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ABSTRACT: The crystallization behavior of strongly segregated diblock copolymers composed of polyethylene
(PE) and poly(L-lactide) or racemic poly(lactide) (PLA) blocks has been investigated by differential scanning
calorimetry (DSC), small-angle X-ray scattering (SAXS), wide-angle X-ray scattering (WAXS), and transmission
electron microscopy (TEM). In both systems the crystallization of PE block was confined within the preexisting
lamellar domain. In the double-crystalline PLLA-b-PE, coincident crystallization of PLLA and PE blocks was
observed during cooling process because the crystallization rate of the PLLA block was retarded by the covalent
linkage with the PE block. When the PLLA block was self-nucleated, a complete separation of the crystallization
process of both blocks was achieved. Polarized optical microscopy confirmed that neither PLLA nor PE blocks
could form spherulites in view of the large segregation strength that effectively confined the crystallization within
the lamellar microdomains. High-speed DSC was applied to reduce reorganization during the scan so that values
closer to the equilibrium melting points (Tm°), employing the Hoffman-Weeks treatment, could be obtained for
PLLA. The Tm° for the PLLA block was depressed as compared to homo-PLLA by confinement effects. The
crystallization of the PE block within the amorphous-crystalline PLDA-b-PE was strictly confined, and
the microdomain morphology established in the melt state was essentially unperturbed, regardless of whether the
crystallization occurred when the PLDA block was glassy or rubbery (hard or soft confinement). In the case of
the double-crystalline PLLA-b-PE system, the crystallizations of both PE and PLLA blocks were also effectively
confined within the respective lamellar microdomains, irrespective of which is the leading crystallizing component
prescribed by the crystallization history. The confinement effect was a consequence of the large segregation
strength coupled with the solidification of the microdomains of the leading crystallizing component, which
subsequently imposed a hard confinement effect on the crystallization of the second block. TEM revealed the
ordered lamellar morphology, and in one case the crystalline lamellae of the PE block were visualized within the
microphase-separated lamellae due to an isothermal crystallization pretreatment.

Introduction
Crystallization and spatially ordered structure formation in

block copolymers with crystallizable blocks have attracted
significant attention in the past decade.1–22 The various mor-
phologies are generated depending on the segregation strength
and the relative values of the order-disorder transition tem-
perature (TODT), the crystallization temperature (Tc), and the
glass transition temperature (Tg). When the crystallization is
produced after quenching from the disordered melt state, the
final solid-state structure is determined by a complex interplay
between microphase separation and crystallization.4,5 However,
when crystallization occurs from microphase-separated melt, the
final morphology will strongly depend on the relative location
of the crystallization temperature and the glass transition
temperature for amorphous-crystalline block copolymers. As
TODT > Tc > Tg, the crystallization can provoke a breakout from
the ordered melt and formed a new morphology.4,8,9,23,24 Of
course, whether crystallization destroys the microphase separa-
tion structure or not is also related to the segregation strength.
As TODT > Tg > Tc, for a block copolymer having a glassy
amorphous component, the crystallization will be confined
within the microdomain structure determined by phase segrega-
tion.24–31

Most research so far has focused on block copolymers where
only one of the blocks can crystallize.1–3 The crystallization
behavior of block copolymers containing two crystalline com-
ponents has been recently reported;32–48 however, double-
crystalline diblock copolymers have not been investigated so
extensively because of the complexity associated with the
competitive crystallization of the two blocks. When the crystal-
lization in such double-crystalline diblock copolymers is
considered, the competition among the crystalline components
and the interplay between crystallization and microphase
separation will be very important. Generally speaking, if
crystallization of the leading component (the one crystallizing
at higher temperatures) should destroy the microphase separation
established in the melt, the other component crystallizes within
the spatial environment prescribed by the crystalline lamellae
of the leading component. Consequently, the behavior of the
component that crystallizes first upon cooling from the melt
becomes an important factor that determines the final structure
and the relationship between the melting temperature values of
these two crystalline components could be very significant as
nucleation and confinement effects can arise [ref 3 and refer-
ences therein]. On the other hand, if the overall melt structure
is retained in strongly segregated systems, crystallization occurs
within the nanoscale domains, and phenomena like fractionated
crystallization and first-order crystallization kinetics could arise
depending on composition.2,3,5,8,18,24,46

According to the previous studies on double-crystalline
systems where the crystallization process destroys the possible
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melt morphology, if separated crystallization of two blocks
occurs, the higher Tm block crystallizes first to form a lamellar
morphology followed by the crystallization of the lower Tm

block starting from this lamellar morphology. Hamley et al.
reported poly(ε-caprolactone) crystallized within poly(L-lactide)
crystal lamellae which was previously forming spherulites after
quenching from the miscible melt state in PLLA-b-PCL diblock
copolymer.44,45 Nojima et al. explored the crystallization and
melt-quenched morphology of poly(ε-caprolactone)-block-
poly(ethylene).47 Albuerne et al. investigated the crystallization
of poly(p-dioxanone)-block-poly(ε-caprolactone). They found
that the two blocks crystallized in a single coincident exotherm
upon cooling from the melt. On the other hand, the crystallized
PPDX acts as nucleating agent for PCL so that the crystallization
kinetics of the PCL in the copolymers is accelerated.42 Hillmyer
and Bates explored poly(ethylene)-poly(ethylene oxide) diblock
copolymers and showed that poly(ethylene) crystallization can
lead to disruption of the melt ordered phase.49 Sun et al. also
employed poly(ethylene)-block-poly(ethylene oxide). They in-
vestigated the crystal orientation and calculated the interlamellar
distance in different crystallization temperature region.48

Takeshita et al. focused on the formation of crystal lamellar
structure in poly(ethylene glycol)-block-poly(ε-caprolactone)
having two crystalline blocks whose melting temperatures are
within 10 °C. They concluded that PCL crystallized first
followed by the crystallization of PEG with preservation of the
PCL crystal lamellar morphology. This means that PEG must
crystallize within the confined space between the formerly
formed PCL crystal lamellae in a similar way to the already
cited works on PPDX-b-PCL and PLLA-b-PCL.3,42–46,50 Ring
et al.51 recently reported the synthesis of PE-b-PLLA block
copolymers with 12-29 kg/mol and 89-96 wt % of PLLA,
combining catalytic ethylene oligomerization with “coordinate-
insertion” ring-opening polymerization. They reported mi-
crophase separation observed by AFM although spherulites were
detected by POM during isothermal crystallization after erasing
thermal history at 200 °C for 3 min. The effect of thermal
degradation was not considered.

