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ABSTRACT
PEO-b-PCL-b-PLLA triblock terpolymers are fascinating triple crystalline materials. In
this work, the isothermal crystallization kinetics of these terpolymers evaluated by
differential scanning calorimetry (DSC) is presented for the first time and compared to
analogous PCL-b-PLLA diblock copolymers and to PLLA, PCL and PEO homopolymers.
The results are complemented by in-situ SAXS/WAXS synchrotron experiments. One, two
and three step crystallization protocols were employed to study the crystallization kinetics of
the blocks. At PLLA block crystallization temperatures, both PCL and PEO molten chains
caused a strong plasticizing effect on the PLLA block crystallization, and the overall
crystallization rate of the PLLA block in the terpolymers was higher than that in the PLLAb-PCL diblock copolymers. In the case of the PCL block, the crystallization was followed
after PLLA was fully crystallized (two step crystallization). A nucleating effect induced by
the previously formed PLLA crystals was observed. However, an anti-plasticizing effect on
PCL crystallization was detected if the sample is quenched directly from the melt to the PCL
crystallization temperature (one step crystallization). Finally, the crystallization of the PEO
block was followed after PLLA and PCL had fully crystallized (three step crystallization).
The PEO crystallization rate highly decreased due to the confinement imposed by the
previously formed PLLA and PCL crystals. Complex competitive effects such as
plasticization, nucleation, anti-plasticization and confinement occurred during the isothermal
crystallization of tricrystalline PEO-b-PCL-b-PLLA triblock terpolymers.
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INTRODUCTION
Block copolymer crystallization is of major interest in the field of polymer physics, and
the number of publications and reviews published has increasingly grown in the past two
decades.1-12 Recent advances in novel block copolymerization routes have allowed the
production of different molecular architectures, such as linear and cyclic diblock and triblock
copolymers and terpolymers, as well as more complicated chain topologies like stars and
combs.13-14
Diblock and triblock copolymers and terpolymers with one or two crystallizable blocks
have been investigated extensively.2-7, 9-10, 15-23 It is well known that the crystallization of
these materials is influenced by block composition, molecular weight and crystallization
conditions, as well as segregation strength. However, the addition of a third crystallizable
block raises the complexity of the crystallization behavior of these materials. Very recently,
a limited number of publications have reported unique ABC-type triblock terpolymers, in
which the three blocks are able to crystallize upon cooling from the melt.24-26 In a previous
publication, we reported the sequential crystallization and morphology of triple crystalline
triblock terpolymers composed of poly(ethylene oxide), poly(-caprolactone) and poly(Llactide) (PEO-b-PCL-b-PLLA).24 In this work, we pursue a deeper understanding of their
crystallization behavior by performing isothermal crystallization experiments in these unique
PEO-b-PCL-b-PLLA triblock terpolymers.
Block copolymers composed of biodegradable and biocompatible polymers, such as
PLLA, PCL and PEO, have interesting potential applications in the biomedical field.2, 27-28
Understanding their crystallization behavior is relevant to tune biodegradation, as well as
their physical and mechanical properties. In the last decades, many authors have extensively
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studied and reviewed the isothermal crystallization behavior of PCL-b-PLLA diblock
copolymers.29-35 In previous investigations, some of us 31-32, 36-38 have demonstrated a diluent
effect caused by the PCL molten chains on the crystallization of the PLLA block. As the PCL
content in the diblock copolymer increases, the PLLA crystallization and melting
temperatures as well as crystallization rate decreased, in comparison to the PLLA
homopolymer. Although, the depression of the crystallization rate was only significant when
the PLLA content was lower than 10 %. In contrast, a more pronounced effect was observed
in the crystallization rate of the PCL block after crystallizing the PLLA in two sequential
steps. As the PLLA content increased, the supercooling greatly augmented and the PCL
crystallization rate sharply decreased. The previously formed PLLA crystals forced the PCL
chains to crystallize inside their limited interllamellar regions, restricting the crystallization
process. The PCL block fractioned crystallization observed and the Avrami index, estimated
close to 1, account for a homogeneous nucleation process for this block. These are evidences
of the confinement imposed by the covalently linked PLLA crystals on the PCL block
crystallization. Despite that the PLLA crystals had a nucleation effect on PCL crystallization
(proved by self-nucleation experiments), the crystallization kinetics was not enhanced
because of the confinement effects.
The isothermal crystallization behavior of PEO-b-PLLA diblock copolymers is
similar to that of the aforementioned PCL-b-PLLA ones. Several publications and reviews
regarding the crystallization of this system account for that.6, 27, 39-44 As in the PCL-b-PLLA
diblock copolymers, the miscible and molten PEO chains caused a plasticizing effect during
PLLA isothermal crystallization. Regarding the PLLA crystallization rate, opposite effects
have been observed. Some authors claimed that molten PEO chains improve the
4

crystallizability of the PLLA block,40, 45 while others reported a retarded PLLA crystallization
due to the increased mobility of the bonded PEO molten chains.6, 46 On the other hand, the
crystallization kinetics of the PEO block exhibited a dependency with block composition. If
the PLLA block length decreases, an increase in the PEO crystallization rate was observed.
That increment may be due to a nucleating effect provided by the PLLA crystals. However,
the previously formed PLLA crystals confined the crystallization of the PEO block at larger
PLLA block lengths.40 Other authors47-48 also evaluated how the crystallization conditions of
the PLLA block affect the subsequent crystallization of a PEO block. From their
observations, higher PLLA crystallization temperatures and lower PLLA crystallization
cooling rates enhanced the crystallization of the PEO block, as a result of an enlargement of
the PEO microdomains.
Despite the extensive literature published regarding the crystallization behavior of double
crystalline diblock copolymers, very few studies have successfully reported a fully triple
crystalline ABC-type triblock terpolymer. At room temperature, Sun et al.25 detected the
triple crystalline nature of triblock and pentablock terpolymers composed of PLLA, PCL and
PEO employing DSC and WAXS analysis. Recently, Chiang et al.26 reported single crystals
of PEO-b-PCL-b-PLLA triblock terpolymers obtained from solution in thin films. Other
authors have evaluated the ability of these amphiphilic terpolymers to form micellar
structures

