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ABSTRACT: The confined crystallization behavior of a low
molecular weight monodisperse polyethylene oxide (PEO) in
anodic alumina oxide (AAO) templates was investigated.
Homogeneous nucleation of polymer in AAO templates was
confirmed. Within AAO with diameter larger than the contour
length of PEO chains, the “kinetics selective growth”
crystallization mechanism was confirmed based on the
observation that the chain axis preferentially aligned
perpendicular to the pore axis. However, when AAO diameter
further decreases to a value smaller than the contour length of
PEO, unique orientation with chain axis aligned parallel to the
pore axis was observed for the first time. The results were
discussed based on the competition between thermodynamics
and kinetics during the crystallization process.

Nanostructured materials have become a hot research focus
in material science because of various attractive proper-

ties and their enormous potential applications.1−5 For
crystalline polymers, the crystalline phase is usually decisive
for many properties. It has been found that polymer under
nanoconfinement exhibits unique crystallization behavior,
including variation of nucleation mechanism,6−11 orienta-
tion,7,9,11,12 and decreased crystallinity.9,10,12 Among various
confining circumstances, anodic alumina oxide (AAO)
templates,13 with nanoscale cylinder arrays, have been widely
used for producing 1D nanorods/nanotubes. AAO templates
can be prepared in large scale and can be easily infiltrated with
various polymer melts.14−16 Additionally, the uniform cylinders
in AAO are size-controllable with good mechanical strength
and high thermostability. All the above features make AAO an
ideal system for studying the crystallization behavior of
polymers under confinement.
The crystallinity of polymers confined in AAO is generally

lower than that in the bulk state.9,10,12 With decreasing pore
diameter, the crystallinity continuously goes down. Besides, a
drastic decrease of crystallization temperature for polymers
confined in AAO is frequently observed, which was generally
regarded as a sign for a transition from heterogeneous to
homogeneous nucleation.10,11 Another important observation is

that the crystallization of the polymer in AAO is anisotropic.
The polymer chains (normally, c-axis) align preferentially
perpendicular to the AAO pore axis.7,9,11 In other words, the
lamellae grow along with the AAO pore axis. Steinhart et al.7

have proposed a theoretical scenario to explain the oriented
crystallization. Within the AAO pores, homogeneous nuclea-
tion produces nuclei randomly. Then only the crystals with the
<hk0> direction aligned with the long axis of pores are able to
grow. Lamellae with an <hkl> direction where l is nonzero are
“blocked” by the rigid wall. Additionally, some reports11,17

stressed the influence of possible surface-induced nucleation on
the crystallization of polymers in AAO.
The reported results repeatedly verify that polymer lamellae

adopt a specific orientation with the c-axis preferentially aligned
perpendicular to the long axis of the AAO pores. Similar to
some other facts in polymer physics such as folded chain
crystal, polymorphism, and multiphase morphology, this could
be seen as another paradigm of kinetics-controlled phenomen-
on. However, a fundamental question is what would happen if
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kinetics-favored conformations are not thermodynamically
stable in confined crystallization. Figure 1 shows the possible

packing modes of a monodisperse low molecular weight
polymer in different AAO templates. The low molecular weight
polymer exhibits extended chain crystal in bulk. If the AAO
pore diameter is larger than the contour length of the polymer
chain, it is reasonable to hypothesize that lamellae would
probably adopt an orientation with chains preferentially aligned
perpendicular to the pore axis. That means the ⟨120⟩ direction,
the fastest growth direction of PEO crystals, grows parallel to
the pore axis and dominates the overall orientation (Figure
1A). However, the situation becomes complicated if the AAO
pore size decreases to a value smaller than the chain’s contour
length. To maintain the kinetically controlled orientation, the
chains have to fold back because of the spatial confinement
(Figure 1B). Those chain conformations are obviously
thermodynamically unfavorable. On the other hand, if the
chains form a thermodynamically stable extended crystal as
depicted in Figure 1C, the growth of the crystal is kinetically
difficult since the ⟨120⟩ direction of PEO crystals grows
perpendicularly to the pore axis.
To clarify the packing mode of polymer crystals in different

sized confined spaces, we constituted a model system with low
molecular weight poly(ethylene oxide) (PEO) with extended
chain length of 12.6 nm and AAO templates with different pore
diameters (the lowest one is 10 nm). For the first time, the
crystal orientation with the c-axis aligned parallel to the long
axis of AAO pores was observed in the AAO (Φ = 10 nm). The
current observation may give new insight into the under-
standing of the crystallization behavior of crystalline polymers
under nanoscale confinement.
Figure 2 shows the SEM and AFM images of the surface of

four AAO templates. The pore size is relatively uniform. The
average diameters of the AAO templates are Φ = 100, 60, 30,
and 10 nm, as shown in Figure 2(A)−(D), respectively. For the
AAO template with Φ = 10 nm, the pore depth is ∼20 μm,
while for all other templates, the pore depth is larger than 65
μm.
Figure 3 shows the differential scanning calorimetry (DSC)

cooling and heating curves of PEO in the AAO templates. Bulk
PEO exhibits a strong and sharp exothermic crystallization peak
at ∼34 °C. For the PEO in the AAO templates with pore

diameter of 100, 60, and 30 nm, the crystallization peak
temperature shifts substantially to around −20 °C. The peak
temperatures of PEO in various AAO templates are listed in
Table 1. The drastic decrease of crystallization temperature is a

