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The crystal orientation of poly(3-caprolactone) (PCL) blocks in PCL-block-polyethylene (PE) copolymers
has been investigated using two-dimensional small-angle X-ray scattering (2D-SAXS) and 2D wide-angle
X-ray diffraction (2D-WAXD) as a function of crystallization temperature Tc and thickness of PCL layers
dPCL. The PCL blocks were spatially confined in the solid lamellar morphology formed by the crystalli-
zation of PE blocks (PE lamellar morphology), an alternating structure of crystallized PE lamellae and
amorphous PCL layers. This confinement is expected to be intermediate between hard confinement by
glassy lamellar microdomains and soft confinement by rubbery ones, because the crystallized PE
lamellae consist of hard PE crystals covered with amorphous (or soft) PE blocks. The 2D-SAXS results
showed uniaxial orientation of the PE lamellar morphology after applying the rotational shear to the
sample. Therefore, it was possible to investigate crystal orientation of PCL blocks within the oriented PE
lamellar morphology. The 2D-WAXD results revealed that the c axis of PCL crystals (i.e., stem direction of
PCL chains) was parallel to the lamellar surface normal irrespective of Tc when 16.5 nm � dPCL � 10.7 nm.
However, it changed significantly with changing Tc when dPCL ¼ 8.8 nm; the c axis was perpendicular to
the lamellar surface normal at 45 �C � Tc � 25 �C while it was almost random at 20 �C � Tc � 0 �C. These
results suggest that the PE lamellar morphology plays a similar role to glassy lamellar microdomains
regarding spatial confinement against subsequent PCL crystallization.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Morphology formation occurring in crystallineeamorphous
diblock copolymers is extremely complicated due to the interplay
between microphase separation and crystallization. Many research
groups have reported such morphology formation as a function of
molecular characteristics of constituent copolymers [1e4]. For
example, it is well known that when the glass transition temper-
ature of amorphous blocks Tg is sufficiently higher than the crys-
tallization temperature of crystalline blocks Tc or two blocks are
strongly segregated to form a stable microdomain structure, crys-
tallization occurs within this structure to yield the crystallized
microdomain structure (i.e., confined crystallization) [5e15].

In confined crystallization, the relationship between anisotropy
of existing cylindrical or lamellar microdomains and orientation of
lamellar crystals formed in it is an interesting research subject. For
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example, the crystallization behavior and crystal orientation of
block chains confined in the glassy lamellar morphology (i.e.,
Tg > Tc) have been extensively investigated as a function of Tc and
confinement size d between glassy layers [16e23]. It is known that
the c axis of lamellar crystals (i.e., stem direction of folded chains) is
parallel to the lamellar surface normal when d is larger than the
critical value d* while it is perpendicularwhen d< d* and finally it is
random at extremely small d. It is also reported that the crystalli-
zation temperature significantly affects the orientation degree of
lamellar crystals formed between glassy layers. Thus, the crystal
orientation depends significantly on d and Tc when crystalline
blocks are completelyconfined in the glassy lamellarmicrodomains.

Ho et al. [24] have investigated the crystal orientation of block
chains confined in the rubbery and glassy lamellar microdomains
using strongly segregated poly(L-lactide)-block-polystyrene (PLLA-
b-PS) copolymers. They found that completely confined crystalli-
zation mentioned above was observed when Tg > Tc (hard confine-
ment). However, crystallization made the lamellar morphology
undulated when Tg < Tc (soft confinement), but the c axis of existing
crystals was always parallel to the lamellar surface normal. They
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interpreted that the undulated lamellarmorphologywas allowedby
the rubbery nature of confined materials in order to increase the
total crystallinity of PLLA blocks.

