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Abstract In this study, the poly(D-lactide)-block-poly(butylene succinate)-block-poly(D-lactide) (PDLA-b-PBS-b-PDLA) triblock copolymers with
a fixed length of PBS and various lengths of PDLA are synthesized, and the crystallization behaviors of the PDLA and PBS blocks are investigated.
Although both the crystallization behaviors of PBS and PDLA blocks depend on composition, they exhibit different variations. For the PDLA block,
its crystallization behaviors are mainly influenced by temperature and block length. The crystallization signals of PDLA block appear in the B-D 2-2
specimen, and these signals get enhanced with PDLA block length. The crystallization rates tend to decrease with increasing PDLA block lendth
during crystallizing at 90 and 100 °C. Crystallizing at higher temperature, the crystallization rates increase at first and then decrease with block
length. The crystallization rates decrease as elevating the crystallization temperature. The melting temperatures of PDLA blocks increase with
block lengths and crystallization temperatures. For the PBS block, its crystallization behaviors are mainly controlled by the nucleation and
confinement from PDLA block. The crystallization and melting enthalpies as well as the crystallization and melting temperatures of PBS block
reduce as a longer PDLA block has been copolymerized, while the crystallization rates of the PBS block exhibit unique component dependence,
and the highest rate is observed in the B-D 2-2 specimen. The Avrami exponent of PBS crystallites is reduced as a longer PDLA block is
incorporated or the sample is crystallized at higher temperature. This investigation provides a convenient route to tune the crystallization

behavior of PBS and PLA.
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INTRODUCTION

In the twenty first century, the environmental problems such as
fog and haze weather, air contamination, and soil and water
pollutions are becoming bad to worse. Most of these pollutions
relate to the consumption of non-renewable resources, ie.,
crude oil, coal, and natural gas. These non-reproducible resour-
ces not only provide fuel and energy, but also supply raw ma-
terial for producing most traditional non-biodegradable poly-
mers. In the field of polymer material, seeking for the one that
originates from bio-based sources and affords biodegradable
products to replace the traditional non-biodegradable polymers
has attracted considerable attention. Poly(lactic acid) (PLA) can
be produced from recycle sources, its products are biodegrad-
able under natural environment,” and PLA materials also ex-
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hibit excellent mechanical performance as well as bioresorbable
and biocompatible properties. Thus, PLA possesses widespread
potential in lots of fields. However, the fragile behavior is one
bottleneck to its application.~> Poly(butylene succinate) (PBS)
is another biodegradable polyester whose monomers also start
from renewable feedstocks. It presents balanced mechanical
performance and exhibits wide applications in common used
field, medical research, and drug delivery.®”! Furthermore, PBS
displays excellent ductility behavior in most cases.®!

Blending of PBS with PLA appears to be an ideal route to
property improvement of these two polymers because their
complementarities could promote the toughness of PLA and
the stiffness of PBS. However, a key factor in determining the
success of blending these two polymers is the extent of mis-
cibility. Although Wuk and Soon declared that PLA and PBS
are fully miscible through calculating the Flory-Huggins inter-
action parameter,’® morphological, rheological, and thermal
analyses revealed that PBS and PLA are immiscible.l'0-12] | ots
of technologies are adopted to enhance the performance of
PLA/PBS blends, such as maleation,!'3! adding organoclay,!'4
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uniaxial stretching,'¥! incorporating grafted copolymer,!¢!
coupling,l'”? and crosslinking.l'191 Most of these attempts
have improved the properties of PLA/PBS blends successfully.
In addition, block copolymer is an effective compatibilizer for
the immiscible mixtures, which is better than random copoly-
mer.[20211 |n a previous study, the poly(D-lactide)-block-PBS-
block-poly(D-lactide) (PDLA-b-PBS-b-PDLA) triblock copoly-
mers supplied ductility at a specific content when they were
incorporated into poly(lactide) with L-configuration (PLLA).[22]
Although the crystallization behaviors of PLA,5:23-23]
PBS,126-281 and PLA/PBS blends('11229301 have been investiga-
ted in various aspects, and the chemical syntheses and phys-
ical characterizations of poly(lactide-b-butylene succinate-b-
lactide) (PLA-b-PBS-b-PLA) triblocksi3'-331 and multiblocks
have also been reported,34 the crystallization and melting
behaviors of the PLA-b-PBS-b-PLA block copolymers have not
been investigated in detail yet.

