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The crystallization of monodisperse linear polyethylene confined in nanoporous alumina is investigated
with the calorimetric measurements. We observe a drastic change in crystallization behavior, specifically
nucleation, with a decrease in the pore diameter. Crystallization in relatively larger pores with the
diameters of 62 and 110 nm occurs at lower temperatures within a very narrow range, whereas
crystallization in smaller pores with diameters of 15—-48 nm occurs at a higher and broad range of
temperatures. Nucleation and crystallization kinetics in nanopores is discussed based on classical

nucleation theory as well as the Avrami theory.
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Physical properties of materials which are well defined
and clearly fixed in the bulk are very often no longer typical
features in the nanometer scale. For instance, nanocrystals
show size-dependent properties such as fluorescence [1]
and melting point depression [2]. Many useful optical and
electronic properties of nanocrystals are tunable without
much difficulty nowadays as the shape and size can be
controlled via various synthetic methods [3—5]. Realizing
that several important physical properties are governed by
crystal structures, the understanding of crystallization ki-
netics in nanoscopically confined spaces is of crucial im-
portance for developing novel nanomaterials that exhibit
various nontraditional properties.

Crystalline polymers are of particular interest due to
their tendency to form in bulk nanoscopic and highly
anisotropic structures [6]. Once the anisotropic crystalline
structures meet another nanoscopic geometry, for example,
one-dimensional cylindrical nanostructure [7,8], those
combined multiple-length scale structures could be used
as high density electronic devices without deteriorating
their original properties [5]. Under the geometry of nano-
scopic confinement, the crystallization behavior of poly-
mers must be strongly perturbed. Some of the previous
studies have focused mostly on the structure and crystal-
lization behavior of polymers under one-, two-, or three-
dimensional confinement, revealing the details of the crys-
tal structure in conjunction with geometric features of
confinement [7-12]. Although those results enable us to
speculate the mechanism of polymer crystallization under
a strongly confined condition, the understanding of kinetics
is still limited due to the difficulty in direct measurement of
crystal growth over a broad range of confinement
geometries.

In this Letter, we report the crystallization kinetics of
monodisperse linear polyethylene (PE) in nanoporous alu-
mina and show that the kinetic behavior is drastically
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altered as the diameter of cylinders becomes smaller. The
pore diameter is varied over a wide range from a small
dimension comparable to the nucleus size to several times
of repeating period of lamellar crystal in bulk. Thus, we
expect that the nanoscopic cylindrical confinement im-
posed on the polymer chains induces significant alteration
of nuclei formation or crystallite growth. In this system,
both ends of the PE chain are free to move, and the anodic
alumina template provides the well-defined cylindrical
nanopores which are regularly sized, straight, and linear
all the way through [13]. The thermal and mechanical
rigidity of alumina avoids the breakdown of nanoscopic
confinement due to crystal growth [14]. The use of fractio-
nated linear PE detours the potential effect of broad mo-
lecular weight distribution and short chain branches on the
main chain crystallization [15].

