barbara, CA, USA). A Diamond-Like-
Carbon Coated Force Modulation AFM Probe (Multi75DLC,
BudgetSensors, Bulgaria) with a nominal spring constant of
3 N m�1 and a nominal tip radius of 15 nm was used. Before
each measurement, the spring constant and inverse optical
lever sensitivity of the probe were calibrated using GetRealt
automated probe calibration provided by Asylum Research.
AFM images were acquired by operating the AFM in AM–FM
mode at room temperature. This technique, developed by
Asylum Research, is used to measure the viscoelasticity of
materials. The first resonance is utilized in amplitude modula-
tion (AM) mode for tapping mode topography and phase
images, while the higher resonance mode is employed in
frequency modulation (FM) mode to determine the elastic
modulus.40 A digital resolution of 256 lines � 256 points for

1 mm � 1 mm or 512 lines � 512 points for 5 mm � 5 mm and a
scanning rate of 1.00 Hz was used. Both height and phase
images were acquired simultaneously. Silicon cantilever tips
with resonance frequency of approximately 300 kHz and a spring
constant of about 40 N m�1 were applied in all experiments.

2.3.7. Polarized optical microscopy (POM) & annealing.
Polarized optical microscopy (POM) observations of the sam-
ples were performed with a ZEISS Axio Imager 2 Pol microscope
equipped with a hot stage (Linkam LTS350). The films were
melted on a Linkam LTS350 hot stage, and, afterwards,
annealed according to the melting and crystallization tempera-
tures determined in DSC measurements. The Linkam LTS350
hot stage was equipped with a liquid-nitrogen cooling system
(LNP) with a maximum cooling rate of 30 1C min�1. The
morphology changes were recorded at according to the melting
temperatures of the individual constituents.

2.3.8. Mechanical testing. The produced films were cut
into dog-bone-shaped specimens for tensile testing. The samples’
thicknesses, widths, and valid lengths were approximately 0.45,
3.0, and 15.0 mm. The test results were the average of three tests.
All mechanical tests were carried out using a thermomechanical
tensile tester Zwick Z1.0 (Ulm, Germany) with a temperature
controller. All studies employed a clamping distance of 10 mm
and were performed at room temperature with a constant defor-
mation rate of 10 mm min�1 until breaking occurred.

3. Results & discussion
3.1. Synthesis and characterization of P(PCLm-b-PLLAn)x

MBCs and PDLA

Four different P(PCLm-b-PLLAn)x multiblock copolymers (l/l, l/s,
s/l, s/s) have been synthesized (Table 1), varying in both the
relative content as well as the molar mass of each block in the
multiblock copolymer (synthesis see SI Scheme S1). The synthesis
route of P(PCLm-b-PLLAn)x as well as of PDLA follows published
procedures, with details of structure determination given in the
SI (including Fig. S1 and S2). The MBC synthesis via self-
polycondensation has the advantage that no chain extenders need
to be used, which may bring in a further glassy or crystalline
phase or whose remnants might be harmful limiting potential
biomedical applications.25 Because the molar ratio between the
carboxy and hydroxy groups continues to remain at 1 : 1, stoichio-
metry is not an issue in the polycondensation to reach high molar
mass. However, high conversion was only accessible by continued
stirring, which at times required addition of small amounts of
solvent during this reaction.

The molar mass of the di-blocks was determined by 1H-NMR
using the benzyl end group as a reference. To determine the
molar mass of PCL by 1H-NMR (see SI Fig. S1 for an assigned
example spectra), the aromatic protons of the benzylic end
group (integral A; d = 7.3–7.4 ppm) (use of the signal of benzylic
protons at 5.115 ppm gave similar results) were used as an
internal reference and compared to the CH2–O methylene
protons (integral F; d = 4.1 ppm) within the polymer backbone.
The integration ratio of the aromatic and benzylic protons of
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initiator and the CH2–O methylene protons at the end of the
chain (3.6 ppm) was 5 : 2 : 2, confirming the formation of the
PCL oligomer with the corresponding end groups. Full details
of the calculation is given in the Experimental section.

In the second step, DIBCs were synthesized using Bn-PCL as
the macroinitiator and Sn(Oct)2 as the catalyst at 130 1C. The
degree of polymerization (DP) of both LA and PCL in the PCL-b-
PLLA diblock copolymers was calculated from the integration
ratio of peaks of the Bn end group (integral A) to integral G/G00

and F, as shown in Fig. S1. The resulting copolymer composi-
tion closely matched the feed molar ratio of LA to PCL.

In the third step, the benzyl end group of the di-block
copolymer was removed by hydrogenation to enable subse-
quent chain extension in both directions during the fourth
reaction step. The successful cleavage of the end group was
verified by 1H-NMR, and the corresponding decrease in mole-
cular weight was consistent with the loss of the benzyl moiety.
The following polycondensation reaction was carried out for
48 h at room temperature in the presence of N,N0-diiso-
propylcarbodiimide (DIC), 4-(dimethylamino)pyridine (DMAP),
and 4-dimethylaminopyridine-4-toluenesulfonate (DMAP�
TsOH). The generated water was trapped as urea, driving the
reaction forward. During polycondensation, the viscosity of the
mixture increased substantially, requiring small additions of
solvent to maintain efficient mixing. As a result of the step-
growth chain extension, the molecular weight increased con-
siderably up to Mn E 4.5 � 105 g mol�1.

Due to this increase in molar mass, the 1H signals of the end
groups became hence negligible compared to the polymer back-
bone so that integration gave too large errors to allow accurate
determination of Mn by 1H NMR (in our case: deviation from the
GPC data by up to 80%), so the molar mass and molar mass
distribution of the MBCs was determined by universally cali-
brated GPC, assuming that the block ratio remained constant
during polycondensation. The molar masses obtained by NMR
for the diblock precursors were used as the reference.

In the following, multiblock copolymers P(PCLm-b-PLLAn)x

are stated with the respective number of repeating units of
CL(m), L-LA(n) and the diblock (x). Blends are designated as
P(PCLm-b-PLLAn)x:PDLAyZZ, with y being the number of repeat-
ing units in the PDLA, and ZZ the weight% content of the
multiblock copolymer in the blend.

3.2. Present crystallite phases & conditions for SC formation

The distinction between stereocomplex (SC) and homocrystallite
(HC) formation was determined based on combined structural
and thermal analysis. Specifically, SC formation was identified
by characteristic diffraction peaks and melting transitions dis-
tinct from those of HC crystals as explained below. The first
question addressed was whether PCL crystallites, PLA HCs or
PLA SCs form in the different MBCs and their blends with PDLA
of different length and in different blend compositions, and if
yes, to which extent. WAXS was employed to investigate the
crystalline phases (Fig. 2 and SI Fig. S4.1–S4.4). The chosen
representation in the waterfall plot may result in some peaks
being less visible. However, it is important to emphasize that
each peak was individually examined (SI Fig. S4.1).

Neat PCL, PDLA, multiblock copolymers P(PCLm-b-PLLAn)x,
and their blends with PDLAy were investigated. The WAXS
diagrams revealed specific 2y values for each constituent,
which can correspond to homocrystallization of polylactide
(PLA) in the form of a0 crystals at 2y values of 16.31 and 18.51
(110/200)41 or a crystals at 2y values of 16.71, 19.51 and 22.51
(203). Stereocomplexation between PLLA and PDLA is repre-
sented at 2y values of 12.41, 20.81 and 241 (110/300/220) while
crystallization of poly(e-caprolactone) gives peaks at 2y values
of 221 and 241 (110/200) as shown in Fig. 3.29,41,42 In addition to
the identification of the crystallite species, the relative crystal-
linities of the individual components were calculated by divid-
ing the integral of the respective peak by the total integral area
(eqn (8)) In contrast to metals and ceramics, polymers show
semi-crystalline behavior and, therefore, show an amorphous
background in scattering experiments, which leads to addi-
tional interference and decrease the signal to noise ratio
resulting in a low sensitivity to vast, barely ordered (‘‘amor-
phous’’) domains.43 Nevertheless, WAXS is a widely established
technique for identifying crystallite phases44,45 and estimating
crystallite sizes even in polymeric materials.46–48

Crystallite sizes can be extracted from WAXS data using the
Scherrer equation or by more advanced approaches such as the
Williamson–Hall method, which also accounts for strain and
lattice defects but is considerably more difficult to perform.
Raman spectroscopy can also be used to estimate crystallite
sizes; however, it requires a prior calibration using reference
samples of known size, which is particularly challenging in the
case of polymers—and even more so for multiblock copolymers
(MBCs).49 The Scherrer equation assumes isotropic (typically
spherical) crystallites, while polymer crystallites are often
lamellar, needle-like, or elongated. As a result, the method
provides only approximate values and yields a single average
crystallite size without information on structure, orientation, or
amorphous fractions. However, due to its simplicity and the
fact that it does not require correction for microstrain, it
remains a widely used and practical tool for estimating domain
sizes in polymer science. Especially for materials with complex
morphologies such as semi-crystalline PLA/PCL systems, it is
advisable to combine complementary techniques (e.g., WAXS
with TEM or AFM) to gain a comprehensive understanding.
Although we performed SAXS measurements on our samples,

