View Article Online / Journal Homepage / Table of Contentsfor thisissue

Dynamic Article Links°

RSC Advances

Cite this: RSC Advances, 2012, 2, 8707-8712

PAPER

www.rsc.org/advances

Characterization of an isotactic polystyrene/poly(2,6-dimethylphenylene
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Using a nanoporous alumina template, we prepared an isotactic polystyrene/poly(2,6-
dimethylphenylene oxide) (iPS/PPO) nanorod blend with gradient composition and gradient
crystallinity. The crystallinity, orientation and composition of the polymer in the nanorods were
investigated by micro-FTIR spectroscopy. Although iPS and PPO are compatible at the molecular
level, due to the viscosity difference between the two components, the polymer blend underwent phase
separation during the capillary flow into the nanopores to form a gradient distributed composition in
the nanorods. Along the growth direction (from the bottom to the top) of the nanorods, the iPS
content increased, but the iPS crystallinity decreased due to crystallization initiated by the nuclei
formed in the bulk and the constrained crystal growth. This finding provides a unique approach to
the design and fabrication of novel nanomaterials with gradient properties in nanoscale engineering.
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Introduction properties, and well-controlled nanostructures with novel
) ) ] morphology,'>!® specific orientation,'>?* reduced crystalli-
In recent years, one-dimensional (1-D) nanomaterials have nity, 22> polymorphism,? enhanced mobility,”* and high

received growing attention due to their unique properties and
potential applications in electronics, mechanical, optical, sensor
and biomedical devices."™ A number of strategies, such as
template infiltration,>® electrospinning,”® self-assembly of
microphase-separated block copolymers,”? and nanoimprint
lithography,>'* have been pursued to build 1-D polymeric
nanostructures. Among these approaches, one of the most
intriguing fabrication methods involves the use of nanoporous
anodic aluminum oxide (AAO) templates. The AAO templates
consist of aligned, rigid and separated cylindrical pores, the
length and diameter of which are adjustable by controlling the
electrochemical anodization conditions. This offers unique
opportunities for the preparation and investigation of 1-D
polymer nanomaterials with various dimensions and aspect
ratios. The polymer nanostructures, including nanotubes,
nanowires and nanorods, are generated inside the templates by
infiltrating the high surface energy nanopores with polymer
melts or solutions of low surface energy, and then released from
the templates by dissolving the alumina in an acidic or basic
solution.

For the 1-D polymer nanomaterials, supramolecular organi-
zation plays an essential role in determining their intrinsic
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thermal conductivity®® have been reported. A variety of unusual
morphologies of phase-separated amorphous block copolymers
in nanopores that are not accessible in the bulk can be
observed.'>!? Nanorods of semicrystalline polymers are parti-
cularly interesting. It has been revealed that the c-axes of
polymer crystals preferentially orient perpendicular to the long
axis of the nanopore,'> and this orientation can be attributed
to the kinetic crystal growth compatible with the cylindrical
confinement.'® Significant depression in crystallinity and melting
temperature was observed in nanorods in contrast to the bulk
due to the confinement of cylindrical nanopores, and the
decrease is more substantial in nanorods of smaller dia-
meters.>’* In smaller nanopores, stronger confinement leads
to nucleation behavior different from that in the bulk, which
results in polymorphic polymer nanorods.>*

Generally these 1-D polymeric nanoobjects are considered
uniform along the length direction. However, our recent studies
have indicated otherwise for polymer nanorods fabricated using
AAO templates. Composition gradient was revealed in amor-
phous nanorods of completely miscible poly(2,6-dimethylpheny-
lene oxide)/polystyrene (PPO/PS) blends®’” and partially miscible
polycarbonate/polystyrene (PC/PS) blends.?® In semi-crystalline
polymer nanorods of isotactic polystyrene (iPS), gradient
distribution in both crystallinity and orientation of the crystal-
lites along the length direction of the nanorod was observed.?
These findings inspire us to further explore a more complicated
system, polymer blends with one semicrystalline component,
where interplay between composition gradient and crystal-
lization may be present. In this work, iPS/PPO blends were
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chosen as an example of this kind of system for investigation.
Nanorods of 35 nm diameter of iPS/PPO blends were obtained
by a template wetting method. Because the characteristic
vibrational bands associated with various iPS and PPO micro-
structures and morphologies have been well established,**~* it is
convenient to investigate iPS/PPO nanorod arrays using vibra-
tional spectroscopy techniques. The crystallinity, orientation and
composition distribution in small sections of a nanorod array
from top to bottom after crystallization was analyzed by micro-
FTIR spectroscopy. Our results are reported here.