49

or their potential use in drugs release applications.25 In a previous publication,

some of us24 reported triple crystalline PEO-b-PCL-b-PLLA triblock terpolymers with
identical PEO and PCL block lengths and two different PLLA block lengths.50 DSC and
WAXS measurements at very low cooling rates demonstrated that the three blocks are
capable of crystallization in a specific sequence upon cooling from the melt. Due to the
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terpolymer composition, the PLLA block crystallized first, then the PCL block and finally
the PEO block. As in the analogous diblock copolymers, the melt miscibility of the
terpolymers was proven by SAXS measurements. Therefore, the phase separation is driven
by PLLA crystallization that templates the spherulitic morphology of the terpolymer. The
subsequent crystallization of the PEO and PCL blocks does not change the macroscopic
superstructure and takes place inside the interlamellar regions of the previously formed
PLLA crystals. Only a change in the magnitude of the birefringence is detected by Polarized
Light Optical Microscopy (PLOM).24 A more detailed observation by AFM demonstrated
the alternating lamellar structure of these terpolymers.
To our knowledge, this is the first time that the isothermal crystallization behavior of triple
crystalline PEO-b-PCL-b-PLLA triblock terpolymers has been studied. In this work, a
detailed study of the isothermal crystallization kinetics of the three PLLA, PCL and PEO
blocks employing different crystallization protocols in a DSC is presented. Moreover,
complementary in-situ SAXS/WAXS measurements were performed. The addition of a third
crystallizable block certainly increases the complexity of the crystallization behavior as
compared to double crystalline diblock copolymers. Complex competitive effects between
the blocks, such as plasticizing, nucleation, anti-plasticizing and confinement will be
discussed. Designing and tuning the properties of ABC terpolymers requires a deep
comprehension of the crystallizability of each block, and of the influence of each crystalline
phase over the other two.

EXPERIMENTAL
6

Materials
Two triblock terpolymers and the analogous diblock copolymers and homopolymers were
the samples employed to evaluate the crystallization behavior. The PEO-b-PCL-b-PLLA
triblock terpolymers were synthesized by a one-pot sequential organocatalytic ring-opening
polymerization of ethylene oxide (EO), ε-caprolactone (CL) and L-lactide (LLA) using
benzyl alcohol as the initiator and a phosphazene base, 1-tert-butyl-2,2,4,4,4pentakis(dimethylamino)-2λ5,4λ5-catenadi(phosphazene) (t-BuP2), as a single catalyst for the
three monomers. More details regarding the synthesis can be found in reference.50 The
triblock terpolymers have the same lengths of PEO and PCL blocks (4600 g mol -1 for PEO
and 6800 g mol-1 for PCL), and different lengths of PLLA blocks (4700 and 8500 g mol-1,
respectively). The corresponding PCL-b-PLLA diblock copolymers and PEO, PCL and
PLLA homopolymers were synthesized similarly with the length of each component
controlled by the feed ratio of monomer to initiator.50-51
Size exclusion chromatography (SEC) revealed that the homopolymers, diblock
copolymers and triblock terpolymers had relatively low molecular weight distributions (ÐM
< 1.20), and the nuclear magnetic resonance spectra ( 1H NMR) represented all the
characteristic signals of the expected macromolecular structure, including the main bodies of
the blocks, end groups and groups linking different blocks.50 Due to the use of PEO standards,
the number-average molecular weight (Mn) of the PEO obtained by SEC analysis was
considered the absolute value, which was then used to calculate the Mns of the other blocks
in the triblock copolymers from the 1H NMR spectra (values given above). Mn of PCL, PLLA
homopolymers and block lengths of the PCL-b-PLLA diblock copolymers were calculated
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from 1H NMR spectrum by comparison of the signal integrals of the benzyl end group and
monomeric units.
All the samples are described in Table 1. The subscript numbers represent the weight
fractions of the blocks calculated from the Mns and the superscript numbers, the molecular
weight of the entire sample.

Table 1. Block molecular weight (Mn) and polidispersity index (PDI) of the terpolymers,
diblock copolymers and homopolymers.
Sample code
PEO3.8
PCL7
PLLA4.6
PLLA8.6
PCL59PLLA4111.2
PEO29PCL42PLLA2916.1
PCL43PLLA5715.4
PEO23PCL34PLLA4319.9

Mn PEO block
(g mol-1)
3800
4600
4600

Mn PCL block
(g mol-1)
7000
6600
6800
6600
6800

Mn PLLA block
(g mol-1)
4600
8600
4600
4700
8800
8500

PDI
(Mw/Mn)

1.03
1.10
1.10
1.12
1.21
1.10
1.16
1.18

Isothermal crystallization followed by differential scanning calorimetry (DSC)
A Perkin Elmer DSC Pyris 1 was employed to perform DSC measurements of the
homopolymers, diblock copolymers and triblock terpolymers. Samples of approximately 3
mg were encapsulated in aluminum pans and tested under ultra-high purity nitrogen
atmosphere. The instrument was previously calibrated with an indium standard. The
isothermal crystallization of each block in the diblock copolymers and terpolymers was
studied separately. In all cases, preliminary tests were performed to ensure that the block
under study did not crystallize during the scans previous to the isothermal step. Several
8

crystallization temperatures were employed and the crystallization process of each block as
function of time was recorded.52

The PLLA block
The sample was first melted at 160 ºC during 3 min and next cooled down until 0 ºC at 20
ºC min-1 (to improve the nucleation density of the PLLA block), and kept at that temperature
for 1 min.53 Then, it was heated up to the PLLA crystallization temperature (Tc) at 60 ºC min1.

It should be noted that both PCL and PEO blocks are molten in the Tc range of the PLLA

block. The sample was isothermally crystallized until saturation and finally it was heated
again from Tc to 160 ºC at 20 ºC min-1.

The PCL block
To study the crystallization kinetics of the PCL block, two different approaches were
employed: two step and one step crystallization. In the first one, the PLLA block was first
crystallized until saturation, as it was described previously. At those temperatures, the PCL
and the PEO blocks are molten. After PLLA crystallization was completed, the sample was
rapidly cooled at 60 ºC min-1 until the PCL crystallization temperature. Then, the PCL block
was isothermally crystallized until saturation and finally, the sample was heated again at 20
ºC min-1.
In the second approach, the crystallization process was carried out in one step. The
sample was first melted at 160 ºC during 3 min. After that, it was cooled down at 60 ºC min -
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1

until the PCL crystallization temperature and isothermally crystallized until saturation.

Finally, the subsequent heating scan a 20 ºC min-1 was recorded.

The PEO block
The isothermal crystallization of the PEO block in the terpolymers was followed
employing a three step thermal protocol. After melting the sample during 3 min at 160 ºC,
the PLLA block was crystallized until saturation as previously described. Then, the sample
was rapidly cooled down, and the PCL block was fully crystallized at a temperature high
enough to keep the PEO block molten. After PCL crystallization was completed, the sample
was quenched again until PEO crystallization temperature. The PEO block was allowed to
crystallize until saturation. Finally, the subsequent heating scan at 20 ºC min-1 was recorded.

