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Introduction

Recently, much effort is devoted to precisely control over the
spatial and anisotropic order of crystalline textures for semi-
crystalline polymers in a nanoscale confined space, by which they
offer diverse and versatile benefits as potential applications in
nanotechnologies.1 Different approaches have been carried
out in order to explore the effect of confinement on polymeric
crystallization.2-16 The self-assembled microdomains of semi-
crystalline block copolymers (BCP) are widely used to tailor over
the spatial and anisotropic order of crystalline textures for
crystallizable blocks as a model to understand the behavior of
polymeric crystallization under nanoscale confinement.2-11 In
the cases of BCPs with hard confinement (i.e., vitrified confined
condition) and strong segregation strength (i.e., significantly
incompatible constituted blocks), crystallization kinetics can be
tailored by not only altering circumstances with one-dimensional
(lamellae-forming microdomain), two-dimensional (cylinder-
forming microdomain), and three-dimensional (sphere-forming
microdomain) confinement but also by changing the confined
size due to the variation on frustrating polymeric crystalliza-
tion.2-11 Reducing in confined size leads to a distinct transforma-
tion of isothermal crystallization kinetics, from heterogeneous
to homogeneous nucleation, when the confined size becomes
smaller than a critical dimension (i.e., heterogeneously crystal-
lized lamellar thickness of homopolymers in most of the crystal-
lization temperature region) to experience effective confinement.
The change in crystallization kinetics led to an abrupt shift in
crystallization to the low-temperature region and resulted in the
generation of discrete crystalline granules through homogeneous
nucleation, namely a single nucleus within one granule.17 Also,
altering the confined size has a significant effect on crystal growth
(i.e., crystalline orientation) of crystallizable materials between
vitrified layers; the orientation of crystals may adopt the perpen-
dicular type once confined space approaches submicrometer
scale.7,18

The effects of altering confine size on polymer crystallization
have been widely studied in lamellae-forming BCPs;7,17,18 how-
ever, such effects between crystal nucleation and growth and
confined size are yet to be clarified in cylinder-forming block
copolymers. In this extended note, we aimed to examine how
crystal nucleation and growth may be related to the effects of
altered size of cylindrical spatial confinement (i.e., 2D con-
finement). Similar to the results under 1D confinement, not only
does reducing confinement space to an effective size make it
possible to nucleate homogeneously as governing an overall
crystallization process, but also reducing confinement space

causes the crystal growth of PCL blocks changing from preferred
crystalline orientation to random orientation. As a result, this
system could serve as a model to analyze the impact of confined
size on polymeric crystallization under 2D confinement.

Experiments

Materials. Semicrystalline P4VP-PCL BCPs were synthe-
sized via living ring-opening polymerization (ROP) and atom-
transfer radical polymerization (ATRP) in sequence.19 First, we
prepared a benzyl ester end-functionalized poly(ε-caprol-
actone), PCL-OH, resulting from the ROP of ε-caprolactone
monomers. A chloride-terminated PCL was then prepared as a
macroinitiator that served for the controlled polymerization of
4-vinylpyridine. Detailed synthetic routes were described in our
previous paper.17 The P4VP-PCL BCPs were briefly desig-
nated as VP/CL m/n in which m and n represent the degree of
polymerization of each constituted block. The characterization
of the resultant BCPs is tabulated in Table 1.

Sample Preparation. Bulk sample of BCPs were prepared
by solution casting from dichloromethane (CH2Cl2) solution
(10 wt % of P4VP-PCL) at room temperature. To examine the
grown crystal orientation under confinement, the cylinder-
forming samples were subjected to a large-amplitude oscillating
shear at 190 �C to achieve a uniform, parallel alignment of the
cylindrical microdomains by removing defects and grain bound-
aries. The shear apparatus was aerated with nitrogen gas to
prevent thermal degradation. The shear geometry was described
as follows: the shear direction is along the x direction, and the
shear gradient is along the z direction. The shear frequency was
0.5 Hz, and the shear amplitude was 150%. To eliminate any
residual stresses on the oriented microdomains during the
shearing process, we annealed the oriented bulk samples for
12 h at 140 �C,which is above the glass transition temperature of
P4VP blocks (Tg

P4VP = 130 �C) and well above the equilibrium
melting temperature (Tm

0 = 69 �C) of PCL blocks. Consequently,
the sampleswere subjected to further crystallization inDSCunder
a nitrogen atmosphere.