Figure 1. Schematic illustration of the possible packing modes of a
monodisperse low molecular weight polymer in different AAO
templates. (A) In an AAO template with pore diameter larger than
the contour length of the polymer chain, it is most likely that the chain
axis would align perpendicular to the pore axis. In an AAO template
with pore diameter smaller than the contour length of the polymer
chain, two packing modes are possible: (B) the chain axis aligns
perpendicular to the pore axis and the chains are folded (both integer
and noninteger folding are possible), (C) or else, the chain axis aligns
parallel to the pore axis with an extended conformation.

Figure 2. SEM and AFM images of AAO templates with different pore
diameters: (A) 100 nm, (B) 60 nm, (C) 30 nm, and (D) 10 nm.

Figure 3. DSC cooling (A) and heating (B) thermograms of bulk PEO
and PEO confined in AAO templates. For clarity, the heat flow of PEO
confined in AAO with diameter of 10 nm was multiplied by a factor of
2 .The DSC curves were normalized by the weight of both the PEO
and AAO template.

Table 1. Crystallization and Melting Temperatures of Bulk
PEO and PEO Confined in AAO Templates with Different
Pore Diameters

samples bulk PEO 100 nm 60 nm 30 nm 10 nm

Tc (°C) 34.0 −18.6 −20.7 −21.0 −25.1
Tm (°C) 52.7 49.8 49.7 49.6 47.9
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typical feature for polymers in confined spaces. One
straightforward explanation is the transition of the nucleation
mechanism, e.g., from heterogeneous to homogeneous. The
nucleating heterogeneities in the bulk sample can easily initiate
crystallization, and the crystallization spreads out until
boundary impingement. For polymer confined in AAO, the
melt is divided by templates into numerous nanoscale domains,
in which each heterogeneous site can only influence an
“infinitesimal” fraction of matter. Statistically, homogeneous
nucleation dominates the overall crystallization process, which
needs a larger supercooling to overcome the larger free energy
barrier.6,10,18 As shown in Table 1, the crystallization temper-
ature decreases with decreasing pore diameter. This is in
accordance with the relationship in the criteria of homogeneous
nucleation19 (detailed discussions can be found in the
Supporting Information). The melting temperatures of the
PEO in AAO are similar to each other, all of which are ∼4 °C
lower than that of bulk.
To reveal the orientation of the PEO crystals within the AAO

nanopores, 2D WAXD experiments were carried out at room
temperature (Figure 4). Figure 4(A) is a schematic illustration

of the experimental setup of the measurement. The normal of
the plane for the AAO surface is defined as the z axis, while two
lines in the AAO surface perpendicular to each other are
defined as the x and y axes. The selection of the x and y axes is
random based on the symmetry.
Figure 4(B−E) shows the 2D WAXD patterns of the PEO

infiltrated in the AAO templates. As seen in Figure 4(B), two
strong reflections were observed. The reflections have d spacing
values of 4.59 and 3.78 Å, which can be assigned to the 120 and
112/032/1̅3 ̅2/2 ̅1 ̅2 reflections, respectively. The reflection

patterns of the PEO in the 30, 60, and 100 nm AAO pores
are similar. The 120 reflection locates at the meridian, and the
112/032/1̅3 ̅2/2̅1 ̅2 reflections locate on the off-meridian
positions. These patterns are in well accordance with the
previous reports.10,20 The c-axis of the PEO chains preferen-
tially aligns perpendicular to the pore axis. In other words, the
lamellae grow along the AAO nanopores. However, it is striking
to find that the PEO in the 10 nm AAO displays a completely
different diffraction pattern. The 120 reflection locates at the
equator, and the 112/032/1 ̅3 ̅2/2 ̅1 ̅2 reflections move accord-
ingly. These patterns correspond to an orientation with the c
axis preferentially aligning parallel to the pore axis.
The packing mode of the PEO lamellae with c-axis