Simultaneous wide angle and small angle X-Ray scattering (SAXS/WAXS)
In-situ simultaneous SAXS/WAXS measurements were carried out at the beamline BL11NCD in the ALBA Synchrotron Radiation Facility (Cerdanyola del Valles, Barcelona,
Spain). The samples were tested inside DSC pans and the scattering of an empty DSC pan
was subtracted from the data. The wavelength of the radiation source was λ = 1 Å. WAXS
scattering profiles were recorded using a Rayonix LX255-HS detector with a resolution of
1920x5760 pixels (pixel size: 44 μm2). The sample-to-detector distance was 132.6 mm, the
effective scattering vector q range was 8-22 nm-1, and the tilt angle 21.2°. SAXS patterns
were collected using an ADSC Q315r detector with a resolution of 3070x3070 pixels (pixel
size: 102 μm2). The sample-to-detector distance was 6495.0 mm, covering a scattering vector
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q range from 0.1 to 2.7 nm-1. The tilt angle was 0°. The calibration was performed employing
silver behenate and Cr2O3 standards. The temperature profile was controlled by a Linkam
Scientific Instruments THMS600 stage coupled to a liquid nitrogen cooling system. The
acquisition time for each pattern was 6 s. The two dimensional scattering patterns were
integrated radially to one dimensional intensity profiles using the program pyFAI, as a
function of the magnitude of the scattering vector,

q = 2π/d = 4π sin θ/λ.

Morphological observations
The morphology was observed by polarized light optical microscopy (PLOM) and
atomic force microscopy (AFM). For PLOM, films were prepared by melting the sample
between a glass slide and a cover slip employing a Mettler Toledo FP82HT hot stage plate.
Samples were observed in an Olympus BX51 microscope, equipped with digital camera
Olympus SC50, crossed polarizers and making use of wave plate to determine the sign of
the spherulites. The thermal protocol applied was as follows: once the sample was melted at
160 ºC inside the hot stage, it was kept at this temperature for 3 min. Then, it was quickly
cooled down to 100 ºC, and isothermally crystallized at this temperature. Finally, the sample
was cooled down to room temperature.
For AFM observations, a Digital Instruments multimode scanning probe microscope
equipped with a Nanoscope IV controller was employed. The figures were acquired in
tapping mode using microfabricated silicon tips/cantilevers (cantilever spring constant, k =
42 N/m, and resonance frequency, fo = 320 kHz, Bruker). Height and phase images of
lamellae were collected simultaneously and were subjected to a first-order plane-fitting
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procedure to compensate for sample tilt. The samples were prepared by spin-coating into a
homogeneous thin film on a mica substrate from chloroform solution (50 mg/mL).

RESULTS AND DISCUSSION
Producing a triple crystalline morphology in linear triblock terpolymers depends on the
crystallization conditions, the segregation strength, the molecular weight, and the order of
the blocks within the terpolymer, among others. In the case of melt miscible terpolymers, the
block that crystallizes first upon cooling from the melt (at higher temperatures) will template
the entire terpolymer superstructural morphology. The position of this block within the
terpolymer (whether it is the end block or the middle block) will probably affect its
crystallization kinetics. In this paper, we focus on the isothermal crystallization of PEO-bPCL-b-PLLA triblock terpolymers and compare their behavior with their PCL-b-PLLA
diblock precursors. Although, analogous PEO-b-PLLA-b-PCL terpolymers would also be
highly interesting to study the effect of PLLA block chain tethering, they were not considered
for this first work due to synthetic difficulties, however, they will be the subject of future
work once they can be prepared.
The morphology and sequential crystallization of two PEO-b-PCL-b-PLLA triblock
terpolymers of different composition were reported in a previous publication by some of us24
and it is summarized in Figure 1. Both terpolymers exhibited a homogeneous melt at 160 ºC
state as confirmed by SAXS measurements (see Figure 1a for PEO23PCL34PLLA4319.9
sample). A single glass transition temperature is also an evidence of miscibility. However,
for all the diblock copolymers and terpolymers, it was difficult to properly measure the glass
transition temperature in the subsequent heating scans after quenching the sample from the
12

melt. The glass transition was closely followed by cold crystallization of the PCL block, and
it seems to take place in a range between -60 and -30 ºC in all the samples (see Figure S1 in
Supporting Information).
Upon cooling, the PLLA block in the terpolymers crystallizes first and drives the phase
separation. WAXS measurements confirmed the crystallization order: first the PLLA block,
then the PCL block, and finally the PEO block (see Figure 1b). The crystallization of each
block separately was also observed by DSC experiments conducted at a low cooling rate (1
ºC min-1) (see Figure 1c). Since PEO and PCL have very similar crystallization and melting
temperatures, it was possible to elucidate from WAXS analysis that the middle exothermic
peak in Figure 1c corresponded to the PCL block (see green arrow in Figure 1c) while the
lower temperature one to the PEO block (see blue arrow in Figure 1c). Due to the melt
miscibility of these terpolymers, the morphology is templated by the first crystallization of
the PLLA block. The subsequent crystallization of the PCL and PEO block did not modify
significantly the superstructure, and only a sequential change in the magnitude of the
birefringence took place after the crystallization of the other two blocks. The final
morphology consisted in a mixed spherulitic-type superstructure composed of PLLA, PCL
and PEO lamellae (see Figure 1d and e).24
The schemes presented in Figure 1f and 1g illustrate the superstructural morphology and
the lamellar arrangement in the triblock terpolymers under study24.
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d)

f)

e)

g)

Figure 1. a) SAXS patterns taken at different temperatures on heating of
PEO23PCL34PLLA4319.9 b)WAXS patterns taken at different temperatures during cooling
from the melt at 5 ºC min-1 of PEO29PCL42PLLA2916.1 c) DSC cooling scans at 1 ºC min-1
after melting at 160 ºC for 3 min d) PLOM micrographs taken at room temperature
ofPEO29PCL42PLLA2916.1 after crystallizing first the PLLA block at 100 ºC, e) AFM phase
micrographs of PEO23PCL34PLLA4319.9 observed at 25 ºC. The sample was quenched to 25
ºC after isothermal crystallization in three steps: first at 80 ºC, then at 45 ºC, and finally at 28
ºC, f) Schematic representation of the spherulitic morphology and g) the trilayered
morphology at the nanoscale in the triple crystalline PEO-b-PCL-b-PLLA triblock
terpolymers.
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A color code was used in Figures 1f and 1g to represent each block: red for PLLA, green
for PCL and blue for PEO. The peculiar disposition of the lamellae, where random insertion
of PCL or PEO lamellae occurs in between PLLA lamellae has been demonstrated by SAXS,
AFM and the simulation of the SAXS patterns in our previous work24.
In order to establish the influence of each block and the environment created in the
crystallization behavior of the terpolymers, different crystallization protocols have been
applied and the isothermal crystallization of each block has been followed.