Table 1 Overview of the molar masses and dispersities of the synthesized di-
and multiblock copolymers and PDLA’s determined by 1H-NMR and/or GPC

Sample
Mn

1H-NMR
(g mol�1)

Mn GPCb

(g mol�1)
Mw GPC
(g mol�1) Ð

P(PCL54-b-PLLA18)4 (s/s) 7560a 35 000 51 600 1.4
P(PCL66-b-PLLA32)43 (s/l) 9940a 420 000 710 000 1.6
P(PCL113-b-PLLA26)24 (l/s) 14 860a 370 000 600 000 1.6
P(PCL121-b-PLLA49)26 (l/l) 17 430a 450 000 900 000 1.6
PDLA15 1200 2800 3100 1.1
PDLA29 2200 3300 3600 1.1
PDLA56 4100 3500 4400 1.2

a Molar mass of Bn-PCL–PLLA di-block determined by 1H-NMR, which
was used to synthesize the MBC. b Molar mass of P(PCL-b-PLLA)x multi-
block determined by GPC, which is based on the di-block.
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they did not yield interpretable results due to insufficient
electron density contrast between the components. Given that
the focus of this study was on the identification of crystalline
domains and phase composition, WAXS and complementary
techniques were prioritized, as they provided more relevant
structural information. Therefore, the crystallite sizes or the
size of the crystalline domains were calculated with the

Scherrer equation (eqn (9)) for the MBCs and blends (Fig. 3).
The crystallite size analysis derived from WAXS patterns
revealed a clear dependence on the segment length of the
multiblock copolymers. As shown in Fig. 3, increasing PCL
and PLLA block lengths resulted in a gradual growth of both
homocrystallite of PCL and stereocomplex (SC) domains. For
P(PCL54-b-PLLA18)4:PDLA56 (s/s), average PCL crystallite sizes

Fig. 2 WAXS diffractograms of PCL, PDLA homopolymers, P(PCLm-b-PLLAn)x MBCs, and P(PCLm-b-PLLAn)x:PDLA56 blends. (A) P(PCL54-b-
PLLA18)4:PDLA56 (s/s), (B) P(PCL66-b-PLLA32)43:PDLA56 (s/l), (C) P(PCL113-b-PLLA26)24:PDLA56 (l/s), and (D) P(PCL121-b-PLLA49)26:PDLA56 (l/l). Some
spectra have been normalized in order to make the intensity with the more intense peaks comparable. * indicates compositions, in which SC’s were
detected.

Fig. 3 Calculated crystallite sizes from the WAXS data of (A) PCL, (B) PLAHC and (C) PLA SC in P(PCLm-b-PLLAn)x:PDLA56 blends. * indicates
compositions, in which SC’s were detected.
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ranged from approximately 6–10 nm, whereas P(PCL113-b-
PLLA26)24:PDLA56 (l/s) and P(PCL121-b-PLLA49)26:PDLA56 (l/l)
exhibited larger domains of about 10–15 nm. A similar trend
was observed for PLLA-HC and SC crystallites (Fig. 3B and C),
indicating that longer segments provide greater chain mobility
and packing regularity during crystallization. The observed
increase in crystallite size with block length directly supports
the proposed structure–property relationship, linking molecu-
lar architecture to crystalline domain size and phase formation.

3.2.1. Stereocomplex formation depends on PCL segment
length. Results demonstrated that the block length from the
PLA sequence length is not the only determining factor for the
formation of SCs, the block length of poly(e-caprolactone) (PCL)
significantly influences the ability to form stereocomplexes,
and no SC formation was observed in the combination of long
PCL blocks with short PLA blocks l/s (Fig. 2C). All other block
combinations s/s (A), s/l (B), and l/l (D) are able to form
stereocomplexed PLA, as indicated by WAXS peaks at 12.41,
20.8 and 241 (110/300/220). The formation of SCs took place not
only in the typical 1 : 1 ratio between PLLA and PDLA, but also
in mixtures with a ratio of up to 1 : 4, which disclosed that SCs
can also be formed under conditions with an excess of one
component. PDLA : PLLA stereocomplexes form archetypically
at a 1 : 1 ratio,50 though at other ratios, the 1 : 1 fraction may
form the stereocomplexes, and even stereocrystallite structures
with an excess of one component are known (up to 70 : 30 of
either component).51

The inability of the PLA sequences in the l/s MBCs to
crystallize may be explained by the vast block length difference,
which leads automatically to a simultaneous reduction of wt%
content of PLLA in the polymer, and which is only B13 wt% in
the l/s MBC. Interestingly, no SC formation occurs in any of the
blends, though the blends contain at least 21 wt% PLA, and
some of the other samples containing similar amounts of PLA
show PLA crystallization (either HC or SC). A potential explana-
tion may be derived from a visualization of microdomain
formation. In MBCs, the PLLA and PCL sequences are
covalently linked, and hence in case of phase separation of
the blocks may lead to smaller domains than in a putative
blend. Furthermore, it can be expected that on the interface
between two domains there may be some co-localization of PCL
and PLLA segments, potentially forming a mixed amorphous
phase, as is sometimes observed in P(CL-co-LA) copolymers26

and further reducing the size of a pure PLLA domain. When
forming the blends with PDLA such PLLA segments might not
be available for SC formation (see also below Section 4.8
‘‘overall model’’). Crystallizability by annealing was not inves-
tigated for these samples, but spontaneous crystallite for-
mation in MBCs with vastly different block length during
solvent evaporation seem to be inhibited.

According to Tsuji et al. stereocomplexation and homocrys-
tallization are competitive processes and SC formation is
preferred over HC formation when the molar mass is low,
due to increased mobility of segments.52 This phenomenon is
clearly visible in (P(PCL54-b-PLLA18)4:PDLA56 in comparison to
P(PCL113-b-PLLA26)24:PDLA56, in which no diffraction peaks of

PLA-HC are visible, but diffraction peaks of SC at 12.4, 20.8 and
241 can be observed for the 90/10 mixture.

3.2.2. Two types of PLA HCs are formed. Four types of PLA
crystallites (in the following referred to (HC) of PLLA or PDLA)
are known: a0, a, b and g.53 PLA a-form crystals grow via
solution, melt, or cold crystallization at high temperatures
(i.e., above 120 1C) in a 10/3 helical confirmation packed in
an orthorhombic unit cell. The a0 crystals are formed from the
melt or by cold crystallization at temperatures below 100 1C and
are similar though more disordered compared to the a form. Di
Lorenzo et al. pointed out that the a form provides a better
barrier to water vapor, a higher Young’s modulus, and a lower
elongation at break compared with films containing the a0

modification.54 a and a0 type crystals may occur simultaneously
in a sample, however, the transition a0 - a is irreversible. The
other crystal forms, i.e. the b- and g-forms, of PLA grow under
specific processing conditions that are not relevant to this
work, and all of them tend to transition to the a form during
heating.55,56

The homocrystallization of PLA was not observed in the l/s
MBC without blending. In comparable diblock copolymers, PLA
crystallization was observed already in PLA sequences with
molar masses Z964 g mol�1, corresponding to Z13.4 lactide
(LA) repeating units.20 The WAXS graphs exhibit a peak at 17.21
indicating partial crystallization of HC as a-phase (ordered a
crystal). In the PDLAy’s used for blending, the distorted a0-
phase (16.31) as well as a phase (19.41) could be observed. The
PDLAy’s used in the mixtures exhibited a high crystallization
ability with relative crystallinities of 80% and crystallite sizes of
8 � 1 nm. These crystallites are composed mainly from a0 type
crystallites (B80%) and B20% a form. After blending the
MBCs with PDLA, mixtures with a high proportion of PDLA
(20/80) exhibit sharp HC crystallization peaks, which slowly
decrease in intensity with increasing MBC content. These HCs
are likely to be attributed to the PDLA content only (see
discussion further below in the section on DSC). The HC in
the blends mainly show an a phase with a small proportion of
a’. When SC formation takes place, visible due to the peaks at
121 and 241, the HC crystallization peak disappears (e.g. Fig. 2B
50 : 50). In the process of blending with PDLA56, SC formation is
preferred compared to HC formation and the overall relative
crystallinity decreases until only crystallinities of about 5%
remain. The overall HC crystallite sizes show a decrease with
decreasing PDLA content. In the MBC’s blends where no SC’s
are formed, either homocrystallization is visible, e.g. in
P(PCL121-b-PLLA49)26 : PDLA56 (Fig. 2D 30 : 70), or polylactide
forms predominantly an amorphous phase which may contain
a very minor amount of HC (o10%) in the mixture (Fig. 2C
30 : 70).

In the blends prepared with PDLA29 or PDLA15, HC for-
mation was visible in more compositions than with PDLA56.
This may suggest that the rearrangement of the longer chains
of PDLA56 may be sterically and/or kinetically hindered in the
blends. Additionally, it is noticeable that homocrystallization is
less favorable compared to stereocrystallization, as evidenced
by the disappearance or reduction of the homocrystallites peak
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compared to that of the stereocrystallites (e.g. for P(PCL54-b-
PLLA18)4:PDLA56).