Experimental

Sample preparation

iPS was kindly supplied by Idemitsu Kosan Co., Ltd., and PPO
was purchased from Aldrich. To minimize the influence of
polymers with different molecular weight forming gradient
molecular composition?”?*3% on the polymer crystallization
behavior®® in nanopores, the iPS and PPO were fractionated
first by successive precipitation using toluene (for iPS) and
CHCI; (for PPO) as solvents and methanol as the non-
solvent,>”*® and then by a recycling preparative HPLC (Japan
Analytical Industry Co., Ltd., LC-9104) equipped with an RI
detector (JAI RI-7s) using CHCI; as eluent. iPS with M, of
121,000 (M /M, = 1.16) and PPO with M,, of 24,300 (M/M, =
1.16) were obtained and used in this study. The isotacticity of the
iPS was about 100% as determined by '*C NMR. An AAO
template with pore diameter of 35 nm (Fig. 1a, b) and length of
140 pm was prepared by a two-step anodization process using
sulfuric acid as electrolyte at a voltage of 25 V.¥

A film of an iPS/PPO blend (90/10 w/w) was prepared by
solution casting from a CHCIlj; solution into a Petri dish, which
was further dried under vacuum at 353 K for 36 h to remove any
residual solvent. Then, a homogeneous amorphous iPS/PPO film
blend of 200 pm thickness was obtained by compression
moulding the cast film between sheets of aluminum foil under
vacuum at 533 K (20 K above the equilibrium melting point of
iPS) for 4 min and quickly quenching the film in ice water. The
AAO template was placed on top of the compression-moulded
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Fig. 1 SEM images of an AAO template with a pore diameter of 35 nm
and a slice of iPS/PPO nanorods/film prepared with the AAO template:
(a) bottom view and (b) cross section of the AAO template; (c) cross
section of the polymer nanorods connected with the bulk film; (d)
nanorods.

iPS/PPO film blend. The assembly was maintained under
vacuum at 533 K for 8 h to yield polymer nanorods with a
length of ca. 115 pm. Then the sample was crystallized at 443 K
under vacuum for 40 h for the iPS crystallization to fully
develop.*® Thin slices of the cross section of iPS/PPO film with
protruding nanorods (Fig. lc, d) for scanning electron micro-
scopy (SEM) and micro-FTIR analyses were cut along the rod
direction using a razor blade after removal of the AAO template
by a 5 wt.% phosphoric acid solution.

Characterization

The morphologies of the AAO template and the blend nanorods
were investigated using an S-4300SE (Hitachi Co., Ltd.) SEM
operating at an acceleration voltage of 5 kV. Micro-FTIR
measurements were performed on a PerkinElmer Spectra One
spectrometer in connection with a microscope equipped with an
MCT detector operating in the transmission mode. The
microscope connected to the FTIR included a viewing system
so that the operation of the microscope, mapping and spectra
collection from the sample were controlled by the Autoimage
software. A spatial resolution was maintained at 300 x 25 pm?.
Polarized FTIR spectra were recorded using a wire-grid polarizer
parallel or perpendicular to the rod direction (Fig. 2A). All
spectra were collected at 2 cm ™! resolution with 128 scans co-
added.

Results and discussion

The iPS/PPO nanorod blend were prepared by wetting the
porous AAO template with the polymer melt via capillary force.
To minimize the influence of molecular weight distribution,*-*
both iPS and PPO were fractionated prior to use. iPS and PPO
are compatible over the whole composition range,*' and the
amounts of PPO in the blend have a significant effect on the
crystallization of iPS.** When examining the iPS/PPO blend
films with different blending ratios, the crystallinity of the bulk
film with PPO contents higher than 18 wt.% is extremely low (ca.
one-tenth of that of pure iPS). Therefore, to better understand
the crystallization and phase behavior of polymer blend in
nanorods, an iPS/PPO blend of 90/10 (w/w) was prepared in this
study. The iPS/PPO nanorod blend were fabricated by wetting
the AAO template with a pore diameter of 35 nm (Fig. la, b)
with the blend melt. After annealing at 533 K for 8 h, nanorods
with a length of ca. 115 pm and a diameter of 35 nm (Fig. lc, d)
were obtained. The polymer nanorod blend in the AAO template
was then annealed at 443 K for 40 h for iPS crystallization to
fully develop.*® PPO is known to crystallize only in the presence
of solvent or solvent vapor (acetone, 2-butanone, ezc.)** and thus
remained amorphous under these conditions.