In this work, the amorphous-crystalline poly(LD-lactide)-b-
poly(ethylene) and double-crystalline poly(L-lactide)-b-poly-
(ethylene) systems were investigated. Polylactide is a biode-
gradable aliphatic polyester derived from renewable resources
and has gained much interest in recent years. There are three
commonly types of polylactide: poly(L-lactide) (PLLA), poly(D-
lactide) (PDLA), and poly(LD-lactide) (PLDA). Poly(L-lactide)
and poly(D-lactide) are both semicrystalline materials as a result
of stereoregularity. However, poly(LD-lactide) is a racemic
amorphous material formed by the copolymerization of L-lactide
and D-lactide. Currently, polylactide is used for biomedical
applications52 such as sutures and drug delivery devices because
of its biodegradable and biocompatible nature, but its use has
now extended to biodegradable packaging applications as well
as bottles.

The amorphous-crystalline poly(LD-lactide)-b-poly(ethylene)
and double-crystalline poly(L-lactide)-b-poly(ethylene) are strongly
segregated; in fact, a rough estimation based on the molecular
weight of the blocks employed in this work and their solubility
parameters yields values of the segregation strength parameter
(i.e., �N1) larger than 350. Thus, for composition close to 50
wt % melt-segregated lamellar microdomains are expected.53,54

Previous works53,54 revealed that the overall isothermal crystal-
lization rate of the PLLA block was slowed down as compared
to homo-PLLA by the covalently bonded PE chains that were
in the melt at the PLLA crystallization temperatures. This
depression of the crystallization rate of the PLLA block within
the copolymer produces a coincident crystallization process
(where both PE and PLLA crystallize) when PLLA-b-PE is

cooled down from the melt at cooling rates larger than 2 °C/
min.53 A nucleation effect of PLLA on the PE block was
detected, whereby the overall crystallization rate of the PE block
is faster when it is covalently bonded to previously crystallized
PLLA than when it is bonded to a rubbery PLDA block;
however, higher supercooling values are needed in order to
crystallize the PE chains within both block copolymers as
compared to the respective homopolymer.54 The Avrami indexes
obtained by fitting DSC isothermal crystallization data revealed
higher values for the PLLA block as compared to homo-PLLA;
this was rationalized as a sign of nucleation restrictions on the
PLLA block which renders nucleation more sporadic.53 On the
other hand, the PE block within the block copolymers exhibits
lower Avrami index values than those observed for homo-PE.
This decrease was due to dimensionality restrictions imposed
by the lamellar microdomain morphology confinement. As a
matter of fact, no spherulites were observed for these diblock
copolymers with lamellar microdomain morphologies, as ex-
pected for strongly segregated diblock copolymers.2,3 Therefore,
two-dimensional lamellar crystallization arrangements within
the microphase-separated domains were the predominant mor-
phology for the PE block.53

In this work, amorphous-crystalline poly(LD-lactide)-b-
poly(ethylene) and double-crystalline poly(L-lactide)-b-poly-
(ethylene) diblock copolymers were evaluated by self-nucleation
studies to explore the confinement effect caused by one block
on the other as compared to the free crystallization experienced
by the respective homopolymers. Also, the equilibrium melting
point of the PLLA block as compared to homo-PLLA was
determined by the Hoffman-Weeks approach after isothermal
crystallization. In addition, the morphology was studied by
simultaneous small-angle and wide-angle X-ray scattering
(SAXS/WAXS) and by transmission electron microscopy
(TEM); different thermal treatments were employed to inves-
tigate the degree of possible distortion of the microdomain
morphology after the crystallization of one or two blocks.

Experimental Section

Materials. The samples used in this study were amorphous-
crystalline PLDA-b-PE and double-crystalline PLLA-b-PE diblock
copolymers. The synthetic procedure of PLDA-b-PE and PLLA-
b-PE was already published in previous literature.55,56 Briefly, 1,3-
butadiene was anionically polymerized in cyclohexane using sec-
butyllithium as the initiator and subsequently end-capped with
ethylene oxide to give hydroxyl-terminated 1,4-polybutadiene
containing ca. 93% of the 1,4-regioisomer. This polybutadiene was
then hydrogenated to give hydroxyl-terminated polyethylene, which
was utilized in combination with AlEt3 as a macroinitiator in the
ring-opening polymerization of L-lactide (PLLA) or LD-lactide
(PLDA). The molecular characterization was determined by size
exclusion chromatography (SEC) and 1H NMR spectroscopy as
shown in Table 1. The diblock copolymer that we have used in
Table 1 denotes the PLLA block as L, PLDA block as LD, and the
PE block as E; the subscripts indicate the composition in wt %,
and superscripts indicate the approximate number-average molecular
weight in kg/mol.

Differential Scanning Calorimetry (DSC). DSC experiments
were carried out on a Perkin-Elmer DSC-7 instrument to study the

Table 1. Molecular Characteristics of the Block Copolymers and
Homopolymers

copolymers
PLA/PE exp
compositiona

Mj n (kg mol-1)b

PLA block
Mj n (kg mol-1)b

PE block
PE % 1,2

units Ic

PLLA24 100/0 24.1 1.16
L46E54

50 46/54 22.5 26.5 7.2
LD54E46

60 54/46 32.4 27.7 7.0
PE28 0/100 28.0 7.0

a Experimental compositions as determined by 1H NMR spectroscopy.
b Experimental Mj n estimated by 1H NMR spectroscopy. c Polydispersity

index determined by SEC.
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isothermal crystallization and melting behaviors of the diblock
copolymers. Samples were encapsulated in aluminum pans, and
their mass was ∼5 mg. The calibration was performed with indium
and hexatricontane, and all tests were run employing ultrapure
nitrogen as purge gas.