3.2.3. PCL crystallization is generally reduced at high PLA
content, though PLA crystallites may act as nucleation points.
The measured poly(e-caprolactones) PCL54, PCL66 (short) and
PCL113 or PCL121 (long), exhibited a semi-crystalline behavior,
displaying crystallite peaks of PCL in both the pure PCL (black
line) as well as in the pure MBC (red line) (Fig. 2 and 3C). The
calculated crystallite sizes were 7.2 � 1 nm for PCL54 and PCL66,
and 11.3 � 1 nm for PCL113 and PCL121. Interestingly, the
crystallite size of PCL in MBCs increased to 9 nm for P(PCL54-b-
PLLA18)4. No change could be observed for P(PCL66-b-PLLA32)43

and P(PCL121-b-PLLA49)26, while crystallite size decreased from
11 nm in the individual PCL to 8 nm in P(PCL113-b-PLLA26)24.

PCL crystallization in the blends depended significantly on
the block length of PCLn and the corresponding length of the
blended PDLAy as well as PLLAn length in the MBC. The l/l
blends of P(PCL121-b-PLLA49)26:PDLA56 show no crystallization
of PCL up to a mixing ratio of 60/40 (Fig. 2D), but the blends l/s
of P(PCL113-b-PLLA26)4:PDLA56 exhibit crystallization of PCL in all
blends (Fig. 2C). Comparing l/l blends with the PDLA of different
lengths show PCL crystallization but for shifted compositions (see
Fig. 2D and SI S4.3 and S4.4D). The reason for this could be that the
crystallization of PCL in l/l is sterically hindered due to PDLA and
the confinement through phase separation.

With the addition of PDLA to P(PCLm-b-PLLAn)x and the
formation of stereocomplexes, a general decrease in the crystal-
lite sizes of PCL compared to the pure PCL’s was observed for s/l
P(PCL66-b-PLLA32)43 and l/l P(PCL121-b-PLLA49)26 (Fig. 2B and D).
In the blends based on MBCs with short lactide sequence length
(P(PCL54-b-PLLA18)4 and P(PCL113-b-PLLA26)24), however, a slight
increase or no change in PCL crystallite size is observed after
stereocomplexation for the blends with PDLA56 (Fig. 2A and C).
The largest crystallite size of PCL, which was achieved in
P(PCL113-b-PLLA26)24:PDLA56, was around 20 nm. There is no
data conveying how large the crystallites of PCL can become in
multiblock copolymers with PLLA. Castilla et al., however, dis-
closed that PCL crystallite sizes can grow up to 22 nm by using
graphene oxide (GO) filler as an nucleation agent in PCL films.57

Even though they used PCL (Mw 90–150 kDa) combined with a
nucleation agent, the crystallite sizes achieved are comparable to
our case. Crystal growth depends on the length of the molecular
chain and its freedom to fold.58 Therefore, it can be assumed
that the growth rate of the PCL nucleation sides is decreased due
to the constrained geometry, caused by attached PLLA segments,
their length and their prior crystallization. The well-known
immiscibility of PCL and PLLA59 further leads to lower diffusion
rates of the PCL polymer chains in the already crystallized PLA
domains and promotes disordered crystallization, hence smaller
crystallites and lower relative crystallinities. This inhibition of
PCL crystallite formation was also found by other groups.20

3.2.4. Crystallite sizes tend to correlate with block sizes.
The SC crystallite size found in the P(PCLm-b-PLLAn)x:PDLA56

blends were between 5 and 13 nm. The largest SC crystallites of
B13 nm in this series were found in the s/l P(PCL66-b-PLLA32)43

and l/l P(PCL121-b-PLLA49)26 MBCs (Fig. 2C). However, the

difference between 32 and 49 repeating units of PLLA in terms
of maximum SC crystallite sizes was within the margin of error.
The majority of samples, especially with shorter PDLA compo-
nents, contains SC crystallites with a size between 6–9 nm, and
as small as o1 nm for P(PCL66-b-PLLA32)43:PDLA15.

3.2.5. Stereocrystallization strongly influences PCL and
PLA HC crystallization. The crystallization of PCL was promoted
in mixtures where SCs were formed, indicating that the for-
mation of SCs acted as a nucleating agent for the crystallization
of other components, though one needs to take into considera-
tion also that the wt% content of PCL in the mixture increases
(e.g. Fig. 2D 80 : 20). In mixtures where no SCs were formed, the
crystallization of PCL was inhibited. The crystallite sizes and
relative crystallinity of HC tended to decrease when SCs were
formed, as the PDLA is used for SC formation. All crystallite sizes
determined were between 2 and 15 nm.

The work of Chengbo et al. has demonstrated that the
crystallite sizes of PLA can vary significantly. In their study, the
PLA crystallite sizes started at around 8 nm. With increasing
temperature and under uniaxial loading, these sizes increased
up to 20 nm. This indicates that the thermal and mechanical
conditions have a significant influence on the microstructure of
the material.60 The crystallite size of PLA in PLA/clay nanocom-
posite films were around 14 to 19 nm.61 There, clay was used as a
nucleation agent to enhance the crystallization behavior of PLA.
We detected similar crystallite sizes ranging from approximately
5 nm to 23 nm for HC in blends with PDLA56 (Fig. 3B). We found
the highest HC crystallite sizes in the P(PCL121-b-PLLA49)26 :
PDLA15 (B20.0 nm) 90 : 10, P(PCL121-b-PLLA49)26 : PDLA29

(B22 nm) 70 : 30 and P(PCL121-b-PLLA49)26 : PDLA56 (B22.4 nm) 60 :
40 blends. The lowest PLA crystal sizes were found in P(PCL66-b-
PLLA32)43 : PDLA15 (B1 nm) 20 : 80, P(PCL113-b-PLLA26)24 : PDLA56

(B2.2 nm) 20 : 80 and P(PCL54-b-PLLA18)4 : PDLA15 (B2 nm) 20 : 80
blends. The results indicate that the crystallite size of PLA homo-
crystallites is primarily governed by the length of the PLLA
segments within the multiblock copolymer rather than by the
molecular weight of the PDLA blending component. Longer PLLA
blocks facilitate more efficient chain folding and lamellar thick-
ening, leading to the formation of larger and more ordered HC
domains. In contrast, shorter PLLA segments restrict chain mobi-
lity and limit the growth of crystalline lamellae, resulting in
smaller crystallites. This suggests that the crystalline structure
in these blends is mainly dictated by the intrinsic block architec-
ture of the MBC rather than by the composition of the PDLA
phase, highlighting the dominant role of PLLA segment length in
determining the microstructural organization of the blends.
Crystallite sizes of in P(PCLm-b-PLLAn)x:PDLA56 are in the range
of 1–20 nm regardless of whether it is PCL, HC or SC. Since the
measurements were performed on samples after processing with-
out annealing, this crystallite formation depends primarily on the
kinetics of nucleation and crystallite growth strongly influenced
by sequence lengths, molar mass, and viscosity of the solution.

3.3. Crystallinity and thermal behavior

Thermal transitions of the synthesized PCL’s, PDLA’s, P(PCLm-
b-PLLAn)x multiblock copolymers and their mixtures with
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PDLAs were determined by DSC (Table 2). Data from the first
heating and cooling (both at 10 K min�1) were used as this
describes the material properties after film formation (Fig. 4
and S5.1–5.2, S6.1–6.3). This is relevant to a potential applica-
tion and is more consistent for a comparison with WAXS data
than using the second heating experiments. Results from
selected annealing experiments are also be presented below.
The glass transition temperature (Tg), melting temperature (Tm)
and crystallization temperature (Tc) were determined from the

measurements, and the absolute and relative crystallinities
were calculated using the eqn (5)–(7).

The thermograms show three specific melting regions, the
peaks of PCL (58–63 1C), PLA HC (140–180 1C) and SC (170–
200 1C). Verification of the assignment as HC or SC melting was
done by comparison with the WAXS data of the individual
sample (Fig. 3). Additionally, cold recrystallization (90–120 1C)
occurred, which marks the reorganization from the a0 to the a
phase during heating.

Table 2 Thermal transitions and crystallinities obtained from DSC scans of PCL homopolymers and P(PCLm-b-PLLAn)x multiblock copolymers

Material

PCL PLA

Tm (1C) Tc (1C) DHm (J g�1) Xc (%) Tm (1C) Tc (1C) DHm (J g�1) Xc (%)

PCL54/PDLA15
a 59 28 111 78 125 81 48.8 51

PCL66/PDLA29
a 63 30 112 79 140 89 59.5 64

PCL113/PDLA56
a 60 31 111 78 158 105 72.8 78

PCL121 58 31 100 70 — — — —
P(PCL54-b-PLLA18)4 62 28 69 61b/78c 101 — 1.7 2b/6c

P(PCL66-b-PLLA32)43 55 37 72 54b/79c 117 68 4 4b/9c

P(PCL113-b-PLLA26)24 63 27 104 63b/78c — — — —
P(PCL121-b-PLLA49)26 60 18 79 62b/70c 123 — 3 3b/8c

a Individual PCL or PDLA samples. b Absolute crystallinity of PCL in P(PCLm-b-PLLAn)x multi-block determined by DSC. c Relative crystallinity of
PCL in P(PCLm-b-PLLAn)x multi-block determined by DSC.