We have recently investigated the crystallization behavior and
resulting morphology of a crystallineecrystalline diblock copol-
ymer, poly(3-caprolactone)-block-polyethylene (PCL-b-PE) [25e29],
where the crystallizable temperature of PCL blocks was sufficiently
lower than that of PE blocks. Therefore, when PCL-b-PE was
quenched from the microphase-separated melt into low tempera-
tures, the PE blocks crystallized first to form the solid lamellar
morphology, an alternating structure consisting of crystallized PE
lamellae and amorphous PCL layers (PE lamellar morphology), fol-
lowed by the crystallization of PCL blocks starting from this
morphology. In such a case, the PE lamellar morphology will be
a kind of spatial confinement against the subsequent crystallization
of PCL blocks. This confinement is expected to be intermediate
between hard confinement by glassy lamellar microdomains and
soft confinement by rubbery ones, because the crystallized PE
lamellae consist of hard PE crystals covered with amorphous (or
soft) PE blocks. In this study, we investigate the crystal orientation
of PCL blocks spatially confined in the PE lamellar morphology
formed in PCL-b-PE as a function of Tc and confinement size (i.e.,
thickness of PCL layers) dPCL. We clarify how the PE lamellar
morphology affects the crystal orientation of PCL blocks by
comparing our results with those for hard (or glassy) and soft (or
rubbery) confinements.

2. Experimental

2.1. Samples

The block copolymers used in this study are poly(3-capro-
lactone)-block-polyethylene (PCL-b-PE) with various compositions,
which were obtained by the hydrogenation of PCL-block-poly-
butadiene (PCL-b-PB) diblocks anionically synthesized. The
methods of PCL-b-PB synthesis andhydrogenationof PBblockswere
described elsewhere [25,26]. The results of molecular character-
ization are shown in Table 1, where the melting temperature (and
also crystallizable temperature) of PE blocks Tm,PE (w100 �C) is
sufficientlyhigher than thatof PCLblocks Tm,PCL (w55 �C), so that the
PE blocks crystallize first followed by the crystallization of PCL
blocks when PCL-b-PE is quenched from the microphase-separated
melt into low temperatures. It is found from our previous studies
[25e27] that the crystallization of PE blocks destroys the molten
microdomain structure to form the solid lamellar morphology
consisting of crystallized PE lamellae and amorphous PCL layers.
Following specific volumes were used to calculate the volume
fraction of each block in PCL-b-PE. For amorphous PE [30],

vspðTÞ ¼ 1:1696þ
�
1:77� 10�4

�
� T (1)

and for amorphous PCL [31].
Table 1
Molecular characteristics of PCL-b-PE used in this study.

Sample Code Total Mn
a Mw/Mn

a PCL:PEb (vol.%) Tm,

CL11 23,400 1.03 11:89 e

CL33 13,700 1.05 33:67 53
CL38 13,800 1.12 38:62 54
CL46 9700 1.14 46:54 55
CL51 27,800 1.07 51:49 57

a Determined by GPC with polystyrene as a standard.
b Determined by 1H-NMR.
c Determined by DSC during heating at 5 �C/min.
d Long period evaluated from 1D-SAXS.
e Thickness of PCL layers calculated from L and the volume fraction of PE and PCL blo
vspðTÞ ¼ 0:9106þ 6:01� 10�4 � T (2)

� �

where vsp(T) is in cm3/g and T in �C.

2.2. Differential scanning calorimetry (DSC) measurements

DSC measurements were performed using Perkin Elmer DSC
Pyris 1 during cooling from the microphase-separated melt at
�5 �C/min to obtain the crystallizable temperatures of each block,
Tc,PE and Tc,PCL, and also during heating at 5 �C/min to obtain Tm,PE

and Tm,PCL. The samples were isothermally crystallized at 0 �C for
5 min before heating. The crystallinity of each block was evaluated
from the endothermic area of the DSC thermogram during heating
assuming that the heat of fusion for perfect PCL and PE crystals was
135 J/g [30] and 277 J/g [31], respectively.

2.3. Orientation of PE lamellar morphology

Adisk samplewith the diameter of ca.10mmand the thickness of
ca. 1.0 mm was subject to the rotational shear at 80 �C (where PE
blocks crystallized and PCL blocks amorphous) for 3 h under a dry
nitrogen atmosphere using Linkam shearing cell (CSS-450) to uni-
axially orient the PE lamellar morphology [32]. The angular velocity
appliedwas6.28 rad/s,whichcorresponded to the shear rateof70 s�1.
After cooling the sample into room temperature, a small amount of
specimenwas cut out from the disk for crystallization experiments.

