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Crystallization of poly(e-caprolactone) blocks
confined in crystallized lamellar morphology
of poly(e-caprolactone)-block-polyethylene
copolymers: effects of polyethylene crystallinity
and confinement size

Takuya Sakurai, Hikaru Nagakura, Satoru Gondo and Shuichi Nojima

In poly(e-caprolactone)-block-polyethylene (PCL-b-PE) diblock copolymers, the crystallizable temperature of PE blocks is

sufficiently higher than that of PCL blocks, and accordingly, PE blocks crystallize first on quenching to form a crystallized

lamellar morphology (PE lamellar morphology), followed by the crystallization of PCL blocks. We have investigated the

crystallization behavior and crystal orientation of PCL blocks spatially confined in the PE lamellar morphology with different

crystallinities of PE blocks vPE and layer thicknesses of PCL blocks dPCL as a function of crystallization temperature Tc,PCL,

where vPE and dPCL are related to the rigidity and confinement size of the PE lamellar morphology, respectively. We found from

differential scanning calorimetry results that the crystallization behavior of PCL blocks in PCL-b-PE with higher vPE and smaller

dPCL was significantly different from that in other PCL-b-PE copolymers. We also found using two-dimensional wide-angle X-ray

diffraction that the orientation of PCL crystals changed moderately by changing Tc,PCL in PCL-b-PE with higher vPE and smaller

dPCL, whereas it did not change substantially in PCL-b-PE with lower vPE or larger dPCL. These results indicate that the rigidity

and confinement size of the crystallized lamellar morphology, both of which can be controlled through the crystallization of the

first blocks, are key factors for the crystallization of the second blocks in crystalline–crystalline diblocks with different

crystallizable temperatures.
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INTRODUCTION

The morphology formation by the self-assembly of crystalline block
copolymers has been extensively studied.1–3 It is well known from
these studies that such morphology formation depends on the
relative values of three characteristic temperatures of crystalline
block copolymers: the order–disorder transition temperature
TODT, the crystallizable temperature of crystalline blocks Tc and
the glass transition temperature of amorphous blocks Tg. When
TODT4Tg4Tc, the microdomain structure is completely frozen by
the vitrification of amorphous blocks before crystallization, and
eventually constituent blocks crystallize within it (hard confine-
ment).4–10 When TODT4Tc4Tg, on the other hand, crystallization
starts from the soft microdomain structure, and the resulting
morphology depends on the segregation strength between two
blocks; when it is sufficiently large, the crystallization is restricted in
the microdomain (soft confinement),11,12 whereas the microdomain

structure is completely replaced with a crystallized lamellar
morphology if the segregation strength is not sufficiently large.13–15

How crystalline blocks crystallize within lamellar morphologies
with varying characteristics is interesting, and crystal orientation is
one of the topics for confined crystallization in lamellar morpholo-
gies. Sun et al.,16,17 for example, examined the crystal orientation of
poly(e-caprolactone) (PCL) blocks confined in vitrified lamellar
microdomains of PCL-block-poly(4-vinylpyridine) (hard confinement)
as a function of the layer thickness of PCL blocks (confinement size).
They concluded that a parallel, perpendicular or random orientation
with respect to the lamellar surface normal was formed with
decreasing confinement size. Zhu et al.18–20 also reported the crystal
orientation of poly(ethylene oxide) (PEO) blocks in PEO-block-
polystyrene (PEO-b-PS) as a function of crystallization temperature
Tc,PEO. The crystal orientation changed drastically with increasing
Tc,PEO from random to perpendicular and finally to parallel in
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relation to the lamellar surface normal. Ho et al.21 reported on the
crystal orientation of poly(L-lactide) (PLLA) blocks confined in the
lamellar morphology of PLLA-b-PS (soft confinement) and concluded
that the c-axis of PLLA crystals is always perpendicular to the lamellar
surface, although the interface of lamellar microdomains undulated
with crystallization.