Fig. 4 DSC thermograms of P(PCL54-b-PLLA18)4:PLDA56 (A), P(PCL66-b-PLLA32)43:PLDA56 (B), P(PCL113-b-PLLA26)24:PLDA56 (C) and P(PCL121-b-
PLLA49)26:PLDA56 (D) obtained at heating rates of 10 K min�1. Asterisks indicate melting transitions consistent with SCs.
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3.3.1. Relative crystallinity of PCL is independent from the
presence of PLA. The relative crystallinity of PCL in the multi-
block copolymers is comparable to that in the single PCLs. The
absolute crystallinity is lower, due to the lower PCL content
after addition of PLLA. In general, the total absolute crystal-
linity was found not to exceed 50% during isothermal heating.
It was observed that for longer PLLA segments (426) in the
MBCs, the melting temperature of PCL is represented by a
double endothermic peak, indicating two different crystalline
domains.

The melting temperatures (Tm) for PCL range from 58 to
63 1C and has a maximum for PCL66 (black line in Fig. 4). The
corresponding heating curve illustrates a single endothermic
peak and shows that a single crystal phase is present in the
pure PCL, probably facilitated by a low dispersity.

The calculated crystallinity of the synthesized caprolactones
is around 70–80% for the synthesized PCLs. Boyd established
the conceptual framework distinguishing between crystal
mobile and crystal-fixed polymers, linking the chain mobility
during crystallization to the achievable degree of crystallinity.62

Additionally, Thurn-Albrecht et al. demonstrated that PCL
behaves as a crystal fixed polymer; when crystallized from the
melt, it cannot exceed a crystallinity of B60%.63,64 However, in
our case, solution-based processing enables slower crystallization
and more favorable chain organization, allowing higher relative
crystallinities than are usually observed from the melt.65–67

The slightly lower crystallinity of PCL66 in P(PCL66-b-
PLLA32)43 compared to the other samples corresponds with the
lower melting temperature, suggesting smaller crystallite sizes.
This highlights the common occurrence that there is an opti-
mum chain length for crystallization, which first increases with
molar mass but at some stage drops again as then entangle-
ments and lower chain mobility reduce crystallizability.68

3.3.2. There is no clear correlation between PCL chain
length and crystallinity. There are slight changes in the Tm of
the PCL in the MBCs compared to the individual PCL, with a
notable decrease for P(PCL66-b-PLLA32)43. Here, the ability to
form crystalline regions is reduced by the introduction of other
blocks in the copolymer, which can disrupt the regular packing
of the PCL chains. This disruption leads to a decrease in the

overall relative crystallinity and crystallite size (WAXS data
Fig. 2B) of the PCL segments. As a result, the corresponding
melting temperature is lowered.

The Tm of PCL in the blends is represented by a double
endothermic peak when the MBC part has long PLLA segments
(426), suggesting two different crystalline domains. This low
double melting peak has been explained in low molar mass
PCL’s (o10 kg mol�1) by partial melting and reorganization
during the heating scans.68

The relative crystallinity of PCL changes depending on the
MBC and blend composition. In most samples the relative
crystallinities decrease after blending with PDLAy. Particularly
in the mixtures of e.g. P(PCL66-b-PLLA32):PDLA29 20/80, their
relative crystallinity is decreased from 80 to 49% (not shown).
The absolute crystallinity is decreasing from 53 to 4%. However,
in some samples, interestingly the relative crystallinity increases
e.g. in P(PCL121-PLLA49)26:PDLA56 from 82% to 98% and in
P(PCL66-PLLA32)43 : PDLA56 from 80% to nearly 100% in the
30 : 70 blend (Fig. 5A). The blends exhibit lower relative crystal-
linities at higher MBC content. The absolute crystallinity of PCL
obviously increases because of the higher mass fraction. Of note
is that in blends that allow SC formation, the highest PCL
crystallinity coincides with the presence of SCs (cf. Fig. 5A and B).

3.3.3. Cold crystallization occurs in several blends, linked
to PCL content. A cold crystallization peak around 90 to 110 1C
was detected in the first heating run of several blends, to
be exact in P(PCL54-b-PLLA18)4:PDLA56/30, P(PCL66-b-PLLA32)43:
PDLA56/15 and P(PCL113-b-PLLA26)24:PDLA56 (Fig. 5A–C). As has
been shown before, formation of SCs is strongly dependent on
molar mass and temperature,41,45 and that if one component
has a molar mass o104 g mol�1, SC formation is dominating.69

However, in the studied system, this cold crystallization peak
can be attributed to the recrystallization of the a0 phase to the
more stable a phase70,71 as it also occurs in systems that do not
exhibit SC according to the WAXS investigations. The enthalpy
of cold crystallization of PLA increases with increasing PCL
content. This is likely since PCL can sterically hinder PLA
crystallization during solution casting, which is partially over-
come by the increased chain mobility at increased tempera-
tures that are above Tg of PLA and the Tm of PCL.

Fig. 5 Absolute crystallinities of (A) PCL, (B) PLA HC, and (C) PLA SC in the P(PCLm-b-PLLAn):PDLA56 blends calculated from DSC experiments.
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3.3.4. Stable HC melting temperature with increasing MBC
content until consumption. The melting temperature of the
pure PDLA56 used for the mixtures with MBCs is 157 1C and
PDLA56 displays an absolute crystallinity of 66%. PLA HCs in
the blends have similar melting temperatures, and considering
blend compositions with high PDLA content, these are most
likely to be attributed to PDLA homocrystallization. This sug-
gests that the crystallite size of PDLA remains about the same
upon blending. As rationale, in contrast to the PLLA segments
that are covalently linked to PCL, the PDLA/phase separation
seems to be clearer with smaller mixed interphase areas. The
absolute crystallinity of PDLA decreases with decreasing PDLA
content (Fig. 5B). In the 80/20 blend that contains a major
amount of SC, the lowest relative crystallinity of HC is about
4%. However, the relative crystallinity of PDLA can even
increase up to 75% in the blends compared to the pure PDLA,
such as is the case e.g. for P(PCL121-b-PLLA49)26:PDLA56 20/80.

3.3.5. The relatively low Tm of SCs indicate small crystallite
sizes. The melting temperature of the stereocrystallites was in
the range of 180 1C to 200 1C. This is significantly lower than in
systems studied to maximize stereocrystallization, where the
melting temperature of stereocrystallites was in the range of
200 to 230 1C.72 There are works were this was even exceeded,
for example Ikada et al. found melting temperatures of 239 1C
after aging for three years,52 and under stretching Wang et al.
detected it at 240 1C.73 In our system and comparable ones SC
crystallites seem to be smaller leading to lower melting
temperatures,26,27 though still significantly higher than e.g.
shown in stereo-periodical copolymers based on P(LLA–LLA–
DLA) and P(DLA–DLA–LLA) (143.4–144 1C).74

The melting temperatures of stereocrystallites in P(PCL54-b-
PLLA18)4:PDLA56 and P(PCL66-b-PLLA32)43:PDLA56 blends were
in the range between 180 and 190 1C. Higher melting tempera-
tures in the range of 190–200 1C were achieved for the P(PCL121-
b-PLLA49)26:PDLA56 samples. This suggests that larger crystallites
are present in P(PCL121-b-PLLA49)26:PDLA56, which could be due to
longer sequence lengths of PLLA. The crystalline content of stereo-
complexes in the multiblock copolymer mixture with PDLA
increases with increasing PLLA content in the MBC. The absolute
crystallinities range between 2% for P(PCL66-b-PLLA32)43:
PDLA56 (40/60) and 13% P(PCL66-b-PLLA32)43:PDLA56 (90/10). The
blends corresponding to a 1 : 1 mixture of PLLA and PDLA showed
the highest absolute crystallinity. There was no clear trend regard-
ing the relative crystallinities and blend compositions. In general,
the total absolute crystalline content, which was achieved by
isothermal heating experiments (see below), didn’t exceed 50%
(crystallinity PCL + crystallinity SC + crystallinity HC).

3.4. Change in crystalline phases by annealing

The studies unveiled that thermal post-treatment (annealing) of
P(PCLm-b-PLLAn)y:PDLA56 blends can influence the crystal
structure and relative crystallinity. While the slow solvent
evaporation process tends to promote the formation of HC,
annealing can transform less ordered a0-crystals into more
ordered a-phases and finally into SC. This conversion was
particularly observed in samples with a higher content of PCL

and a large difference in the block length of the enantiomers.
On the other hand, in samples with a 50 : 50 ratio of MBC to
PDLA56, the relative crystallinity and crystal size remained
largely unchanged, indicating the limited ability to form SCs
under these conditions. In samples with a 90 : 10 ratio of
MBC : PDLA56, the crystal size could be increased from 4 to
12 nm by annealing, while the relative crystallinity showed a
slightly increase from 20 to 25%.