2.4. One-dimensional small-angle X-ray scattering (1D-SAXS)
measurements

The microdomain structure of the molten PCL-b-PE and the un-
oriented lamellar morphology formed after crystallization of PE
blocks were first investigated using synchrotron small-angle X-ray
scattering (SR-SAXS), which was performed at Photon Factory in
High Energy Accelerator ResearchOrganization, Tsukuba Japan,with
a small-angle X-ray equipment for solution (SAXES) installed at
beam-line BL-10C. Details of the equipment and the instrumentation
are described in our publications [28,33]. The scattered intensitywas
recorded with a one-dimensional position-sensitive proportional
counter, by which isotropic scattering was obtained as a function of
wavenumber s (¼ ð2=lÞsin q, l: X-raywavelength (¼0.1488nm) and
2q: scattering angle). The long period, an alternating distance of the
lamellar morphology ormicrodomain structure, was evaluated from
the angular position of the primary intensity peak to confirm the
morphological transition from the microdomain structure into the
solid lamellar morphology by the crystallization of PE blocks.

2.5. Two-dimensional SAXS (2D-SAXS) and 2D wide-angle X-ray
diffraction (2D-WAXD) measurements

Simultaneous 2D-SAXS and 2D-WAXD measurements were
performed using a Rigaku Nano-Viewer with a rotating-anode
PCL
c (�C) Tm,PE

c (�C) cPE
c (%) Ld (nm) dPCL

e (nm)

98 e e e

98 21.0 25.0 8.8
101 23.5 26.6 10.7
100 29.4 24.2 11.7
100 20.9 31.7 16.5

cks by considering the crystallinity of PE blocks.
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X-ray generator operating at 45 kV and 60 mA. The wavelength
used was 0.1542 nm of CuKa radiation. The detector was an image
plate (FUJI Film BAS-SR 127) with the size of 10 � 10 cm2, and the
accumulation time was 1 h. The WAXD intensity at selected
diffraction angles was plotted against azimuthal angle f after
subtracting the background scattering to decide the orientation of
PCL crystals confined in the PE lamellar morphology and also to
evaluate the degree of PCL crystal orientation f. The method to
evaluate f is described in Section 3.3.
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Fig. 2. 1D-SAXS curves of CL46 measured at 120 �C (bottom), 70 �C (middle), and 25 �C
(top). The SAXS curves at 70 and 25 �C are successively shifted upward for legibility.
3. Results and discussion

3.1. Characterization of PCL-b-PE copolymers and orientation of PE
lamellar morphology

Fig. 1 shows the DSC thermogram of CL51 during cooling at
�5 �C/min from 120 �C (microphase-separated melt) into 0 �C and
during heating at 5 �C/min from 0 �C into 120 �C. We find two
exothermic peaks at ca. 85 �C and 35 �C during cooling, which
correspond to the crystallization of PE and PCL blocks, respectively.
It is obvious from Fig. 1 that the PE block crystallizes first followed
by the crystallization of PCL blocks, which starts from the
morphology just formed by the crystallization of PE blocks. We also
find two endothermic peaks at ca. 57 �C and 100 �C during heating,
indicating independent melting of PCL and PE blocks. These DSC
curves were obtained for every PCL-b-PE except for CL11, where
the exothermic peak of PCL blocks during cooling, as well as the
endothermic peak during heating, was too faint because of the
extremely small amount of PCL blocks. Therefore, reliable values
could not be obtained for CL11. We find from Fig. 1 that it is possible
to repeatedly crystallize and melt PCL blocks in CL33eCL51 within
the solid morphology formed by the crystallization of PE blocks as
far as the sample is treated at T < Tm,PE.

