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Coherent Kinetic Control over Crystal Orientation in Macroscopic Ensembles
of Polymer Nanorods and Nanotubes
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We show that the crystal orientation in polymer nanotubes and nanorods inside porous templates is
controlled by the kinetics of nucleation and growth under 2D confinement. Two clear limiting cases are
identified: In separated nanostructures, any crystal orientation allowing the growth of lamellar crystals
along the pores appears statistically. If a bulklike surface film connects the nanostructures, macroscopic
arrays with uniform crystal orientation are obtained, in which the dominant growth direction of the
crystals is aligned with the long axes of the pores of the template.
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Polymers usually crystallize as lamellar crystals in
which folded chains are oriented approximately perpen-
dicular to the surface of the lamellae [1-3]. The typical
thickness of these crystals lies in the nanometer range,
while their lateral dimensions are in the micrometer range.
Within the crystals, the chains adopt a helical conforma-
tion, and the growth of the lamellae proceeds in the lateral
directions. On a larger scale, the lamellae are organized in
spherulites, densely branched, isotropic, polycrystalline
superstructures [4—6]. A variety of these semicrystalline
polymers has been formed into nanotubes and nanorods
using nanoporous templates [7—9]. Given the anisotropic
structure of polymer crystals described above, their orien-
tation within the nanostructure will strongly influence their
optical, electronic, mechanical, and ferroelectric proper-
ties. Although in some cases strong orientation effects have
been observed [10,11], little attention has been paid to the
control of nucleation and crystal growth in this context.
New phenomena are to be expected since two-dimensional
(2D) confinement will suppress the formation of spheru-
litic superstructures. The situation has some similarity
with crystallization under 2D and 3D confinement in
microphase-separated block copolymers. In these materi-
als, one often finds crystallization initiated by homogene-
ous nucleation [12]. Also, oriented crystal growth has been
reported [13—15]. However, in contrast to these systems,
ensembles of 1D nanostructures in porous templates can
easily be connected with or separated from a bulk reservoir
of the same material located on the surface of the tem-
plates. Using polyvinylidene fluoride (PVDF) as an ex-
ample, we show that this is a crucial point for self-
organized control of crystal orientation. In separated nano-
structures, nucleation and growth happen independently
within each entity. The resulting distribution of crystal
orientations can be attributed to the initial formation of
randomly oriented nuclei formed by homogeneous nuclea-
tion and a subsequent selection of growth directions com-
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patible with the confinement imposed by the pore
geometry. All crystal orientations that allow the lamellae
to grow along the pores occur with statistical frequency,
whereas other orientations are suppressed. [Fig. 1(a)]. If a
bulk reservoir consisting of the same material is connected
with the nanostructures, nucleation predominantly happens
in the bulk. On average, the lamellae in the spherulites thus
formed are oriented in such a way that the crystallographic
direction with the highest growth rate (the (020) direction
in the case of @-PVDF) points radially outwards [16,17].
Therefore, lamellae growing along the dominant growth
direction are abundant at the surface of the spherulites and
grow into the pores they hit, when the spherulites impinge
on the surface of the template [Fig. 1(b)]. Thus, a kinetic
selection mechanism in the reservoir followed by 1D
growth along the pores, during which the initial orientation
is maintained, results in macroscopic arrays of 1D nano-
structures with uniform uniaxial crystal orientation. This
kinetic ‘““gate effect” explains the oriented crystallization
recently reported for PVDF under 2D confinement [10,11].