Differential Scanning Calorimeter (DSC).Nonisothermal and
isothermal crystallization experiments of PCL blocks within
the confined microdomain were examined using a differential
scanning calorimeter (DSC-7 Perkin-Elmer) equipped with a
mechanical intracooler. The DSC instrument was properly
calibrated with an indium standard at a scan rate of 10 �C/
min. Samples were annealed at 80 �C for 5 min and then rapidly
cooled at 150 �C/min to preset temperatures for isothermal
crystallization. After crystallization, the scan rate of 10 �C/
min was employed to record the endotherms of the PCL crystals
in the P4VP-PCL BCPs. For nonisothermal crystallization
experiments, the crystallization peak temperature of the
exotherms (Tf) of the samples were recorded by a cooling rate
of -10 �C/min from the melt state at 80 �C.

Transmission ElectronMicroscopy (TEM). Prior to TEM char-
acterization, the bulk P4VP-PCL samples were isothermally
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melt-crystallized in DSC, and then extracted from DSC pans,
followed by ultra-cryomicrotoming at -120 �C using a Reicher
Ultracut microtome (equipped with a Reichert FCS cryo-
chamber and a diamond knife). Staining was achieved by expos-
ing the microtomed thin films to the vapors of a 4% aqueous
RuO4 solution for 30 min. A JEOL JEM-1200x transmission
electron microscope was used (accelerating voltage: 120 keV).

Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray

Diffraction (WAXD). 2D SAXS/WAXD experiments were
performed at the wiggler beamline BL17B3 at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan.
The incident X-ray beam was focused vertically by a spherical
mirror andmonochromated to the energy of 12 keV by a Si(111)
double-crystal monochromator (DCM). The wavelength of the
X-ray beam was λ = 1.03 Å. The distance from sample to
detectorwas 2749.7mm, and the beam stopwas aTantalumdisk
4 mm in diameter. SAXS data were collected using a two-
dimensional gas-filled area detector, and the sensitivity of the
2D detector was calibrated by using a 55Fe source before data
collection. The calibration of the detector pixels in terms of
scattering vector was made by linear regression over the posi-
tions of numerous orders of the long period of silver behenate as
the standard, with qmax being 1.076 nm-1; q = (4π/λ) sin(θ/2),
with scattering angle θ. The 2DWAXD patterns were collected
on Fuji plates using X-rays from a synchrotron. 2D WAXD
images were collected for 3 min for each data acquisition and
were calibrated using R-Al2O3. A contribution from air scatter-
ing was subtracted from both 2D SAXS and WAXD patterns.
Azimuthally integrated profiles were extracted from the 2D
WAXD patterns for further analysis.

Results and Discussion

For crystallization temperatures (Tfs) with amaximumcrystal-
lization rate during cooling in nonisothermal crystallization
experiments, as shown in Figure 1, we found variations in Tfs
of PCL blocks for the cylinder-forming P4VP-PCL BCPs with
different domain sizes (i.e., different confinement sizes). Particu-
larly, VP/CL 90/23 (10.3 nm) and 85/23 (9.9 nm) reveal a
significant shift in Tf to a low temperature out of the region
-30 to 80 �C. This indicates that when the confined size is below
10 nm, the crystallization of PCL blocks becomes difficult.
Therefore, the crystallization temperature for the confinement
size below 10 nm is not easily discernible during the cooling
process ranging from 80 to -30 �C in DSC.