In the PLA-b-PBS-b-PLA tri-block copolymers, both PLA and
PBS blocks could develop crystallites at proper environment.
For a double crystalline block copolymer, the effects of one
block on the crystallization behavior and morphology of the
second one are interesting, complicated, but important,
which involve several factors, such as composition, segment
sequence, miscibility, and thermal treatment history.35361 |n
the case of double crystalline block copolymer with different
crystallization conditions, the second block could be nucle-
ated, or its crystallization could be confined within the micro-
domain structure or within the previously formed lamellar
stacks of the first block;B37:38! then, copolymers with different
morphologies, mechanical properties, and biomedical and
engineering applications could be produced. Accordingly, the
block copolymer provides a facilitate approach to tailor the
performance of materials. Unfortunately, the crystallization
behaviors of PLA and PBS blocks, and the mutual effects of
the PBS and PLA segments in the PLA-b-PBS-b-PLA triblock
copolymers have not been elaborated clearly till now. For this
purpose, a series of PDLA-b-PBS-b-PDLA triblock copolymers
with fixed length of PBS and different lengths of PDLA were
synthesized in this study, and the crystallization behaviors of
PBS and PDLA blocks were separately investigated. Results in-
dicated that the crystallization rate of PDLA block was de-
pressed after copolymerization, while the crystallization of
PBS block was influenced by the nucleation and confinement
of PDLA crystallites preformed at the first stage. This investig-
ation would supply more bases for the study of double crys-
talline block copolymers.

EXPERIMENTAL

Materials

Tetrabutyl titanate (Ti(OBu),, = 98%) and tin(ll) 2-ethylhexanoate
(Sn(Oct),, > 95%) were purchased from Aladdin. 1,4-Butanediol,
succinic acid, ethyl acetate, ethanol, and dichloromethane were
from domestic agents with a purity of analytical grade. Ethyl
acetate was refluxed under calcium hydride for 24 h before
distillation. The dextrorotatory-lactide, dimer of lactic acid with
D configuration, (D-LA, =99.5%) was purchased from Chang-
chun SinoBiomaterials (China) and recrystallized in anhydrous
ethyl acetate for three times before use. All the other agents
were used directly as received.

Synthesis of PBS

The synthesis routes to PBS and PDLA-b-PBS-b-PDLA are
presented in Scheme 1. For the synthesis of PBS, 1.0 mol of
succinic acid, 1.2 mol of 1,4-butanediol, and 0.02 mol of Ti(OBu),
were reacted at 190 °C under nitrogen atmosphere. When no
more water was distilled out, the polycondensation was kept
at 220-240 °C under a vacuum of 70 Pa for 20 h.B% The raw PBS
product was dissolved in dichloromethane and precipitated
with an excess amount of cold ethanol. The purification was
repeated twice. The final powder product was dried to constant
weight at 80 °C under vacuum.
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Scheme 1 The synthesis routes to PBS and PDLA-b-PBS-b-PDLA
copolymers.

Synthesis of PDLA-b-PBS-b-PDLA

The PDLA-b-PBS-b-PDLA copolymers were synthesized via
ring-opening polymerization of D-LA monomers as referenc-
es.1333449 Dihydroxyl-capped PBS and Sn(Oct), were employed
as the macro-initiator and catalyst, respectively. PBS, Sn(Oct),,
and D-LA were mixed and heated up to 80 °C and vacuumed for
2 h to completely eliminate the moisture. The copolymerization
was implemented at 120 °C in bulk for 24 h under nitrogen
atmosphere. The products were purified by pouring their
dichloromethane solution into ethanol. The copolymers were
dried at 80 °C in vacuum for 72 h. Copolymers with different
block lengths were regulated by weight ratio of PBS/D-LA.
Characterizations of PBS and the copolymers are listed in Table
S1 (in the electronic supplementary information, ESI).