Overall crystallization kinetics of the PLLA block in the terpolymers and diblock
copolymers
It is well known that the crystallization kinetics of PLLA is slow

54.

In fact, it was not

possible to follow the isothermal crystallization of the PLLA block in the terpolymers after
cooling the sample from the melt to the crystallization temperature. The DSC isothermal
signal was too small for detection. Therefore, in order to increase the nucleation density of
PLLA, the sample was cooled from the melt until 0 ºC and kept at that temperature for 1 min,
and then, rapidly heated up to the PLLA crystallization temperature (see Figure 2). In this
way, the isothermal cold crystallization of PLLA was followed. During the rapid cooling and
heating steps, the PLLA block did not crystallize.
Thus, from the DSC isothermal experiments, the inverse of the half-crystallization time
(1/50%) values were determined and plotted against the crystallization temperature. The
1/50% values represent the inverse of the time needed to achieve the 50 % of the total
crystalline mass during the isothermal crystallization event, and represent an experimental
measure of the overall crystallization rate.
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min -1

Tc, tc

20 ºC

Temperature (ºC)

160

0

60 ºC min -1

PLLA block

Time
Figure 2. Thermal protocol applied to follow the isothermal crystallization behavior of the
PLLA block.

Figure 3 compares the overall crystallization kinetics of the PLLA block in both
terpolymers with that of the PLLA block in the analogous diblock copolymers. The length of
the PLLA block is almost the same in the diblock copolymer and terpolymer. Following the
isothermal cold crystallization of the corresponding PLLA homopolymers was not possible
due to their very slow crystallization rate. The data in Figure 3 represents the left side of the
typical bell-shape curve of the crystallization rate plot as a function of crystallization
temperature55. Thus, the crystallization rate of the samples decreased as the crystallization
temperature reduces. The PLLA block crystallizes in a temperature range where both PCL
and PEO blocks are in the melt. The molten PEO and PCL chains caused a strong plasticizing
effect on the PLLA block crystallization. A higher supercooling was needed in order to
crystallize the PLLA block at the same crystallization temperature (by extrapolation). The
depression in Tc was more notorious as the PLLA content in the terpolymer and the diblock
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copolymer was reduced (see Figure 3, left). In diblock copolymers of PLLA and PCL, and
PLLA and PEO, a similar reduction in the PLLA crystallization temperature has been
observed as the PLLA content (or molecular weight) decreases.36, 40, 45
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Figure 3. Inverse of half crystallization times (1/τ50%) versus crystallization temperature.
Isothermal cold crystallization of the PLLA block within the diblock copolymers and
terpolymers indicated.

Surprisingly, the overall crystallization rate of the PLLA block was higher in both
terpolymers when compared to the crystallization of the PLLA block within the analogous
diblock copolymers. This behavior was not expected, since in PCL-b-PLLA diblock
copolymers, a decreased PLLA block crystallization rate has been reported.36 However, the
crystallization kinetics reported previously had been followed by cooling directly from the
melt.36 In the present case, the cold isothermal crystallization has been determined upon
heating from 0 ºC. Therefore, the left side of the bell-shape crystallization rate was examined.
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For the PEO29PCL42PLLA2916.1 triblock terpolymer (see Figure 3, left), the higher content
of covalently bonded molten phase (PEO + PCL) compared to that in the diblock copolymer
(only PCL) caused a strong plasticizing effect, shifting the crystallization rate curve to lower
temperatures. Therefore, the increased crystallization rate might be related to the increase in
the supercooling. The overall crystallization is the combination of the nucleation and growth
events. At high supercoolings (left side of the bell-shape crystallization rate plot depicted in
Figure 3), the crystallization kinetics is governed mainly by diffusion. The most plausible
explanation of the enhanced overall crystallization rate is the presence of the additional
highly flexible PEO block, as compared to the diblock copolymer. The high mobility of the
mixed molten PEO block chains might aid the diffusion of the PLLA chains to the crystalline
front, enhancing the PLLA crystallization kinetics in the terpolymers.
Additionally, the order of the blocks in the terpolymer is a factor of major importance that
will probably affect the crystallization kinetics. In this case, the PLLA block is an end block
in the terpolymer. If the PLLA block would have been in the middle, it is possible that the
plasticizing effect over the PLLA crystallization could be even more pronounced.
The phase structure of the samples previous to the PLLA isothermal cold crystallization
was examined by simultaneous SAXS/WAXS measurements. The PLLA block was
crystallized upon heating from 0 ºC up to the PLLA crystallization temperature. During the
previous cooling scan down to 0 ºC, the PCL and PEO blocks can crystallize. Then, the PCL
and PEO crystals melt in the subsequent heating scan up to the PLLA Tc. The
PCL59PLLA4111.2 diblock copolymer and PEO29PCL42PLLA2916.1 triblock terpolymer were
selected to perform simultaneous SAXS/WAXS measurements during the isothermal
crystallization step of the PLLA block.
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Figure 4. Lorentz corrected SAXS patterns during the isothermal cold crystallization of the
PLLA block at 82 ºC in a) PCL59PLLA4111.2 diblock copolymer and b)
PEO29PCL42PLLA2916.1 triblock terpolymer.