We further examined the crystallization kinetics. The depen-
dence of crystallization half-time (t1/2) on the crystallization
temperature (Tc) and dPCL (i.e., the confined size) was examined.
As shown in Figure 2, large undercooling is required to induce
crystallization within the 10 nm size confined cylindrical micro-
domain. Namely, VP/CL 90/23 and 85/23 only crystallized at low
temperatures below -45 �C. The upward shift of t1/2 (Tc) upon
decreasing dPCL from 17.8 nm (VP/CL 142/46) to 13.7 nm (VP/
CL 50/26) indicates a significant effect of confined size on the rate
of crystallization. Moreover, for high crystallization temperatures,

this effect becomes much more pronounced than that in the
corresponding homopolymer having same molecular weight.
Also, the t1/2 (Tc) curve of PCL crystallization significantly
shifts to a low temperature when the confined size is decreased
to 10nm.Generally, for crystallization at high temperatures, such
as the temperature for crystallization close to the Tm

0 of PCL
crystallites, favors the growth of thick PCL crystalline stems with
less chain folding. We thus speculate that this significant shift in
the t1/2 curve is attributed to energetic barriers arising from the
existence of effective confinement.

Table 1. Characterization of P4VP-PCL BCPs

samplea Mn
total (kg/mol) Mn

P4VP (kg/mol)b Mn
PCL (kg/mol)b Mw/Mn

c fPCL
v dPCL

d (nm)

VP/CL 142/46 20.4 15.0 5.4 1.27 0.25 17.8
VP/CL 90/38 13.9 9.5 4.4 1.22 0.30 14.8
VP/CL 50/26 8.3 5.3 3.0 1.25 0.34 13.7
VP/CL 90/23 12.2 9.5 2.7 1.18 0.21 10.3
VP/CL 85/23 11.7 9.0 2.7 1.15 0.22 9.9

aVP/CLm/n, wherem and n represent the degree of polymerization of the constituted P4VP (NP4VP) and PCL (NPCL) blocks, respectively.
bMn

P4VP

and Mn
PCL were characterized by proton nuclear magnetic resonance (1H NMR) and gel permeation chromatography (GPC). cPolydispersity index

(PDI) of BCPswas determined byGPCusing standard calibration. dThe diameters of PCL cylinders (dPCL) for the P4VP-PCL samples were calculated
by combining the determined interdomain distances and the volume fractions of PCL blocks ( fPCL

v). The cylindrical microdomains were determined by
TEM and SAXS (cf. Figures S1 and S2). The cylindrical microdomains of the synthesized P4VP-PCLwith various molecular weights were determined
by SAXS.

Figure 1. Nonisothermal crystallization exotherms of P4VP-PCL
samples. The cooling rate was -10 �C/min.

Figure 2. Dependence of crystallization half-time (t1/2) of isothermal
crystallization for P4VP-PCL BCPs with different confined sizes.
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The isothermal crystallization is satisfactorily described with
theAvrami equationbyXC(t)=1- exp(-Ktn) whereXC(t) is the
normalized degree of crystallinity that has formed at time t, and
the prefactorK and exponent (index) n are Avrami parameters.10

The dynamic process of isothermal crystallization under confine-
mentwasmonitored by the change of enthalpy inDSC. From the
DSC analyses of Avrami index (Figure 3), the curve of exother-
mic response with crystallization time exhibits a noticeable
transition from low to high crystallization temperature. Also,
the curve of exothermic response with the duration of crystal-
lization exhibits a simple exponential shape prescribed by ex-
ponential-like crystallization kinetics for a 10 nm size confine-
ment, suggesting a homogeneous nucleation (Figure 3d). By
contrast, in the case of BCPs with a larger confined size, such
as 17.8, 14.8, or 13.7 nm, the crystallization of the PCL blocks
within cylindrical microdomain reveals that the exothermic curve
exhibits sigmoidal crystallization kinetics for crystallization. The
sigmoidal curves prescribed by Avrami index values greater than
unity reflects a spreading growth habit by a long-range (typically
micrometer range) growth of crystallites.20

We further performed the TEMobservation and simultaneous
2D SAXS/WAXD experiments to identify the morphological
evolution while confined size is larger than 10 nm. A cylindrical
microdomain orientation with respect to the shear geometry is
defined in Figure S3. The crystal stems, generating via a hetero-
geneous nucleation, grow with time and finally spread over the
scale of a few tens of micrometers (Figure 4a). By contrast, the
side view of cylindrical microdomains displays discrete granules,
reflecting that the granules yield via a homogeneous nucleation
(Figure 4e). Crystallization within such discrete spherelike gran-
ules is analogous to the homogeneous nucleation of poly(ethylene
oxide) (PEO) confined to spherical microdomains of highly
asymmetric BCPs.5,10,11,15,20 Moreover, as evidenced by X-ray
results, the slablike crystallites of PCL originating from the
heterogeneous nucleation have a perpendicular orientationwhere
the b-axis of the PCL crystals is parallel to the cylindrical axis
(Figure 4b,c). Granule-like crystallites that yield via the homo-
geneous nucleation within the cylindrical microdomains reveal a
random orientation (Figure 4f,g). The WAXD reflections were
indexed on the basis of an orthorhombic unit cell with dimensions
a=0.7096 nm, b=0.4974 nm, and c=1.7297 nm.21 Referring

