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ABSTRACT: The crystalline structures associated with melting and crystallization behaviors of monodisperse
linear polyethylene confined in cylindrical nanopores were investigated by X-ray diffraction and differential
scanning calorimetry. The crystalline structures, melting, and crystallization behaviors of PE under the imposed
cylindrical confinement were noticeably different from those of the bulk state. The isothermal crystallization
experiments showed that the overall crystallization of polyethylene in cylindrical nanopores was dominated by
the nucleation rather than the growth of crystallites. Thec- anda-axes of orthorhombic PE crystals developed in
nanoporous alumina were preferentially oriented perpendicular to the long axis of cylindrical nanopore while the
b-axis was parallel to the pore axis. The melting temperature of polyethylene in the nanopores was substantially
depressed, and it was analyzed with the Thomson-Gibbs equation. The crystallinity of linear polyethylene in
cylindrical nanopores was less than 50%, whereas the bulk value was 71.6%.

Introduction

During the past few decades, the physical behaviors of
polymers under nanoscopic confinements have been of great
scientific interest.1-6 Relaxation of amorphous polymers1-4 or
block copolymer structures6 within nanoscopically constrained
environments are typical examples exhibiting nonclassical
equilibrium properties. The investigation of polymer crystal-
lization behavior under nanoscopic confinements is another
important area in polymer physics due to the potential applica-
tions as well as scientific interest.

There have been several different approaches to investigate
the crystallization under constrained environments.7-24 Ultrathin
films of semicrystalline polymers have been one of the preferred
systems for studying the polymer crystallization under nano-
scopic confinements due to their applications in fabricating the
microelectronic systems.7 Thin films are one dimensionally
confined system which has one (supported by substrates) or two
(freely standing) free surfaces. Frank and co-workers7,9,10have
reported an extensive reduction of the crystallinity and the
crystallization rate of ultrathin poly(di-n-hexylsilane) films (<50
nm in thickness).9 They also showed that the crystallization
behavior of ultrathin poly(di-n-hexylsilane) films on an octa-
decyltrichlorosilane-treated quartz surface was faster than on
glass substrates because of the attractive interfacial interaction
between the polymer and substrate.10

Crystalline-amorphous diblock copolymers have recently
been widely studied.11-20 In this system, the crystallizable
components crystallize within the microdomains of diblock

copolymers such as lamellae, double gyroid, cylinders, and
spheres in order of 10 nm below their order-disorder transition
temperatures (TODT).25 Loo et al. have reported that the
crystallization of polyethylene (PE) blocks within the micro-
domains of the diblock copolymers followed first-order kinetics
(Avrami exponent,n ) 1) in contrast with the sigmoidal
crystallization kinetics in the bulk state.14-16 This is because
the crystallization of PE within the spherical microdomains of
PE blocks was dominated by the homogeneous nucleation rather
than the growth of crystallites. Cheng and co-workers have
studied the orientation of polymer crystallites within the
microdomains of diblock copolymers.17-19 They have reported
that the crystal orientation of poly(ethylene oxide) (PEO) was
altered with the crystallization temperature17 or the confinement
dimension18 in lamellar domains of poly(ethylene oxide)-b-
polystyrene diblock copolymer systems due to the effect of
geometric confinement on the crystallite growth. The orientation
of crystals developed in the cylindrical microdomains was also
found to be changed.19

Inorganic materials were used as nanoscopic templates, too.
When crystalline polymers were blended with clay21 or silicate
gel,22,23 the crystallinity and melting temperature of polymers
were reduced with increasing the amount of inorganic compo-
nents due to the disruption of the growth of polymer crystals.
Steinhart et al. have shown that, in electrochemically fabricated
porous materials, the curvature of the confinements can affect
the crystal orientation of polymers.24 By studying the orientation
of crystals of poly(vinylidene fluoride) under cylindrical
confinements, they have observed that the crystallites grow
preferentially in the direction of minimum curvature on the
surfaces of cylindrical confinements. The study on the crystal-
lization behavior of ferroelectric or ferromagnetic materials such
as poly(vinylidene fluoride) or cobalt under nanoscopic cylindri-
cal confinement is particularly important for the fabrication of
high-density storage device because densely packed nanorods
have high density and strong electronic or magnetic properties
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at the same time.26,27

We have recently reported interesting crystallization phe-
nomena in nanoscopic cylindrical pores.28 Crystallization in
relatively larger pores was dominated by homogeneous nucle-
ation while heterogeneous nucleation was dominant in smaller
pores (pore diameter<50 nm).28 As our continuing efforts to
understand the crystallization of polymers in the cylindrical
confinements, we herein report the detailed crystallization and
melting and associated crystalline structures (orientation, crys-
tallinity, and size) of PE under nanoscopic cylindrical confine-
ments.