The same thermal protocol depicted in Figure 2 was applied and the isothermal cold
crystallization of PLLA was carried out at 82 ºC until saturation. The Lorentz corrected
SAXS curves plotted against time are shown in Figure 4a for the PCL 59PLLA4111.2 diblock
copolymer and Figure 4b for the PEO29PCL42PLLA2916.1 triblock terpolymer. The product
between the intensity and the square of the scattering vector (q) was plotted versus q.
At zero time, the PCL59PLLA4111.2 diblock copolymer exhibited a SAXS peak at q =
0.33 nm-1 (see first red curve in Figure 4a). The scattering vector is related to the long period
(d-spacing) through the equation d = 2/qmax. This value corresponded to a long period value
of 19.1 nm. On the contrary, two broad and very diffuse scattering peaks were observed (at
q = 0.32 nm-1 and q = 0.64 nm-1) in the PEO29PCL42PLLA2916.1 triblock terpolymer at the
beginning of the isothermal crystallization step (see first red curve in Figure 4b). It seems
that the crystallization of the PLLA block in the diblock copolymer started from a phase
separated structure, while in the terpolymer, the PLLA block started to crystallize from a less
20

segregated melt phase. To confirm that the samples were completely amorphous before the
PLLA crystallization and to determine whether phase separation exists, SAXS/WAXS
patterns were selected at specific times of the thermal protocol depicted in Figure 2 (see small
arrows). The selected frames are shown in Figure 5.
At 160 ºC, both samples are molten. Thus, the WAXS patterns exhibited the
characteristic amorphous halo and no melt structure was observed in the SAXS patterns
measured at this temperature. The melt miscibility of PCL-b-PLLA diblock copolymers
31-33, 35, 56

29,

and the specific PEO-b-PCL-b-PLLA terpolymers24 studied here has been

previously reported. During the cooling until 0 ºC, the PCL block crystallized in both samples
(see WAXS profiles at 0 ºC in Figure 5). A lamellar structure corresponding to the PCL
crystalline lamellae was detected in the SAXS patterns (see the green plots on the right of
Figure 5). The long period value of the lamellar arrangement was 19.7 and 17.4 nm for the
diblock copolymer and terpolymer, respectively. Then, the PCL crystals melted during the
subsequent heating scan up to 82 ºC.
At the beginning of the PLLA crystallization (zero time) both samples were completely
amorphous. No crystalline reflections were observed at this time in the WAXS plots of Figure
5 (left side, bottom red curves). However, the SAXS profile of the diblock copolymer showed
a reflection prior to PLLA crystallization that was very diffuse in the SAXS profile of the
terpolymer (see right side in Figure 5, bottom red curves).
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Figure 5. WAXS profiles (left) and Lorentz corrected SAXS profiles (right) of a)
PCL59PLLA4111.2 diblock copolymer and b) PEO29PCL42PLLA2916.1 triblock terpolymer.

This reflection corresponded to a phase separation at 82 ºC, and described a lamellar
structure with a long period of 19.1 nm. This value is similar the one observed at 0 ºC (19.7
nm) when the PCL block was crystallized. Thus, the SAXS reflection at 82 ºC and 0 min
might indicate a phase segregation of PCL amorphous lamellar microdomains that were
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crystalline before and a mixed PCL + PLLA amorphous phase. As a result, the PLLA
crystallization initiated in the presence of a phase segregated structure. Due to the rapid
heating, it was not possible to achieve a homogeneous phase after the melting of the PCL
crystals

and

amorphous

microdomains

remained

segregated.

As

for

the

PEO29PCL42PLLA2916.1 triblock terpolymer, the PLLA crystallization started from a less
segregated melt phase. It is likely that the high mobility of the molten PEO block may have
induced higher miscibility between the PCL and PEO chains and amorphous PLLA chains.
After the PLLA block was completely crystallized, the ordered lamellar phase prior to
PLLA crystallization disappeared, as it was substituted by the PLLA crystalline lamellar
structure. Similar observations have been reported by Hamley et al.31-32 in PLLA-b-PCL
diblock copolymers but in their case the samples were crystallized upon cooling from melt.
A transient ordered lamellar structure prior to PLLA crystallization was detected for
PLLA6012PCL409 and PLLA327PCL6815, similar diblock copolymers to the one reported here.
The size of the PLLA crystalline lamellar structure of both samples was similar. The values
of the long period were 25.0 and 25.2 nm for the diblock copolymer and terpolymer,
respectively. The reason is the similar PLLA block length in both samples (4600 and 4700 g
mol-1). In the diblock copolymer, besides the first order reflection at q = 0.25 nm-1, a second
order reflection was detected at q = 0.49 nm-1.
The length (or molecular weight) of the PLLA block in the terpolymers affects its
crystallization rate. At the same temperature, as the PLLA block length increases the overall
crystallization rate reduced slightly (see the terpolymers in Figure 3a and b). It has been
widely reported that the crystallization rate of PLLA tends to decrease as the molecular
weight increases54, 57
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In order to compare the PLLA crystallinity achieved during the isothermal cold
crystallization, the degree of crystallinity was calculated from the crystallization enthalpy
obtained after crystallization saturates (see Figure 6).
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Figure 6. Crystallization degree (c) of the isothermally crystallized PLLA block within the
diblock copolymers and terpolymers indicated.

Both terpolymers have PLLA block crystallization degrees smaller than that of the
corresponding PLLA block in the diblock copolymers. Even though the PLLA block in the
terpolymer crystallizes faster, it does it to a lesser extend. The chain length of the PLLA
block in the terpolymer is the same as in the diblock precursor. However, its relative
composition among the blocks is lower. There is only 29 and 43% of PLLA in the
terpolymers, in comparison to the 41 and 57% in the analogous diblock copolymers.
Therefore, there is less PLLA phase available for crystallization in the sample as whole. In
addition the content of plasticizing phase in the sample (i.e., PCL in the diblock copolymer
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and PCL + PEO in the terpolymer) will also affect the crystallizability of the PLLA block. In
comparison with the quantity of PCL in the diblock copolymers, the content of the molten
PEO + PCL phase in the terpolymers is higher (71 and 57 % in the terpolymers versus 59
and 43 % in the diblock copolymers). This fact caused a diluent effect that might have made
more difficult the addition of new crystallizable segments to the crystallization front. The
degree of crystallinity for the PLLA component in both terpolymers is between 10 and 20 %
while in the diblock copolymers it is between 20 and 30 %.

The

isothermal

experimental data obtained from the DSC measurements was fitted to the Avrami equation
following carefully the procedure proposed by Lorenzo at al.52. The crystallization kinetics
in polymers have been described through several theories.55. One of them is the “free growth”
theory formulated by Göler and Sachs 58-61 that establishes once a given nuclei is initiated, it
grows unrestrained or without the influence of others that may have also been nucleated or
growing at the same time

61.