We have recently investigated the crystallization behavior and
crystal orientation of PCL blocks in PCL-block-polyethylene (PCL-
b-PE) diblock copolymers,22–26 where PE blocks crystallized first
upon quenching to form a crystallized lamellar morphology (PE
lamellar morphology), and subsequently, PCL blocks crystallized in
this morphology. Because the PE lamellar morphology consists of
hard lamellar crystals covered with soft PE amorphous layers, the
spatial confinement of the PE lamellar morphology is expected to be
intermediate between hard and soft against the crystallization of PCL
blocks. We reported, for example, that the orientation of PCL crystals
changed significantly on changing the PCL layer thickness dPCL in the
PE lamellar morphology with a fixed crystallinity of PE blocks wPE

(B23%).25 That is, the c-axis of the PCL blocks was always
parallel to the PE lamellar surface normal at large dPCL

(16.5 nm4dPCL410.7 nm), whereas the orientation of PCL crystals
depended moderately on the crystallization temperature of PCL
blocks Tc,PCL at smaller dPCL (B8.8 nm). We concluded that the PE
lamellar morphology with wPE B23% played a similar role to glassy
lamellar microdomains regarding spatial confinement against the
crystal orientation of PCL blocks.

In this study, we examined the crystallization behavior and crystal
orientation of PCL blocks confined in the PE lamellar morphology
formed in PCL-b-PE copolymers with reduced wPE as well as different
dPCL. This is because the decrease in wPE might change the rigidity of
the PE lamellar morphology, that is, confinement nature (hard or
soft), to yield a substantial difference in the crystallization behavior
and crystal orientation of the PCL blocks, as mentioned above. For
this purpose, we synthesized several PCL-b-PE copolymers with
different amounts of ethyl branches in the PE blocks to vary the
wPE. We elucidated the combined effects of wPE and dPCL on the
subsequent crystallization of PCL blocks.

EXPERIMENTAL PROCEDURE

Samples and sample preparation
The samples used in this study were double crystalline PCL-b-PE diblock

copolymers, which were obtained by the hydrogenation of PCL-block-

polybutadiene (PCL-b-PB) anionically synthesized. Detailed methods for the

synthesis of PCL-b-PB were described in our previous works.22,23 We also

synthesized PCL-b-PE copolymers with more ethyl branches in PE blocks to

decrease wPE. The method used to synthesize such copolymers is briefly

described. First, butadiene monomers in toluene with a small amount of

1,2-dipiperidinoethane, which increases the 1,2-addition of butadiene

monomers,27,28 were polymerized at room temperature using n-butyllithium

as an initiator, followed by the addition of e-caprolactone monomers to

synthesize PCL-b-polybutadiene at 0 1C. The PCL-b-PB copolymers thus

synthesized were finally hydrogenated to obtain PCL-b-PE.

The molecular characteristics of the samples are described in Table 1, where

we divide the samples into two groups according to dPCL. Group A consists of

E07 and E23 with small dPCL (8.3–8.8 nm) but different wPE, whereas group B

consists of E16 and E24 with larger dPCL (10.4–10.7 nm). Here, E23 and E24

are identical to CL33 and CL38, respectively, used in our previous study.25 The

volume fraction of each block in PCL-b-PE was calculated from the mole

fraction derived by 1H-NMR and the specific volume of each block; for

amorphous PE29

vsp(T)¼ 1.1696þ (1.77� 10�4)�T

and for amorphous PCL30

vsp(T)¼ 0.9106þ (6.01� 10�4)�T,

where vsp(T) is in cm3 g�1 and T in 1C.

Differential scanning calorimetry measurements
A PerkinElmer Pyris 1 calorimeter was used at a heating rate of 10 1C min�1

over a temperature range between 0 and 120 1C to evaluate the melting

temperature and crystallinity of both blocks. The crystallinity was calculated

from the endothermic peak area during heating, assuming that the heat of

fusion for perfect PCL and PE crystals was 13530 and 277 J g�1,29 respectively.