The alumina membranes with regular pore diameters
were fabricated via the two-step anodization [13].
Fractionated monodisperse linear PE was purchased from
NIST (Standard Reference Material® 1483a, M, =
32100 g/mol, M,,/M, = 1.11). The sample preparation
is schematically shown in Fig. 1. Bilayer films consisting
of a PE top layer and a polystyrene (PS, M, =
280 kg/mol, Aldrich Chemical, Co.) bottom layer were
prepared by solution casting on glass substrates and fol-
lowed by detaching and overlaying the PE film on the
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FIG. 1. Schematic illustration of sample preparation.
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supporting PS film. The nanopores were filled with the
linear PE by annealing the film and alumina membrane
assembly in a vacuum oven at 180 °C for more than 5 days.
After annealing, the remaining aluminum and PS were
removed by dissolving in cupric chloride solution [16]
and toluene, respectively. Since PE film was not thick
enough to fill the pore completely, PE was located only
in the pore after removing PS. The isothermal crystalliza-
tion experiments of the linear PE in nanopores were carried
out on a Perkin-Elmer DSC7 equipped with a refrigerating
cooler. The weights of linear PE were calculated based on
the thicknesses of initial linear PE films and the total area
of the membranes in the pan. The isothermal crystalliza-
tion experiment was carried out by heating each sample to
180 °C, holding for 10 min to erase the thermal history,
cooling to predetermined crystallization temperature (7'..)
at a rate of 100 K/ min, and holding for crystallization.
The kinetics of crystallization follows the Avrami equa-
tion, 1 — X, = exp(—K1") [17]. Here, X, is the relative
crystallinity at a specific time ¢. K and the exponent n are
referred to as Avrami constants. The isothermal crystalli-
zation kinetics of the linear PE confined in the nanocylin-
ders was analyzed by Avrami theory to get the information
on the contribution of nucleation and growth. The experi-
mental parameters and Avrami constants are summarized
in Table I. It is noteworthy that the n values (n = 1.6-1.9)
of linear PE crystallization in the nanocylinders are smaller
than the one (n = 2.4) obtained from the crystallization in
bulk. The exponent # is known to be dependent on growth
geometry and the crystallization mechanism [17]. Crystal-
lization of PE in bulk is known to be initiated by the
heterogeneous nucleation with a relatively small number
density of nuclei and followed by the dominant three-
dimensional spherulitic growth [18]. The cylindrical con-
straint geometry and limited volume of the nanoporous
alumina give rise to the frustration of crystal growth.
Therefore, nucleation is dominant, leading to the reduced
Avrami exponent n for the crystallization in the cylindrical
geometry. The decrease in n values has been reported for
the crystallization in thin polymer films [10] as well as in
the spherical microdomains of semicrystalline-amorphous

TABLE I. Avrami constants obtained from the isothermal

crystallization of linear PE in pores and in the bulk.
Samples T, range (°C) n K

15 75-99 1.7+0.1 4.1x1072

20 75-99 1.7+0.1 4.1x107?

In nanopores 33 75-99 1.6 =01 3.6% 1072

(pore diameter, 41 75-99 1.7+0.1 2.6x1072

nm) 48 75-99 1.702 29X1072

62 80-84 1.9+01 1.0Xx1072

110 79-83 1.9+0.1 0.8x1072

In bulk 114-122 24+02 37x%X10°8

diblock copolymer [11], and the dominating nucleation
was suggested to be responsible for this decrease.
Similarly, in the cylindrical nanopores, the nucleation is
the major contribution to overall crystallization.

Crystallization in the nanopores occurs at lower
T.(<99 °C), compared with the bulk crystallization (T, =
114-122°C), as listed in Table I. Since nucleation is
dominant in the nanopores and the nucleation rate is higher
at lower T, in general [18], the exotherms for the crystal-
lization in the nanopores are observed only at lower 7'.s. At
higher T,_s, crystallization in nanopores is not discernible
presumably due to the small number density of nuclei and
restricted crystal growth. Overall, the decrement of 7. for
the crystallization in nanopores indicates that the nuclea-
tion is dominant over the crystal growth.

The Avrami constant K, depicting the contribution of the
crystal growth rate, the nucleation rate, and the number of
nuclei, is 6 orders of magnitude larger in the nanocylinders
than that in the bulk (Table I). With the above information
of the suppressed crystal growth in the pores, the signifi-
cant increase in K, as compared to that in bulk, suggests a
larger number of nuclei or higher nucleation rates in the
nucleation of PE in nanopores. The reciprocal of crystal-
lization halftime (tl_/lz), a measure of crystallization rate of