Fig. 2 shows the 1D-SAXS curves of CL46 measured at 120 �C
(microphase-separated), 70 �C (PE blocks crystallized and PCL
blocks amorphous), and 25 �C (both blocks crystallized). The SAXS
curve at 120 �C has a couple of sharp scattering peaks, the angular
positions of which exactly correspond to a ratio of 1:2:3, indicating
that the lamellar microdomain structure exists in the melt. The
SAXS curve at 70 �C has diffuse scattering peaks, the positions of
which also correspond to a ratio of 1:2:3, suggesting the lamellar
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Fig. 1. DSC curves of CL51 during cooling at �5 �C/min from 120 �C (microphase-
separated melt) into 0 �C and during heating at 5 �C/min from 0 �C into 120 �C. CL51
was crystallized at 0 �C for 5 min before heating.
morphology is formed. However, the primary peak position is
extremely different between the SAXS curves at 120 �C and 70 �C,
which indicates that morphological transition has occurred from
the molten lamellar microdomain into the crystallized lamellar
morphology, an alternating structure consisting of crystallized PE
lamellae and amorphous PCL layers (PE lamellar morphology). This
transition was always observed in CL33eCL51 just after crystalli-
zation of PE blocks when they were quenched from the micro-
phase-separated melt into low temperatures. The SAXS curve at
25 �C is not so different from that at 70 �C, in particular, the primary
peak position is practically unchanged, suggesting that the PCL
blocks crystallize within the PE lamellar morphology without
further morphological transition. Therefore, the crystallization of
PCL blocks is confined in the PE lamellar morphology. It should be
noted that in our previous studies [25,26], we found a small change
in the primary peak position by the crystallization of PCL blocks at
Tc � 35 �C, which was ascribed to the possible distortion of the PE
lamellar morphology. In this study, we mainly used lower Tc
(�30 �C), and the shift of the primary peak position could not be
detected in every sample.

The uniaxial orientation of the PE lamellar morphology was
carried out at 80 �C by applying the rotational shear. Fig. 3aec
shows the 2D-SAXS patterns of sheared CL51 at Tc ¼ 70 �C (PE
blocks crystallized and PCL blocks amorphous) observed from X, Y,
and Z directions, where X represents the shear direction and Yand Z
directions are perpendicular to the shear direction (Fig. 3, top). We
find several diffraction spots on the meridian (indicated by
numbers) arising from the parallel stacks of the PE lamellar
morphology when viewed from X and Y directions (Fig. 3a and b),
whereas no diffraction spot can be observed when viewed from Z
direction (Fig. 3c). Fig. 3aec clearly indicates that the PE lamellar
morphology is preferentially oriented parallel to the shear direction
applied to the sample, as schematically shown by the illustration.
These diffraction patterns do not change so much after crystalli-
zation of PCL blocks at 25 �C (Fig. 3def) except the lack of third
diffraction spot. That is, Fig. 3 indicates that the uniaxial orientation
of the PE lamellar morphology is substantially preserved after
crystallization of PCL blocks in CL51. The preservation of the uni-
axially oriented PE lamellar morphology was also verified for CL33,



Fig. 3. 2D-SAXS patterns of uniaxially oriented CL51 at 70 �C (upper panels) and 25 �C (lower panels) when viewed from X (a, d), Y (b, e), and Z (c, f) directions. The definition of each
direction against the shear direction is shown in the illustration (top).
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CL38, and CL46 (Fig. 4). Therefore, we can investigate the crystal
orientation of PCL blocks confined in the oriented PE lamellar
morphology.

In summary, PCL-b-PE copolymers synthesized in this study
formed the PE lamellar morphology after crystallization of PE
blocks by destroying the molten microdomain structure, followed
by PCL crystallization within the PE lamellar morphology, as
revealed by 1D-SAXS results (Fig. 2). The PE lamellar morphology
could be preferentially oriented parallel to the shear direction by
applying the rotational shear, which was confirmed using 2D-SAXS
(Figs. 3 and 4). Therefore, we can investigate the crystal orientation
of PCL blocks confined in the PE lamellar morphology.

3.2. Crystal orientation of PCL blocks confined in PE lamellar
morphology

The PCL blocks confined in the PE lamellar morphology were
crystallized at several temperatures ranging from 0 �C to 45 �C, and
orientation of PCL crystals was investigated using 2D-WAXD. Fig. 5
shows the typicalWAXD patterns of CL51 before (upper panels) and
after (lower panels) crystallization of PCL blocks observed from X (a,
d), Y (b, e), and Z (c, f) directions, where the definition of each
direction against the shear direction is provided in Fig. 3, top.
Before crystallization of PCL blocks (Tc ¼ 70 �C), we have clear two
diffractions in everyWAXD pattern, which are located at diffraction
angle 2q ¼ 21.5� and 23.8� corresponding to the (110) and (200)
diffractions from PE crystals [34], as indicated in Fig. 5a. These (110)
and (200) diffractions have intensity peaks at off-axis regions when
viewed from X and Y directions, suggesting that the c axis of PE
crystals is not parallel but tilts moderately against the lamellar
surface normal, for which it is reported that the shear applied to the
samples in order to orient the PE lamellar morphology is respon-
sible [35,36].

