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Introduction

Because of diverse morphologies upon controls over com-
positions and segregation strength limits of constituting blocks,
semicrystalline diblock copolymers have been employed as
templates to explore the crystallization behavior of polymer
chains confined in nanoscale space provided that crystallizable
blocks crystallize within preexisting microdomains (MD) driven
by microphase separation, for which the crystallization tem-
peratureTC lies below the temperatureTODT for the order-
disorder transition.1-16 The number of available possible
conformations reduces because the restricted geometries im-
posed on crystallizing polymer materials are on a nanometer
scale, which is approximately the length of a polymer chain in
coil form.3-16 Therefore, the nanoscaled confinement size plays
an important role in crystallization kinetics.9e,16,17Our previous
work indicated that a distinct transformation of isothermal
crystallization kinetics, from heterogeneous to homogeneous
nucleation, occurred between two neighboring glassy lamellar
layers when the confined size became less than 8 nm (equivalent
to the size of forming a stable nucleus via heterogeneous
nucleation), leading to an abrupt shift in crystallization to a low-
temperature region.16 On the other hand, altering the confined
size led to variances in crystallographic orientation upon
changing confined space.9e,16In this extended Note, three distinct
confined spaces of 6, 8.8, and 11 nm were constructed upon
varying the molar mass of diblock copolymers to explore a
correlation between crystal orientations and confined spaces
within vitrified lamellar MD of crystalline-amorphous (C-A)
block copolymers in strong segregation limits withTODT (order-
disorder transition temperature of the microphase separation)
. Tg

a (glass transition temperature of the amorphous block)>
TC

c (crystallization temperature of crystallizable blocks). In
addition to the perpendicular and random orientations for the
11 and 6 nm confined sizes reported previously,16 the parallel

orientation found at an intermediate level of confinement (8.8
nm) was analyzed in detail.

Experiments

Materials. Three P4VP-PCL block copolymers of VP/CL 146/
91, 69/46, and 56/38 were used to explore the crystal orientation
and melting behavior under nanoscale confinement; the PCL
domains had thicknesses 11 (VP/CL 146/91), 8.8 (VP/CL 69/46),
and 6 nm (VP/CL 56/38). The detailed synthetic routes and
characterizations of the synthesized copolymers were described
elsewhere.16 All bulk samples of block copolymers with long-range
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Figure 1. (a) Geometry of the rimming-flow induced P4VP-PCL
copolymers with a lamellar MD. Sets of 2D SAXS patterns of VP/CL
69/46 at 80°C with the X-ray beam along directions (b)X, (c) Y, and
(d) Z.

Figure 2. 2D WAXD patterns of oriented VP/CL 69/46 samples
isothermally crystallized at 10 (a, e), 20 (b, f), 30 (c, g), and 40°C (d,
h). The left WAXD patterns were recorded with the beam along the
Y-direction and the right ones along theZ-direction.
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aligned microphase-separated lamellar MD were prepared by a
rimming coating process, followed by thermal annealing at 140°C
for 12 h to eliminate possible effects of PCL crystallization and
residual solvent on MD during the rimming coating process.

Equipment and Experiments. Before we applied SAXS to
characterize the microphase-separated lamellar morphology of
P4VP-PCL copolymers, we subjected the samples to thermal
treatments in a DSC. 2D SAXS experiments were performed at
the BL01B SWLS beamline (λ ) 1.180 95 Å) at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. 2D
SAXS images were collected on Fuji plates. The scattering vector
was calibrated by linear regression over the positions of numerous
orders of the long spacing of silver behenate, withq ) 1.076 nm-1;
q ) (4π/λ) sin(θ/2), with scattering angleθ. The sample cells were
sealed with two pieces of Kapton. The 2D SAXS patterns were
accumulated for 2 min each. SAXS experiments for isothermal melt
crystallization were performedin situ in a hot stage under a nitrogen
atmosphere. Static WAXD experiments were performed at the
wiggler 17A1 beamline (λ ) 1.332 95 Å). 2D WAXD images were
collected for 2 min for each data acquisition and were calibrated
usingR-Al 2O3. A contribution from air scattering was subtracted
from both 2D SAXS and WAXD patterns.

Results and Discussion

Oriented samples were examined by SAXS with X-ray beam
along the shear, vorticity, and gradient directions, designated
X, Y, and Z, respectively. The orientation of the microphase-

separated lamellar MD was identified by the strongly anisotropic
patterns along bothX andY directions, whereas only isotropic
powder rings with weak intensities were observed along theZ
direction (as illustrated in Figure 1 for VP/CL 69/46). TheX
and Y directions are notably identical. Similar results can be
found in all amorphous P4VP-PCL diblock copolymers studied
at which the reflections can be identified at multiple integrals
of the first principal peak, indicative of lamellar phase morphol-
ogy with long-range orientation and order.