In addition, the isothermal crystallization behavior of PCL blocks in the PE

lamellar morphology was examined as a function of crystallization time t using

differential scanning calorimetry.

One-dimensional small-angle X-ray scattering measurements
The microdomain structure and crystallized lamellar morphology of the

samples were investigated using one-dimensional small-angle X-ray scattering

(SAXS) with synchrotron radiation, which was performed at the Photon

Factory in High Energy Accelerator Research Organization, Tsukuba, Japan,

with a small-angle X-ray equipment installed at the BL-10C beam line. The

detector was an one-dimensional position-sensitive proportional counter with

an effective length of 20 cm, with which isotropic scattering was obtained as a

function of wave number s (¼ (2/l) siny, l: X-ray wavelength (¼ 0.1488 nm)

and 2y: scattering angle). Details of the equipment and instrumentation have

already been described.31 The long period of the microdomain structure and

crystallized lamellar morphology was evaluated from the primary peak

position of one-dimensional SAXS curves after correcting for background

scattering. The method for evaluating dPCL has previously been described.25

Table 1 Molecular characteristics of PCL-b-PE copolymers used in this study

Group Sample code Total Mn
a Mw/Mn

a PCL:PE b (vol%) Mol % of 1–2 linkage b Tm,PCL
c (1C) Tm,PE

d (1C) wPE e (%) dPCL
f (nm)

A E07 14100 1.02 34:66 15.3 54 85 7 8.3

E23g 13700 1.05 33:67 9.7 51 101 23 8.8

B E16 14800 1.07 37:63 12.0 54 93 16 10.4

E24g 13800 1.12 38:62 9.7 54 101 24 10.7

Abbreviations: DSC, differential scanning calorimetry; PCL, poly(e-caprolactone); PE, polyethylene.
aDetermined by gel permeation chromatography using polystyrene as a standard.
bDetermined by 1H-NMR.
cMelting temperature of PCL blocks determined by DSC during heating at 10 1C min�1.
dMelting temperature of PE blocks determined by DSC during heating at 10 1C min�1.
eCrystallinity of PE blocks determined by DSC assuming that the heat of fusion for perfect PE crystals is 277J g�1,29.
fLayer thickness of PCL blocks calculated from the long period evaluated from one-dimensional small-angle X-ray scattering and the volume fraction of PE and PCL blocks by considering the
crystallinity of PE blocks.
gE23 and E24 are identical to CL33 and CL38, respectively, in our previous study,25 but DSC measurements were performed again to obtain Tm,PCL, Tm,PE and wPE.
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Two-dimensional SAXS and wide-angle X-ray diffraction
measurements
First, the PE lamellar morphology was uniaxially oriented to investigate the

internal crystal orientation of PCL blocks. Detailed methods for the orientation

are described in our previous publication.25 The uniaxial orientation of the PE

lamellar morphology was verified using two-dimensional SAXS, and the crystal

orientation of PCL blocks in the oriented PE lamellar morphology was

examined by two-dimensional wide-angle X-ray diffraction (2D-WAXD), both

using a Nanoviewer (Rigaku, Tokyo, Japan) with a rotating anode X-ray

generator operating at 45 kV and 60 mA. The wavelength used was 0.1542 nm

(Cu Ka line). The detector for both measurements was an image plate

(BAS-SR 127, FUJI Film, Tokyo, Japan) with an effective size of

12.7� 12.7 cm2, and the accumulation time was 1 h. We finally evaluated the

degree of crystal orientation from azimuthal plots for (110) and (200)

diffraction intensities arising from the PCL crystals.32

RESULTS AND DISCUSSION

Crystallization of PCL-b-PE copolymers
Figure 1 shows differential scanning calorimetry melting curves
during heating at 10 1C min�1 for the samples gradually cooled from
1201C (both blocks are amorphous) to 0 1C (both blocks crystallized),
where we find two endothermic peaks: a sharp peak located at
B55 1C and a diffuse peak at 85–100 1C (indicated by arrows). The
melting temperature of the PCL and PE homopolymers29,30 indicates
that the former peak corresponds to PCL melting with the latter
corresponding to PE melting. Because the two endothermic peaks are
adequately separated, we can expect that the crystallization of PCL
blocks starts after PE blocks crystallize completely when the sample is
quenched from the microphase-separated melt to low temperatures.

