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ABSTRACT: This work demonstrates the anomalous crystal
growth of isotactic polystyrene (iPS) in nanorod arrays with
different rod sizes. At the bottom of the nanorods, the crystals
in bulk film grow into nanorods along either the [110] or
[100] direction parallel to the rod axis. On the top side of the
nanorods, the polymer exhibits different orientations corre-
sponding to weak or strong confinement. In the weaker
confinement (bigger nanorods of 300 nm diameter), the
crystals grow with the [100] direction along the nanorod,
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which is similar to the crystals developed in the radial of spherulite. In the stronger confinement (smaller nanorods of 65 nm
diameter), the splaying of crystals in the rod is significantly suppressed, and the preferred growth direction of iP$ crystals is kept
in either the [110] or [100] direction. The precise control of polymer crystal orientation and crystallinity at a local scale opens
important perspectives for the design of one-dimensional nanomaterials whose performance depends on the anisotropic crystal

properties.
In nature, crystallization is one of the most common self-

organization processes to form an ordered structure or
pattern. Generally, complex crystalline entities like spherulites
are produced by quenching liquids into crystalline solids in
many materials, such as polymers, metal alloys, minerals, liquid
crystals, and diverse biological molecules.! Without disturbance,
a variety of semicrystalline polymers (polyethylene (PE),
polypropylene (PP), poly(ethylene oxide) (PEO), isotactic
polystyrene (iPS), etc.) usually crystallize as two-dimensional
lamellar when being cooled from the disordered melt.”~” These
crystals grow radially from a central nucleation site with a
thickness of several tens of nanometers. The polymer chains
oriented parallel to the lamellar surface normal and lateral
dimensions of the lamellar were up to micrometers and
eventually organized into (up to) millimeter scale three-
dimensional spherulites with branched isotropic superstruc-
tures.

Recently, many efforts have been made to manipulate the
structure and properties of semicrystalline polymers in
nanoconfined dimensions. Crystallization determines the
microscopic structure of the material, which affects the optical,
electric, and mechanic properties. To control the properties of
nanostructured materials in the development of nanotechnol-
ogy, the ultrathin films,“*? droplets,10 nanoimprint lithog-
raphies,'" self-assembly of phase-separated block copoly-

-4 ACS Publications  © 2013 American Chemical Society

414

mers,">"'® and infiltration of porous templates

commonly used to build structures of nanosheets, nano-
cylinders, nanotrenches, and nanospheres. Because the primary
nucleation, crystal morphology, growth rates, orientation, and
crystallinity were affected by these confinements, the polymer
crystallization depends on the geometry and dimension of
isolated nanodomains. Therefore, the polymers in the confined
dimensions exhibited unusual behaviors different from the bulk
materials. For instance, the formation of spherulite super-
structures is strongly suppressed in the polymer thin film, and a
variety of unanticipated polycrystalline morphologies (e.g.,
dendrite, fractal crystals) are yielded."® As for the polymer in
nanospheres,'> crystallization is initiated by homogeneous
nucleation, and the kinetics of the isothermal crystallization
process follows first-order, which is different from the normal
sigmoidal kinetics in the bulk.

Although the nanoconfinement effects on the morphology of
the polymers have been the subject of many researches, >
the effect on the crystal orientation in the one-dimensional
nanodomain has not been extensively studied. The reported
results showed that the polymer crystals in the nanocylinders
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exhibited a preferred orientation when the nanocylinders were
examined as a whole entity. Nevertheless, the arising issues are,
along the long axis of the cylinder, how the crystals grow and
what the uniformity of crystal orientation is. To understand
these issues, a detailed microstructural analysis for the crystal
texture in the small sections of nanocylinders is desirable.

Therefore, we designed iPS nanorod arrays with two different
rod sizes and represented the anomalous crystal orientation
along nanorods with highly spatial resolution investigated using
X-ray microdiffraction (micro-XRD).