One of the possible solutions to this theory is the Avrami

equation, also referred to as the Kolmogorov-Johnson-Mehl-Avrami equation62-66:

1–Vc(t–t0) = exp(–k(t–t0)n)

This particular arrangement of the equation takes into account the role of the induction
time, t0, in the fitting. The other parameters are the relative volumetric transformed fraction
Vc, the overall crystallization rate constant, k (that includes both contributions of the
crystallization process: nucleation and growth), and the Avrami index, n, which is to the
combination of two terms,10 the time dependence of the nucleation (nn) and the crystal growth
geometry (nd). In polymers with spherulitic type morphology (3D structure), the Avrami
25

index expected is between 3 and 4; while in crystals growing with 2D aggregates, such as
axialites, the Avrami values would be between 2 and 3. In both cases, the final value will
depend on whether the nucleation event is sporadic or instantaneous.55, 58, 67 The quality of
the fitting will depend on the conversion range (Vc) employed since the Avrami equation
rarely describes the complete process. In general, the equation fits the process properly until
the primary crystallization ends, which is < 40-50 %.61
The Avrami index values, obtained from fitting the PLLA cold isothermal crystallization
data, are plotted in Figure 7 against the crystallization temperature. The range of conversion
employed in the fit was 3 – 20 %, and the correlation coefficients were always higher than
0.99. The Avrami index of the diblock copolymers are around 2.5, which is approximately 3
corresponding to instantaneously nucleated spherulites. The values of the terpolymers are
smaller. The Avrami index of the terpolymer with the lower PLLA content
(PEO29PCL42PLLA2916.1) exhibited values close to 1.7. This value agreed well with
instantaneously nucleated axialites (or 2D aggregates). In addition, there appears to be a
tendency of reducing the Avrami index with temperature in the PCL 43PLLA5715.4 diblock
copolymer and PEO23PCL34PLLA4319.9 terpolymer. Increasing temperature should produce a
more sporadic nucleation that should increase the Avrami index if growth dimensionality
were constant. As in this case, the Avrami index decreases with temperature, such a decrease
can only be due to the change in crystal dimension from 3D to 2D, i.e., from spherulites to
axialites, keeping the nucleation instantaneous.
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Figure 7. Avrami index (n) values of the PLLA block within the diblock copolymers and
terpolymers indicated.

Overall crystallization kinetics of the PCL block in the terpolymers and diblock
copolymers
Since the PLLA block crystallizes first, two different crystallization protocols were
employed to follow the crystallization behavior of the PCL block in the terpolymers and
diblock copolymers. The results were compared to that of the PCL homopolymer of same
molecular weight. In the first one (protocol 1), the PLLA block was first crystallized until
saturation (after keeping the sample at 0 ºC for 1 min), and then, the sample was quenched
until the crystallization temperature of the PCL block (see Figure 8). The PCL isothermal
crystallization was registered. In the case of the terpolymers, the crystallization temperatures
chosen were high enough to ensure that only the PCL block was crystallizing, while the PEO
block remained molten. With this two step crystallization protocol, the effect of the PLLA
semicrystalline matrix in the crystallization of the PCL block was evaluated (see Figure 8).
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The second crystallization protocol (protocol 2) will be described after the results obtained
with the first one are analyzed.
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Figure 8. Two step crystallization protocol (protocol 1) employ to follow the isothermal
crystallization of the PCL block with the PLLA phase previously crystallized.

The inverse half-crystallization time (1/50%) values of the PCL homopolymer and the
PCL block in the diblock copolymers and terpolymers are depicted in Figure 9. Since the
PCL block crystallization was followed after quenching from a molten PCL phase, the 1/ 50%
values correspond to the right side of the bell-shape crystallization rate curve (low
supercoolings). The previously formed PLLA crystals had a nucleating effect on the
crystallization of the PCL chains. Therefore, the supercooling needed to crystallize the PCL
block decreased. Also, the crystallization kinetics of the PCL block in both terpolymers and
diblock copolymers increased, in comparison to the PCL homopolymer. Despite the PCL
block had to crystallize inside the interlamellar regions of the PLLA spherulitic
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superstructure, this fact did not perturbed the PCL crystallization. This is an important
observation in these terpolymers. The order of the blocks in the terpolymers will affect the
crystallization kinetics. Since, the middle PCL block had one end attached to the PLLA
crystals and the other to a molten PEO chain, the PLLA crystals played as successful
nucleating sites for the crystallization of the PCL chains and therefore their crystallization
kinetics was enhanced. In a previous publication about PCL-b-PLLA diblock copolymers,36
some of us reported a hampered crystallization of the PCL block when the PLLA block was
previously crystallized until saturation. Even thought a nucleating effect of the PLLA crystals
was demonstrated by self-nucleation experiments, larger supercoolings were needed to
crystallize the PCL block and a retarded overall crystallization kinetics was observed. Two
of those diblock copolymers had a similar PCL content (40 and 56 %) to that of the
copolymers reported here (43 and 59 %). However, the length of the PCL block is different.
Besides the nucleating effect of the PLLA crystals, the increase in the crystallization rate
shown in Figure 9 obeyed to the smaller PCL block length. The molecular weight of the PCL
homopolymer and PCL block in the copolymers and terpolymers was 7000, 6600 and 6800
g mol-1, respectively. In contrast, the molecular weight of the PCL block in the diblock
copolymers reported previously was 8500 and 14200 g mol-1.36
At higher PLLA content, the crystallization trend of the PCL block in the terpolymer and the
diblock copolymer was the same (PCL43PLLA5715.4 and PEO23PCL34PLLA4319.9 samples). As
the PLLA content reduces (PCL content increases), the crystallization kinetics of the PCL
block in the PEO29PCL42PLLA2916.1 terpolymer was only slightly higher than in the
PCL59PLLA4111.2 diblock copolymer (see Figure 9, left). Therefore, the dominant effect is
the nucleation induced by the previously formed PLLA crystals.
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Figure 9. Inverse of half crystallization times (1/τ50%) versus crystallization temperature of
the PCL homopolymer and the PCL block within the diblock copolymers and terpolymers,
after the PLLA block was first isothermally crystallized until saturation.

Additionally, the content of PCL did not affect considerably the crystallization
kinetics of the PCL block. Only a slight increment in the 1/τ50% values was observed as the
PCL content in the terpolymers increased. The molecular weight of the PCL block is not to
take into consideration, since the length values are almost the same as in the PCL
homopolymer (7000 g mol-1 of the PCL homopolymer, and 6600 and 6800 g mol-1, of the
PCL block in both copolymers and terpolymers, respectively).
Despite the enhanced crystallization kinetics, the crystallinity degree of the PCL
block in the diblock copolymers reduced, in comparison to the PCL homopolymer (see
Figure 10). As expected, the crystallinity was even lower as the PCL content in the diblock
copolymer reduces (see sample PCL43PLLA5715.4 versus PCL59PLLA4111.2 in Figure 10).
Since, the PCL block had to crystallize inside the interlamellar regions of the PLLA
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crystalline superstructure, the fraction of amorphous PCL phase that could convert into
crystals was highly diminished. The previously formed PLLA lamellar crystals within the
template spherulitic superstructure restricted the PCL block lamellae to grow in between the
lamellar stacks of the PLLA.
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Figure 10. Crystallization degree (c) of the PCL block within the diblock copolymers and
terpolymers indicated, after first isothermally crystallizing the PLLA block until saturation.