We have additional diffractions in the WAXD patterns after
crystallization of PCL blocks, as shown in Fig. 5d and e. Unfortu-
nately, the crystal structure of PE blocks is very close to that of PCL
blocks [37], and therefore major diffractions from PE and PCL
crystals appear at the similar diffraction angles in the WAXD
pattern. However, the (110) and (200) diffractions from PCL crystals
when viewed from X and Y directions give the strong intensity arcs
centered on the equator, so that the combined diffraction pattern at
30 �C (d, e) is significantly different from that at 70 �C (a, b).
Therefore, it is possible to evaluate the WAXD pattern only from
PCL crystals by decomposing the combined diffraction pattern into
two using the computational method described in the next section.
When viewed from Z direction (c, f), on the other hand, the WAXD
pattern is almost isotropic and does not change before and after
crystallization of PCL blocks, though the diffraction intensities
considerably increase after PCL crystallization.

The WAXD patterns of CL51 after crystallization of PCL blocks
(lower panels in Fig. 5) are almost independent of Tc, but this is not
the case for CL33. Fig. 6 shows the 2D-WAXD patterns of CL33
crystallized at 0 �C (a), 30 �C (b), and 45 �C (c) when viewed from Y
direction. The WAXD pattern at 0 �C is significantly different from



Fig. 4. 2D-SAXS patterns of uniaxially oriented CL33 (a, d), CL38 (b, e), and CL46 (c, f) at 70 �C (upper panels) and 25 �C (lower panels) when viewed from X direction.
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that at 30 �C and 45 �C. That is, the total WAXD pattern, which
arises from PE þ PCL crystals, is similar to that from PE crystals
(Fig. 5b), suggesting that the WAXD pattern from PCL crystals is
nearly isotropic. On the other hand, the WAXD patterns at 30 and
45 �C have the strong (110) intensity around the equator as
compared with that from PE crystals (Fig. 5b). Fig. 6 clearly indi-
cates that the orientation of PCL crystals in CL33 depends signifi-
cantly on Tc.
Fig. 5. 2D-WAXD patterns of CL51 at 70 �C (upper panels) and 30 �C (lower panels) when vie
70 �C and both PE and PCL blocks are crystallized at 30 �C. The definition of each direction
In Fig. 7, we schematically illustrate the 2D-WAXD patterns of
CL51 at 70 �C (a) and 30 �C (b) when viewed from Y direction, where
we emphasize the (110) and (200) diffractions from PE crystals by
the grey arcs and those from PCL crystals by the black arcs. In
addition, in order to intuitively understand the 1D-WAXD curves at
70 �C and 30 �C, the total intensity in a sector between f ¼ 73� and
74� is radially plotted against diffraction angle 2q in Fig. 7c. The
(110) and (200) diffraction intensities from PE crystals are
wed from X (a, d), Y (b, e), and Z (c, f) directions, where only PE blocks are crystallized at
against the shear direction is provided in Fig. 3, top.



Fig. 6. 2D-WAXD patterns of CL33 crystallized at 0 �C (a), 30 �C (b), and 45 �C (c) when viewed from Y direction, where both PE and PCL blocks are crystallized.
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significantly smaller than those from PCL crystals. Therefore it is
reliable to evaluate the diffraction curve only from PCL crystals by
simple subtraction using those from PE crystals (at 70 �C) and
PE þ PCL crystals (at 30 �C). The subtracted diffraction curve thus
obtained (Fig. 7c, bottom) did not show any inconsistent results
when it was plotted against the azimuthal angle, suggesting that
the crystal orientation of PE blocks remains unchanged during
cooling from 70 �C to 30 �C.