In the standard DSC experiments, the samples were first heated
to a temperature of ∼20 °C higher than the melting point of either
PLLA or PE blocks and kept at that temperature for 3 min in order
to erase thermal history. Then a cooling run at 10 °C/min was
recorded down to -20 °C, followed by a subsequent heating run
performed also at 10 °C/min.

In the isothermal crystallization experiments, for the PLLA block
within PLLA-b-PE, the pretreatment was performed in the same
way as in the standard DSC experiments. After erasing thermal
history, the samples were immediately cooled (at 60 °C/min) to
the isothermal crystallization temperature, and then the crystalliza-
tion process was recorded as a function of time.

High-speed DSC was performed in a Perkin-Elmer Pyris 1.
Heating scans at 80 and 100 °C/min after isothermal crystallization
were employed to minimize reorganization phenomena during
heating, as was reported by Pijpers et al.57 To avoid as much as
possible thermal lag (superheating effects), the sample mass was
reduced (from 5 to 0.63-0.5 mg) in the same factor that the scan
rate was increased (from 10 to 80-100 °C/min, respectively).57

The experiments were performed in a DSC without any modifica-
tion, so the linearity of the temperature-time relationship during
the measurement (during heating) was confirmed.

Small-Angle X-ray Scattering (SAXS) and Wide-Angle
X-ray Scattering (WAXS). Simultaneous small-angle and wide-
angle X-ray scattering experiments were performed at station 17B3
at the National Synchrotron Radiation Research Center (NSRRC)
located at Hsin-Chu, Taiwan. The time necessary for each data
collection was 5 min. The SAXS intensities obtained were plotted
against q ) 4π sin θ/λ, where λ is the wavelength of X-ray (λ )
0.155 nm) and 2θ is the scattering angle. The beam center was
calibrated using silver behenate with the primary reflection peak
at 1.067 nm-1. We focused our attention on the angular positions
of scattering peaks arising from the lamellar morphology because
they were intimately related to the morphology formed in the system
and also straightforwardly obtained from the SAXS curves. The
WAXS diffraction patterns covering the scattering vector range q
) 10-22 nm-1 were recorded simultaneously with the SAXS
profiles. The WAXS angular scale was calibrated using silicon,
sodalite, and high-density polyethylene.

Transmission Electron Microscopy. The bulk morphology of
the PLLA-b-PE and PLDA-b-PE diblock copolymers was examined
in a JEOL 1220 TEM operated at 100 kV. Small pieces of the
diblock copolymers were first stained by immersion in 1% RuO4

stabilized aqueous solution during 24 h. After staining, the small
pieces were sectioned in a LEICA M3Z ultramicrotome at room
temperature. Ultrathin sections of ∼50 µm were obtained using a
diamond knife and were stained again with vapors of the 1% RuO4

stabilized aqueous solution.

Results and Discussion

Standard DSC Results. Standard DSC cooling and subse-
quent heating scans at 10 °C/min for homo-PLLA, PLLA-b-
PE, PLDA-b-PE, and homo-PE were previously reported,53,54

and all relevant thermal properties extracted from these results
are presented in Table 2. The PLLA-b-PE diblock copolymer

exhibits as expected two well-defined fusion endotherms, while
both blocks crystallized unexpectedly in a single coincident
exotherm upon cooling from the melt (reported as Tc of
polyethylene in Table 2).

The coincident crystallization process is a consequence of
the restrictions supplied to the crystallization of the PLLA block
by the molten PE block. That means the crystallization kinetics
of PLLA block is strongly retarded during the cooling process
from the melt at 10 °C/min (as compared to homo-PLLA
crystallization), and its delayed crystallization process overlaps
with that of the PE block which starts to crystallize at lower
temperatures. This coincident crystallization was confirmed in
a previous study.53 It was determined that some fraction of the
PLLA block crystallizes in a coincident fashion with the PE
block whenever the cooling from the melt is performed at rates
higher than 2 °C/min. During the subsequent heating, most of
the PLLA crystallizes, and this cold crystallization overlaps with
the melting of the PE block and produces an apparently bimodal
fusion; details can be found in ref 53. Similar delayed crystal-
lization kinetics as compared to parent homopolymers have
already been reported for PPDX-b-PCL (poly(p-dioxanone)-
block-poly(ε-caprolactone), PE-b-aPP (polyethylene-block-atac-
tic polypropylene), and PEO-b-PB (poly(ethylene oxide)-block-
polybutadiene).16,43,58 Furthermore, the crystallization process
of both blocks can be separated by employing a slower cooling
rate, as was previously reported,53 or by self-nucleating the
PLLA block as will be shown below.

The Tg of both the PLLA block and the PLDA blocks are
reported in Table 2. Table 2 also reports the Tg value for homo-
PLLA obtained by quenching the sample in order to prevent
its crystallization and then heating it in the DSC. The value
obtained (63.2 °C) is very similar to that of the PLLA block
within the PLLA-b-PE diblock copolymer, as expected for a
strongly segregated copolymer. The Tg of the PLDA block can
be clearly identified at 55 °C. The value of the Tg is lower than
that corresponding to PLLA in view of its different stereoregu-
larity, which prevents its crystallization process. There are
literature reports that indicate a shift in the glass transition of
PLLA as crystallinity increases, since the segmental relaxation
is altered by the presence of a crystalline phase.59,60

The PE block within the L46E54
50 crystallizes in a coincident

fashion with PLLA block at a peak temperature of 88.7 °C,
while the PE block within LD54E46

60crystallizes with a peak at
88.3 °C. If the PLLA block is crystallized until saturation at
temperatures where the PE block is molten (130 °C) and then
later cooled down, a stronger nucleation effect of the PLLA on
the PE can be observed.53 This fact will be reflected further
below on the self-nucleation of the PLLA block and was also
reflected in the crystallization kinetics of the PE block previously
reported.53,54 However, in spite of the nucleation effect, the PE
block within both block copolymers crystallizes at lower
temperatures than the homo-PE (94.3 °C) due to topological
restrictions. The melting temperature of both blocks decreased
within the diblock copolymers with respect to the parent
homopolymers, a reflection of their lower crystallization tem-
peratures which probably produce thinner lamellae.