We used fractionated monodisperse linear PE which is a
polymeric model material due to its simple chemical structure
and well-known properties.29,30 Monodisperse chain length is
expected to minimize the potential effects of the molecular
weight distribution and short chain branches on the main chain
crystallization.31 We chose the fractionated linear PE rather than
hydrogenated anionically polymerized poly(butadiene) because
the 1,2-addition of butadiene monomers cannot be thoroughly
avoided.32

The anodized nanoporous alumina membranes have several
features suitable for examining the crystallization under two-
dimensional confinement. The range of the confinement,
diameter of the cylindrical nanopore, is quite wide. The
dimension is easily controllable in the range of 15-400 nm.33-36

By using the system with such a wide range of confined
dimensions, we could monitor the trend of crystallization
behaviors in cylindrical nanopores. Another strong advantage
is that the chain ends of the crystalline polymer in the nanopores
are free to move. There could be a potential effect of chemical
connectivity of one chain end or both ends on the crystallization
behavior since the crystallizable chain is chemically tied to other
molecules or materials. In addition, the nanoporous alumina
provide the robust confinement with excellent thermal and
mechanical properties37 in contrast to the glassy or rubbery
matrix in the diblock copolymer systems. Thus, only the effect
of the dimensionality of the confinement on the polymer
crystallization can be considered since the morphological
variation such as the breakout of the matrix in the block
copolymer systems is detoured.16 Besides, the fact that all the
nanopores in the anodized alumina are aligned in the direction
of alumina membrane thickness would simplify the crystal
structure analysis. Overall, the monodisperse linear PE in the
nanoporous alumina with a range of diameter is quite ideal to
investigate the crystallization and melting behavior of polymer
under two-dimensional confinements.

Experimental Section

Materials and Sample Preparation.We purchased a fraction-
ated monodisperse linear PE (Mw ) 32 100 g/mol,Mw/Mn ) 1.11,
Standard Reference Material 1483a) from National Institute of
Standard and Technology. Alumina membranes with hexagonal
arrays of regular-sized cylindrical pores (pore diameter,Dp ) 15-
110 nm) were synthesized via two-step anodization,38 and a
commercial porous alumina membrane (Anodisc 13,Dp ∼ 220 nm)
was purchased from Whatman plc. The morphology of alumina
membranes with different pore diameter was characterized by a
field-emission scanning electron microscope (FE-SEM, JEOL JSM-
6700F, Japan).

To investigate the crystallization behavior of PE in the nanopo-
rous alumina membrane, the linear PE was drawn into the pore via
partial wetting or wetting.39 The linear PE was located selectively
in the nanopores. PE and poly(2-vinylpyridine) (P2VP,Mw ∼
100 000 g/mol, Scientific Polymer Products, Inc.) was solution-
cast on a glass slide. To eliminate the residual solvents, the films
and alumina membranes were dried in a vacuum oven at 185°C

for 2 days. After drying each film, bilayer films composed of a PE
top layer and a P2VP bottom layer were prepared by floating PE
film on water and then transferring the PE film onto the P2VP-
coated slide glass.40 P2VP film herein acts as a soft supporting
layer for the PE film to keep in contact with the alumina membrane
during annealing. After placing an alumina membrane on the
surfaces of the bilayer films, the assembled samples were annealed
in a vacuum oven at 185°C for 5 days to fill the porous alumina
with linear PE (and a small amount of P2VP near the entrance of
the pores). The supportive aluminum was eliminated by immersing
the samples into the cupric chloride solution.41 The residual P2VP
was removed by immersing in ethanol at 50°C for about 5 days.
We confirmed that no continuous polymer films remained on the
surfaces of the alumina templates by observing the sample surfaces
with FE-SEM. Additionally, it should be mentioned that the PE
material in the nanopores existed in the form of nanorods, not
nanotubes, in the nanoporous alumina templates, which was
confirmed from TEM images of samples obtained after dissolving
the alumina templates (Supporting Information).