Fig. 8 shows the integrated intensity of the (110) diffraction from
PCL crystals i.e., peak area under the (110) diffraction shown in
Fig. 7c, plotted against azimuthal angle f for CL33 (a) and CL51
(b) crystallized at selected temperatures indicated. In the diffrac-
tion curves of CL33 crystallized at 25 �C, 30 �C, and 45 �C, we find
four distinct peaks at off-axis regions, the positions of which are
almost independent of Tc. These diffraction curves with four peaks
imply that the c axis of PCL crystals is perpendicular to the lamellar
surface normal [37]. On the other hand, the (110) diffraction curve
at 0 �C is almost isotropic with faint peaks at 90� and 270�, sug-
gesting that orientation of PCL crystals is almost random except
Fig. 7. (a) Schematic 2D-WAXD pattern of CL51 at 70 �C corresponding to Fig. 5b, wher
corresponding to Fig. 5e, where both PE and PCL blocks are crystallized. (c) Total diffraction
intuitively show the 1D-WAXD curve from PE crystals (corresponding to a), PE þ PCL cryst
a minor component with the c axis being parallel to the lamellar
surface normal. Therefore, we conclude that the orientation of PCL
crystals formed in CL33 depends significantly on Tc. When we
consider the f dependence of the (110) diffraction intensities for
CL51 (Fig. 8b), we find two distinct peaks at 90� and 270� at every
Tc, indicating that the c axis of PCL crystals is parallel to the lamellar
surface normal irrespective of Tc. It should be noted that the
azimuthal profile of the (200) diffraction included more scattering
of data points, though it was roughly consistent with the crystal
orientation of PCL blocks determined from the (110) diffraction
profile. The f dependence of the (110) diffraction for CL38 and CL46
was similar to that of CL51 (Fig. 8b) at every Tc, though it was
slightly different depending on the samples; the diffraction peaks
became broader with decreasing dPCL. This difference might arise
from the degree of PCL crystal orientation f in the PE lamellar
morphology, so wewill evaluate f for each PCL-b-PE as a function of
Tc in the next section.

In summary, the 2D-WAXD patterns of CL33 observed from Y
(and also X) direction indicated that the c axis of PCL crystals was
e only PE blocks are crystallized. (b) Schematic 2D-WAXD pattern of CL51 at 30 �C
intensity in a sector between f ¼ 73� and 74� plotted against diffraction angle 2q to

als (b), and PCL crystals.
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perpendicular to the PE lamellar surface normal at
25 �C � Tc � 45 �C. On the other hand, it was almost isotropic
at 0 �C � Tc � 20 �C except the faint diffraction peaks appearing at
f ¼ 90� and 270�, suggesting that the crystal orientation was
almost random. The 2D-WAXD patterns of CL38eCL51 crystallized
at every Tc indicated that the c axis of PCL crystals was parallel to
the PE lamellar surface normal irrespective of Tc. The small differ-
ence in the WAXD patterns among CL38eCL51 will be intimately
related to the degree of PCL crystal orientation f in the PE lamellar
morphology.
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3.3. Tc and dPCL dependence of PCL crystal orientation

Several methods are known to evaluate the degree of crystal
orientation f from the f dependence of 2D-WAXD patterns [38,39].
Here, we follow the same calculation procedure in our previous
study [32] to evaluate f. That is, we evaluate f from the f depen-
dence of the (110) diffraction from PCL crystals using the following
equation,

f ¼ k�1 < cos2 f > �1
k�1 � 1

(3)

where k represents < cos2 f > at random orientation (usually
k ¼ 1/3), and < cos2 f > of the present case is calculated by,

< cos2 f > ¼

Zp=2

0

IðfÞcos2ðf� sÞjsinðf� sÞjdf

Zp=2

0

IðfÞjsinðf� sÞjdf

(4)

where I(f) is the 1D intensity of the (110) diffraction from PCL
crystals and s is the azimuthal angle giving the maximum (110)
diffraction between f ¼ 0 and p/2 (s ¼ p/2 in Fig. 8b). Actually, we
first evaluated k assuming I(f) ¼ const, then calculated f at each
quadrant, and finally four values were averaged to evaluate f at each
Tc for CL33eCL51. It should be noted that the four-spot diffraction
pattern (Fig. 8a) was first decomposed into each diffraction peak
using the Gaussian function and then Eq. (3) was applied to each
quadrant. In addition, we phenomenologically evaluated f using the
following equation [39] for the two-spot diffraction patterns
(Fig. 8b),

f ¼ 180�w
180

(5)

where w is the full width at half maximum (FWHM) of the
diffraction peak. The Tc dependence of f evaluated from Eq. (5) is
qualitatively similar to that obtained from Eq. (3), so we present f
evaluated from Eq. (3) and discuss the relation between f and Tc
(and also dPCL).