PE in nanopores and in bulk, is plotted in Fig. 2 as a
function of T, (lower axis) and AT (upper axis). Here,
11, is the time at which the crystallinity reaches half of the
finally attained value at each T, and AT is the degree-of-
supercooling, the difference between the equilibrium melt-
ing temperature (75, 146.5 °C for linear PE [19]) and T'... It
is found from the slopes shown in Fig. 2 that the crystal-
lization behavior of PE is appreciably affected by the
existence of confinement. The crystallization rates in the
nanopores with the diameters of 62 and 110 nm are sig-
nificantly dependent on the crystallization temperature,
compared with those in the bulk. The slope for the bulk
crystallization is —1.37 X 1072 sec” ! K™!, while those
are —4.08 X 1072 and —3.26 X 1072 for crystallization
in the 62 and 110 nm pores, respectively. On the other
hand, it is noteworthy that the crystallization rates of PEs
in the 15-48 nm pores exhibit very weak tempera-
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FIG. 2. Crystallization rate (1/1,/,) as a function of the crys-
tallization temperature (7,) or the degree-of-supercooling (AT).
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ture dependence, unlike in 62 and 110 nm pores. When the
diameter is smaller than 48 nm, the slopes suddenly be-
come smaller by 1 or 2 orders ( — 0.1 to —4.4 X 1073)
than those for larger pores. The T, ranges also vary
abruptly between 48 and 62 nm pores. The crystallization
in the 62 and 110 nm pores occurs at lower and narrower 7',
ranges (AT ~ 65 °C) than in the smaller 15—-48 nm pores.
We observed crystallization exotherms on broad ranges of
temperatures, even at 7. = 99 °C (or AT = 47.5°C), in
15—48 nm pores.

As mentioned earlier, crystallization in the nanopores is
governed by nucleation rather than crystal growth. Hence,
the confinement dimension-dependent crystallization ki-
netics can be explained in view of nucleation mechanism.
In the cases of 62 and 110 nm pores, large AT ( ~ 65 °C)
and steep temperature dependence of tf/]z (Fig. 2) supports

the fact that the overall crystallization of PE in those pores
is governed by homogeneous nucleation. Homogeneous
nucleation, initiated without any assistance of foreign ob-
jects, is known to require larger critical nucleus size (few to
tens of nanometers along the direction of chain axis), and
therefore it occurs at AT's larger than that for the hetero-
geneous nucleation [18]. Additionally, the homogeneous
nucleation rate depends more strongly on the temperature
than heterogeneous nucleation because there is no free
energy gain due to the absence of any preexisting surface
to the nucleus formation [18]. The large AT and steep
temperature dependence of tl’/lz has been also reported
for other homogeneous nucleation-dominant systems
such as micron-sized polymer droplet [20,21] or
crystalline-amorphous diblock copolymer [11].

In the smaller pores with diameters of 15—48 nm, the
crystallization behavior of PE is different from the one in
larger pores in that crystallization occurs at smaller AT
with a very weak temperature dependence. It implicates
that heterogeneous nucleation dominates the overall crys-
tallization of PE in the pores with diameters of 15—48 nm.
According to the classical concept on crystal nucleation, a
nucleus is stable only when its dimension is larger than the
critical nucleus size [18]. For heterogeneous nucleation,
the critical nucleus size is predicted to be proportional to
~Avy (the surface free energy difference between the
nucleus and preexisting substrate) and ~AT ! [18]. The
critical nucleus size is almost unaffected by the tempera-
ture at large ATs since the critical nucleus cannot be
smaller than the molecular scale and Ay is also small.
Therefore, in heterogeneous nucleation, the nucleation rate
is almost independent of the temperature at sufficiently low
T, [18]. In the bulk, crystal growth contributes mainly to
the overall crystallization kinetics, compared with hetero-
geneous nucleation [18], and the crystallization rate de-
pends on AT appreciably. On the other hand, in the smaller
15—-48 nm pores, nucleation governs the overall kinetics
because of the geometrical limitation on crystal growth.
Therefore, the very weak temperature dependence of 7;/,

means that heterogeneous nucleation is a dominant con-
tribution to the overall crystallization. As the pore diameter
decreases, the surface-to-volume ratio increases, and the
polymer chain is likely to have more chances of forming a
nucleus from the surface of nanopores. However, the
slopes of the 33 ~ 48 nm diameter pores in Fig. 2 are
slightly larger than those of 15 and 20 nm pores. It is
thought that there is minor contribution of homogeneous
nucleation in the intermediate-sized pores.

Assuming that regular sized crystallites are formed, the
nucleation in the larger nanopores is similar to droplet-type
homogeneous nucleation [20,21]. According to nucleation
theory, the #;,, of a homogeneous nucleation-dominant
system is related to the 7. as follows [18];

32y?y T2 1
k(Ahyp.)* T.AT?