To analyze the composition distribution and crystal texture of
iPS along the length direction of the nanorod blend, thin slices of
the iPS/PPO nanorods/film were cut along the rod direction
using a razor blade after removal of the AAO template and
characterized using micro-FTIR. Fig. 2A shows the optical
micrograph of a thin slice of the iPS/PPO nanorod array/film.
The dark area at the top is the nanorod array which is supported
by the translucent bulk film at the bottom.?! During the FTIR
measurements, a spatial resolution of 25 pm along the length
direction of the rods was maintained to obtain the spectra from
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Fig. 2 (A) Optical micrograph of a thin slice of the iPS/PPO nanorods/film. On the top is a schematic illustration of the nanorods/film with the
reference direction. (B) Micro-FTIR spectra measured at different positions of the nanorods and the bulk film as labeled in (A). The spatial resolution is
300 x 25 pm? and the spectra are normalized with respect to the 1155 cm ™! band. (C) Corresponding polarized IR spectra at these positions: parallel
polarization (—); perpendicular polarization (—) against the length direction of the rods.

the top to the bottom of the nanorods in the thin slice. Fig. 2B
shows the corresponding micro-FTIR spectra of the iPS/PPO
nanorods/film in the measured positions. The top four curves are
the spectra of the nanorod array at positions a—d, the bottom six
curves represent the residual bulk film at positions f~k, while the
curve at position e is the spectrum of the polymer blend at the
bottom of the nanorod array which is connected with the bulk
film.

Because many absorption bands overlap one another in the IR
spectra of the iPS/PPO blends, the characteristic bands at 1155,
982, 922, 899 and 858 cm !, which are relatively isolated and
clean, were used for structural analysis.**>* The band at
1155 cm ™! is due to the phenyl CH in-plane deformation of
iPS.* This band exhibits little intensity variation during the
crystallization process®' as well as weak dichroism,* and thus is
largely independent of crystallinity and orientation. Therefore,
the 1155 cm™ ! band was chosen as a reference band,?**® and all
spectral data were normalized with respect to this band. The
peak at 858 cm ™! is assigned to the CH out-of-plane bending
vibration of the 1,2,4,6-tetrasubstituted benzene ring of PPO.*
The 858 and 1155 cm™! bands can be utilized to determine quan-
titatively the composition of iPS/PPO blends, viz eqn 1 and 2,>"

Hysg

Crpo= 5% 1
PO Hyss+18.2H) 55 m

Cips = 100% — CPPO (2)

where Cppo and Cipg represent the contents of PPO and iPS in
the iPS/PPO blends, and Hgsg and Hiiss are the respective peak
heights for the 858 and 1155 cm™ ' bands. Using the above
equations, PPO and iPS contents at different positions along the
nanorod and in the bulk film were extracted from the IR spectra
(Fig. 2B) and are plotted in Fig. 3A. It can be seen that, in
various positions of the bulk film, the iPS content remains

almost constant at 90%, same as that formulated for the blend as
expected, and that, then into the nanorods, the iPS content rises
from 88% at the bottom (position e) to 99% at the top (position
a). The average iPS content in the nanorods (97%) is significantly
higher than that in the bulk (90%). This indicates that a gradient
composition distribution was formed in the nanopores along the
long axis of the nanorod, and that the polymer blend underwent
a phase-separation process, which is consistent with the findings
reported previously.?’®