Figure 2 shows the one-dimensional SAXS curves of each sample
at the temperatures indicated. We find a series of scattering peaks at
120 1C, the positions of which exactly correspond to a ratio of 1:2:71/2:
4 for group A (E07 and E23) and 1:2:3:4 for group B (E16 and E24),
indicating that a cylindrical microdomain structure is formed in the
melt for group A and a lamellar microdomain structure for group B.
When only PE blocks crystallize at 70 1C, the higher-order peaks

disappear and the primary and secondary peaks become diffuse and
shift appreciably to lower angles, suggesting that the both cylindrical
and lamellar microdomain structures are completely replaced with the
PE lamellar morphology, an alternating structure consisting of thin
lamellar crystals and amorphous layers, by the crystallization of PE
blocks. This morphological transition observed in PCL-b-PE with the
crystallization of PE blocks has been previously reported.22,23 The
PCL blocks crystallize after being quenched further to 25 1C, but the
SAXS curve is similar to that observed at 70 1C, suggesting that the
crystallization of PCL blocks occurs in the existing PE lamellar
morphology without further morphological transition. Therefore, it is
possible to investigate the crystallization behavior and crystal
orientation of PCL blocks in various PE lamellar morphologies with
different wPE and dPCL. We evaluated the dPCL of each sample from the
primary peak position of the SAXS curves at 70 1C and found that
dPCL remained nearly constant in group A, although E07 had a
significantly lower wPE than E23 (Table 1). Similarly, E16 had a lower
wPE than E24, with a similar dPCL (group B).

Figure 3 shows the long period, evaluated from the primary peak
position of SAXS curves, plotted against temperature T for all
samples. The microdomain structure is formed at temperatures above
Tm,PE (X100 1C), where the long period increases gradually with
decreasing T due to several factors such as the change in block
incompatibility and chain conformation.33 The PE blocks crystallize
promptly with further decreasing T (80 1CXTX60 1C). The
long period at TX1001C extrapolated to lower temperatures
(80 1CXTX60 1C) (indicated by thick broken lines for E23 and
thin lines for E24) is significantly smaller than the actual long period
at 80 1CXTX60 1C (represented by an arrow in Figure 3), indicating
again that PE blocks crystallize to form the PE lamellar morphology
by destroying existing lamellar microdomain structures. The PCL
blocks finally crystallize at temperatures below 45 1C, at which the
long period does not change drastically. A faint change in the long
period observed at TX30 1C in Figure 3 might be ascribed to the
distortion of the PE lamellar morphology, as discussed in our
previous studies.22,23

Crystallization behavior of PCL blocks
Figure 4 shows the time evolution of the crystallinity of PCL blocks
wPCL(t) isothermally crystallized at 35 1C, where samples have been
quenched from the melt to 70 1C to crystallize PE blocks first,
followed by further quenching to 35 1C to crystallize PCL blocks. The
time dependence of wPCL(t) shows a sigmoidal evolution for E07, E16
and E24, suggesting that the crystallization behavior of the PCL blocks
is similar to that of general homopolymers without spatial confine-
ment. However, we find that the crystallization of E23 is an extremely
slow process that is substantially different from that of the other
polymers. It should be noted that the crystallization rate at lower
temperatures (for example, 0 1C) was too fast and that at higher
temperatures (45 1C) was too slow to be pursued using differential
scanning calorimetry. Therefore, the time evolution of wPCL(t) could
only be obtained over a limited temperature range.