Table 2. Thermal Properties Obtained from DSC Scans

PLA PE

sample Tc, °C Tm, °C ∆Hc, J g-1 ∆Hm, J g-1 Tg, °C Tc, °C Tm, °C ∆Hc, J g-1 ∆Hm, J g-1

PLLA24 107.5 173.9 31 40 63.2a

L46E54
50 171.7 39 62.1 88.7 104.2 b b

LD54E46
60 55.0 88.3 103.5 109 115

PE28 94.3 107.5 105 110
a Measured after quenching the simple to room temperature. b Signals are overlapped during cooling by coincident crystallization and during heating by

PLLA cold crystallization.
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Self-Nucleation Studies for the PLLA Block. The self-
nucleation technique was employed in order to study in detail
the effect of self-nuclei on the crystallization behavior of both
crystallizable blocks and homopolymers. Details of the experi-
mental method can be found in previous works.61–63 Briefly,
the samples are first heated to a temperature high enough to
completely melt the polymer in order to erase crystalline thermal
history; then they are cooled at 10 °C/min down to -20 °C to
provide them with a standard thermal history. During this
standard cooling the polymer will crystallize by heterogeneous
nucleation on existing temperature-resistant heterogeneities.
Then the samples are heated once more but this time up to a
temperature denoted Ts (or self-nucleation temperature) and
isothermally kept there for 3 min. After treatment at Ts, the
sample is cooled down to -20 °C (examples of such cooling
scans can be seen in Figure 1) and subsequently heated at 10
°C/min until full melting occurs. Depending on Ts, the sample
can be in one of three general domains: In domain I the sample
is completely molten; in domain II the sample is self-nucleated
since Ts is high enough to melt almost all crystals but low
enough to produce self-seeds (which may arise from crystal
fragments or crystallization precursors, see ref 63 for further
details), and therefore the nucleation density can be enormously
increased; in domain III, the sample is partially molten so that
self-nucleation and annealing of unmelted crystals will take place
at Ts.

Figure 1 shows DSC cooling scans after 3 min at the indicated
Ts temperatures for L46E54

50. During the whole self-nucleation
process of the PLLA block in this copolymer, the PE block
remains molten because of the temperatures involved. At Ts )
178 °C a single crystallization exotherm (in Figure 1a) is
observed due to the coincident crystallization previously
explained, and the subsequent heating scan (Figure 1c) shows
the two well-defined endotherms with the apparently bimodal
fusion of the PE block. If Ts temperatures equal to or higher
than 178 °C are employed, the PLLA crystallizes always at the
same temperature (and coincidentally with the PE block).
Therefore, the sample at 178 °C is in domain I, i.e., the complete
melting domain.

When a Ts of 176 °C is employed, the PLLA block is now
self-nucleated, and a new high-temperature exotherm emerges
just before the PE block starts to crystallize. At Ts ) 176 °C,
the PLLA is in domain II and lowering Ts leads to a clear
separation of the crystallization exotherms of the PLLA and
the PE block during cooling after self-nucleation; this is shown
in Figure 1a and in the close-up of the high-temperature region
presented in Figure 1b. The increase in nucleation density

provided by self-nucleation causes a shift in crystallization
temperature of the PLLA block but also an increase in the
enthalpy of crystallization that can be attained during cooling
from the melt. The enthalpies of crystallization of the PLLA
block for Ts temperatures of 174-172 °C (see Figure 1b) are
still lower than the corresponding melting enthalpies upon
subsequent heating (Figure 1c), although the difference is not
large. Two possibilities may explain this discrepancy. The self-
nucleation procedure may not have been 100% effective or
reorganization effects during the scan are still present and lead
to higher melting enthalpies. It must be remembered that any
cold crystallization of PLLA occurs at temperatures that overlap
with the melting range of the PE block, as already explained
above. A similar behavior has also been reported for PPDX-
b-PCL block copolymers,43,64 where coincident crystallization
of both blocks could only be separated by self-nucleation of
the PPDX block.

Close examination of Figure 1c shows that at the beginning
of domain II (Ts ) 176 °C) a slight decrease in the size of the
cold crystallization exotherm (overlapped with the PE block
melting endotherm) is obtained. At lower Ts temperatures this
cold crystallization exotherm completely disappears because the
PLLA chains already crystallized during cooling from the Ts

(see Figure 1a). A similar melting behavior was found after slow
cooling from the melt at 2 °C/min for the L46E54

50 block
copolymer, where PLLA and PE block crystallizations could
be separated; for details see ref 53.

The location of domain III was estimated by observing the
subsequent heating scans after self-nucleation presented in
Figure 1c. At 173 °C a slight broadening of the melting
endotherm corresponding to the PLLA block is observed,
indicating that a small population of crystals was annealed and
are melting at higher temperatures. Therefore, the PLLA block
at 173 °C is in domain III. Also, the fact that the crystallization
started (Figure 1b) immediately after cooling from 173 °C is
another classical sign of domain III. The annealed population
grows upon decreasing Ts, and at 165 °C almost the entire
population of PLLA crystals has been annealed as indicated by
the sharp melting peak and lack of cold crystallization just before
melting (note that in the melting curves for Ts temperatures
higher than 165 °C, a very small cold crystallization exotherm
appears just before the start of PLLA melting).