X-ray Diffraction. The crystal structure of linear PE in the
nanopores was characterized using the X-ray diffraction (XRD)
method. Crystallization of the linear PE in the nanopores was
conducted by cooling at a rate of 0.5°C/min from 180 to 30°C in
a vacuum oven. The XRD experiments were carried out by using
a synchrotron radiation facility, 4C2 beamline of Pohang Light
Source (PLS, Pohang, Republic of Korea, bending magnet type,
critical energy: 5.5 keV at 2.5 GeV). X-ray beams ofλ ) 1.68 Å
were monochromatized by a Si (111) double-crystal monochromator
and focused at the sample position in square shape via a toroidal
mirror and slits. The beam size at the sample position was 500×
500 µm2. The geometry of XRD experiments is schematically
presented in Figure 1. The angleψ was varied to be 0°, 45°, and
89.85° by a four-circle goniometer. The diffracted patterns were
recorded on a 2-D CCD camera (2048× 2048 pixel). The sample-
to-detector distance was about 15 cm. The diffracted angle was
calibrated by powder diffraction of pure silicon which has an intense
(111) reflection at 2θ ) 28.44°.

Melting and Isothermal Crystallization. The melting and
isothermal crystallization behaviors of linear PE in the nanoporous
alumina were investigated by a Perkin-Elmer DSC7 with a
refrigerating cooler. The instrument was calibrated with indium and
zinc before experiments. The alumina membranes, filled with linear
PE in their nanopores, were placed in aluminum pans. The weight
of linear PE in the pan was calculated on the basis of the thickness
of PE film and the total area of the membrane disks in the pan.
For melting experiments, the samples were heated to 180°C, held
for 10 min to erase the thermal history, cooled to 30°C, and then
heated again to 180°C. The heating and cooling was controlled at
a rate of 10°C/min. For isothermal crystallization experiments, the
samples were heated to 180°C, held for 10 min, then cooled at a
rate of 100°C/min to each crystallization temperature (Tc). The
crystallization exotherm at a given crystallization temperature was
monitored as a function of time.

Figure 1. Schematic illustration of the X-ray diffraction geometry
employed for investigating the orientation of the PE crystals developed
in the cylindrical nanoporous alumina with different pore diameter.
The angleψ was varied from 0° to 89.85° to examine the relationship
between the orientation of the PE crystals and the geometry of the
nanopores.
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Results and Discussion

FE-SEM images indicate that the fabricated alumina mem-
branes in this study have regular-sized nanopores with mean
pore diameters of 15, 20, 30, 62, and 110 nm, as shown in Figure
2a-e. The nanopores were also found to have narrow size
distributions. The standard deviations of pore diameters were
analyzed to be 1.9, 1.9, 2.0, 2.1, and 3.3 nm, respectively. In
contrast, the commercially available membrane (Figure 2f) has
the mean pore diameter of 220 nm and a very broad pore size
distribution with the standard deviation of∼46 nm. The pore
length (lp) for all the homemade membranes was around 100
µm.

Isothermal Crystallization Kinetics. DSC thermograms
recorded during the isothermal crystallization of linear PE in
the nanocylinders of 15 and 110 nm in diameter and in the bulk
are representatively shown in Figure 3a-c. The PE in the
nanopores and in the bulk exhibited different crystallization
behavior especially at the initial stage of the isothermal
crystallization. As shown in Figure 3d, nearly linear develop-
ments of crystallinity were observed for the crystallization of
PE in the nanopores. In contrast, an induction period was
observed for the crystallization of PE in bulk.

The Avrami theory was applied to characterize the influence
of the 2-D confinement on the crystallization kinetics of PE.
The Avrami equation that describes the crystallization kinetics
of materials is expressed as42

whereXc,r is the crystallinity normalized by the finally reached
value (i.e., relative crystallinity). The prefactorK and the
exponentn are referred to as Avrami constants.K is the constant
depicting the contribution of the growth rate, the nucleation rate,
and the number of nucleus. The exponentn depends on the
growth geometry and the mechanism of the nucleation.