We applied Avrami analysis34,35 for the time evolution of wPCL(t) to
evaluate the Avrami index n as well as the half-time of crystallization
t1/2. The value of n provides information on the nucleation and
crystal growth of confined blocks,36,37 and t1/2 is a measure of the
crystallization rate of PCL blocks. Table 2 shows n and t1/2, together
with the orientation mode of PCL crystals (obtained later). We find
that n and t1/2 of E23 are distinctly different from the values gathered
from other copolymers. That is, n is significantly small and t1/2 is
extremely large, suggesting that the effective spatial confinement in
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Figure 1 Differential scanning calorimetry curves obtained during heating at

10 1C min�1 for each sample. Upper two curves belong to group A and

lower two curves to group B. The arrows indicate the melting of

polyethylene blocks.
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E23 is unique. E23 has a small dPCL and high wPE such that we can
easily suppose that its PE lamellar morphology is rigid, which will
effectively confine PCL blocks, thereby yielding a difference in the
crystallization behavior and eventually crystal orientation of PCL
blocks, as described in section ‘Crystal orientation of PCL blocks
confined in oriented PE lamellar morphology’. It should be noted that
n depended significantly on Tc,PCL in our previous study for PCL-b-
PE copolymers with small dPCL and high wPE

23; n was B3.0 at higher
Tc,PCL (442 1C) but was B1.6 at lower Tc,PCL (o40 1C). This fact
suggests that the stability (or rigidity) of the PE lamellar morphology
may be intimately related to Tc,PCL for all PCL-b-PE copolymers. Ho
et al.21 observed that the effective confinement allowed for a change in
the nucleation mechanism to yield different crystal orientations in
crystalline-amorphous diblock copolymers, which will also be
explained in terms of the stability of existing lamellar morphologies
against subsequent crystallization.

In summary, the combined effects of wPE and dPCL control the
crystallization behavior of PCL blocks confined in the PE lamellar
morphology. That is, the rigidity of the confinement space (wPE) and
the confinement size (dPCL) are key factors to understand the
crystallization behavior of PCL blocks spatially confined in the PE
lamellar morphology.
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Table 2 Avrami index n and half-time of crystallization s1/2 for PCL

blocks crystallized at Tc,PCL¼35 1C

Group Sample code n t1/2 (min)

c-axis of PCL crystals in relation

to PE lamellar surface normal

A E07 3.4 12.0 Parallel

E23 1.5 112.5 Perpendicular

B E16 3.1 4.2 Parallel

E24 2.8 2.1 Parallel

Abbreviations: PCL, poly(e-caprolactone); PE, polyethylene.
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Orientation of PE lamellar morphology
We applied rotational shear to the samples for the uniaxial orientation
of the PE lamellar morphology to examine the crystal orientation of
PCL blocks confined in the PE lamellar morphology. Figure 5 shows
2D-SAXS patterns viewed from the Y direction for all samples at 70 1C
(where only PE blocks crystallized) and 45 1C (both blocks crystal-
lized), where X represents the shear direction and Y is perpendicular
to the shear direction (see illustration in Figure 5). We find a couple
of diffraction spots on the meridian in all samples investigated. We
obtained similar 2D-SAXS patterns when viewed from the X direction
but no diffraction from the Z direction at both temperatures (see
Figure 3 in Higa et al.25 These results clearly indicate that the PE
lamellar morphology preferentially orients parallel to the shear
direction; furthermore, this orientation is completely preserved after
the crystallization of PCL blocks at lower temperatures. Therefore, it
is possible to crystallize PCL blocks within the uniaxially oriented PE
lamellar morphology and examine the crystal orientation of PCL
blocks. It should be noted that the long period evaluated from the
diffraction spots shown in Figure 5 exactly corresponds to that
derived from isotropic samples (Figure 3), which means that
rotational shear does not substantially alter the PE lamellar
morphology.