perpendicular to the AAO pore axis can be readily explained
by the “kinetics selective growth” theory.7 Upon cooling, PEO
nucleates randomly. Because of the 1D geometry, lamellae with
the <hk0> direction in parallel to the AAO pore axis can grow
gradually. Crystallites with other orientations would stop
growing when the growth front encounters the wall of the
AAO. This mechanism has an obvious prerequisite: the
thickness of the lamellae should be smaller than the diameter
of the AAO pores. The extended chain length of the PEO in the
present study is 12.6 nm. Under the condition of the AAO with
diameter larger than 12.6 nm (Figure 1A), it could be expected
that AAO does not provide thermodynamic constraints on the
crystallization of the PEO. Therefore, the “kinetics selective
growth” mechanism determines the orientation of lamellae. On
the contrary, for the AAO with a 10 nm diameter, the chain
contour length is greater than the pore diameter, so the
constraint applied on PEO is intrinsically different. The PEO
chains have to face a dilemma. The growth of lamellae with the
<hk0> direction in parallel to the pore axis is kinetically
favored. To achieve such an orientation, a folded chain
conformation is required. However, it is known that lamellae
with a folded chain in the investigated PEO are thermodynami-
cally instable in the bulk state compared to the extended chain
lamellae. Ultimately, the final structure results from the
competition between the kinetics and thermodynamics
processes. Our results show that the PEO lamellae adopt a
structure with the thermodynamic preference, with the PEO
chains aligning in parallel to the pore axis of AAO to preserve
the extended chain conformation (Figure 1C).
It should be pointed out that the stability of polymer lamellae

is generally believed to depend on the thickness, according to
the well-known Gibbs−Thomson equation21,22
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where Tm is the melting point; Tm
0 is the equilibrium melting

point; σe is the folded surface free energy; l is the lamellar
thickness; and ΔH is the enthalpy of fusion. At a first glance,
one might assume that the PEO in AAO has thinner lamellae
via chain folding. However, in the Gibbs−Thomson equation,
the lateral surface free energy is omitted for simplicity (Figure
S2, Supporting Information), which is generally valid in bulk
polymers. In our case, PEO lamellae confined in nanoscale
channels would be highly fragmentized. The large lateral surface
area, with higher free energy than that of bulk, is attributed to
the relatively low Tm of PEO in AAO.
To further understand the unique orientation behavior, we

calculated the energies of the extend chain crystal and the once
folded chain crystal of the PEO with a molecular mechanics
simulation using the COMPASS force field. A microcrystal

Figure 4. Schematic illustration of the experimental geometry of the
WAXD measurements (A). X-ray incident angle with respect to the
template is 3°. 2D WAXD patterns of PEO confined within the
different sized AAO templates: (B) 100 nm, (C) 60 nm, (D) 30 nm,
and (E) 10 nm.
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consisting of 12 PEO chains with 45 monomers (Mw = 1998 g/
mol) was considered as the model system (Figure S3,
Supporting Information). To simplify the calculation, the
interaction between the PEO chains and the aluminum oxide
wall were not taken into account. The unit cell parameters of
the extended chain crystal and the folded chain crystal were
supposed to be the same, hence both of which were set to be
the same as the bulk monoclinic modification.20 It was assumed
that the chain folding is adjacent to reentry within the 120
plane, according to the previous reports.23,24 The conforma-
tions of the monomers at the folded surface were optimized to
obtain a relatively stable state.
Table 2 shows the calculated results. It can be seen that both

the chain conformation energy and the intermolecular energy

for the once folded chain crystal are much higher than those for
the extend chain crystal. This indicates that the crystal with
folded chains of PEO with Mw = 2000 g/mol is unstable
compared to the extend chain crystal. In fact, the folded chain
crystal for the PEO with Mn smaller than 2000 g/mol has never
been observed experimentally before. Our investigation shows
that, under the competition between thermodynamics and
kinetics processes, the PEO crystallizing in an AAO with a
diameter smaller than the chain contour length adapts a
thermodynamically stable conformation with the chain axis
aligning in parallel to the pore axis.
In conclusion, this study examined the crystallization of a low

molecular weight monodisperse polyethylene oxide (PEO) in
the anodic alumina oxide (AAO) templates with a range of pore
diameters from 100 nm down to 10 nm, which is the smallest
pore diameter among the AAO templates ever reported in
confined crystallization research. Within the 10 nm AAO, a
unique chain orientation of the PEO has been identified for the
first time; i.e., the chain axis aligns in parallel to the pore axis.
Within an AAO with pore diameter larger than the contour
length of the PEO chains, lamellae are packed with the chain
axis preferentially aligning perpendicular to the AAO pore axis,
which is in line with the “kinetics selective growth” theory.
Furthermore, the change of the chain orientation mode within
an AAO with a pore diameter smaller than the contour length
of the PEO chains confirms the crystallization transformation
from kinetics control to thermodynamics priority. The
understanding of the polymer crystallization behavior under
nanoconfinement will provide theoretical guidance for
manipulating nanostructures and nanomaterials with functional
properties.
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Table 2. Total Energy of PEO Chain Confined in the AAO
Templates: Extended Chain vs Folded Chain

extended chain once folded chain

conformational energy/(kJ/mol) −213 3844
intermolecular energy/(kJ/mol) −2719 6903
total energy/(kJ/mol) −2932 10747
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