Figure 4 shows Avrami plots obtained from the isothermal
crystallization thermograms. The Avrami exponents were evalu-
ated by linear fitting of the initial part of each curve in Figure
4. Then values of linear PE crystallized in the nanopores, 1.6-
1.9, were smaller than the one obtained from the bulk crystal-
lization, n ∼ 2.4. As the pore diameter decreased, then value
decreased to 1.5. These smallern values are comparable to the
ones observed in other confined semicrystalline polymer systems
such as the crystallization within the discrete microdomains of
block copolymers.14-16 Because of the geometrical constraints,
the nucleation became dominant rather than the growth of the
crystallites in the nanoscopic confinement, and therefore the
crystallization of the polymers under such constrained geom-
etries followed the first-order kinetics. In the previous study,
we found that the crystallization of linear PE in the nanoporous
alumina occurred much lower temperatures than in bulk.28 While
one-dimensional growth of the crystals could result in the
reducedn values,42 the low temperature of crystallization that
we have observed previously is another important indication
of dominant nucleation.43 In this study, the perfect first-order
kinetics was not observed. It is thought that the overall
crystallization of PE in the cylindrical nanopores is dominated
by the nucleation and the limited crystal growth can still occur
along the unconstrained cylindrical axis direction. Even for 220
nm nanopores, the largest pore diameter in this study, the
Avrami exponent (n ) 1.8) is much smaller than that of the
bulk (n ) 2.4), indicating that the crystallization within the
nanocylinders of those dimensions is still different from the bulk
crystallization. It is understandable by considering that the size
of bulk PE spherulite, typically ranging from several microme-
ters to tens of micrometer, is still much larger than the pore
diameter. The rate constants of isothermal crystallization,K,
were obtained from the intercepts of each plot in Figure 4. The
K values for the crystallization of PE in the nanopores were
much larger (more than 5 orders of magnitude) than the one in
the bulk.28 This seems to be originated from the larger number
of nuclei in the nanopores.

Crystal Orientation. Figure 5 shows the XRD patterns
acquired at referredψ angles for linear PE in the nanopores
with different diameter. Apparently, the diffraction peaks
become intense as the pore diameter increases. For instance,
the peak intensity from the sample with 110 nm pore was twice

Figure 2. FE-SEM images of nanoporous alumina membranes with a
variety of average pore diameter: (a) 15, (b) 20, (c) 30, (d) 62, (e)
110, and (f) 220 nm.

Figure 3. Isothermal crystallization exotherms at various crystallization temperatures for linear PE in the nanoporous alumina with pore diameters
of (a) 15 and (b) 110 nm, and (c) in the bulk. (d) is the development of relative crystallinity during isothermal crystallization of linear PE in
nanopores (solid lines) and in the bulk (dash-dot line). The crystallization temperatures were 99°C (15 nm), 93°C (20 nm), 99°C (30 nm), 82
°C (62 nm), 83°C (110 nm), and 122°C (bulk).

1 - Xc,r ) exp(-Ktn)
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larger than that from 15 nm after the normalization with the
amount of linear PE in the nanopores. It is believed that the
intensity difference between samples originates from their
crystallinity difference. This will be discussed in more detail at
the following section.

The XRD patterns atψ ) 0° (the first row of Figure 5) were
obtained from the samples where the long axes of the cylindrical
nanopores were aligned parallel to the incident X-ray beam.
The patterns show typical diffraction of isotropic orthorhombic
PE crystals. The uniform diffraction rings from the center of a
pattern are (hk0) reflections of (110) and (200) for orthorhombic
PE crystals. Higher order reflections were not distinct enough
to be analyzed because of their weak intensity and overlap
between them. For the diffraction patterns atψ ) 45° (the
second row of Figure 5), the orientation of (200) diffraction
peaks was observed to align on the directions aroundφ ) 80°.
Whenψ ) 89.85° (the setup is identical as grazing incidence
diffraction geometry with an incident angle of 0.15°), (110)

reflections were clearly observed in the direction ofφ ∼ 32°.
However, (200) reflections, which were supposed to appear at
the equator ofφ ) 90°, were not observed due to the blockage
of the alumina membranes. Overall, it is found from the
ψ-dependent X-ray diffraction patterns that thec- anda-axes
of orthorhombic PE crystals are preferentially aligned perpen-
dicular to the long axis of nanopores, while theb-axis is parallel
to it. The (110) and (200) reflections observed in the diffraction
patterns of all the samples indicate that the linear PE crystals
developed in the nanopores have similar orientation. Figure 6
shows the schematic illustration of PE crystals developed in
nanoporous alumina with the crystallographic axes of orthor-
hombic PE crystals.