PVDF, a semicrystalline functional polymer [18], com-
monly [19] crystallizes in the monoclinic, pseudo-
orthorhombic « phase [20]]. The a and b axes of the unit
cell lie approximately in the plane of the lamellar crys-
tals, while the ¢ axis stands perpendicular to this plane. We
used commercially available PVDF (Aldrich, M, =
180000 g/mol, M,, = 71000 g/mol) as received for our
experiments. For the preparation of the PVDF nanostruc-
tures, the polymer was molten on the surface of ordered
porous alumina with a pore depth of 100 um and a pore
diameter D, of 35 nm [21] at a temperature of 210 °C. The
nanorods formed by infiltration of the melt into the pores
were connected with a ~500 pwm thick PVDF film on the
surface of the template and crystallized at a constant
cooling rate of 1 K/ min. To perform crystallization of
separated nanostructures, we mechanically removed the
surface film and performed a dry etching step with oxygen
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FIG. 1. Self-organized oriented crystallization of PVDF in 2D
confinement (black bars: stretched PVDF chains within lamellar
crystals; solid black areas: pore walls). (a) Lamellae with a (hk0)
direction parallel to the pore axes grow along the pores. The pore
walls stop the growth of crystals with other orientations.
(b) Presence of a bulk PVDF film: Spherulites form, impinge
on the template, and lamellae having the dominant (020)-growth
direction aligned with the pore axes grow into the pores.

plasma [19]. The nanorods thus separated, but still located
inside the pores, were again heated to 210 °C and crystal-
lized at a cooling rate of 1 K/ min. Following the same
procedures, we prepared PVDF nanotubes inside the pores
of templates with a D, value of 400 nm [22] and a depth of
100 pm. In this case, only a thin wetting film covers the
pore walls so that tubular structures with a wall thickness
of ~30 nm form [9,10].

To verify the assumption of homogeneous nucleation in
the separated state, differential scanning calorimetry
(DSC) measurements were performed using a Perkin-
Elmer DSC 7 and a Pyris DSC. Figure 2 shows DSC scans
of separate PVDF nanorods [D, = 35 nm; Fig. 2(a)] and
separate PVDF nanotubes [D, = 400 nm; Fig. 2(b)] lo-
cated inside the template pores. The DSC traces of bulk
PVDF shown as a reference [Fig. 2(c)] exhibit a sharp
crystallization peak (onset temperature T, = 141°C)
in the cooling run and a melting peak at T, = 162 °C
in the heating run. The thermal behavior of the bulk sample
is typical of crystallization initiated by athermal, hetero-
geneous nucleation at low supercooling [23], as commonly
observed for a broad range of polymeric materials.
Generally, impurities act as nuclei; typical densities in
PVDF were estimated to be of the order of 1 per
10° wm® [24]. However, a pore with a D, value of
35 nm and a depth of 100 um has only a volume of
~0.1 wm?. In such a case, heterogeneous nucleation is
not an efficient process and crystallization in an ensemble
of pores has to be initiated by homogeneous nucleation
[25]. The necessary high nucleation rate requires large
supercooling, as is observed in the cooling run of the 35-
nm sample. This sample shows a broad exothermic crys-
tallization peak centered around 80 °C. Compared with the
bulk sample, the crystallization takes place at about 60 K
larger supercooling. The crystals formed at this low tem-
perature are of lower stability, which is reflected in the
melting point depression visible in the heating run of the
same sample [T, = 136 °C; Fig. 2(a)]. In the cooling
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FIG. 2. DSC scans of separated PVDF nanostructures within
templates (dotted curves: heating runs; solid curves: cooling
runs; heating and cooling rates: 20 K/ min). (a) Nanorods (D =
35 nm); (b) nanotubes (D, = 400 nm); (c) bulk PVDE. The
curves were corrected by subtracting the contribution of the
alumina (determined by reference measurements of empty tem-
plates).

run of the 400-nm sample [Fig. 2(b)], crystallization starts
at a temperature 7, = 136 °C, considerably higher than
for the 35-nm sample but still lower than in the bulk. This is
in keeping with the estimate above, since a nanotube with a
wall thickness of about 30 nm, an outer diameter of
400 nm, and a length of 100 um has a volume of
~3.5 uwm?, still much less than the typical volume per
heterogeneous nucleus. The shape of the crystallization
peak consisting of a narrow peak with T, = 136°C
followed by a broad peak extending down to ~75°C is
not fully understood at this point. Consistent with the
higher crystallization temperature, there is no clear melting
point depression visible.