It has been reported that the stereocomplex crystal for-
mation can be controlled by the diffusion of the enantiomeric
chains.75 Therefore, the length of sequences forming the homo-
crystallites and the control of chain mobility in the processing
method is crucial for achieving SC formation. In solution casting
processes many parameters can affect crystallization e.g. the
concentration of the polymer in the solution or the evaporation
rate of the solvent.76 In melt based processes, the Mw and the
melting temperature are the main driving forces. Pengju’s
group75 confirmed that after rapid solvent evaporation SC for-
mation was exclusively achieved compared to slow solvent
evaporation, which was attributed to simultaneous folding of
PLLA and PDLA chains. Since film casting and, therefore, SC
formation were performed under slow solvent evaporation for
our samples, the crystallization might be shifted towards HC
formation. Therefore, annealing was performed on selected
samples to see whether it influences crystallite structure and
relative crystallinity. Fig. 6 displays WAXS profiles of P(PCL66-b-
PLLA32)43 : PDLA56 blends of two compositions (50 : 50/90 : 10),
which were annealed at Tc = 190 1C, Tc = 120 1C and room
temperature (Table S1 gives crystallite sizes and crystallinities).
Each temperature was maintained for 200 minutes, to give the
crystallites sufficient time to grow. Afterwards, the wide-angle
scattering profiles from the samples were determined at room
temperature (approximately 25 1C) (Fig. 6). The crystal formation
during the annealing process was observed via POM.

Although PLA is known to degrade thermally over 200 1C, the
annealing conditions were carefully selected based on prior reports
on stereocomplex formation, which require complete melting of
homocrystallites and enhanced chain diffusion. No significant
degradation was observed under these conditions, as verified by
TGA analysis indicated no appreciable mass loss during the
treatment, confirming the thermal stability of the material under
our specific protocol. In the 90 : 10 MBC : PDLA blend, annealing
led to a shift from HC to SC, growth of SC crystallite sizes, and an
increase in relative PCL crystallinity. Indeed, this suggests that the
slow solvent evaporation used in our system supports HC for-
mation, while annealing allows chain re-organization promoting
the thermodynamically more stable SC phase. In the 50 : 50
mixture however, no changes in relative crystallinity or crystallite
sizes were observed upon annealing, and the relative crystallinity
of SCs was only in the 7–10% region. Likely, the relatively high PCL
content and the phase separated structure doesn’t allow for
extended SC formation under the studied conditions.

3.5. Crystallite distribution

The investigation of the crystallite distribution in different
(PCLm-b-PLLAn)x blends highlights that the crystallite structure
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strongly depends on the mixing ratio and the processing.
Samples without stereocomplex formation showed large spheru-
litic structures, while samples with stereocomplexes revealed a
clear phase separation and formed smaller sc-PLA crystallites. An
increase in PCL content led to a decrease in PLA HC crystallite size,
indicating inhibition of crystallization by PCL. AFM and WAXS
confirmed the presence of crystalline lamellar structures in PLA
HC and the formation of stereocomplexes in certain blends.

Furthermore, the results indicated that PCL can act as a physical
barrier affecting both nucleation and growth of PLA crystallites.

Fig. 7 and 8 illustrate the phase structure of several (PCLm-b-
PLLAn)x:PDLA56 blends. The phase structure was investigated
using AFM and POM. In the POM image acquisition, the
polymer films were additionally heated to 200 1C in order to
assign the different crystallites to the different components (SI
Fig. S8.2).

Fig. 6 P(PCL65-b-PLLA30):PDLA59 annealed for B120 minutes, by heating to 200 1C hold at temperature for 1 minute, cool down to 190 1C and hold for
30 minutes, cool down to 160 1C and hold for 30 minutes, cool down to 130 1C hold it for 10 minutes, cool down to 100 1C, 80 1C (10 minutes) and cool
down to RT. (A), P(PCL66-b-PLLA32)43 : PLDA56 50 : 50 blend and (B), P(PCL113-b-PLLA26)24 : PLDA56 90 : 10 blend.

Fig. 7 Phase structure by polarized optical microscopy of P(PCL113-b-PLLA26)24:PLDA56 blends upper row and P(PCL66-b-PLLA32)43:PLDA56 blends
lower row, taken from the polymer films. The following mixtures are displayed (A) and (D) 20 : 80, (B) and (E) 50 : 50 and (C) and (F) 90 : 10.
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3.5.1. Crystallite morphology in blends is strongly influ-
enced by the mixing ratio. Fig. 7(A)–(C) and 8(A)–(C) shows
P(PCL113-b-PLLA26)24:PDLA56, in which no stereocrystallization
occurred, and P(PCL66-b-PLLA32)43:PDLA56 (d–f) where SCs were
formed. Fig. 8A, D and 9A, D reveal PLA HC forming large

spherulitic structures that appear as round, radial patterns
under the microscope. These radial spherulitic structures are
also known as Maltese cross spherulites and are common for
PLA.44,77,78 These structures consist of many small, needle-
shaped crystals radiating from a central nucleation point. The

Fig. 8 Atomic force microscopy (AFM) images of two MBC blends, showing height and phase maps for three blend ratios (20 : 80, 50 : 50, and 90 : 10).
For P(PCL113-b-PLLA26)24 (A)–(C), the height maps (top row) and corresponding phase maps (bottom row) illustrate the surface morphology and material
property variations, respectively, for the three blend ratios. Similarly, for P(PCL66-b-PLLA32)43 with PDLA65 (D)–(F), the height maps (top row) and phase
maps (bottom row) show the structural and compositional characteristics for the same blend ratios. The images reveal how blending ratios influence the
morphology and phase distribution within the samples.
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agglomerates of crystallites are up to 100 mm in size. As Tsuji
et al. have shown using polarized optical microscopy, crystal-
line spherulites of homocrystallites can be several 100 mm in
size, which is consistent with our investigation.11 The values
determined from WAXS by the use of the Scherrer equation are
much smaller, as there the size of the individual crystalline
domains within a material are determined.

AFM height images show that in the PLA HC sample, the
crystallites protrude from the surface, reaching heights of up to
250 nm (see Fig. 8A and D height). These crystallites are
characterized by their lamellar structure, which forms radially
around the nucleation point (Fig. 8A and D detail). The 90 : 10
MBC mixture P(PCL113-b-PLLA26)24 : PDLA65, where no SCs were
formed, also exhibits a lamellar structure of PLA HC, which is
visible in the AFM phase images (Fig. 8C). These structures
crystallize into wave-like patterns at the ends of PCL lamellae
and are distinctly different from the Maltese-cross shaped spher-
ulites. The crystallites were assigned to PLA by heating experi-
ments, as the crystallites melt in the range between 140–180 1C.

3.5.2. Increasing PCL content restricts PLA HC spherulite
formation. Fig. 7 and 8(B), (E), illustrate the 50 : 50 mixture and
a highly phase separated structure with PLA crystals smaller in
size compared to Fig. 7(A) amd (D), of P(PCL66-b-PLLA32)43:
PDLA56 and P(PCL113-b-PLLA26)24:PDLA56. Image 8D shows a
more distinct phase separation and possibly a stronger crystal-
lization, which is indicated by the uneven distribution of bright-
ness. The size of the PLA crystallites decreases remarkably with
increasing PCL content. PCL can act as a physical barrier and
delay the nucleation of PLA crystallites. However, once nuclea-
tion takes place, PCL can still interfere with the growth of PLA
crystallites by blocking access to the growing crystallite surfaces
or hindering the necessary orientation of the PLA chains. Fig. 8E
discloses a long crystal band, possibly formed by a combination
of directional crystallization and phase-specific nucleation. The
visualization of PCL crystallites and their aggregates was not
possible by POM, even in combination with heating experi-
ments, as the PCL crystalline/amorphous regions were to small
and close to the PLA phases and, hence, PLA crystallites and
their aggregates prevent a clear view on the PCL crystallites. This
suggested a strong hierarchical crystallization, where PCL either

crystallizes between PLA phases or HC crystallites are formed on
top of the PLA/PCL phase.44,77,78

In samples with a higher MBC content in the blend (90 : 10),
PCL and PLLA dominate the mixture. This generally leads to a
finer distribution of the PLA phase, as it is present in smaller
quantities and PLLA and PDLA cannot be differentiated. With a
higher proportion of MBC, the crystallization of the PLA phase
may be more inhibited, resulting in smaller crystallites and,
thus, a finer microstructure, which is visible in the images.
Fig. 8C (PLA HC) depicts the chain crystallization of PLLA and
the orientation of the left-handed crystallites. For PLA SC
depicted in Fig. 7F and 8F, small star-like crystallites are
formed, which are connected by lamellar oriented PCL chains
(Fig. 8F detailed). The experiments also show that around
180 1C crystalline structures are still present for the HC sample
(see Fig. 8C) in contrast to the SC sample (see Fig. 8F). In
addition, the WAXS data (Fig. 2) proves stereocrystallites in
Fig. 8F and homocrystallization in Fig. 8C.