Crystal orientation of PCL blocks confined in oriented PE lamellar
morphology
Two-dimensional WAXD measurements were performed to examine
the crystal orientation of PCL blocks confined in the PE lamellar
morphology. Figure 6 shows the 2D-WAXD patterns viewed from the
Y direction for each sample isothermally crystallized at 0 and 45 1C.
The 2D-WAXD patterns of PCL-b-PE measured at 70 1C were
demonstrated in our previous report,25 where only PE blocks
crystallized and we found two major diffractions arising from the

(110) and (200) planes of PE crystals. The WAXD patterns shown in
Figure 6 consist of the combined diffractions from PE and PCL
crystals, where the diffraction angles 2y from the (110) and (200)
planes of PE crystals are almost identical to those of PCL crystals.
Therefore, we subtracted the diffraction intensities of PE crystals from
the total 2D-WAXD intensities and then azimuthally averaged the
(110) and (200) diffraction intensities from PCL crystals. The details
of this process have been previously described.25

Figures 7 and 8 show the WAXD intensities from the (110) and
(200) planes of PCL crystals plotted against azimuthal angle j for
each sample crystallized at Tc,PCL¼ 0 1C (left) and 45 1C (right),
where j¼ 01 and j¼ 1801 correspond to the meridian. At lower
temperatures (for example, 0 1C), the (110) and (200) diffraction
curves from E07, E16 and E24 have two distinct peaks at j B901 and
2701, and those from E23 seem to have no peak or faint peaks at j
B901 and 2701. These results are observed at 0 1CpTc,PCLp20 1C. At
higher temperatures (45 1C), E23 has four (110) diffraction peaks at j
B651, 1151, 2451 and 2951 and two (200) diffraction peaks at j B01
and 1801, although the (110) and (200) diffraction curves of E07, E16
and E24 still have two peaks similar to those at lower temperatures.
These results are also observed at 25 1CpTc,PCLp45 1C. Figures 7 and
8 indicate that the crystal orientation of PCL blocks in E23 depends
significantly on Tc,PCL; that is, the c-axis of PCL crystals is almost
random at 0 1CpTc,PCLp20 1C, whereas it is perpendicular to the PE
lamellar surface normal at 25 1CpTc,PCLp45 1C. The c-axis of PCL
crystals in E07, E16 and E24 is, however, parallel to the PE lamellar
surface normal irrespective of Tc,PCL. It is clear from Table 2 that the
difference in crystal orientation between E23 and other PCL-b-PE
copolymers is intimately related to the difference in crystallization
behavior.

Figure 9 shows the crystal orientation of PCL blocks confined in
the PE lamellar morphology with different wPE and dPCL. Although it
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Figure 5 Two-dimensional small-angle X-ray scattering patterns of uniaxially oriented E07, E23, E16 and E24 measured at 70 1C (upper panels) and 45 1C

(lower panels) when viewed from the Y direction, which is perpendicular to the shear direction, as shown in the illustration (top).
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is difficult to evaluate actual PCL crystallite sizes spatially confined in
the PE lamellar morphology, they are speculated to be moderately
smaller than the confinement size (that is, 8.3–10.7 nm) considering
the crystallite sizes formed in PCL thin films.38

Group A (E07 and E23) has smaller and similar dPCL (8.3–8.8 nm),
but wPE is extremely different between the E07 and E23, resulting in a
difference in the rigidity of the confined space, which substantially
controls the orientation of PCL crystals; at 0 1CpTc,PCLp20 1C, the
c-axis of PCL crystals in E23 is random but perpendicular against the
lamellar surface normal at 25 1CpTc,PCLp45 1C, whereas that in E07
is parallel irrespective of Tc,PCL. Group B (E16 and E24) has larger
dPCL (10.4–10.7 nm) with different wPE, where the c-axis of PCL
crystals is parallel to the lamellar surface normal irrespective of Tc,PCL.
It has been reported that when the confinement size is sufficiently
large the c-axis is always parallel to the lamellar surface normal, even

in soft or glassy lamellar morphologies, which is consistent with our
results.