Fig. 9 shows the Tc dependence of f for CL51 (dPCL ¼ 16.5 nm),
CL46 (11.7 nm), CL38 (10.7 nm), and CL33 (8.8 nm) calculated from
Eq. (3). We find that f for CL51eCL38 is almost constant irrespective
of Tc and slightly decreases with decreasing dPCL. That is, the PCL
crystals in the PE lamellar morphology orient preferentially with



Fig. 10. Schematic illustration showing the orientation of PCL crystals spatially confined in the PE lamellar morphology at different dPCL and Tc.
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keeping the orientational direction at each Tc, but less oriented PCL
crystals increase a little bit with decreasing dPCL. This dPCL depen-
dence of f should be intimately related to the crystallization
mechanism in the confined space. Fig. 9 also shows the Tc depen-
dence of f for CL33, where we find the significant change in f with
changing Tc; at 0 �C � Tc � 20 �C, f is almost 0, meaning the nearly
random orientation of PCL crystals. However, f increases drastically
at Tc w25 �C and takes a finite value (w0.4) at 25 �C � Tc � 45 �C,
suggesting that the preferential orientation of PCL crystals appears
in the PE lamellar morphology. Because theWAXD patterns of CL33
at 45 �C � Tc � 25 �C shown in Fig. 8a are completely different from
those of CL51 shown in Fig. 8b, it is clear that the orientation of PCL
crystals in CL33 is substantially different from that in CL51. That is,
we find from the crystal structure of PCL [37] that the c axis of PCL
crystals is perpendicular to the PE lamellar surface normal in CL33
while it is parallel in CL51.

As a summary of this section, Fig. 10 schematically shows the
orientation of PCL crystals confined in the PE lamellar morphology
as a function of dPCL and Tc. At 16.5 nm � dPCL � 10.7 nm
(CL38eCL51), the c axis of PCL crystals was parallel to the PE
lamellar surface normal irrespective of Tc (Fig. 10a), where the
degree of crystal orientation decreased slightly with decreasing
dPCL. At dPCL ¼ 8.8 nm (CL33), the orientation of PCL crystals
depended significantly on Tc; at 45 �C � Tc � 25 �C the PCL crystals
preferentially oriented such that the c axis was perpendicular to the
PE lamellar surface normal (Fig. 10b), while the orientation was
almost random at 20 �C� Tc� 0 �C (Fig.10c). The crystal orientation
at each Tc and dPCL should be intimately related to the crystalliza-
tion mechanism of PCL blocks confined in the PE lamellar
morphology.

3.4. Comparison with other experimental results

Several studies have been reported on the crystallization
behavior and resulting morphology of block chains confined in
glassy (or hard) lamellar microdomain structures [16e23]. Cheng
et al. [18e20], for example, studied crystal orientation of poly-
ethylene oxide (PEO) blocks in the lamellar microdomain of PEO-
block-polystyrene (PEO-b-PS) as a function of Tc and thickness of
PEO layers dPEO, and found that the c axis of PEO crystals changed
with increasing Tc from random to perpendicular, then to inclined,
and finally to parallel against the PS lamellar surface normal. They
also reported that the initial stage of PEO crystal growth critically
determined the final crystal orientation in the lamellar micro-
domain. Later they showed a combined effect of Tc and dPEO on the
crystal orientation of PEO blocks; the intermediate Tc range
between perpendicular and parallel orientations was reduced with
increasing dPEO. Sun et al. [21,22] reported the crystal orientation of
PCL blocks confined in the lamellar microdomain of PCL-block-poly
(4-vinylpyridene) (PCL-b-P4VP) as a function of Tc and dPCL, and
obtained the consistent results with those of Cheng et al. They
discussed the crystallizationmechanism of block chains confined in
glassy microdomains and showed that it changed from heteroge-
neous to homogeneous nucleation with decreasing dPCL. They
concluded this change in the crystallization mechanism was
responsible for the difference in crystal orientation of PCL blocks
with changing dPCL.