The iPS nanorod array with rod diameters of 300 and 65 nm
was prepared by melt-wetting the AAO templates with polymer
melts via capillary force. Figure 1a shows optical micrographs of
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Figure 1. Typical optical micrographs of a thin slice of iPS nanorod
arrays/bulk of 300 nm during the micro-XRD measurement. Inset of
(a) is the SEM images of iPS nanorod arrays. (b) Schematic
illustration of the X-ray microdiffraction geometry employed for
investigating the iPS crystals developed in the nanorod arrays. The
interface between the bulk and rod array was defined as position 0 ym,
and the thin slice was scanned with a step of S ym.

the 300 nm nanorod arrays released from the AAO templates.
The dark area on the top is the nanorod array which is
supported by the translucent bulk film on the bottom."® To
analyze the iPS crystals developed in small sections of nanorod
arrays from the bottom to the top, the thin slice of iPS
nanorods/film was scanned from the top of the nanorods to the
bulk with a step of S ym (Figure 1b). The total length of 300
and 65 nm diameter nanorods is about 118 and 111 um,
respectively. The interfacial boundary between the bulk and
bottom of the rod was defined as an original position 0 ym.
Thus, the positive positions 5—100 ym in Figure la correspond
to the positions in the nanorod arrays from the bottom to the
top, and negative position —25 pum is that of the reference bulk
film, respectively.

Figure 2 shows the representative two-dimensional (2D)
micro-XRD patterns of nanorod arrays/bulk of 300 and 65 nm
at selected positions in the thin slice. Referring to the hexagonal
cell (a =b =219 nm and ¢ = 0.665 nm) of iPS crystals
proposed by Natta and Corradini,* the reflections located at
the g values of 5.6, 9.8, 11.4, 13.0, and 15.5 nm™" are indexed as
(110), (300), (220), (211), and (410)/(311), respectively, as
shown in the pattern of bulk film at position —25 ym (Figure
2a,b).

To understand the 1D diffraction profiles extracted from the
azimuthal integration of the 2D diffraction patterns, the total
intensity of the diffraction at different positions in 300 and 65
nm nanorods plotted against the scattering vector (g) is shown
in Figure 3a and 3b, and the degree of crystallinity of iPS at
different positions is shown in Figure 3c. The relative
crystallinity was evaluated from the equation® X, = ZI./%(I,
+ 1), where I is the integrated area underneath the crystalline
peaks and I, is the integrated area of the amorphous halo,
estimated by the peak-fitting of the 1D intensity profiles. The
crystallinity of nanorods with 300 nm diameter is about 36.1 +
1.9%, and the crystallinity of bulk film is about 35.3 + 2.0%.
The relative standard error of crystallinity of 300 nm nanorods
is about 5.3%, which shows no measurable difference along the
rod and that the crystallinity at different rod positions as shown
in Figure la is almost identical. In the nanorods of 65 nm
diameter, the crystallinity decreased from the bottom to the
top, lower than the bulk, and almost vanishes at the top of the
nanorods. The gradient distribution of crystallinity in nanorods
obtained by the XRD measurements is in accordance with the
reported FTIR observations.”

In the 2D diffraction patterns, the intensity of (220) and
(300) reflections depends on the azimuthal angle ¢ (¢ = 0°
corresponds to the meridian) for these two different confine-
ments at various positions, showing an anomalous polymer
crystal growth. Figure 3d, e, g h shows the integrated
intensities of (220) and (300) diffraction against ¢ in nanorods
of 300 and 65 nm diameters, respectively. In the larger
nanorods of 300 nm diameter, two distinguished crystal
orientations on the bottom and top were observed. At position
5—15 pm, the maximum diffraction intensity of both (220) and
(300) is centered at ¢p = 0°, indicating that the crystals either
with [110] or with [100] growth directions are preferred
aligned along the rod direction. At the upper positions 20—110
um, the maximum diffraction intensity of the (220) shift to
+30° and six symmetric appearances at +30°, +90°, and +150°
can be observed. The maximum diffraction intensity of (300) is
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Figure 2. Typical 2D micro-XRD patterns of nanorod arrays/bulk of 300 nm (a) and 65 nm (b) at positions of bulk film reference: —25 ym and
nanorod arrays: S, 10, 15, 20, 50, 75, 100 um. Reciprocal space construction of the diffraction pattern of the (c) [100] direction and (d) [110]
direction along the rod direction when a hexagonal unit cell is assumed.
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Figure 3. 1D intensity profiles of nanorods/bulk film in nanorods of (a) 300 nm and (b) 65 nm calculated by the azimuthal integration of the 2D-
diffraction patterns. (c) The degree of crystallinity of 300 and 65 nm nanorods at different positions. Azimuthal intensity distribution of the (220)
reflection in nanorod arrays of (d) 300 nm rod and (e) 65 nm rod and that of the (300) reflection in nanorod arrays of (g) 300 nm rod and (h) 65
nm rod. Full width at half-maximum (fwhm) of (220) reflection (f) and (300) reflection (i) in nanorods at different positions.