On the contrary, the presence of the molten PEO block in the terpolymer contributed
to increase the crystallinity of the PCL block; in comparison to the diblock copolymers (see
samples PEO29PCL42PLLA2916.1 and PEO23PCL34PLLA4319.9 in Figure 10). In fact, the PCL
crystallinity degree in the terpolymer with larger PCL content even matched that of the PCL
homopolymer (see Figure 10, left). In both terpolymers, the amorphous PEO chains enhanced
the crystallizability of the PCL block, increasing the mobility and diffusion of the PCL chains
(which are anchored to the PLLA crystals) to the growing PCL crystal front.
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The Avrami fitting was also applied to the experimental data registered during the
isothermal crystallization of the PCL homopolymer and the PCL block in the diblock
copolymers and terpolymers. The Avrami index values of all the samples were between 2
and 3 (results no shown, see Figure S2 in Supporting Information).
The crystallization of the PCL block in the terpolymers and block copolymers was
also followed employing a one step protocol (protocol 2). The method consisted in quenching
the sample from the melt until the crystallization temperature of the PCL block. Then, the
PCL isothermal crystallization was registered at that temperature, and finally, the sample was
heated again until its melting (see Figure 11). Again, in the case of the terpolymers, the
crystallization temperatures chosen were high enough to ensure that only the PCL block was
crystallizing, while the PEO block remained molten. In addition, during the cooling scan the
PLLA block did not crystallized. A cold crystallization of the PLLA block took place during
the subsequent heating scan, after the melting of the isothermally crystallized PCL crystals.
Unlike the two step protocol, in this method the PCL block crystallization was followed while
the PLLA phase remained amorphous.
The isothermal crystallization kinetics of the PCL block, surrounded by an amorphous
PLLA phase in the case of the diblock or an amorphous PLLA and PEO phase, in the case of
the triblock, is shown in Figure 12. Comparing the 1/50% values to those plotted in Figure 9,
it is clear that the crystallization behavior was completely different under this condition. In
comparison to the PCL homopolymer, the crystallization rate of the PCL block in the diblock
copolymers was largely decreased.
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Figure 11. One step crystallization protocol (protocol 2) to follow the crystallization of the
PCL block while keeping the PLLA phase amorphous.

While previously formed PLLA crystals caused a nucleating effect (when protocol 1
was employed), in this case the amorphous PLLA phase induced an anti-plasticizing effect.
The PCL block required a larger supercooling in order to crystallize, and the overall
crystallization kinetics greatly reduces. These PCL-b-PLLA diblock copolymers have been
reported to be miscible or weakly segregated in the melt. When the sample is quenched from
the melt until the PCL crystallization temperature, chains of the PCL and PLLA blocks are
mixed together. In order to crystallize, the PCL chains had to demix from this amorphous
phase that contains more rigid PLLA chains, and have to come closer to form a nucleus or to
grow in the crystalline front. Therefore, under this condition, the phase separation is driven
by the enthalpy of demixing of the constituent blocks during the crystallization of the PCL
block. Since this is a miscible system and the glass transition of PLLA is higher than that of
PCL, the glass transition in the diblock copolymer probably takes place at higher temperature
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than in the PCL homopolymer. Therefore, the PCL is probably crystallizing at temperatures
that are closer to Tg. As a result, the mobility of the PCL chains should have reduced
considerably. In addition, at temperatures in which PCL crystallizes, the chain movements
of the more rigid PLLA block had also slowed down, making more difficult the diffusion and
crystallization of the PCL chains covalently attached to them.
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Figure 12. Inverse of half crystallization times (1/τ50%) versus crystallization temperature of
the PCL homopolymer and the PCL block within the diblock copolymers and terpolymers,
crystallized in one step (protocol 2).

In contrast, when a third block of PEO is attached to PCL-b-PLLA copolymers, the
crystallization behavior of the middle PCL block became very interesting. From Figure 12 it
is clear that the overall crystallization rate and crystallization temperature of the PCL block
in the terpolymers increased, in comparison to the same PCL block in the analogous diblock
copolymers. The middle PCL block crystallized under smaller supercooling in both
terpolymers. The PCL crystallizes at temperatures where the PEO block remains molten. As
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in the two step crystallization protocol (protocol 1), the molten PEO chains enhanced the
crystallization ability of the PCL block due to a plasticizing effect. In the terpolymers, the
PCL crystallized from a mixed amorphous phase that includes more rigid amorphous chains
of PLLA as well as molten PCL and PEO chains. As the crystallization took place, the molten
PEO chains increased the mobility and diffusion of the PCL chains to the crystalline front.
However and as expected, the 1/τ50% values did not match those of the PCL homopolymer,
even though the crystallization rate of the PCL block in the terpolymers was increased. In the
PCL homopolymer, the chains can form nucleus and grow freely from the melt. While in the
terpolymers, the PCL chains are covalently attached to more rigid PLLA chains in the melt
state that would hinder the ability of the PCL block to undergo crystallization.
Unlike the two step crystallization protocol (protocol 1), the composition affected the
crystallization kinetics of the PCL block in the terpolymers and diblock copolymers when
they were crystallized in one step (protocol 2). By extrapolating the 1/τ50% values to higher
crystallization temperatures in Figure 12, right, it is clear that the crystallization rate became
faster as the PCL content increases, when comparing both terpolymers and diblock
copolymers separately.
Despite the enhanced crystallization kinetics due to the presence of the molten PEO
block, the crystallinity degree of the PCL block in the diblock copolymer and the terpolymer
reduced or remained almost constant at the supercooling evaluated (see Figure S3 in the
Supporting Information). In addition, the Avrami index values of all the samples were
between 2 and 3 (see Figure S4 in Supporting Information).
Overall crystallization kinetics of the PEO block in the terpolymers
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Following the crystallization kinetics of the third PEO block was extremely difficult since
the crystallization and melting temperatures of both PEO and PCL are very similar. A three
step crystallization protocol was the procedure employed to evaluate the crystallization
behavior. The PLLA block was first crystallized until saturation, and next, the sample was
quenched until the crystallization temperature of the PCL block. Then, the PCL block was
crystallized until saturation, while the PEO chains remained molten. Finally, the sample was
quenched again until the PEO crystallization temperature was reached and the isothermal
crystallization was recorded (see Figure 13). The purpose of this protocol was to evaluate the
effect of the double crystalline PCL/PLLA lamellae formed previously in the subsequent
PEO block crystallization. The isothermal crystallization of the PEO block in the terpolymers
was compared to the analogous PEO homopolymer. Attempts were made to register the
crystallization behavior of the PEO block within analogous PEO-b-PCL diblock copolymers.
However, due to the similarity between the crystallization temperatures of both blocks, it was
not possible to isolate the crystallization of one block from the other. In other words, both
blocks crystallized simultaneously.
In Figure 14 are depicted the half crystallization times (1/τ50%) of the PEO block in
the PEO29PCL42PLLA2916.1 triblock terpolymer and the PEO homopolymer. It was not
possible to isolate the PEO crystallization from that of the PCL block in the other
PEO23PCL34PLLA4319.9 terpolymer sample, after the crystallization of the PCL and the PLLA
blocks. In this particular sample, very high isothermal crystallization temperatures (only 10
degrees lower than the crystallization temperature used to crystallize the PCL block until
saturation) were needed in order to avoid crystallization during the cooling to Tc. However,
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at such high temperatures, the crystallization times are very long, and the heat flow developed
as function of time is so small that it was not possible to detect by the DSC equipment.
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Figure 13. Three step crystallization protocol to follow the crystallization of the PCL block
with the PLLA phase previously crystallized.