By considering the Tc,PCL dependence of crystal orientation in E23
and E24, we have already concluded that the PE lamellar morphology
with higher wPE (23–24%) has a similar role to glassy lamellar
microdomains regarding spatial confinement against subsequent PCL
crystallization (hard confinement).25 That is, our results for the
crystal orientation of PCL blocks in E23 and E24 qualitatively agree
with those of block chains in glassy lamellar microdomain structures
reported by Sun et al.16,17 for PCL-block-poly(4-vinylpyridine) and by
Zhu et al.18–20 for PEO-block-polystyrene. For example, Sun et al.
showed that the crystallization mechanism of PCL blocks changed
from homogeneous to heterogeneous nucleation with increasing dPCL

to yield a situation in which the c-axis of PCL crystals changed from
being randomly oriented to being parallel to the lamellar surface
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Figure 6 Two-dimensional wide-angle X-ray diffraction patterns of E07, E23, E16 and E24 crystallized at 0 1C (upper panels) and 45 1C (lower panels)

when viewed from the Y direction. PCL, poly(e-caprolactone).
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normal. The perpendicular orientation of PCL crystals was also
observed only for the lamellar microdomain structure with
intermediate dPCL.

The PE lamellar morphology formed in E07 has a smaller dPCL

comparable with E23, but we observed an extremely different crystal
orientation similar to that observed in E16 and E24 with larger dPCL

(10.4–10.7 nm). This fact suggests that the effect of narrower spatial
confinement on PCL crystallization is partially relaxed by less-rigid
confinement, yielding heterogeneous nucleation and subsequent
crystal growth along the fastest growth face ((110) plane) perpendi-
cular to the lamellar surface normal. This notion is consistent with the
results reported by Ho et al.21 In other words, the c-axis of PLLA
crystals in PLLA-b-PS was always parallel to the lamellar surface
normal in soft confinement, although the lamellar microdomain
structure was appreciably distorted.

In summary, the crystal orientation of PCL blocks depends
significantly on wPE when dPCL is smaller (8.3–8.8 nm). That is, we
suppose that glassy (or hard) confinement occurs for the crystal
orientation observed in E23 with higher wPE, whereas soft confine-
ment occurs in E07 with lower wPE. However, crystal orientation is
almost independent of wPE when dPCL is larger (10.4–10.7 nm).

CONCLUSIONS

We have investigated the crystallization behavior and crystal orienta-
tion of PCL blocks spatially confined in the PE lamellar morphology
with different wPE and dPCL, where the change in wPE indicates a
change in the rigidity of the confinement space (hard or soft). For this
purpose, we controlled wPE by adjusting the amount of ethyl branches
existing in PE blocks during polymerization. When dPCL was smaller
and wPE was higher, the crystallization behavior of PCL blocks was
significantly different from that of other copolymers, and the crystal
orientation depended on Tc,PCL; it changed from being randomly
oriented to being perpendicular to the PE lamellar surface normal.
However, PCL-b-PE copolymers with larger dPCL or lower wPE showed
normal crystallization behavior similar to that of crystalline homo-
polymers without spatial confinement, where the crystal orientation

of PCL blocks was parallel to the PE lamellar surface normal
irrespective of Tc,PCL. These results indicate that the PE lamellar
morphology with higher wPE induces hard confinement against PCL
crystallization, similar to glassy microdomains, whereas the PE
lamellar morphology with lower wPE provides soft confinement even
if dPCL is small. Therefore, the spatial confinement induced by
crystallized lamellar morphology is a complex phenomenon that
depends on the size and rigidity of the confinement space.
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