To our knowledge, in literature there is only a single
reported observation of SC crystals in AFM tapping mode.79

While the triclinic structure of the unit cell8 can be derived
from the WAXS data according to the 2y values of 12.41, 20.81
and 241 (110/300/220), the SC crystals observed by AFM here did
not have a well-ordered diamond-like shape. This can be
explained by the fact that SC-crystallites are acting as nucleat-
ing agents for HC crystalline domains of the smaller PDLA
component of the blend. The crystallites continue to grow until
impinging to another PDLA spherulite. This leads to large
spherulites of PDLA on top,80 exactly the phenomenon we
observed in our films, and that also has been proven by Chang
et al. who investigated the crystallization and morphology of
stereocomplexes in non equimolar mixtures of poly(L-lactic
acid) with excess poly(D-lactic acid). In contrast SC’s agglomer-
ate in the form of small rod-shapes shown by the group of Dove
for PHEAAmy-b-PLLAx (or PDLAx)-b-PHEAAmy) triblock copoly-
mers. They have demonstrated this for micelle-like structures,
which are arranged in a spherical shape, and in star/octopus
structures similar to our investigated materials.81

If we assume that stereocomplexes always form in a 1 : 1
ratio, then according to Watanabe et al. there are three ways in

Fig. 9 TEM micrographs of (a) P(PCL66-b-PLLA32)43, (b) P(PCL66-b-PLLA32)43 : PLDA56 20 : 80 and (c) P(PCL66-b-PLLA32)43 : PLDA56 80 : 20.
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which a long PLLA can mix with a short PDLA. Firstly, the
lamellae of PLLA and PDLA orient themselves parallel to each
other. Secondly, the lamellae are oriented parallel to each
other, with the short PDLAs being in a row and crystallizing
parallel to the PLLA, or thirdly, short PDLAs are wrapped by
long PLLAs to form stereocrystallites. The AFM image strongly
suggests that here variation 3 is present, as no regular crystal-
lites are formed, and the presence of PCL further disturbs this
order. Additionally, the group of Park was able to show similar
SC crystallites in PLLA/PDLA blends.82

3.6. Visualization of micro-and nanophase domains by
TEM & AFM

In order to visualize the different crystal phases, the nano- and
microphase-separated morphologies of P(PCLm-b-PLLAn)x:
PDLA56 blends were studied by TEM and correlated with AFM
on the same spot. Samples were prepared by drop casting on Cu
TEM grids (700 mesh) and subsequent stained with RuO4. The
staining allows to differentiate between amorphous and crystal-
line phases as crystalline phases appear darker.83,84

By the correlative characterization approach, using TEM,
which can reveal crystal structures and defects in the depth of
the sample, and AFM, which provides topographical maps and
mechanical properties of the surface, we were able to investigate
the different crystalline domains. Additionally, this investigation
enabled us to compare whether the same crystallization kinetics
are present in the cast films and the drop casted films and to
help structure assignment in TEM images. In fact, in both
sample preparation techniques comparable crystallization pro-
cesses take place.

TEM images are shown in Fig. 9a and show that the pure
P(PCL66-b-PLLA32)43 multiblock copolymer has a lamellar PCL
morphology, which is disturbed by crystalline PLA islands. The
addition of PDLA results in the growth of the PLA islands and
adjacent PCL domains, which are highly amorphous. This
indicates an inhibition of PCL crystallization and is consistent
with the WAXS results.

3.6.1. Stereocrystallites are embedded in the semi-crysta-
lline PCL matrix. In the blends where SC are formed, a finer
phase image is seen which is similar to the microscopy images,
with stereocrystallites embedded in a semi-crystalline poly(e-
caprolactone) matrix. AFM phase images confirm that the PLA-
HC domains become smaller at higher MBC content, which is
consistent with the WAXS data. By using TEM and AFM
correlatively, we were able to visualize and compare different
crystalline domains, providing a comprehensive insight into
the crystallization dynamics of the studied material. Fig. 9 the
obtained TEM images of P(PCL66-b-PLLA32)43 (Fig. 9a) and as
P(PCL66-b-PLLA32)43:PDLA56 blends with 10 (Fig. 9b) or 90 wt%
(Fig. 9c) MBC content.

The pure P(PCL66-b-PLLA32)43 MBC exhibited a lamellar
morphology from semi-crystalline PCL and its parallel aligned
PCL lamellas,85 with darker PLA crystallites86 distributed in the
semicrystalline matrix. The assignment of PCL was achieved by
comparison with AFM heating experiments up to 50 1C and
POM/AFM measurements (previous section). The lighter areas

show that these are amorphous regions and confirm the semi-
crystalline phase structure of the multiblock.

3.6.2. PCL lamellae crystallize in between SCs. After adding
PDLA to the MBC, an increase in size of the lighter crystalline
islands of PCL can be seen. This suggests that PCL crystal-
lization is hindered, which is also supported by the WAXS data.
As AFM phase imaging (inset of Fig. 9b) confirms, the Maltese
cross like structures correspond to crystalline PLA domains.
With increasing MBC content, the PLA phase domains get
significantly smaller from around 100 nm to 10 nm, which fits
to the smaller crystal sizes determined from WAXS data. Never-
theless, WAXS revealed only SC and PCL crystallites in the
displayed sample. A possible reason why no larger crystallite
sizes were observed in the sample could be related to the
resolution limit of the diffraction experiment. In a scattering
experiment, the observed peak broadening reflects the mean
size of the crystallite size distribution in the sample. However,
as crystallite size increases, the full width at half maximum
(FWHM) of the diffraction peaks decreases. When the crystal-
lite size reaches a certain threshold, the peak broadening
becomes smaller than the instrumental resolution, making it
impossible to resolve the larger crystallites. This limitation is
likely responsible for the absence of larger crystallite sizes in
the calculated data. In the AFM images, darker areas are softer
or less rigid areas. These areas are easier to indent with the
AFM tip and, therefore, appear darker. Crystalline regions of
the material, which are stiffer, more structured and, therefore,
more crystalline, may appear brighter. Thus, it can be con-
cluded that the white spots in the AFM image (Fig. 9c) are
stereocrystallites, on which PCL crystallizes as nucleation
points, which is supported by the covalent linkage by of PCL
to the PLLA part of the SC’s. One can also see that the segments
are oriented to the left-hand side.

3.6.3. Segment length quantitatively influences crystallite
size and morphology. The WAXS results revealed a correlation
between crystallite size of SC/HC and the PLLA block length
within the multiblock copolymers (see Fig. 3). Longer PLLA
segments within P(PCLm-b-PLLAn)x promote the formation of
larger and more ordered PLA crystallites in the blends, while
shorter segments restrict chain mobility, resulting in smaller
and less defined crystalline domains (Fig. 10). A comparable
trend is observed in the AFM phase images of P(PCLm-b-
PLLAn)x:PDLA56 blends, which display distinct domain morphol-
ogies depending on the block composition. In samples with
longer PLLA blocks, larger and more defined crystalline aggre-
gates appear (bright regions), consistent with the increase in
crystallite size determined from WAXS. In contrast, systems with
shorter PLLA blocks exhibit smaller domain structures, whereas
darker areas indicate amorphous or softer phases from PCL.

By combining AFM and TEM, direct visual evidence was
obtained that supports the quantitative trends observed by
WAXS. These complementary techniques confirm that the PLLA
segment length quantitatively influences crystallite size and
morphology, establishing a robust structure–property relation-
ship within these materials. The hierarchical morphology
observed by AFM—ranging from fine, densely packed
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crystallites in short-block systems to extended lamellar aggre-
gates in long-block systems—mirrors the crystallite size evolu-
tion determined from X-ray diffraction. Altogether, these
observations confirm that the PLLA segment length quantita-
tively influences crystallite size and morphology, as longer
blocks promote extended lamellar growth and enhanced phase
separation at the nanoscale.

3.7. Mechanical properties

Some of the prepared samples exhibit inhomogeneities, i.e.
limited mixing of MBCs and PDLA that would lead to early
break along the phase boundaries. Such excessive outliers in
the data were not included in the analysis. Typically, for the
samples studied here, we would expect an increase of eb with an
increase in Mw, a decrease in overall crystallinity, and an
increase in the amorphous PCL phase, as this is above Tg at
the temperature of measurement. Young’s modulus should
increase with crystallinity (though non-linearly)27 and a
decrease in the amorphous PCL phase. Further aspects are
the different types of crystals and crystallite sizes. As shown in
the POM images, a finer structure is formed with increasing
MBC content. At lower MBC content spherulites are formed
that may act as phase boundaries at which breakage may easily

arise and which may disturb the slip phases of the SC and PCL
crystal planes. In fact, as such multiple factors play a role, all
over comparison can hardly be attributed to a single structural
feature. In the following, some trends within a small series of
samples are discussed. The mechanical properties of the multi-
block copolymers and their corresponding blends are pre-
sented in Fig. 11, 12, and Fig. S7.1, S7.2 and Table 3. It
should further be noted that PLA is known to undergo stress-
induced crystallization,87 a phenomenon not studied here in
detail, but which may further contribute to the observed
mechanical behavior.