To analyze the crystal texture of macroscopic ensembles
of aligned PVDF nanostructures located inside porous
alumina, we performed wide-angle x-ray diffraction
(XRD) measurements in reflection mode using a Philips
X’pert MRD diffractometer with cradle and secondary
monochromator for Cu K, radiation. In the 6/26 geome-
try, 6 denotes the angle between the incoming beam and
the surface of the sample and 26 the angle between the
incoming and the diffracted beams. For the 6/26 scans, the
surface of the templates was oriented perpendicular to the
plane defined by the incident beam and the detector
(Fig. 3). In this geometry, only crystal lattice planes ori-
ented parallel to the surface of the template contribute to
the intensity of a Bragg reflection. The scans were per-
formed in the 26 range from 15° to 30°, which contains
four prominent reflections of a-PVDF [(100): 260 = 17.9°;
(020): 26 = 18.3°; (110): 26 =20.0°; (021): 20 =
26.6°]. For all data sets, the intensity was normalized to
that of the (020) peak. Figure 4(a) shows the XRD pattern
of PVDF nanorods (D, =35 nm) crystallized in the
separated state, Fig. 4(b) that of PVDF nanotubes
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FIG. 3. Schematic diagram of the XRD setup. During a ¢ scan,
6 and 26 are kept fixed and the sample is rotated about the
axis.

(D, =400 nm) crystallized in the separated state, and
Fig. 4(c) that of bulk, isotropic PVDE. Most strikingly,
the (021) peak at 260 = 26.6° is practically absent in
Figs. 4(a) and 4(b). For the separately crystallized nano-
rods (D, = 35 nm), the (100), (020), and (110) reflections
show up with similar relative intensities as for bulk PVDF,
while in the case of the PVDF nanotubes (D, = 400 nm)
these three reflections appear with significantly different
relative intensities: The (020) peak is stronger than the
(110) reflection. To analyze the distributions of the crystal
orientations giving rise to the differences in the scattering
patterns shown in Figs. 4(a) and 4(b), we measured ¢ scans
for the (020), (110), and (021) Bragg reflections. After
adjusting 6 and 26 to the peak maxima of the correspond-
ing reflection, scans were taken while tilting the samples
about the ¢ axis lying in the intersection of the diffraction
plane and the surface of the template (Fig. 3). Neglecting
effects of absorption and differences in illuminated vol-
ume, the intensity profile () is then directly proportional
to the orientation distribution of the corresponding set of
lattice planes. Figure 4(d) shows i scans measured on
separately crystallized nanorods (D, = 35 nm) and
Fig. 4(e) on separately crystallized nanotubes (D, =
400 nm). For both systems, the orientation distributions
of the (020) and (110) lattice planes show pronounced
maxima at ¢ = 0°, indicating a preferred orientation of
the corresponding lattice planes parallel to the surface of
the samples. Consistent with the /26 scans, the curves
belonging to the (021) lattice planes show no peaks at iy =
0°. Instead, they exhibit maxima at ¢y = 45°. This value
corresponds to the angle between the (021) and (020)
lattice planes and is therefore consistent with the peak of
the (020) curves at ¢4 = 0° [16,19]. In the case of the 400-
nm sample, the scan belonging to the (110) reflection
shows a maximum around 55°, which is coupled with the
peak of the (020) curve at ¢ = 0° in the same way as
described above.