The locations of the three self-nucleation domains on top of
a representative heating scan for the PLLA block within the
L46E54

50 diblock copolymer and for PLLA homopolymer are
shown in Figure 2. Müller et al.2,65,66 have previously shown
that domain II disappears for block copolymer systems where

Figure 1. (a) DSC cooling scans at 10 °C/min after self-nucleation of the L46E54
50 block copolymer at the indicated self-nucleation temperatures

(Ts). (b) A close-up of (a). (c) Subsequent heating scans at 10 °C/min.
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the crystallizable block (PE, PCL, or PEO) is strongly confined
into small isolated microdomains; this is a direct result of the
extremely high density of microdomains that need to be self-
nucleated when the crystallizable block is confined within small
isolated microdomains. The presence of domain II in the PLLA
block indicate that homogeneous nucleation is not taking place
for the PLLA block in spite of the confinement effect, in
agreement with a lamellar morphology that contains defects that
lead to percolated microdomains.2 However, the temperatures
for the transition between domains are decreased in the block
copolymer as compared to homo-PLLA, pointing out that the
processes of self-nucleation and annealing are more difficult
due to the confinement effect.

Another interesting result is the effect of PLLA crystals on
the PE block crystallization. Figure 3 shows the crystallization
exotherms of the PE block after the self-nucleation of the PLLA
block at the indicated Ts. At the beginning of domain II, where
PLLA starts to crystallize in a separated exotherm, the crystal-
lization temperature of the PE block also starts to shift to higher
values (from 89.0 to 89.8 °C), and at lower Ts values, the
crystallization temperature of the PE block increased to 90.5
°C. Polyethylene has an intrinsically high nucleation density
that is difficult to increase; therefore, a shift of one or even
half a degree in crystallization temperature can be a sign of a
moderate nucleating effect. Thanks to the self-nucleation
experiments, PLLA crystallization can now be separated from
the coincident PLLA-PE crystallization during the cooling scan
and the nucleating effect of PLLA crystals on the PE block is
more clearly revealed. These results confirm previous reports
found during slow cooling from the melt,53 where separated
crystallization of each component could be seen, and PE

nucleation within L46E54
50 was observed as compared to the

PE block crystallization within LD54E46
60 block copolymer (in

this last case no nucleation effect was seen as expected since
PLDA is amorphous).

Isothermal Crystallization Kinetics. The overall isothermal
crystallization kinetics of the crystalline components within the
block copolymers, homo-PLLA and homo-PE were determined
by DSC experiments. The results of fitting the DSC isothermal
crystallization data by Avrami equation and the inverse of the
half-crystallization times for both block copolymers and ho-
mopolymers were previously reported.53,54 According to these
results, a higher supercooling is needed to crystallize the PLLA
block within PLLA-b-PE than homo-PLLA. The values of
1/τ50% also indicate that the PLLA block crystallizes at much
slower rates than homo-PLLA when similar crystallization
temperatures are considered by extrapolation. Such a decrease
in the overall crystallization rate of the PLLA block within the
copolymer must be responsible for the coincident crystallization
effect that can be observed when the PLLA-b-PE diblock
copolymer is cooled down from the melt at rates larger than 2
°C/min.

For the PE block within the block copolymers and for homo-
PE the crystallization rate of the PE block was reduced by
amorphous PLDA or by semicrystalline PLLA.53,54 However,
in the case of PLLA-b-PE, the PLLA block was crystallized to
saturation first; therefore, a nucleation effect of the PLLA
crystals on the PE block must be present, as demonstrated above.
Therefore, even though the crystallization kinetics of the PE
block is depressed in the PLLA-b-PE diblock copolymer, the
nucleation effect compensates this reduction, and in the end the
PE block attached to the semicrystalline PLLA can crystallize
faster than that attached to amorphous PLDA, even though one
could anticipate a degree of confinement similar or higher
(because of the presence of a crystalline phase) in the case of
PLLA-b-PE as compared to PLDA-b-PE. In the case of another
double-crystalline diblock copolymer system, i.e., PPDX-b-PCL,
it was also found that the effect of the molten PCL chains
depressed the crystallization rate of PPDX block with respect
to homo-PPDX, and a nucleation effect of the crystallized PPDX
on PCL block was also reported.43

We have tried to obtain the equilibrium melting temperature
for PLLA and for the PLLA block within the PLLA-b-PE
diblock copolymers, and we encounter difficulties related to the
usual tendency of PLLA to reorganize during the scan. The

Figure 2. Self-nucleation domains for (a) PLLA and (b) the PLLA
block within L46E54

50.

Figure 3. A close-up of Figure 1a around the crystallization temperature
range of the PE block after self-nucleation of the PLLA block in
L46E54

50.
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equilibrium melting temperature refers to the melting temper-
ature of lamellar crystals with infinite thickness (or boundless
crystals). Experimentally, it is very difficult to obtain lamellar
crystals with infinite thickness. Therefore, the equilibrium
melting temperature is generally obtained by extrapolation
procedures.67 The Hoffman and Weeks method is one of these
procedures and involves linear extrapolation of experimental
melting temperatures observed for various isothermal crystal-
lization temperatures toward the equilibrium line Tm ) Tc. Even
though, strictly speaking, the Hoffman-Weeks extrapolation
is only suitable for homopolymers because it does not consider
the entropic contributions of chain conformations, this method
has been frequently used to determine the equilibrium melting
temperature in block copolymers due to its experimental and
analytical simplicity. For example, Bogdanov et al.68 used this
extrapolation procedure to calculate the Tm° of both blocks
within PCL-b-PEO diblock copolymers; also Huang et al.69 and
Hong et al.70 employed this technique with PLLA-b-PEO and
PB-b-PEO diblock copolymers, respectively.