3.7.1. Increased eb with increasing PCL content and SC
formation. The investigated blends possessed tensile strengths
up to B2.8 MPa and a high eb (max. B750%). In P(PCL54-b-
PLLA18)4:PDLA56 the tensile strength increased from B0.3 MPa
(70/30) to B1.3 MPa (90/10) and the elongation at break is
increased from B14% to B500% for the 80/20 blend. While in
P(PCL66-b-PLLA32)43:PDLA56 the tensile strength increased from
B1.2 MPa to B1.8 MPa and the elongation at break from
B340% (70/30) to B514% (80/20), which then decreases to
B366% upon further increasing the MBC content of the blend
(90/10). In this series, stereocomplexes are formed in all 3
blends, but the 1 : 1 ratio of PDLA to PLLA is only present in

Fig. 10 AFM phase images of P(PCLm-b-PLLAn)x:PDLA56 blends showing distinct domain morphologies depending on the block composition. The bright
areas correspond to stiffer, crystalline PLA domains, while darker regions represent amorphous or softer phases. In samples with longer PLLA blocks
(top row), the formation of larger, more defined crystalline aggregates is observed (20 wt% MBC) and larger PLA lamella (80 wt% MBC), consistent with
the increase in crystallite size determined from WAXS analysis. In contrast, shorter-block systems (bottom row) display finer phase morphology.
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the 80/20 mixture, which has the largest average elongation at
the break. The eb of blends in which no SC formation occurred
(P(PCL113-b-PLLA26)24:PDLA29/56) was increasing with the MBC
content with a simultaneous decrease of the Young’s moduli
for the PDLA56 series (Mn E 370 kg mol�1). This went hand in
hand with a slight increase in calculated Mw. The calc. Mw is
basically the same for the same mixing ratios with different
PDLA lengths. However, there is still a trend for lower eb and
higher Young’s moduli as long as there are no SCs formed. This
may indicate a stronger phase separation, while the SCs
mechanically stabilize the films due to strong bonds between
the phases. Such an effect is likely furthermore depending on
the size of the phases, as small nanodroplets of one blend
component are associated with reinforcement of the blend,

comparable to composite formation, as e.g. has been shown in
poly(ethylene-co-methacrylate)/poly(vinylidene fluoride) blends.88

In blends that formed SC at different compositions, lower
absolute crystallinity would lead to lower Young’s moduli and
higher eb, as expected. The increase in the overall molar mass of
the blends with PDLA29 showed a clear influence on eb, indicat-
ing that molar mass plays a dominant role in governing
ductility (see Fig. 11). This trend has also been reported for
tri-block and di-block copolymers composed of well-defined
high-molecular-weight PDLA-b-PLLA and PDLA-b-PLLA-b-PDLA
stereoblock architectures, as shown by the group of Rastogi
et al.89 In their study, increasing block length and molar mass
led to a pronounced enhancement in elongation at break,
which was attributed to improved chain entanglement and
more effective stress transfer between crystalline and amor-
phous domains. These observations are consistent with the
present findings, where higher molar mass and optimized
blend composition similarly promote ductility through
enhanced phase continuity and stereocomplex-mediated rein-
forcement. In our case this trend can be most propably attrib-
uted to enhanced chain entanglement and improved phase
continuity of the soft PCL-rich domains, allowing for greater
energy dissipation during deformation.

In contrast, the PDLA56 blends do not exhibit a straightfor-
ward correlation between Mn and elongation at break. Here, the
blend composition and crystalline phase structure appear to
exert a stronger influence. The 70 : 30 (MBC : PDLA) blends
display the lowest elongation values, which likely result from
a disrupted PCL phase continuity and a small fraction of brittle
PLA-HC regions (see Fig. 2). Conversely, the 80 : 20 and 90 : 10
blends show the highest elongation at break, coinciding with
the formation of stereocomplex (SC) crystallites. These finely
dispersed SC domains act as physical cross-links that improve
stress transfer and promote strain hardening without compro-
mising flexibility. Overall, the results indicate that while molar
mass primarily dictates the mechanical response in PDLA29

Fig. 11 Elongation at break (eb) as a function of molar mass (Mn) for P(PCLm-b-PLLAn)x:PDLAy blends with (A) PDLA56 and (B) PDLA29 (’ = 70 : 30
MBC : PDLA, K = 80 : 20, m = 90 : 10). Each data point represents the mean value with error bars denoting the range of data. A clear Mn-dependent
increase in ductility is observed for PDLA29 blends, whereas for PDLA56, elongation at break is primarily governed by blend composition. The 70 : 30
blends exhibit the lowest elongation values, while the 80 : 20 and 90 : 10 compositions, in which stereocomplex crystallites are formed, show the highest
ductility.

Fig. 12 Representative stress and strain curve of P(PCL121-b-
PLLA49)26:PLDA56.
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blends, in PDLA56 systems the balance between MBC : PDLA
ratio and SC formation becomes the decisive factor. The
combination of higher PCL phase continuity and the presence
of stereocomplex crystallites enhances the ductility and
mechanical resilience of the material.

3.8. Overall model

In the investigated MBCs, both blocks are principally crystal-
lizable. While it is known that the phase separating behavior of
MBCs generally can be compared to the phase separation of di-
and oligoblock copolymers (‘‘effective diblock copolymer
model’’90), the restricted freedom of movement in MBC typically
reduces the crystallizability, i.e. longer sequences are required
for crystal formation than in homopolymers or diblock copoly-
mers. In the studied system, a further facet is the ratio between
PCL and PLLA block, simultaneously leading to a change in wt%
content. While increasing the PCL content leads to ‘‘dilution’’ of
PLA, and this effect certainly plays a role, the absolute segment
length is a different kind of factor, assuming a PCL/PLLA
interphase between the PCL and PLLA domains. This interphase
reduces the segment length available for crystallization, and
while the segment length seems to be sufficient for PLA crystal-
lization in the studied s/s, s/l, and l/l MBCs (Fig. 12A), no PLLA
crystallization is possible in l/s MBCs (Fig. 13B).

In the present study, the long/short multiblock copolymer
(l/s MBC) is composed of P(PCL113-b-PLLA26)24 blended with
PDL29. In contrast, the MBC investigated by Jikei et al., consist-
ing of PLLA22-b-PCL49 mixed with PDLA27, demonstrated stereo-
complex (SC) formation at a 1 : 1 molar ratio.25 Both systems
exhibit a comparable PCL-to-PLLA block length ratio of

approximately 2 : 1. However, SC formation was only observed
in our work in the system with shorter PCL chains (PCL49),
whereas no stereocomplexation occurred in the system contain-
ing longer PCL chains (PCL113), despite the equimolar mixing
of the complementary PLLA/PDLA segments. Consequently, the
ability to form stereocomplex crystallites is no longer governed
solely by the PLA enantiomer ratio but becomes increasingly
dependent on the PCL block length and is able to hinder even
PLA HC crystallization. This phenomenon could also be shown
to some extend in other blends were the comonomer is mis-
cible in the melt or solvent phase e.g. in PLA20-b-PBS80 MBCs,
although the number of repeating units to inhibit SC formation
completely are considerably higher compared to PCL.91

This interpretation is supported by the fact that blends of l/s
MBCs with overall higher wt% PLA content do not crystallize
compared to other MBCs with altogether lower PLA content.
Compared to PLA homopolymer mixtures which are able to
form homocrystallites regardless of their molar mass or chain
length shown in blends with a molar mass of 4200 kg mol�1.92

Furthermore, small domain sizes correlate with a relatively
larger content of interphases. When forming blends with larger
amounts of PDLA, the observed HCs can be attributed to PDLA
homocrystallization alone, while crystallization of PLLA and PLC
is inhibited (Fig. 13C). At higher MBC content, SC formation is
observed, most likely occurring through wrapping of the PLLA
segments around PDLA (Fig. 13D), though HC formation may
also occur, again putatively to be attributed to the PDLA phase. It
must be noted that also the molar mass of the PDLA component
had a major impact on the overall crystallization process, with a
crystallization tendency of PDLA29 4 PDLA15 4 PDLA56.

Table 3 Mechanical properties of MBC:PDLAy blends. The experiments values are reported as median values with experimental ranges (min–max) in
parentheses

Material MBC : PDLAy calc. Mw (kg mol�1) Elongation at break (%) Tensile strength at yield (MPa) Young’s modulus (kPa)

P(PCL54-b-PLLA18)4:PDLA29 70 : 30 37.2 38 (33–62) 0.5 (0.4–0.5) 82 (67–82)
80 : 20 42.0 130 (128–142) 0.3 (0.3–0.3) 53 (37–57)
90 : 10b 46.8 156 (131–184) 0.5 (0.3–0.7) 35 (32–43)

P(PCL54-b-PLLA18)4:PDLA56 70 : 30 37.4 16 (10–18) 0.3 (0.2–0.5) 42 (38–51)
80 : 20 42.2 492 (480–550) 1.2 (1.0–1.8) 30 (20–46)
90 : 10ab 46.9 79 (58–106) 0.6 (0.6–0.6) 70 (67–72)

P(PCL66-b-PLLA32)43:PDLA29 70 : 30a 498 630 (580–636) 2.3 (2.3–2.5) 235 (220–280)
80 : 20ab 569 660(530–760) 1.7 (1.5–1.7) 57 (43–68)
90 : 10a 639 330 (200–570) 1.3 (1.2–1.7) 86 (77–99)

P(PCL66-b-PLLA32)43:PDLA56 70 : 30a 498 354(277–389) 1.2 (1.2–1.2) 77 (75–94)
80 : 20ab 569 518 (442–593) 1.3 (1.1–1.7) 49 (49–76)
90 : 10a 639 305 (303–378) 1.8 (1.7–1.8) 108 (105–130)