Characterizations

Nuclear magnetic resonance spectroscopy (NMR) was perform-
ed on a Bruker AV 300 MHz spectrometer in CDCl;, and tetra-
methylsilane (TMS) was used as an internal reference. The 'H-
NMR spectra of PBS and B-D 2-2 specimen are shown in Fig. S1
(in ESI).

The number-average molecular weight (M,) and polydis-
persity indexes (PDI) of polymers were evaluated in chloro-
form by using gel permeation chromatography (GPC, Waters,
USA) with two Styragel® HR gel columns (HR2 and HR4). The
GPC device was a Waters HPLC system equipped with a Wa-
ters 2515 pump and a refractive index detector. The flow rate
of eluent was T mL/min at 35 °C. Monodispersed polystyrene
standards (Waters, USA) with molecular weights ranging from
1790 to 64.2 x 10* were used to generate the calibration
curve. M, and PDI of PBS and copolymers are listed in Table
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Wide-angle X-ray diffraction (WAXD) was carried out on
Bruker D8 Advance X-ray diffractometer equipped with Cu Ka
radiation. The measurement ranged from 26 = 10° to 30° at a
scan speed of 2 (°)/min. The WAXD patterns of all the speci-
mens are presented in Fig. S2 (in ESI).

The thermal properties of PBS and PDLA-b-PBS-b-PDLA co-
polymers were examined by differential scanning calorimetry
(DSC) (Q100, TA Instruments, USA). The temperature and heat
flow were calibrated with standard indium. The specimens
were heated from -40 °C to 200 °C at a rate of 10 °C/min, and
maintained at 200 °C for 5 min to melt all the crystallites com-
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pletely. For the isothermal protocols, the following steps were
adopted: i) cooled to the given temperature (T,;, which was 90,
100, 110, 120, 130, or 140 °C) at a rate of 60 °C/min and kept
for 60 min; then cooled to 70 °C (T,,) at a rate of 60 °C/min
and kept isothermal for 60 min; finally heated to 200 °C at
10 °C/min; ii) cooled to 130 °C at a rate of 60 °C/min and kept
for 60 min (in this stage PDLA could crystallize efficiently in
most cases); then cooled to the given temperature, i.e., 70,
75, 80, 85, or 90 °C, at a rate of 60 °C/min and crystallized for
60 min to explore the crystallization of PBS block; finally
heated to 200 °C at 10 °C/min. All the measurements were
carried out under nitrogen atmosphere.

Heat flow (W/qg)

Heat flow (W/g)

Heat flow (W/g)

Exo

Exo

Exo

4n
h b
. B-D 2-1
i i 90 °C
|
3f !
i !
h ' 140°C
i \
2
i _
N - T~
- oo
] J ,,,,,,,,,,,,,,,,,,,,,,,,,,,
i
ol L L T
30 40 50 60 70 80
Time (min)
1 d
: B-D 2-3 )
! 90 °C
o I
1
: i 140 °C
ﬂjwl o \l
;L\ . Nl
3;‘, .\\
i o i
0 S S S S S S
30 40 50 60 70 80
Time (min)
3r
i f
i B-D 2-6
; ! 90 °C
I 1
: !
iy | o
. jia0c
x
i .
1 Tt e
N /'/ N\
/s \~\
ol L . .
30 40 50 60 70 80
Time (min)

https://doi.org/10.1007/s10118-020-2361-6

The isothermal thermograms of PBS (a) and its copolymers (b—f) at 90-140 °C.
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RESULTS AND DISCUSSION