The most common morphological measure of orientation is
the Herman’s orientation function,f.44 The calculation off is
meaningful only when there is a maximum of azimuthal intensity
distribution at the same or perpendicular direction with the
reference direction. However, we could not observe any
reflection which has a maximum at the same or perpendicular
direction with our reference direction, the cylindrical axis
direction. Instead off, we evaluated the full width at half-
maximum (FWHM) of the peak in the azimuthal intensity
distribution to evaluate the degree of orientation. The normalized
azimuthal intensity distribution of (110) reflection observed at
ψ ) 89.85° and FWHM (inset) as a function of nanopore
diameter are shown in Figure 7. The peak at aroundφ ) 32°
was broadened with the increment of pore diameter as can be
seen clearly by the decrement of FWHM. The result supports
that the degree of orientation decreases with increasing the pore
diameter. It demonstrates that the effect of the confinement on
the polymer crystallization becomes weaker as the pore gets
larger.

The preferred orientation of orthorhombic PE crystals in the
nanopore is understandable by considering the kinetically
preferred nucleation and crystal growth. In the bulk, for the PE
nuclei formed along the preferential direction, the crystal growth
occurs along both〈110〉 and 〈100〉 directions.45,46 The ratio of
the two linear growth rates,G110/G100, increases with increasing
crystallization temperature, and it becomes always greater than
unity atTcs above 80°C.46 In other words, the PE crystals grow
faster along the〈110〉 direction than〈100〉 direction at higher
Tcs, and therefore the PE crystals “elongated along theb-axis”
are formed atTcs above 80°C. As mentioned above, we
prepared the samples at a cooling rate of 0.5°C/min from 180

Figure 4. Avrami plots of isothermal crystallization of linear PE in
the nanoporous alumina with different pore diameter.

Figure 5. X-ray diffraction patterns at tilt angles ofψ ) 0°, 45°, and 89.85° for linear PE, crystallized at a cooling rate of 0.5°C/min, in nanoporous
alumina with pore diameters of 15, 20, 30, 62, and 110 nm.
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to 40 °C. In the nanopores, the PE crystallites are expected to
develop preferentially along the〈110〉 direction and form
elongated shapes along theb-axis at the slow cooling. As a result
of the cylindrical geometric constraints, theb-axis of PE crystal
is oriented almost parallel to the long axis of cylindrical
nanopores. It has been also reported that, for PVDF crystals
developed under nanoporous alumina confinement, the crystal
orientation is caused by kinetic selection processes during crystal
growth.47 As shown above, we observed that the crystallization
of PE in the nanopores is dominated by the nucleation with the
partial contribution of crystal growth.28 Although the dominant
nucleation is thought to render the growth of PE crystals along
the long axis of cylindrical nanopores restricted, the crystal
orientation can still be driven by the cylindrical geometry during
the limited crystal growth.

Melting Behaviors. DSC heating thermograms of PE,
crystallized at a cooling rate of 10°C/min, in the nanoporous
alumina are shown in Figure 8. The melting temperature,Tm,
was here defined as the peak temperature of the melting
thermogram. TheTm of PE crystals developed in nanopores was
found to decrease from 128.6 to 122.0°C with decreasing the
pore diameter from 220 to 15 nm. We conjecture this melting
temperature depression be due to the decrease of a crystallite
size and the increase of interfacial area. Assuming a rectangular-
shaped crystal, the relationship between the dimensions of the

crystal and its melting temperature is well described by the
Thomson-Gibbs equation:48

whereσ1, σ2, andσ3 denotes the specific surface free energy of
a crystallites, andL1, L2, and L3 are the dimensions of the
crystallite. The subscripts represent the three orthogonal direc-
tions in a chain-folded lamella.T°m is the equilibrium melting
temperature of the crystal with infinite thickness,Fc is the crystal
density, and∆H°m is the heat of fusion per unit mass. Accord-
ing to the equation,Tm decreases as the dimension of crystallite
(L1, L2, andL3) decreases. In general, the lateral dimensions of
the lamellar crystal in bulk are much larger than the thickness.
Therefore, the second and third terms in the round bracket of
eq 1 are neglected, and the equation is simply represented by
the specific free energy of fold surfaces,σ1 or σe, and the
thickness of a lamella crystal,L1 or Lc.