to the orthorhombic lattice structure of PCL crystals, the
observed reflections could be indexed as (110) and (200) reflec-
tions as shown in Figure 4c. The WAXD pattern of the 10 �C-
crystallized VP/CL 90/38 displays a maximum diffraction inten-
sity of (110) reflection locating at the azimuthal angles,Φ=53�,
125�, 231�, and 300�; the maximum diffraction intensity of (200)
reflection is at Φ = 0 and 180�. A comparison between the
WAXDand its corresponding SAXSpattern suggests a perpendi-
cular orientation of PCL crystallites for the VP/CL 90/38 sample
crystallized at high temperatures; namely, the preferential growth

Figure 4. VP/CL 90/38 system: (a) TEM image (Tc = 10 �C), (b) 2D
anisotropic SAXS pattern, (c) fiberlike WAXD pattern with incident
X-ray beams along the gradient direction, and (d) the schematic
illustration of crystalline chain orientation under confinement. VP/
CL 85/23 system: (e) TEM image (Tc = -50 �C), (f) 2D anisotropic
SAXS pattern, and (g) ringlike WAXD pattern with incident X-ray
beams along the gradient direction and (h) the schematic illustration of
crystalline chain orientation under confinement.

Figure 3. Development of crystallinity during isothermal crystalliza-
tion at different Tcs in (a) VP/CL 142/46, (b) VP/CL 90/38, (c) VP/CL
50/26, and (d) VP/CL 85/23. The relative crystallinity was deduced
from the change of enthalpy during dynamic isothermal crystallization
in DSC.
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of the b-axis of PCL crystallites (the fastest growth direction)
follows the cylindrical axes. The preferred crystalline orientation
is referred to the restriction of confined microdomain on the
nucleation density and crystalline growth.5,10-12 In the case of the
large confined size (i.e., ∼14.7 nm), considering the kinetics of
crystallization, the crystal growth direction might selectively
follow an unrestricted pathway to reach a fast growth rate
(Figure 4d). Also, considering the thermodynamics of crystal-
lization, the crystallinity must reach a maximum within a short
time period. At the stage, the polymer is expected to have a
minimum Gibbs free energy upon achieving the maximum of
crystallinity during the crystallization process.22 Both considera-
tions explain why the PCL crystal growth within the cylindrical
microdomain of 14.7 nm appears as perpendicular orientation.
When the confined space is reduced to be below a critical size (i.e.,
10 nm), the crystal orientation alters from perpendicular orienta-
tion to random orientation (Figure 4h). The reason is that under
such a confinement polymeric crystallization only occurs at low
temperatures, at which homogeneous nucleation initiates to form
a state with high density of nuclei. Since the subsequent crystal
growth is limited by the constrain of both the space of cylindrical
spatial confinement and the nuclei themselves, the primary
nucleation dominates the overall crystallization process, resulting
in tiny granules with a random orientation.2k,17

Conclusions

To conclude, for 2D confinement (i.e., cylindrical confine-
ment) a specific crystalline orientation can be directed by the
cylindrical confinement to kinetically achieve the fast path for
crystalline growth. For the larger confined sizes, the crystalline
chains of PCL appear as a perpendicular orientation with respect
to the cylindrical axis having a preferred growth direction along
the b-axis (i.e., the fastest crystalline growth direction of PCL
crystallite) parallel to the cylinder axes. By contrast, as the
confinement size further decreases to reach an effective confined
size, at which size homogeneous nucleation governs the overall
polymer crystallization since the nuclei yields at a high density at
deep undercooling. As a result, small crystalline granules with
random orientation yield within the confined space of cylindrical
microdomains.
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