The Crystallization Behavior of PDLA Block

PBS and PDLA would form crystallites separately during crystal-
lization. The melting temperature of PBS is ~114 °C, while that
of PDLA varies from 120 °C to 170 °C with different block lengths
in this study (Fig. S3 in ESI). In order to distinguish the
crystallization signals of PBS and PDLA blocks, the specimens
were firstly isothermally crystallized at 90-140 °C, and the DSC
results are presented in Fig.1. For neat PBS (Fig.1a), one
endothermic peak was found when crystallizing at 90 °C, and
no obvious crystallization signal was observed at higher
crystallization temperature, which should be due to the melting
of PBS at ~114 °C that led to difficult nucleation at that high
crystallization temperature or in such a time scale. For the B-D
2-1 specimen (Fig. 1b), clear endothermic signals were observed
when the crystallization temperature was 90 and 100 °C;
according to the calculation of crystallization and melting
enthalpies in the subsequent heating, these signals were
ascribed to the crystallization of PBS. The crystallites formed at
100 °C for PBS block were related to the hard PDLA block that
reduced the mobility of PBS block, and could facilitate the
homogeneous nucleation. In the case of B-D 2-2 specimen
(Fig. 1c), two crystallization peaks were observed when the
crystallization temperature was 90 °C; the peak appearing at
early stage belonged to the crystallization of PDLA block
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because of its higher degree of supercooling, and the second
was ascribed to the crystallization of PBS block. The time-
dependent WAXD patterns in Fig. S4 (in ESI) also corroborated
this assignment. The crystallization signals assigned to PDLA
block got enhanced, while those belonged to PBS became
smaller and disappeared with more content of D-LA incorpo-
rated (Figs. 1c-1f). For the crystallization of PDLA block in all
the specimens, the crystallization curves became flatter and the
crystallization time became longer as increasing the crystall-
ization temperature. When the temperature reached 140 °C,
crystallization signals in all the specimens were not obvious.

Fig. 2 shows the crystallization enthalpies as a function of
time (t) for PDLA block. As can be seen, all the curves have
sigmoidal shapes. The time to complete crystallization in-
creased as elevating the crystallization temperature, which in-
dicated that the crystallization rates declined gradually (the
half crystallization times (t,,,) are listed in Table 1). The crys-
tallization enthalpy of PDLA block increased at first (< 130 °C)
and then decreased when the crystallization temperature in-
creased from 90 °C to 140 °C. Crystallization at lower temper-
ature meant convenient nucleation; also, the molecular
chains and segments did not have enough time to arrange
orderly, but developed crystallites by locally regulating their
conformation and discharge into lattices nearby. These
formed crystallites acted as physical corsslinking points and
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Fig.2 The crystallization enthalpies (AH,) as a function of crystallization time (t) for PDLA block in B-D 2-2 (a), B-D 2-3 (b), B-D 2-

5(c), and B-D 2-6 (d).
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confined the movement of amorphous molecular chains and
segments around them, leading to lower crystallization en-
thalpy and thinner lamellae. Increasing crystallization temper-
ature, the crystallization rate reduced as fewer nuclei were de-
veloped; the chains and segments exhibited higher mobility

Table 1 Kinetic parameters of isothermal crystallization for PDLA blocks.

Temperature InK 2 ti2
Code ¢C) " (minty R (min)
B-D 2-2 90 2.67 -0.103 0.999 0.91
B-D 2-3 2.14 -1.26 0.999 1.54
B-D 2-5 2.82 -1.10 0.997 1.18
B-D 2-6 2.00 -1.90 0.999 2.20
B-D 2-2 100 2.72 -1.08 0.999 1.30
B-D 2-3 2.23 -1.54 0.999 1.68
B-D 2-5 2.29 -1.67 0.998 1.58
B-D 2-6 1.97 -1.78 0.999 2.05
B-D 2-2 110 2.50 -2.78 0.999 2.64
B-D 2-3 2.64 -2.52 0.999 2.30
B-D 2-5 2.19 -1.85 0.998 2.05
B-D 2-6 2.52 -3.41 0.999 3.33
B-D 2-2 120 2.44 -5.62 0.998 8.12
B-D 2-3 2.39 -3.92 0.999 8.12
B-D 2-5 2.30 -3.75 0.999 443
B-D 2-6 2.34 -3.97 0.999 4.80
B-D 2-2 130 2.15 -7.61 0.998 29.34
B-D 2-3 2.51 -6.58 0.999 11.69
B-D 2-5 2.20 -5.89 0.999 12.30
B-D 2-6 2.15 -5.96 0.999 13.06
B-D 2-5 140 1.89 -6.99 0.997 29.80
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and had more time to produce stable crystallites. Thus, a
higher content of segments participated in crystallization and
thicker lamellae were produced. The decrement of enthalpy
at 140 °C should be due to the fact that nucleation was diffi-
cult and the crystallization rate was low, so that the PDLA
block could not crystallize efficiently at that the high temper-
ature in a limited time period (60 min).