For the oriented samples, VP/CL 146/91, crystallized at
variousTC in a range 20-45 °C (as shown in Figure S1 of
Supporting Information), the 2D WAXD patterns reveal strongly
anisotropic patterns (like a fiber pattern) along theY direction
but isotropic patterns (like a powder ringed pattern) along the
Z direction. Since all PCL orthorhombic crystals within the 11
nm lamellar MD adopt the perpendicular-type orientation with
respect to the lamellar plane regardless ofTC in the typical region
of crystallization temperature, 20-45 °C, the crystallographic
fiber pattern of perpendicularly oriented PCL crystals reveals
all the (hk0) reflections appearing along the meridian direction
(i.e., shear direction). Therefore, the observed reflections are
indexed as (110), (200), and (210) on the basis of an orthor-
hombic crystal structure of PCL witha ) 0.7096 nm,b )
0.4974 nm,c ) 1.7297 nm, andR ) â ) γ ) 90°.18 This
implies that the chain (c-axis) of PCL crystalline lamellae is

Figure 3. X-ray patterns of oriented VP/CL 69/46 samples isothermally crystallized at 20°C from an ordered melt at 80°C: (a) a 2D SAXS
pattern with the beam parallel to theX direction, (b) corresponding azimuthal profiles for the 2D SAXS pattern, (c) a 2D WAXD pattern along the
X direction, (d) corresponding azimuthal profiles for the 2D WAXD pattern, and (e) corresponding reflections are indicated as shown in schematic
of the 2D WAXD pattern.
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oriented parallel to the microphase-separated lamellar normal
(ñ) whereasa- andb-axes are in theX-Y plane.

It is intriguing to analyze the crystal orientation generated
when the confining size becomes 8.8 nm, which value is
identical to the correlation length of crystalline PCL lamellae
with a perpendicular orientation.19 The WAXD patterns for VP/
CL 69/46 crystallized at 10, 20, 30, and 40°C are shown in
Figure 2; Figures 2a-d were recorded along theY direction
and Figures 2e-h along theZ direction. As shown in Figure 2,
the 2D WAXD patterns reveal a strong anisotropy along theY
direction but isotropy (powder ring patterns) along theZ
direction. The azimuthal profiles of these reflections in the 2D
SAXS and corresponding WAXD patterns, with both taken
along theX direction (Figures 3a,c) are accordingly shown in
Figures 3b,d. For the pattern shown in Figure 3b, the maximum
intensities of all observed scatterings occur at the azimuthal
angle,Φ ) 0° and 180°. The WAXD pattern in Figure 3d shows
that the maximum diffraction intensity of the (110) reflection
is located at the azimuthal angles,Φ ) 53°, 125°, 231°, and
300°, that of the (200) reflection is atΦ ) 0° and 180°, that of
the (210) reflections is atΦ ) 34°, 125°, 217°, and 321°, and
that of the (020) reflection is atΦ ) 90° and 270°. As shown
in the schematic of the 2D WAXD pattern (Figure 3e), the
pattern displays two meridional (020) reflections, two equatorial
(200) reflections, and two sets of quadrantal (110) and (210)
reflections. According to the SAXS and WAXS patterns, we
propose that, for the crystallized VP/CL 69/46, thec-axis of
the PCL crystals is oriented parallel to the lamellar surface in
the temperature range 10-40 °C.

The crystallographic orientation of crystallites grown under
confinement is affected by several factors, such as confined size
and shape9e,f and interplay among the segregation strength,10-12,14

the crystallization temperature,9d and the glass-transition tem-
perature of the confining block.9a,bA large confined space, such
as 11 nm, allows the PCL crystallites to achieve a perpendicular
orientation (Figure 4a). A decreased confined space strongly
frustrates crystallization with folded chains normal to the
layers: for a 8.8 nm confined space, the orientation must alter
from perpendicular to parallel to accommodate the space at most
accessible temperatures (Figure 4b), 10-40 °C; otherwise, the
crystalline lamellar thickness must be greatly diminished, in
which case significantly depressed endothermic peaks are
expected to be observed in DSC.15c For example, if the
crystalline lamellar stems adopted a perpendicular orientation

within a confining space of 8.8 nm, the thickness should be ca.
2.82 nm according to a crystallinity 0.32. Such thin crystalline
lamellae would melt at low temperatures upon heating in a DSC.
The endotherms observed in DSC for VP/CL 69/46 are only
slightly less than the corresponding homopolymer hCL 46
having a similar molar mass.

Because of the extremely small confined size of 6 nm, the
PCL blocks for VP/CL 56/38 remain amorphous in the typical
crystallization temperature region 10-45 °C; for this reason
polymer crystallization is effected only in a low-temperature
range-10 to -30 °C. For a confined space decreasing to 6
nm, all 2D WAXD patterns taken alongY andZ directions are
isotropic (ring reflection): the crystal orientation within the
confined lamellae is random (see Figure S2 of Supporting
Information) (Figure 4c). Homogeneous nucleation hence
dominates the overall crystallization kinetics in this temperature
range, confirmed by TEM of VP/CL 56/38 melt-crystallized at
-10 °C in our previous work.16 As a result, with a varied
confined space PCL crystals develop in three orientations (see
Figure 4 for illustration).

Conclusion

For the 11 nm confinement space with hard confinement and
strong segregation, each PCL domain was found to accom-
modate perpendicularly oriented PCL crystallites. An altered
confinement from 11 to 8.8 nm produces a transformation in
crystallographic orientation, from perpendicular to parallel type.
This change reflects that the decrease in confined space retards
the rate of crystal growth more significantly when the chain
axis is parallel to the lamellar normal than when it is parallel
to the lamellar surface. The parallel-type orientation is allowable
for one-dimensional crystal growth. Once the confined space
is lower than 6 nm, the crystal orientation will be lost at deep
undercoolings. Therefore, perpendicular, parallel, and random
orientation can be achieved in response to progressively
decreasing confined size.
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