Figure 4 shows results for homo-PLLA employing a heating
rate of 10 °C/min (the samples were first isothermally crystal-
lized and then immediately reheated in the DSC to record their
melting; see Experimental Section). The isothermal crystalliza-
tion range was 120-150 °C. The data experiences a slope
change at around 140 °C, and a lower slope was found at lower
temperatures. Such behavior has already been reported in the
literature for PLLA in similar crystallization ranges71,72 and has
been attributed to partial melting and reorganization during the
scan. At higher crystallization temperatures, these effects are
minimized by the long crystallization times and higher ther-
modynamic stability of the crystals generated. Therefore, we
employed the data above 140 °C to perform the extrapolation
in Figure 4 (data collected at 10 °C/min), and a value of 195
°C was obtained for Tm°; this value is similar to others
previously reported in the literature.71–74 As already mentioned
in the Experimental Section, Pijpers et al.57 proposed a high-
speed DSC technique which is based on rate and mass
compensation principles. Employing this method, we performed
heating measurements on PLLA after isothermal crystallization
at 100 °C/min in order to reduce reorganization processes during
the scan. It is interesting to note in Figure 4 that the high-speed
DSC data do not show a slope change, and if all the data points
are employed for the extrapolation, we obtained a value for the
equilibrium melting temperature of 204 °C, which could be
closer to the real Tm°, since reorganization effects have been
minimized.

Figure 5 presents similar results as those presented in Figure
4, but for the PLLA block within the L46E54

50 copolymer. The
crystallization temperature range is reduced because of confine-
ment effects. In this case, reorganization effects at lower Tc are

even stronger, and for a temperature range in between 105 and
120 °C the data collected at 10 °C/min show almost no variation
in apparent Tm values (even a small reduction in apparent
melting points was detected in this temperature range). Confined
crystallizable blocks have more difficulty in crystallizing and
frequently undergo reorganization effects during the scan that
are generally more pronounced than for parent homopolymers.
Once more, if we increase the crystallization temperatures, we
are able to find a temperature range where the apparent melting
point increases as expected with crystallization temperature (see
Figure 5; data collected at 10 °C/min in the temperature range
above 125 °C). Using these data, an equilibrium melting point
of 182 °C was obtained. This value is as expected lower than
that found for homo-PLLA in view of the confinement effect.

If high-speed DSC is employed to avoid reorganization data,
the equilibrium melting point can be found employing lower
isothermal crystallization temperatures (which are more con-
venient since crystallization times are shorter), and the same
value was obtained by extrapolating data collected at 80 and at
100 °C/min, i.e., 185 °C.

Morphology. The morphology was studied by SAXS and
TEM for the LD54E46

60 and L46E54
50 diblock copolymers. For

the LD54E46
60 two different crystallization temperatures were

employed: 50 °C, which is below the glass transition temperature
of the PLDA block; and 97 °C, a temperature 42 °C higher
than Tg,PLDA and where PE isothermal crystallization is also slow
(τ50% ∼ 8 min).

Figure 6 shows the time-resolved Lorentz-corrected SAXS
profiles of LD54E46

60 subjected to the crystallization process at
97 °C (a temperature above the Tg of PLDA and therefore a
temperature for which a soft confinement environment is
provided for the crystallization of the PE block). At 140 °C
(Tm,PE) the SAXS profile displays mainly three diffraction peaks
with the position ratio of 1:3:5, indicating that LD54E46

60 forms
a lamellar morphology with the interlamellar distance (d) of 87
nm in the melt. The intensities of the even-order peak (n ) 2,
4, 6) are weak because the volume fractions of the constituting
blocks are ∼0.5.75 Using the density values of PLDA and PE
(FPLDA ) 1.154 g/cm3, FPE ) 0.887 g/cm3),76,77 the volume
fraction of PLDA in LD54E46

60 is found to be 0.47, which is
indeed close to 0.5. Similar results were obtained at 50 °C
(results not shown), i.e., under hard confinement conditions for
the PE block.

After quenching to the crystallization temperature, the PE
blocks start to crystallize as evidenced by WAXS (results not
shown). The corresponding SAXS profiles (Figure 6a) reveal
that the lamellar morphology established in the melt remains
essentially unperturbed upon PE crystallization for both crystal-
lization temperatures, except that the scattering intensity drops
slightly (Figure 6b). The decrease of intensity can be attributed

Figure 4. Hoffman-Weeks plot for homo-PLLA. The data were
collected after isothermal crystallization by immediate heating from
the crystallization temperature up to 190 °C at the indicated heating
rates.

Figure 5. Hoffman-Weeks plot for the PLLA block within L46E54
50.

The data were collected after isothermal crystallization by immediate
heating from the crystallization temperature up to 190 °C at the indicated
heating rates.
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to the crystallization of PE blocks that reduces the electron
density contrast between PE and PLDA lamellae.78 The intensity
decrease is however small because of the low degree of
crystallinity (∼10%) developed by the hydrogenated PE block
at this high crystallization temperature. The SAXS/WAXS
results hence reveal that the crystallization of the PE block was
confined within the lamellar domains established by microphase
separation in the melt. In summary, we can observe that
crystallization in the different thermal histories employed cannot
change the original lamellar structure present in the melt state
because PLDA-b-PE is strongly segregated in the melt. There-
fore, regardless of the confinement offered by the second block
(hard or soft depending on crystallization conditions), the PE
crystallites are confined within the preexisting lamellar domains
established by microphase separation in the melt. Another
possibility to the unaltered melt morphology would be the low
crystallinity of the hydrogenated PE block during crystallization;
however, no morphological breakout was detected for the PLLA-
b-PE during PLLA crystallization in spite of its relatively high
crystallinity (∼50%), as will be shown later.