To investigate the crystallization kinetics of PDLA blocks in
detail, Avrami equation was employed to analyze the iso-
thermal crystallization.[*1:421 The expression is as follows:

1—Xe :exp[—K(T) tn:l (1)
or
In[=In(1 = X¢)] = InK(T) + nint (2)
where X; is the relative degree of crystallinity at given time (&),
X; could be determined as the ratio between the area of exo-
thermic peak at time t and the total measured area of crystal-
lization. K is the overall kinetic constant and t is the crystalliza-
tion time. n is the Avrami exponent, which is correlated to the
nucleation mechanism and growth dimension. Based on the
original assumptions of the theory, n should be an integer,
ranging from 1 to 4, corresponding to various growth forms
from rod-like to sphere-like, and it also depends on the type of
nucleation, i.e., heterogeneous or homogeneous.

The plots of In[-In(1 - X,)] versus Int for PDLA block are
shown in Figs. 3(a)-3(d). In order to avoid the second crystal-
lization which deviated from the straight line, X; from 3% to
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Fig.3 The plots of In[-In(1 - X\)] versus Int for PDLA blocks in B-D 2-2 (a), B-D 2-3 (b), B-D 2-5 (c), and B-D 2-6 (d).
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30% was employed for calculating the slope and intercept for
all the specimens.[26431 |t can be seen that all the curves show
good linearity. n, InK, and the half crystallization time (t, ;) cal-
culated from Figs. 2 and 3 are listed in Table 1. The n values of
most PDLA blocks were 2-3, indicating that more than one
crystallization mechanisms existed in these copolymers.
When the crystallization temperature was higher than 120 °C,
the n values reduced gradually, which should be ascribed to
changed crystallization mechanisms after temperature eleva-
tion, and the crystallites were mainly produced with a two-di-

35

mensional structure. It can be seen that InK declined with in-
creasing isothermal temperature in most of specimens, and
1/t,,, presented similar regularity, which suggested that the
crystallization rate decreased with the increase of temperat-
ure. For different specimens crystallizing at the same temper-
ature, InK tended to decline with the increasing block length
when performing crystallization at 90 and 100 °C. For the
PDLA block crystallizing at lower temperatures, nucleation
was convenient for all the specimens, and the crystallization
rate mainly depended on the motion ability of PDLA seg-
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Fig. 4 The isothermal crystallization curves of PBS and its copolymers when crystallized at 130 °C first and then cooled rapidly to 70 °C

(a), 75 °C (b), 80 °C (c), 85 °C (d), 90 °C (e).
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ments. Hence, the copolymer which had shorter PDLA block
exhibited higher mobility and crystallized at a faster rate.
When the crystallization temperature was above 110 °C, the
crystallization rate increased at first and then decreased with
the increase of PDLA block length. This diversity at different
crystallization temperatures should be ascribed to various
crystallization mechanisms at different temperature ranges.
At higher crystallization temperature, the motion ability was
enhanced for all specimens, and a higher viscosity would fa-
cilitate nucleation. However, the higher viscosity also re-
duced the motion capacity. Accordingly, the specimen with

30
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moderate length exhibited the highest crystallization rate.

The Crystallization Behavior of PBS Block

Fig. 2 reveals that the PDLA block crystallized efficiently when
crystallized at 130 °C for 60 min in most cases except B-D 2-1. In
order to avoid the interruption of PDLA crystallization, all the
specimens were crystallized at 130 °C at first, and then were
cooled rapidly to 70-90 °C to investigate the crystallization
behavior of PBS block. The crystallization curves of PBS block are
displayed in Fig. 4. Crystallized at 70 °C, neat PBS had an obvious
exothermic peak (Fig. 4a), and the crystallization signals assign-
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Fig.5 AH,as afunction of t for PDLA-b-PBS-b-PDLA copolymers crystallized first at 130 °C and then cooled rapidly to 70 °C (a), 75 °C (b),

80°C(c), 85°C(d), and 90 °C (e).
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ed to PBS declined as higher content of PDLA copolymerized.
Elevating the crystallization temperature (Figs. 4b—4e), the crys-
tallization peaks assigned to PBS block became flatter, and no
obvious exothermic signals were detected in the specimens
with the higher D content.