along the rod direction. These patterns correspond to the
orientation that the [100] direction is parallel to the rod long
axis (Figure 2c).”> For the 65 nm rods at different positions, the
maximum diffraction intensity of both (220) and (300)
diffractions only appears at ¢ = 0° along the nanorods. This
implies that a uniform crystal orientation goes through the
whole nanorod. The [110] direction of crystallites was the
preferred crystal growth direction as well as the [300] direction.

To evaluate the crystal orientation, the full width at half-
maximums (fwhm) of (220) and (300) X-ray reflections in
nanorods were analyzed. Because of the low crystallinity in the
upper side of 65 nm nanorods, we simply analyze the (220) and
(300) reflections with distinguishable intensity located at the
meridian. As shown in Figure 3f, for the (220) diffraction in the
nanorod array of 300 nm diameter, the value of fwhm,,,) tends
to increase from position 5 ym to position 20 yum, indicating
that the larger nanopores had less confinement on (220)
diffraction and the crystallite orientation was changed from the
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[110] direction to the [100] direction. In the 65 nm rod,
fwhm(;,p) has a trend to decrease from position S um to
position 60 ym, implying that the smaller pore has a profound
confinement effect on this crystallite orientation. As for the
(300) reflection in Figure 3i, the fwhm sy of the 300 nm
nanorod array decrease from position S ym to position 20 ym
and maintains a stable value at positions of 25—115 pm. In the
nanorods of 65 nm, the fwhm s value is slightly lower than
that in the corresponding positions of the 300 nm nanorod
array. This distinctly shows that the degree of crystal
orientation in smaller nanorods is considerably improved
compared to that in the larger ones due to the stronger
confinement.

To determine the fast growth direction in the crystals, the
micro-XRD measurement on the iPS thin film were also
performed. When iPS crystallizes from the melt in the bulk film,
the crystallization is initiated by the defects and impurities
existing in the polymers and forms isotropic spherulite with a
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bunch of branches to fill the whole volume completely.*** In

the 2D-diffraction patterns of spherulites (see Supporting
Information), the spherulite was grown with the [100]
direction as the radial direction. Therefore, we can speculate
that to achieve the spherical shape at the temperature of 443 K
the secondary nucleus develops at the growth front of radiating
fibrils that splay into branches.*” The splaying branches of the
lamellae cause the crystals to grow with the [100] direction as a
radial direction.

In the isothermal crystallization process of iPS bulk film
observed by polarized optical microscopy (POM) at 443 K, the
nucleation density is evaluated to be ~2.7 X 107° nuclei/um?
(see Supporting Information), which is less than the reported
value of 0.4 nuclei/ ;,tm3.33 This is because the iPS samples used
were filtered in a fractionation process, and then most of the
impurities and particulates were removed. For a larger nanorod
with a diameter of 300 nm and a length of 118 ym, a rod only
contains 2.3 X 107> nuclei, while in a smaller nanorod of 65 nm
diameter and 111 ym length the nuclei number is 1.0 X 107,
Although few nuclei randomly can form at the internal surface
of the nanopores,zg’34 heterogeneous nucleation is not an
efficient process for both of these isolated nanorods. Because of
the extremely low nucleation density, the crystallization of iPS
in the isolated nanorods is significantly suppressed,”” and then
lots of separated nanorods were still in the amorphous state and
were not crystallized.

Because the nanorods were connected with a bulk reservoir,
the bulk crystallization dominates the crystallization of
nanorods.'”** The crystals (fibrils in the spherulites) formed
in the bulk hit the amorphous nanorods and act as a secondary
nuclei to initiate the crystallization at the bottom of the
nanorods. Therefore, the crystals with either [100] direction
(Figure 2c) or [110] direction (Figure 2d)* favor to grow into
nanorods. Due to the gate effect,'” the crystal growth selectively
follows an unrestricted pathway to maintain its growth. Only
the lamellae with the orientation coincident with the rod
direction are able to grow into the pores. Therefore, either the
[110] or [100] growth direction is in accordance with the long
axis of the rod in the bottom of nanorods of 300 and 65 nm
diameter (position from S to 15 ym), yielding that the c-axis of
the crystals in the nanorods is preferentially perpendicular to
the rod long axis.'”?3