As discussed above, thec-axis (the thickness direction of the
crystal lamella) of the orthorhombic PE crystals developed in
the nanopores is aligned perpendicular to the long axis of
cylindrical nanopores. Therefore, one of lateral dimension,
normal to pore axis, is restricted. Besides, considering that the
overall crystallization in the nanopores is predominated by the
nucleation,28 the lateral dimension of the PE crystals along the
pore axis can be also restricted by the growth-limited crystal-
lization. Then, the lateral surface free energies (σ2 and σ3)
contribute appreciably to lowering the melting temperature of
PE, since the lateral surface areas of PE crystals become
significant. Additionally, the thickness of PE crystals in nan-
opores could be reduced, depending on the pore diameter.
Eventually, the smaller PE crystals formed in the pore result in
the large depression of melting temperature.

For the detailed understanding of crystalline structure and
melting behavior, we assume a simple model of PE crystals in
the nanopores as follows: (a) linear PE in the nanopores forms
rectangular-shaped crystallites with a limited thickness ofL1,
where the c-axis of orthorhombic PE crystals is oriented
perpendicular to the long axis of cylindrical nanopores; (b)L2-
(in the direction of thea-axis of crystals) is similar to the pore
diameter (Dp). We calculated the melting temperature of this
model crystal based on the Thomson-Gibbs equation whenL3

is either infinite or as small as pore diameter.L3, whose direction

Figure 6. (a) Schematic illustration of the PE crystallites developed
in the cylindrical nanopores. (b) Correlation between crystallographic
axes (a, b, c) of orthorhombic PE crystals and the orthogonal axes (x,
y, z) of cylindrical nanopores. Thez-axis is the long axis of a cylindrical
nanopore.

Figure 7. Azimuthal intensity distribution of (110) reflection in X-ray
diffraction patterns obtained at the tilt angle ofψ ) 89.85°. The inset
is the plot of the full width at half-maximum (FWHM) of (110)
reflection as a function of nanopore diameter.

Figure 8. DSC melting thermograms of the linear PE, crystallized at
a cooling rate of 10°C/min, in nanoporous alumina with different pore
diameter.

Tm ) T°m[1 - (σ1

L1
+

σ2

L2
+

σ3

L3
) 2
Fc∆H°m] (1)

Macromolecules, Vol. 40, No. 18, 2007 Linear Polyethylene in Cylindrical Nanopores6621



lies parallel to that of pore axis, could be comparable with the
pore length in its maximum, assuming perfect crystal growth.
In the meantime,L3 would be very short when the nucleation
is dominant in the formation of PE crystal under the cylindrical
confinement. Figure 9a shows the experimentally determined
melting temperatures of PE crystals in conjunction with the
calculated melting temperatures. The dashed line in Figure 9a
is drawn with the assumption ofL1 ) 20.2 nm,L2 ∼ Dp, and
L3 ∼ ∞ and the dash-dot line withL1 ) 20.2 nm andL2 ) L3

∼ Dp. L1 was calculated from the experimentally measured
melting temperature of bulk PE using the Thomson-Gibbs
equation. The other parameters used for the melting temperature
calculations are as follows:49-51 T°m ) 419 K, σ1 ) σe ) 94
mJ/m2, σ2 ) σ3 ) 13.8 mJ/m2, Fc ) 1.005 g/cm3, and∆H°m )
293 J/g. As can be seen in Figure 9a, the melting temperatures
calculated with the assumption ofL3 ∼ Dp were closer to the
experimentally determined melting points than the ones with
the assumption ofL3 ∼ ∞. It supports that the crystal growth
along the long axes of the cylindrical nanopores is restricted,
and the nucleation is dominant by the nanoscopic confinement.
Additionally, we calculated melting temperatures whenL1 )
L2 ) L3 ∼ Dp. For 15 nm pores, the expected melting point
(122.8°C) was very close to the measured one (121.9°C), which
is also an evidence for the limited crystal growth and nucleation-
dominated crystallization in nanopores.