The crystallization enthalpy versus crystallization time and
In[-In(1 - X,)] versus Int are presented in Figs. 5 and 6, respect-
ively, and the calculated n, InK, and t,,, are listed in Table 2. It
was found that the crystallization enthalpy of the PBS block
reduced after a longer PDLA block was bonded to PBS. For

neat PBS and B-D 2-1 specimens, the enthalpy tended to in-

crease when crystallizing at higher temperature. B-D 2-2 ex-
hibited lower crystallization enthalpies as elevating the crys-
tallization temperature, which should be ascribed to its rapid
crystallization, and the crystallization peak appeared before
cooling to the given temperature (see Fig. 4). All the data co-
herently indicated that the crystallization rate of PBS block
decreased as a small amount of PDLA block was bonded to
PBS (B-D 2-1), then increased with a moderate PDLA block
length (B-D 2-2), and decreased again for a longer block
length of PDLA. When cooling from the melt, B-D 2-2 also
presented similar crystallization regularity (Fig. S5 in ESI). This
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unique variation would be interpreted as that in the copoly-
mers with a short PDLA length, such as B-D 2-1, the PDLA
block could not form crystallites. Amorphous PDLA hindered
the movement of PBS and thus depressed the crystallization

Table2 Kinetic parameters of isothermal crystallization for PBS blocks.

Code Tem'ff({)at”re n o InKmin®) Rty (min)
PBS 70 3.21 2.77 0.999 0.362
B-D2-1 332 213 0999 0462
B-D 2-2 3.07 2.65 0.999 0.353
B-D 2-3 243 -2.98 0.999 3.03
BD25 199 480 0999 922
PBS 75 2.63 2.71 0.999 0.317
B-D 2-1 3.59 141 0.999 0.603
B-D22 287 272 0997 0317
B-D 2-3 2.05 -4.03 0.999 6.27
B-D 2-5 2.14 -7.42 0.994 25.41
PBS 80 259 0983 0999 06
B-D 2-1 2.87 0.201 0.999 0.8
B-D 2-2 2.70 3.07 0.999 0.3
BD23 180  —475 0999  10.92
PBS 85 249 -1.22 0.999 140
B-D 2-1 2.88 -1.49 0.999 147
B-D22 219 246 0999 0265
B-D 2-3 2.04 -6.87 0.999 24.25
PBS 920 261 -4.03 0.999 4.06
B-D2-1 279 -39 0999 361
BD22 226 0351 0999 0737
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rate. For the PDLA block with a moderate length (B-D 2-2), the
PDLA block could form crystallites, and these crystallites sup-
plied lots of nucleate positions for the crystallization of PBS.
Although the presence of PDLA block embarrassed the move-
ment of PBS, the nucleation was the major effect, which resul-
ted in a higher crystallization rate. With a longer PDLA block,
more nucleate positions would be provided. However, spatial
restriction from the PDLA crystallites preformed was more
serious and the restriction became the major effect during
the crystallization of PBS block. Consequently, the restriction
caused the reduction of crystallization rate of the PBS block.