TEM images of LD54E46
60 annealed at 190 °C for 1 h and

then quenched to -20 °C are shown in Figure 7 and confirm
the SAXS data. Figure 7 shows a well-defined periodic lamellar
structure for LD54E46

60. The sample was stained by RuO4, which
only stained the amorphous PLDA but not the PE crystals.
Under the staining conditions employed, both amorphous and
crystalline PE chains cannot be distinguished from each other.
Therefore, the gray layers in the TEM image represent the
PLDA microdomains and the bright ones represent the PE
layers. One can see that the long period of the lamellar structure
has a thickness around 61 ( 9 nm obtained by TEM, which is
lower than that obtained by SAXS (87 nm). However, note that
absolute lamellar thickness determined from TEM image could
be inaccurate, since the viewing angle may not be orthogonal
to the lamellar normal. In addition, interconnected lamellae of
the same block were observed in TEM images, which can be
considered as morphological defects that allow percolation and

dominant heterogeneous nucleation; this was confirmed by the
sigmoidal crystallization kinetics obtained by DSC (results not
shown).

We now turn our attention to the double-crystalline diblock
copolymer case. Here we have examined the crystallization
process under two types of cooling histories from the melt. The
first type is called “two-stage crystallization”, where the system
was cooled from 190 °C (which is higher than Tm,PE and Tm,PLLA)
to 130 °C (which is higher than Tm,PE but lower than Tm,PLLA)
to allow PLLA crystallization followed by cooling to 97 °C to
induce PE crystallization. The other type is called “one-stage
crystallization”, where the system was quenched directly from
190 to 80 °C, at which PLLA and PE blocks compete to
crystallize.

Figure 8 shows the time-resolved SAXS and WAXS profiles
of L46E54

50 subjected to the two-stage crystallization process.
At 190 °C, the SAXS profile shows multiple peaks with position
ratio of 1:2:3, indicating that L46E54

50 forms a lamellar morphol-
ogy with the interlamellar distance of 72.2 nm in the melt. Since
the volume fraction of PLLA in L46E54

50 is ca. 0.4, the second-
order peak is visible in the SAXS pattern. Upon cooling to 130
°C, the crystallinity of PLLA block is not detectable until 15
min have elapsed, as indicated by the WAXS profiles and the
temporal development of the relative crystallinity in Figure 8c,d.
The PE blocks remain essentially molten over the holding time
(i.e., 35 min) at this temperature.

The SAXS peaks shift to lower q immediately after the system
reached 130 °C. This position shift corresponds to an increase
of d by 6.3 nm or a reduction of the cross-sectional area per
junction point from 0.58 to 0.51 nm2. Since the swelling of the
interlamellar distance takes place before the development of
PLLA crystallinity, it should not arise from the crystallization
of PLLA; alternatively, the increase of d is attributed to the
increasing stretching of both amorphous PLLA and PE blocks
normal to the lamellar interface due to the increase of � on
lowering the temperature.79

As can be seen from Figure 8e, the interlamellar distance
remains approximately at 78.5 nm during the course of PLLA
crystallization, indicating that the crystallization of PLLA is
effectively confined within the lamellar microdomains although
the surrounding PE domains are rubbery at 130 °C. This
confinement effect is again due to the large segregation strength
between PLLA and PE. It is noted that, in contrast to the
LD54E46

60 system, the intensity of the primary scattering peak
is virtually unaffected by the PLLA crystallization, because the
enhancement of electron density contrast due to the development
of PLLA crystallites is small considering that crystalline and
amorphous PLLA have very similar electron densities.78,80

The crystallization of PE blocks occurs rapidly when the
system is subsequently cooled to 97 °C. During the PE

Figure 6. (a) Time-resolved Lorentz-corrected SAXS profiles. (b)
Variations of the SAXS primary peak intensity (Im) and the interlamellar
distance (d) of LD54E46

60 during crystallization at 97 °C.

Figure 7. TEM micrograph of the LD54E46
60 diblock copolymer: gray,

amorphous PLDA; light, semicrystalline PE.
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crystallization, the SAXS peaks broaden but their positions
remain unperturbed. This indicates that PE crystallites develop
within the confined space established by the prior crystallization
of the PLLA component. The crystallization of PE blocks merely
distorts the order of lamellar stacking slightly. Figure 8e
demonstrates that the SAXS intensity drops abruptly as soon
as the crystallization of PE blocks occurs. The reduction in the
SAXS intensity is again originated from the decreasing electron
density contrast between the crystalline phases of PLLA and
PE during the second cooling stage (130 to 97 °C).

Finally, we also reheated the sample to melt the two blocks
and to ensure that the morphology was able to come back to
that originally exhibited by the melt state (results not shown).
This is the expected behavior of a block copolymer that is
strongly segregated from its corresponding covalently bonded
neighbor and as in this case forms microphase-separated
lamellae where the crystallization of each component has to
occur in the confined space defined by the phase-separated
microdomains.

Figure 9 shows the time-resolved SAXS/WAXS results of
L46E54

50 subjecting to one-stage crystallization (direct quench
from 190 to 80 °C). After quenching to 80 °C, both blocks are
able to crystallize; however, the PE block crystallizes faster than
the PLLA block in spite of the higher crystallization temperature
of the PLLA block, as revealed by the WAXS profiles. Figure
9d plots the relative crystallinities of both blocks as a function
of time at 80 °C. PE block is found to crystallize immediately
upon reaching 80 °C, and its crystallinity reaches saturation after
only 15 min. The immediate crystallization of PE block is
accompanied by an abrupt drop of the intensity of the SAXS
primary peak, as shown in Figure 9e. On the other hand, PLLA
starts to crystallize at around 15 min and finishes its crystal-
lization process after 40 min.