The PEO block crystallization rate in the PEO29PCL42PLLA2916.1 terpolymer highly
decreased in comparison to the PEO homopolymer, as well as the crystallization temperature.
A higher supercooling was needed to crystallize the PEO block. In these triblock terpolymers,
the PEO block is an end block and therefore the PEO chains are attached to PCL crystals at
one end but free at the other end. Despite of that, the previously formed PLLA and PCL rigid
crystals created a hard environment that highly confined the crystallization of the PEO block.
In another publication,68 we reported the theoretical analysis of the SAXS curves of the
triblock terpolymer employing one-dimensional structural models. The modeling suggested
that either a lamella of PCL or a lamella of PEO inserted randomly between two adjacent
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PLLA lamellae, but not both PCL and PEO blocks together. The PEO molten chains (located
at the end of the terpolymer) are covalently bonded to the PCL block in the middle. Therefore,
the PEO chains had no other choice but to crystallize inside the interlamellar spaces left in
between PLLA crystalline lamellae. Thus, the confinement imposed by the previously
formed lamellar crystals will hinder PEO crystallization.24 As a result, the crystallinity degree
of the PEO block in the terpolymer reduced (see Figure S5 in the Supporting Information)
Evidences of confinement have been reported in PLLA-b-PEO block copolymers with short
PEO block length or high PLLA content, in which the PLLA block crystallized first.40, 69
Despite the hindered crystallization of the PEO block, the Avrami index did not fit behavior
observed, since the index values remained similar to those of the PEO homopolymer (around
2) (see Figure S6 in the Supporting Information).
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Figure 14. Inverse of half crystallization times (1/τ50%) as function of crystallization
temperature for the PEO homopolymer and the PEO block within the PEO29PCL42PLLA2916.1
triblock terpolymer.

CONCLUSIONS
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The overall isothermal crystallization of each block in PEO-b-PCL-b-PLLA triblock
terpolymers was studied by DSC, and compared to the analogous diblock copolymers and
homopolymers of identical block length to those in the terpolymers. The PLLA
crystallization was followed at a temperature in which the PCL and PEO chains were molten.
The molten chains in the terpolymers caused a strong plasticizing effect (higher
supercooling) on the PLLA crystallization, as compared to PLLA block in the diblock
copolymers. The effect was more notorious as the PLLA content in the terpolymer was
reduced. Surprisingly, the overall crystallization rate of PLLA block was higher in both
terpolymers in comparison to the diblock copolymers, but the crystallization degree reduced.
The previously formed PLLA crystals had a nucleating effect on the PCL crystallization,
and therefore, increased crystallization rate and decreased supercooling were observed. In
addition, the PEO molten chains contributed to enhance the PCL crystallization. However,
the PCL block in the terpolymers exhibited a reduced crystallinity degree due to the
restriction imposed by the PLLA crystals. On the contrary, when the PCL block is
crystallized without previously crystallizing the PLLA block, the PLLA amorphous phase
caused anti-plasticizing effect on PCL crystallization. The overall crystallization kinetics
greatly reduces. However, the presence of the PEO block in the terpolymers enhanced the
overall crystallization rate the PCL block, in comparison to the diblock copolymers.
Following the crystallization of the PEO block after PLLA and PCL fully crystallized was
extremely difficult, since relatively high crystallization temperatures were required to avoid
PEO crystallization during quenching. The crystallization rate highly decreased and the
supercooling increased as a result of the confinement imposed by the previously formed
PLLA and PCL crystals.
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The crystallization behavior of PEO-b-PCL-b-PLLA triblock terpolymers with three
crystallizable phases relies on the complex interplay between the different blocks and the
crystallization conditions. Whether one of the phases is molten, amorphous or crystalline, it
would affect the ability to crystallize of the others two, and as a result, complex effects such
as plasticizing, nucleation, anti-plasticizing and confinement might take place. The addition
of a third crystallizable block would definitely broaden the potential features of these
terpolymers for particular applications as biodegradable materials. Therefore, understanding
the crystallization behavior of triple crystalline triblock terpolymers is expected to be in the
focus of researchers for the next years.
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Additional DSC scans, crystallization degree and Avrami Index values of the diblock
copolymers and terpolymers crystallized using different protocols.
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Figure S1. DSC subsequent heating scans at 20 ºC min-1 after quenching the samples from
the melt.
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until saturation.
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Figure S3. Crystallization degree (c) for the PCL block within the diblock copolymers and
terpolymers indicated, crystallized in one step (protocol 2).
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copolymers and terpolymers indicated, crystallized in one step (protocol 2).
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Figure S5. Crystallization degree (c) of the PEO hompolymer and the PEO block within the
PEO29PCL42PLLA2916.1 triblock terpolymer.
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Figure S6. Avrami index as function of crystallization temperature for the PEO homopolymer
and the PEO block within the PEO29PCL42PLLA2916.1 triblock terpolymer.
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