We assume that these orientation phenomena are essen-
tially a result of kinetic selection processes effective during
crystal growth. The 35-nm rods crystallized in the sepa-
rated state consist dominantly of crystals with a (hk0)
direction aligned with the long axes of the pores. Only
for such an orientation are the lamellae able to grow
straight along the pores. Crystal orientations with a (hkl)
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FIG. 4. XRD analysis of aligned, separated PVDF nanostruc-
tures inside the templates. (a),(b) 6/26 scans, intensities nor-
malized to the (020) reflection. (a) Nanorods (D, = 35 nm);
(b) nanotubes (D, =400 nm); (c) bulk isotropic PVDF.
(d),(e) ¢ scans representing orientation distributions with respect
to the template surface for specific sets of lattice planes: dashed
line, (020); dotted line, (110); solid line, (021); (d) nanorods
(D, = 35 nm); (e) nanotubes (D, = 400 nm).

direction with nonzero / index parallel to the pore axis,
however, are suppressed, because the lamellae cannot grow
in this direction. In this way, a random orientation of
homogeneous crystal nuclei is transformed into the orien-
tation distribution analyzed above. If there is no further
competition between different crystals during growth, the
0/280 scans should show an intensity profile similar to that
of bulk isotropic PVDF, except for reflections with nonzero
[ index. This is consistent with our observations for the 35-
nm rods. In the case of the 400-nm rods, obviously addi-
tional factors come into play, leading to an increase in
intensity of the (020) reflection at the expense of the other
two reflections. We suggest the following explanation: As
the DSC experiments show, the nanorods crystallize at
higher temperature. Because of the larger volume of the
nanostructures and the lower growth rates at the high
temperature of crystallization [2,17], the number of nuclei
formed during the time it takes to completely crystallize a
nanotube will on average be higher than in the case of the
35-nm rods. It is therefore more likely that several nuclei
with different orientations, but all compatible with the
selection rules discussed above, grow in competition
within one pore. In such a situation, crystal faces with a
higher growth rate will dominate, leading to a higher
relative intensity of the (020) reflection.
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FIG. 5. XRD analysis of aligned PVDF nanostructures inside
templates crystallized in the interconnected state (surface film
was removed before the XRD scans). (a),(b) 6/26 scans, in-
tensities normalized to the (020) reflection. (a) Nanorods (D, =
35 nm); (b) nanotubes (D, = 400 nm); (c) bulk isotropic PVDF.
(d),(e) ¢ scans representing orientation distributions with respect
to the template surface for specific sets of lattice planes: dashed
line, (020); dotted line, (110); solid line, (021); (d) nanorods
(D, = 35 nm); (¢) nanotubes (D, = 400 nm).

Figure 5 shows the results of the x-ray scattering experi-
ments for the samples crystallized in the interconnected
state. The surface film present during crystallization was
removed before the measurements. Macroscopic ensem-
bles of PVDF nanostructures, crystallized connected with a
bulk reservoir, show a uniform, uniaxial crystal texture.
Exclusively, a strong (020) peak appears in the 6/26 scans
of both the 35-nm and the 400-nm samples [Figs. 5(a) and
5(b)]. The ¢ scans for the (020) peak show again sharp
maxima at ¢ = 0° [Figs. 5(d) and 5(e)]. The curves be-
longing to the (110) and (021) reflections merely exhibit
maxima at 55° and 45°, respectively, corresponding to the
angles between the respective lattice planes and the (020)
lattice planes at ¥ = 0°. Consistently, the (020) direction
of PVDF is aligned with the pore axes. It is obviously the
presence of the bulk reservoir which leads to the nearly
complete dominance of one crystal orientation, as dis-
cussed above [Fig. 1(b)]. Additionally, our data show that
the degree of crystal orientation increases with increasing
confinement, as is obvious from the different full widths at
half maximum (FWHM) of the peaks in the ¢ scans for the
(020) reflections [FWHM =~4° for D, = 35 nm, Fig. 5(d);
FWHM =11° for D, = 400 nm, Fig. 5(¢)].

We have shown that the mechanisms of nucleation and
growth are efficient handles to control crystal orientation
within 1D nanostructures by self-organization. The 2D
confinement suppresses branching as well as spherulite
formation and selects specific crystal orientations during
growth. This result should influence the design of nano-
scaled building blocks whose performance depends on
anisotropic crystal properties.
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