It is noteworthy that the melting temperatures observed
experimentally are even lower than the values calculated with
the two crystal dimensions assumed above. It implicates that
the size of the crystallites developed in nanopores is smaller
than the dimensions assumed above. It is known that, for PE
crystallite, the fold surface free energy,σ1 or σe, is lager than
the other two lateral surface energies,σ2 andσ3.49 We calculated
the reduction of crystallite size in the lamella thickness direction,
L1, since it is thought to be a major contribution to the depression
of melting temperature. AssumingL2 ) L3 ∼ Dp as before, the
L1s, evaluated from the experimental melting temperatures, were

12.6, 12.7, 12.4, 14.4, 15.7, and 16.2 nm for 15, 20, 30, 62,
110, 220 nm pores, respectively. TheseL1s are smaller than
the bulk crystal thickness (Lc,bulk ) 20.2 nm) as well as pore
diameter, supporting that evaluatedL1 values are reasonable.
We performed small-angle X-ray scattering (SAXS) experiments
to determine experimentally theL1 value. But, theL1 value could
not be measured from SAXS patterns because the crystals do
not form stacked lamella structure and the scattering signal from
the nanopore structure factor is too strong.

In the melting temperature vs reciprocal pore diameter plot
(Figure 9a), there is a crossover near 30 nm of pore diameter.
Especially, for 30 nm pores, two different melting endothermic
peaks were observed (Figure 8). We have recently found that
there is a transition of dominant crystallization mechanism of
PE in cylindrical nanopores from homogeneous to heterogeneous
nucleation as the pore diameter decreased.28 We believe that
the two melting peaks stem from the coexistence of the crystals
formed by the two different nucleation mechanism.

The crystallinity (Xc) of linear PE in nanopores was evaluated
from the heat of fusion using the following equation:

where ∆Hm is the heat of fusion measured from the DSC
thermogram, and∆H°m is the heat of fusion of 100% PE crystal
(293 J/g).51 The evaluated crystallinity as a function of pore
diameter is represented in Figure 9b. The crystallinity in the
nanopores was found to be less than 50%, which is much smaller
than the bulk crystallinity (71.6%). When the pore diameter was
smaller than 15 nm, the crystallinity decreased to less than 30%.
The result indicates that the crystallization of linear PE was
considerably disturbed in the nanopores as the degree of
confinement is tightened. The perturbation of crystallization can
be attributed to the interference of the cylindrical confinement
with the crystal growth, i.e., the limitation of growth by the
nanoscopically confined space and the geometrical mismatch
between the nanoscopic cylindrical geometry and the crystal
growth direction. We could recognize the sharp but minor
change in crystallinity with the variation of the pore diameter.
While we guess that it is related to the transition of nucleation
mechanism,28 we do not have a concrete picture or experimental
clue on the sudden change at the molecular level presently. At
least, it is clear that the crystal formation and partial crystal
growth in the porous alumina is more perturbed as the pore
diameter decreases. Considering that the drop of crystallinity
is minor, we believe that the nanoscopically curved geometry
of the alumina surface, small space with mechanically solid wall,
and the perturbation of chain conformation are more influential
on the final crystallinity than the nucleation mechanism transi-
tion.

Conclusions

We investigated the crystalline features (orientation, size,
crystallinity, etc.), melting, and crystallization of linear PE under
the nanoscopic cylindrical confinement. It was found that the
frustration driven by the nanoscopic constrained geometry
induced the nucleation-dominant crystallization. A specific
orientation of linear PE crystals in nanocylinders was found
when they were crystallized slowly; theb-axis of orthorhombic
PE crystals was parallel to the long cylindrical axes of the
nanopores, anda- and c-axes were nearly on the plane
perpendicular to the cylindrical axes. The melting temperature
of PE crystals developed in the nanopores decreases appreciably

Figure 9. (a) Melting temperature and (b) crystallinity of PE crystals,
developed at a cooling rate of 10°C/min, in nanoporous alumina with
different pore diameter. The dashed (L1 ) 20.2 nm,L2 ∼ Dp, andL3 ∼
∞) and dashed-dot (L1 ) 20.2 nm andL2 ) L3 ∼ Dp) lines of (a)
indicate the melting temperatures calculated from the Thomson-Gibbs
equation.

Xc (%) )
∆Hm

∆H°m
× 100 (2)
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with the decrement of pore diameters due to the reduced crystal
size. The crystallinity of linear PE in the nanoporous alumina
was also significantly reduced.
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