The primary SAXS peak is found to slightly shift to lower q
upon crystallization of PE block, which corresponds to a small
increase of d by 1.7 nm (see also Figure 9e). In principle, the
even larger increase of � on cooling to 80 °C should result in
an increase of d larger than 6.3 nm observed for the previous
case of cooling to 130 °C. We propose that in the present case
the stretching of the block chains caused by increasing � is
outweighed by the very rapid crystallization of PE, such that
the observed interlamellar distance is governed by the PE
crystallite thickness coupled with the conformation of the
temporarily uncrystalline PLLA bocks under the cross-sectional
area of the junction point prescribed by the crystallite size. After
15 min, the PLLA block starts to crystallize within the remaining
confined space determined by the leading crystallizing PE
component, and the latterly crystallized PLLA block can no
longer perturb the confined space as the evidenced by the
invariance of the corresponding SAXS profiles.

In Figure 10 TEM micrograph for the L46E54
50 block

copolymer cooled from the melt and crystallized in one step at
80 °C is shown. Small crystals roughly oriented can be observed
corresponding to PE crystallites; dark zones correspond to PE
amorphous chains and PLLA block. Because of crystallization
conditions, the degree of crystallinity of PLLA block is expected
to be low, and the small crystallites of PLLA could not be
resolved by the staining conditions employed. In the case of
the LD54E46

60 block copolymer, the TEM micrograph previously
shown (Figure 7) was obtained after quenching to -20 °C from
the melt; in this case the PE lamellae were too small and cannot
be distinguished. In other words, the PE block within L46E54

50

was isothermally crystallized at 80 °C, and therefore the lamellar
crystals within the microdomain structure could be observed
by TEM, although with a disordered pattern due to the fast
crystallization kinetics of PE chains.

Figure 8. (a) Time-resolved Lorentz-corrected SAXS profiles. (b) 1-D Lorentz-corrected SAXS profiles of L46E54
50 cooled from 190 to 130 °C. The

SAXS peaks shift to lower q immediately after the system reached 130 °C. This position shift corresponds to an increase of d by 6.3 nm. (c)
Time-resolved WAXS profiles. (d) The developments of the crystallinities of PLLA and PE blocks during the crystallization. (e) Variations of the
SAXS primary peak intensity (Im) and the interlamellar distance (d) of L46E54

50 subjecting to a two-stage crystallization. The system was cooled
from 190 to 130 °C to allow PLLA crystallization for 35 min followed by cooling to 97 °C to induce PE crystallization.
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We have shown that in LD54E46
60 the overall melt structure

was preserved during PE block crystallization independently
of whether the noncrystallizing PLDA block was glassy or
rubbery. A similar scenario is observed for the double-crystalline
L46E54

50 irrespective of the crystallization histories studied here.
In the case of two-step crystallization, the increase of � upon
the first-stage cooling from 190 to 130 °C resulted in a swelling
of the lamellar microdomains by 6.3 nm before PLLA crystal-
lization sets in. The crystallization of PLLA blocks then occurred
and was effectively confined within this lamellar environment
without introducing obvious perturbation of the microdomain
structure and interlamellar distance, although the surrounding
molten PE domains were soft. When the PE block crystallized
later upon further cooling to 97 °C, the crystallization of PE
block occurred within the remaining space without altering the
confined space because the PLLA lamellar domains containing

the crystallites displayed a hard confinement effect on PE blocks.
When L46E54

50 was cooled directly from 190 to 80 °C, both
blocks could crystallize, but the PLLA block must crystallize
within the confined space formed in between the PE crystalline
lamellae which were formed earlier and in consequence the melt
morphology was almost unperturbed. When PE crystallized first,
the crystallites containing PE domains produced a hard confine-
ment for the PLLA block crystallization which occurred
gradually, and therefore it was more difficult for the PLLA to
distort the microdomain morphology.

Conclusions

Strongly segregated PLA-b-PE diblock copolymers form
lamellar microdomains as evidenced by TEM and SAXS results.
The crystalline blocks can crystallize within the confinement
of their lamellar microdomains without forming spherulites in
view of the strong segregation in between the blocks. The SAXS
results revealed that the crystallization of the PE block was
strictly confined within the preexisting lamellar microdomains
established by microphase separation in the melt regardless of
whether Tc,PE > Tg,PLDA (soft confinement) or Tc,PE < Tg,PLDA

(hard confinement). In the case of PLLA-b-PE double-crystalline
system, a coincident crystallization process was detected when
they were cooled from the melt at rates exceeding 2 °C /min.
This behavior was caused by the reduction in PLLA overall
crystallization kinetics induced by the attached molten PE block.
When the PLLA block was self-nucleated, the two crystallization
processes of PLLA and PE blocks were separated, and the
nucleating effect of the PLLA crystals on the PE block was
demonstrated. Two kinds of cooling process were performed
in time-resolved SAXS and WAXS measurement for this
double-crystalline system. In two-stage crystallization of PLLA-
b-PE, the PLLA blocks crystallized first without introducing
obvious perturbation on the melt morphology; the crystallization
of PE block followed later. Because the previously crystallized

Figure 9. (a) Time-resolved Lorentz-corrected SAXS profiles. (b) 1-D Lorentz-corrected SAXS profiles of L46E54
50 cooled from 190 to 80 °C. The

primary SAXS peak is found to slight shift to lower q upon crystallization of PE block, which corresponds to a small increase of d by 1.7 nm. (c)
Time-resolved WAXS profiles. (d) The developments of the crystallinities of PLLA and PE blocks during the crystallization. (e) Variations of the
SAXS primary peak intensity (Im) and the interlamellar distance (d) of L46E54

50 subjecting to a one-stage crystallization. The system was cooled
directly from 190 to 80 °C to allow the crystallizations of both PLLA and PE blocks.

Figure 10. TEM micrograph of the L46E54
50 diblock copolymer cooled

from the melt and crystallized in one step at 80 °C.
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PLLA offered a hard confinement effect that fixed the morphol-
ogy, the crystallization of the PE block occurred without any
further modification of the microdomain structure. In a one-
stage crystallization of PLLA-b-PE, the PE block crystallized
much faster than the PLLA block and fixed the morphology
(hard confinement), so at the end of the crystallization period
of the PLLA block the swelling of interlamellar distance was
only 1.7 nm.
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