Our results for the crystal orientation of PCL blocks confined in
the PE lamellar morphology qualitatively agree with those of block
chains confined in glassy lamellar microdomains described above.
That is, we observed that the c axis of PCL crystals was parallel to
the PE lamellar surface normal at 16.5 nm � dPCL � 10.7 nm irre-
spective of Tc. In addition, we detected random or perpendicular
orientation at dPCL ¼ 8.8 nm depending on Tc, though we could not
observe parallel orientation at higher Tc. One of the possible reason
was that we did not make extensive crystallization experiments at
higher Tc, because the crystallization of PCL blocks might distort the
existing PE lamellar morphology [25,26,29] to change the confined
environment. By comparing our experimental results with those of
Cheng et al. and Sun et al., we conclude that the PE lamellar
morphology plays a similar role to glassy lamellar microdomains
regarding spatial confinement against the crystallization of PCL
blocks. This may arise from the fact that the PE lamellae in the PE
lamellar morphology are hard inside and hence the deformation of
these lamellae is not allowed during crystallization to show the
hard nature of confined materials regarding spatial confinement.

Ho et al. investigated the crystal orientation of block chains
confined in rubbery (or soft) lamellar microdomains using a poly
(L-lactide)-block-PS (PLLA-b-PS) copolymer [24], where the crys-
tallization temperature of PLLA blocks Tc,PLLA could be intentionally
controlled to be higher than the glass transition temperature of PS
blocks. They found a unique undulated morphology after crystal-
lization of PLLA blocks, where the c axis of PLLA crystals was always
parallel to the PS lamellar surface normal. They concluded that this
undulated morphology was originated from the heterogeneous
nucleation in the confined space, as is the case for the higher Tc
crystallization of block chains confined in the glassy lamellar
microdomains. As a result, the c axis of PLLA crystals always
oriented parallel to the PS lamellar surface normal and simulta-
neously the undulation of the lamellar morphology appeared due
to the soft nature of confined materials for increasing the total
crystallinity of PLLA blocks. These results obtained in PLLA-b-PS are
not consistent with ours, because we observed the random and
perpendicular orientation but not the parallel orientation for PCL
crystallization in CL33.

In summary, the previous experimental results for the crystal
orientation of block chains confined in glassy (or hard) lamellar
microdomain structures qualitatively agreed with our results. It
may arise from the fact that the PE lamellae in the PE lamellar
morphology are hard inside and therefore the undulation of these
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lamellae will not be allowed during crystallization, as is the case for
the glassy PS and P4VP lamellae observed in PEO-b-PS and PCL-b-
P4VP copolymers.

4. Conclusions

We have investigated the crystal orientation of poly(3-capro-
lactone) (PCL) blocks, spatially confined in the solid lamellar
morphology formed by the crystallization of polyethylene (PE)
blocks (PE lamellar morphology) in PCL-block-PE copolymers, as
a function of crystallization temperature Tc and confinement size
dPCL. The crystallizable temperature of PE blocks was sufficiently
higher than that of PCL blocks, so that the PE blocks always crys-
tallized first to form the PE lamellar morphology followed by the
crystallization of PCL blocks starting from this morphology. As
a result, the PE lamellar morphology worked as a kind of spatial
confinement against the crystallization of PCL blocks, and it was
expected to be intermediate between hard and soft confinements.
The PE lamellar morphology could be uniaxially oriented using the
rotational shear in order to investigate the crystal orientation of PCL
blocks existing in it. The c axis of PCL crystals (i.e., stem direction of
folded chains) was parallel to the PE lamellar surface normal irre-
spective of Tc when 16.5 nm� dPCL� 10.7 nm. However, it depended
significantly onTcwhen dPCL¼ 8.8 nm; at 45 �C� Tc� 25 �C the c axis
was perpendicular to the lamellar surface normal while it was
almost random at 20 �C � Tc � 0 �C. By comparing our
resultswithpreviousones, thePE lamellarmorphologywas found to
play a similar role to glassy lamellar microdomains (hard confine-
ment) regarding spatial confinement against subsequent PCL
crystallization.
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