P(PCL113-b-PLLA26)24:PDLA29 70 : 30 421 25 (22–38) 1.6 (1.4–1.6) 303 (230–350)
80 : 20b 481 112 (62–128) 1.7 (1.7–2.1) 312 (308–331)
90 : 10 540 204 (48–302) 2.0 (1.7–3.4) 320 (301–380)

P(PCL113-b-PLLA26)24:PDLA56 70 : 30 421 41 (39–44) 1.8 (1.5–1.8) 391 (370–440)
80 : 20b 481 434 (425–488) 2.1 (2.1–2.8) 270 (217–286)
90 : 10 540 401 (349–769) 2.4 (1.3–3.2) 151 (125–170)

P(PCL121-b-PLLA49)26:PDLA56 70 : 30a 631 130 (113–200) 1.6 (1.2–1.9) 112 (110–130)
80 : 20ab 721 680 (647–714) 1.8 (1.3–2.4) 60 (48–86)
90 : 10a 810 752 (637–768) 1.0 (0.7–1.6) 22 (15–30)

a Indicates compositions, in which SC were detected. b Indicates compositions, in which the PLLA : PDLA ratio is B1 : 1.
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Polymer film formation by slow solvent evaporation from the
blend solution is another factor and has been employed here,
which is associated with shifting a presumed equilibrium
between SC and HC formation towards HCs.90 Films offer
defined two-dimensional geometries, facilitate surface-sensitive
analyses, and are widely used in biomedical applications such as
coatings, membranes, or drug delivery systems.7,30

Specifically, the formation of SCs requires intermolecular
interactions between enantiomeric PLLA and PDLA chains
prior to crystallization. A key aspect is the establishment of
hydrogen bonds between opposing ester groups of the helical
chains. For this interaction to occur, the crystallization kinetics
must be carefully balanced – sufficiently slow to allow enantio-
meric chain alignment, but not so prolonged that phase
separation dominates, particularly in PDLA-rich blends. This
balance is particularly critical when working with copolymers,
where chain mobility, block architecture, and molecular weight
significantly influence the accessibility and compatibility of the
stereoregular sequences. Therefore, a delicate balance between
kinetic control and miscibility is essential to enable effective SC
formation. In multiblock systems, this equilibrium is further
modulated by PCL-induced chain mobility and block length
constraints.

The crystallization of HC homocrystallites is especially pre-
valent in high molar mass blends were the formation of a
uniform film is not possible under certain conditions, and in
consequence, the SC formation is hindered.17 This has likely
happened in our study as well, as in some samples SC and HCs
are present and the SC content in these samples could be
increased by annealing. However, annealing led only to higher
SC content in samples that already contained some SCs.

Consistent with the data from AFM, POM and TEM is the
understanding that in the film formation process first PLA
crystallization occurs, followed by PCL crystallization. This
would be expected in any case for crystallization from the melt,
but seems also to be applicable for slow solvent evaporation.
The size of PLA HC spherulites and SC star-like structures is,
hence, dependent on the overall composition of the blend and
crystallite sizes correlate with segment length, while PCL then
must accommodate itself within the formed structure. This
occurs by partial crystallization, with the PLA SCs acting as
nucleation points, as in blends with only HC of PDLA the
formed PCL domains mainly remain amorphous.

Blends that enable SC formation and show fine distribution
of small crystallites in a semicrystalline matrix of overall low
crystallinity could be demonstrated to have excellent eb values

Fig. 13 Visualizing overall phase organization conditions (A) PCL and PLLA both crystallizable, with small interphase. (B) In l/s MBC, the PLLA domains
may be so small that no HC formation is possible. (C) In blends with large amounts of PDLA, PDLA homocrystallization is predominant. (D) In blends with
larger MBC content where SC formation is possible, PLLA segments wrap around the shorter PDLA chains, and the SC’s act as nucleation points for PCL
crystallization.
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up to 752%, highlighting the effect of crystallite size, distribu-
tion and crystallinity on the mechanical properties. Altogether,
the mechanical properties reflect the complex interplay
between confinement of crystallization, plasticization through
the PCL phase, and the effect of nucleation points.

4. Conclusions

In this study, casted films of multiblock copolymers of P(PCLm-
b-PLLAn)x and their blends with PDLAy with different molar
masses were prepared and the thermal transitions, mechanical
properties and phase morphology were investigated. By character-
izing and linking data from multiple techniques and analyzing
them over different length scales, we could better understand the
factors that influence the phase morphology of P(PCLm-b-
PLLAn)x:PDLAy and, therefore, understand the relationship
between structure and properties. This holistic approach shall
enable more precise tuning of material properties for specific
applications. Although previous studies examined stereocomplex
formation and mechanical properties in P(PCL-b-PLLA)-MBCs, the
systematic effect of block lengths, block ratios, and PDLA chain
length on the formation and stabilization of stereocomplex
phases in P(PCLm-b-PLLAn)x:PDLAy systems has not yet been fully
understood.25,26 We systematically correlated block lengths with
crystallite sizes and crystallinity. For instance, SC crystallites (5–
13 nm) and PCL crystallites (1–20 nm) vary with PCL/PLLA ratios,
a level of granularity absent in studies using PEG or PLGA. WAXS
showed SC formation in 1 : 1 up to 1 : 4 blends (PLLA : PDLA). SC
formation is favored over PLA HC formation, and SC’s act as
nucleation points for the crystallization of PCL.

The minimum block length of PLLA in the MBCs is only one
aspect to allow SC formation. The SC formation can be sup-
pressed, when PLLA blocks at the lower sequence length for
allowing SC formation (B15–25 units) are coupled to much
longer PCL segments; this is putatively linked to a PCL/PLLA
interphase that effectively reduces the segment length of
PLLA available for crystallization. Crystallite sizes vary with
the composition between 1–8 nm (SC), 1–20 nm (PCL) and
1–50 nm (HC), and there was a trend for an increase of
crystallite size with sequence length. Relative crystallinities of
6–70% (SC), 2–80% (PCL) and 3–80% (HC) were achieved. A
uniform distribution of stereocomplexes within the polymer
matrix was confirmed by TEM, AFM and POM. A diverse crystal
morphology and superstructure, characterized by well-defined
Maltese-cross spherulites of HC and the formation of short and
long shish-kebab-like SC crystals surrounded by a semicrystal-
line PCL matrix were observed. Of note is that while the phase
separation in the blends somewhat hindered crystallization,
the formation of one type of crystal, especially SCs, was revealed
to act as a nucleation point for also other crystal types, which
likely was supported through the covalent linkage of PCL and
PLLA blocks.

Our findings for the solution casted films reveal morpholo-
gies similar to those formed through melt processing, high-
lighting comparable structural features despite differing

fabrication methods. This suggests a sequential crystallization
process, starting with the crystallization of SCs, then HCs, and
finally PCL, similar to processes observed in crystallization
from the melt. The presented data and overall model shall in
the future be used to tailor block lengths in the MBC and PDLA
part to design blends with specific phase structure and proper-
ties, which is of interest e.g. for biological applications.27 Such
material design can likely be supported through the use of
computer models.93,94 The novelty of the present work lies in
the introduction of a dual approach combining precise multi-
block copolymer design with systematic compositional blend-
ing to study stereocomplex formation in PLA-based materials.
Previous studies have primarily relied on physically mixed
PLLA/PDLA systems or simpler di- and triblock copolymers,
where phase separation and limited molecular control obscure
the intrinsic effects of block sequence and composition. In
contrast, the multiblock copolymers P(PCLm-b-PLLAn) synthe-
sized here provide molecular precision and covalent connectiv-
ity between soft (PCL) and hard (PLLA) segments, enabling
controlled crystallization behavior. By blending with PDLA
from 90 : 10 to 20 : 80, we map the evolution from HC-
dominated to SC-dominated states and correlate architecture
and composition with crystallinity, melting behavior, and
lamellar organization/morphology. This correlative approach
allows for a mechanistic understanding of how molecular
architecture and blend composition govern phase formation.
Moreover, the underlying synthetic strategy can be readily
adapted to other aliphatic polyester systems (e.g., PEG–PLA,
PHB–PLA), providing a general platform for tailoring hierarch-
ical structures in semicrystalline biodegradable materials.

Author contributions

Conceptualization: Armando J. Mandlule, Axel T. Neffe; meth-
odology: Armando J. Mandlule, Axel T. Neffe, Berit Zeller-
Plumhoff, D. C. Florian Wieland; formal analysis and investiga-
tion: Armando J. Mandlule, Yue Liu, Susanne Schwanz, Yvonne
Pieper, Heike Scharf, D. C. Florian Wieland, Berit Zeller-
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wide-angle X-ray scattering (WAXS), transmission electron
microscopy (TEM), atomic force microscopy (AFM), polarized
optical microscopy (POM), gel permeation chromatography
(GPC), and nuclear magnetic resonance spectroscopy (NMR)
and the corresponding metadata, are available at Figshare,
DOI: https://doi.org/10.6084/m9.figshare.29825372. The dataset
includes original instrument output files in different formats.
Several experimental descriptions and additional figures and
tables have been included as supplementary information (SI).
See DOI: https://doi.org/10.1039/d5ma00886g.
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