As the content of PDLA increased in the copolymer, the n
value increased at first and then decreased; the highest n
value was found in the B-D 2-1 specimen in all the temperat-
ure range. For neat PBS, the crystallites were mainly develop-
ed in three dimensional and heterogeneous nucleation dom-
inated the crystallization process at the investigated temper-
ature range. In the B-D 2-1 specimen, the short amorphous
PDLA block reduced, and parts of the PBS segments crystal-
lized under homogeneous nucleation condition. Subsequent-
ly, a higher n value was obtained. After a higher content of
PDLA was incorporated, PDLA would form crystallites at first,
and the PBS block crystallized in a restricted environment alth-
ough the PDLA crystallites provided lots of nucleated posi-
tions. This spatial restriction led to the declining of the n
value.
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Fig.7 The second DSC heating curves of B-D 2-2 (a), B-D 2-3 (b), B-D 2-5 (c), and B-D 2-6 (d) after crystallized at 90—140 °Cand then at 70 °C.
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The above results revealed that the crystallization behavi-
ors of PDLA and PBS blocks strongly depended on the com-
position. For the PDLA block, its crystallization rate was lower
than that of PLA homopolymer,25] while the crystallization of
PLA was accelerated in the PLA/PBS blends.['1:2930] This de-
pression was similar to the poly(e-caprolactone) (PCL) block in
the PLA-b-PCL block copolymer3¢ but different from the case
of PLA-blcok-poly(ethylene glycol) (PLA-b-PEG) block copoly-
mer.4445] PEG is miscible with PLA in most cases, and it acts as
a diluted solvent during the crystallization of PLA block. PCL
and PBS blocks are partially miscible or immiscible with PLA,
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which resulted in the depression of the crystallization rate of
PLA block. For the PBS block, its crystallization rate depended
on the block length of PDLA, and the crystallization rate was
the highest in the B-D 2-2 specimen, which differed from the
cases of PEGH! and PCLI3647] blocks. The stronger nucleation
ability could be due to the better lattice matching,“8l and the
lattice matching between PLA and PBS was better#950] than
that between PLA and PCLPY or PEG.52

The Melting of PDLA Block
After crystallized at 90-140 °C and then at 70 °C, the second DSC
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Fig. 8 The second DSC heating curves of block copolymers after crystallized first at 130 °C and then at 70 °C (a), 75 °C (b), 80 °C (c), 85 °C

(d), and 90 °C (e).
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heating curves of all the specimens were recorded as shown in
Fig. 7. For B-D 2-1 (Fig. S6 in ESI), a tiny board endothermic peak
was detected at ~120 °C, which was assigned to the melting of
PDLA block. After a higher content of PDLA was incorporated
into the block copolymer, the melting signals belonging to
PDLA block were enhanced and their melting temperature
increased (Figs.7a-7d). The PDLA block presented multiple
melting behaviors, and an exothermic signal was found before
the melting signals in the curves. For the original exothermic
peak before the melting peak, it was assigned to the solid-solid
transformation of PLA 6 to a crystallites.> The multiple melting
peaks of PDLA block were interpreted as that its crystallization
was embarrassed by the PBS block; crystallites with different
perfection degrees were produced during crystallization, and
these imperfect crystallites were melted and recrystallized
during heating.>#->¢

The Melting of PBS Block

After crystallized at 130 °C at the first stage and crystallized at
70-90 °C for 1 h subsequently, the second DSC heating curves
were recorded as displayed in Fig. 8. In these DSC curves, the
melting of PBS and PBS block exhibited multiple melting peaks.
As the block length of PDLA increased, the melting signals
assigned to PBS reduced. Increasing crystallization temperature,
the melting temperature of PBS increased gradually.

CONCLUSIONS

In this study, a series of PDLA-b-PBS-b-PDLA triblock copolymers
were synthesized, and the isothermal crystallization and
subsequently melting behaviors of PDLA and PBS blocks were
investigated.

In the case of PDLA block, crystallization signals were de-
tected in the B-D 2-2 specimen, and the signals became
stronger as a longer PDLA block was introduced into the co-
polymer. The crystallization rate was the highest in the B-D 2-
2 specimen when crystallized at 90 and 100 °C. At higher crys-
tallization temperature, the crystallization rate increased at
first and then decreased as a longer PDLA block was incorpor-
ated. With the longer PDLA block covalently bonded to PBS,
the crystallization enthalpy increased before leveling off, and
the melting temperature increased gradually. The crystalliza-
tion rate of PDLA in the tir-block copolymer was lower than
that of PLA homopolymer.

For the PBS block, its crystallization behavior depended on
nucleation and confinement. The crystallization and melting
enthalpies of PBS block reduced gradually as a higher con-
tent of PDLA was incorporated. The crystallization rate de-
creased after a small amount of amorphous PDLA incorpor-
ated and reached the highest in the specimen of B-D 2-2.
After a longer PDLA block was introduced, the PBS crystallites
developed in a harsh environment. Elevating crystallization
temperature, the crystallization rate was depressed, and more
crystallites were developed with a low-dimensional structure.
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