(D

Int;/, = const +

where A#y is the bulk free enthalpy of the crystal and p, is
the density of the crystal. y and vy, are the lateral and fold
surface free energies of a nucleus, respectively. With the
information of Ak, = 2.9 X 10? J/g and p, = 1.0 g/cm?
[18], we can calculate the surface energy product (y27y,)
from the slope of the semilogarithmic plot of 7/, versus
1/T.AT?, as shown in Fig. 3. The y?7y, values are eval-
uated to be 8.2 X 107¢ and 6.0 X 107° J3/m® for 62 and
110 nm diameter pores, respectively. These values are in
reasonable accordance with those obtained from the poly-
mer droplet experiments [22]. The small difference
(~20%) is thought to stem from the geometry of the
confinement. Since the cylindrical nanopore is a two-
dimensionally confined system, crystallization in the nano-
cylinders in this study is different from the perfectly iso-
lated homogeneous nucleation system such as the
crystallization within polymer droplets [22]. The connec-
tivity along the pore axis may induce self-nucleation from
preexisting crystals [23,24].

We can also calculate the dimension of critical nucleus
from the above crystallization experiments. The longitudi-
nal dimension of critical nucleus (I*) is expressed by the
following equation:[18];
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FIG. 3. Crystallization halftime (¢;/,) as a function of super-
cooling (1/T,AT?) in the isothermal crystallization experiment.
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FIG. 4. Cooling thermograms of monodisperse linear PE in the
nanoporous alumina with the diameters of 15-110 nm and in
bulk. The cooling rate was controlled to be —10 K/ min.
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Using the y of 1.0 X 1072 J/m? [18] and the y?7y, values
above, the [* values are calculated to be 7 and 5.3 nm for
the crystals developed in the 62 and 110 nm nanopores,
respectively. However, the calculated [* of crystals devel-
oped in the pores with the diameters of 15—48 nm strongly
suggests that the homogeneous nucleation in those small
pores is not likely to happen. The [* for those smaller pores
with the diameter of 15—48 nm is calculated to be smaller
than 1 nm. These values are too small to be the size of a
nucleus. Therefore, the homogeneous nucleation theory is
not applicable any more as the nucleation mechanism in
those 15—48 nm nanopores. The instability of the nucleus
developed by homogeneous nucleation in the smaller
nanopore must be one of origin of the predominant hetero-
geneous nucleation in the smaller pores.

The change in nucleation mechanism with the pore
diameter can also be observed from the nonisothermal
crystallization of PE in the nanopores. DSC thermograms
of the samples obtained at the cooling rate of —10 K/ min
are shown in Fig. 4. Sharp exothermic crystallization peaks
around 80 °C are observed when the pore diameters are 62
and 110 nm. On the other hand, broad peaks covering 60 to
110 °C are detected when the diameters are 15—48 nm. It is
interesting that, for 33 and 48 nm pores, a relatively small
and sharp peak is also observed with broad exotherm,
indicating partial contribution of homogeneous nucleation
in addition to the dominant heterogeneous nucleation in
those intermediate-sized nanopores. Those temperature
ranges for nonisothermal crystallization in the smaller
nanopores are consistent with the 7, ranges of the above
isothermal crystallization experiments. The nonisothermal
crystallization of PE in the bulk consists of heterogeneous
nucleation and subsequent crystal growth which occurs just
below the melting temperature [18]. The entire crystalli-
zation process of heterogeneous nucleation and crystal
growth in the bulk occurs within relatively narrow tem-
perature ranges. In the larger pores with the diameters of 62

and 110 nm, however, the homogeneous nucleation is
predominant and sharp exotherms are observed at lower
temperatures (75 ~ 85 °C) than in the bulk ( ~ 117 °C). In
the smaller pores with the diameters of 15-48 nm, the
heterogeneous nucleation prevails, and the crystallization
occurs over much wider temperature ranges (60 ~
110°0C).

In summary, we have investigated the nucleation-
governing crystallization of monodisperse linear PE frus-
trated under the nanoscopic cylindrical confinement. We
found from the calculations based on the classical nuclea-
tion theory that homogeneous nucleation dominates in
larger pores, whereas heterogeneous nucleation prevails
in smaller pores.
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