As the crystals grow to the position of 20 ym in larger
nanorods of 300 nm diameter, due to weaker confinement, the
crystals™ splay apart and branch at the growth front of the
fibrils to fill the volume of the nanorod. The crystals grow with
the [100] direction. This cylindrical confinement-induced one-
directional growth is similar to the crystals that developed along
the radii of spherulite. Thus, the crystals in the upper position
of the nanorod from 20 to 115 um prefer to grow with the
[100] direction along the nanorod long axis with identical
crystallinity (Figure 4a).

In the upper position 20—115 pm of smaller nanorods of 65
nm diameter, the growth of fibrils is inhibited by the stronger
confinement of cylindrical nanopores. The branching and
splaying in the spherulite formation is suppressed, which was
manifested by the decreased fwhm value as compared to that of
larger nanorods. The crystals keep growing along the original
direction. Thus, either the [100] or [110] direction was the
preferred crystal growth direction in the smaller nanorods
(Figure 4b). However, only the strictly aligned crystals with
[hk0] direction along the rod direction can grow, and other
growth (offrod direction) will stop by the pore wall. This
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Figure 4. Schematic illustration of iP$ crystals developed in (a) larger
nanorods of 300 nm diameter and (b) smaller nanorods of 65 nm
diameter.

causes the iPS crystallites to decrease from bottom to top with
gradient crystallites.

In summary, the anomalous crystal growth in iPS nanorod
arrays of different rod diameter was investigated by micro-XRD.
Due to the lack of nuclei in nanorods, the polymer
crystallization of the nanorods was initiated by the crystals
formed in the bulk. At the bottom of the nanorods, the crystals
grow into nanorods from bulk film with either [110] or [100]
direction. In the upper of the nanorods, the polymer crystals
developed in the different confinements exhibit different
orientation and crystallinity. For the polymer in the weaker
confinement (larger nanorods of 300 nm diameter), the crystals
grow with preferred [100] direction along the rod with identical
crystallinity, which is similar to the crystals developed in the
radial of spherulite. When the polymer is in the stronger
confinement (smaller nanorods of 65 nm diameter), the
branching and splaying in the spherulite formation at the
growth front is significantly suppressed. The crystallites were
kept growing from bottom with either [110] direction or [100]
direction along the rod with gradient crystallinity. The ability to
control polymer crystal orientation and crystallinity at a local
scale opens important perspectives for the design of the 1D
nanomaterials whose performance depends on the anisotropic
crystal properties.

B EXPERIMENTAL SECTION

Materials. iPS was kindly supplied by Idemitsu Kosan Co., Ltd.
After fractionation,”® iPS with M, of 121000 (M,/M, = 1.16) and
isotacticity of ~100% was obtained. The AAO templates with pore
diameters of 300 and 65 nm and length of 140 um were prepared by a
two-step anodization process.>*® To prepare the polymer nanorods,
the AAO templates with diameters of 300 and 65 nm were placed on
top of a 200 pm thick amorphous iPS film. After annealing the AAO/
film assembly at 533 K for 1 h for nanorods of 300 nm diameter and §
h for nanorods of 65 nm diameter, the samples were crystallized at 443
K under vacuum for 40 h to fully develop the crystallites.*" Thin slices
of the cross section of iPS nanorods/bulk film with protruding
nanorods for the SEM and micro-XRD analysis were cut using a razor
blade after removal of the AAO template.

Characterization. The morphologies of AAO templates and iPS
nanorods were observed using an S-4300SE (Hitachi Co., Ltd.) SEM
at an acceleration voltage of S kV. Micro-XRD measurements were
carried out on the BL40XU beamline of SPring-8 in Hyogo, Japan.
The wavelength of the X-ray beam was 0.082656 nm, and the beam
size was 2.9 pm X 3.5 um as half-width. The samples were moved
stepwise at S ym intervals and X-ray irradiated for 0.6 s.
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2D micro-XRD patterns in the radial direction of spherulite,
and nucleation density of iPS film evaluated by POM
observation. This material is available free of charge via the
Internet at http://pubs.acs.org.
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