The degree of crystallinity of iPS in the blends was examined
by the band at 982 cm ™. This band is assigned to the CH out-of-
plane bending vibration of the benzene ring of iPS crystal, 3"
and is most sensitive to crystallization, with an absorbance
increment in proportion to the degree of crystallinity. Therefore,
the ratio of the absorptions at 982 and 1155 cm ™', Hogo/Hyiss,
can be used as an indirect index of crystallinity of iPS.**-®
Fig. 3B displays the values of Hog/ H} ;55 at different positions in
the nanorods and the bulk film, which were extracted from the
data in Fig. 2B. The Hog,/H, 55 ratio is ~ 1.5 and barely varies at
different positions in the bulk, but declines sharply in the
nanorods from the bottom (position e) to the top (position «) to
a value of ~0.3. This result indicates a gradient crystallite
formation in the nanorods, and the crystallinity of the iPS in the
nanorods is obviously lower than that in the bulk. The
crystallinity at position e (bottom of the nanorods) is much
higher than that at positions a—d (upper sections of the
nanorods), showing that the polymer in the nanopores mainly
crystallized at the bottom of the nanorods. The iPS content at
the top of the nanorods is the highest and declines from top to
bottom, yet the iPS crystallinity at the top is the lowest and
increases downward, indicating an unusual crystallization
process in the nanorods.

To gain further understanding of the crystallization process,
the nanorods were analyzed by polarized FTIR, and the spectra
collected at different positions along the nanorods and in the
bulk are shown in Fig. 2C. The growth direction of the nanorods
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Fig. 3 (A) iPS and PPO contents at different measured positions. (B) Relative intensities of the crystalline 982 cm ™! band with respect to the

1155 cm ™! band as indirect indices of iPS crystallinity at the different measured positions. (C) Dichroic ratios of the 922 cm ™! band (A) and 899 cm™

band (V) in the nanorods at different positions.

was defined as the reference direction (Fig. 2A). The solid traces
are the spectra measured in the parallel polarization, whereas the
dashed lines are those in the perpendicular polarization. To
examine the orientation order in the crystalline domains,
dichroic ratios of the bands of 922 and 899 cm ™! at different
positions were analyzed. These bands are absent in the spectra of
amorphous iPS, and are assigned to CH out-of-plane bending
vibrations of crystalline iPS with appropriate perpendicular and

parallel dichroism, respectively.?-* Th% dichroism of 922 and
899 cm ™! bands was calculated as R= H—H, with H| and H the
measured absorbances (peak heights) in thé parallel and perpendi-

cular spectra, respectively. The dichroic ratios of these two bands at
different positions are plotted in Fig. 3C. It can be observed that the
dichroic ratios of the 922 cm ™! band in the nanorods (positions a—e) are
greater than 1, indicating that the iPS crystallites tend to orient
perpendicularly, with the ¢-axis perpendicular to the long axis of the
nanorods. In addition, the dichroic ratios of the 922 cm™! band
decrease from position e to @, which implies that the degree of
orientation of the crystallites in the nanorods declines along the growth
direction. Meanwhile, the trend observed for the dichroic ratios of the
parallel band at 899 cm ™! are just the opposite, further confirming the
above derived results based on the perpendicular 922 cm ™! band.
From the results discussed above, it is clear that a gradient
composition and gradient crystallinity are present simulta-
neously in the blend nanorods. A schematic illustration of the
formation process of the iPS/PPO nanorod blend in the
nanopores is shown in Fig. 4. Two steps contribute to the
formation of this complicated and novel nanostructure. The first
step is the formation of gradient composition in the nanorods.
Before the nanopores are infiltrated by the polymer melt, both
iPS and PPO in the blend are in the molten state (the
experimental temperature is well above the T, of iPS). Because
the melt viscosity of PPO is much higher than PS, the addition of
PS can improve the processability of PPO.** However, during
the capillary flow of the polymer blend melt into the nanopores,
the iPS component with lower viscosity has higher mobility to

1

enter the nanopores than PPO, leading to higher iPS content in
the nanorods than that in the bulk film. Within the nanopores,
the iPS component continues to move upwards faster than PPO,
resulting in the greatest iPS content at the top of the nanorods
and a composition gradient along the growth direction of the
nanorods. Although iPS and PPO are compatible at molecular
level over the entire composition range,*' the difference in
viscosity between the two components drives the phase separa-
tion of iPS/PPO during the capillary flow in the nanopores,
which leads to the formation of nanorods with a composition
gradient.”’

The second step is the formation of gradient crystallinity in the
nanorods. For semicrystalline polymers crystallized in nano-
pores, the nucleation process is significantly suppressed.” In a
separate experiment, we observed by polarized light microscopy
(PLM) an iPS/PPO film blend isothermally crystallized at 443 K,
and found that the nucleation density was ca. 1.8 x 10 ° nuclei/
um? (data not shown). For a nanorod with a diameter of 35 nm
and a length of 115 pm, it contains only 2.0 x 10~ nuclei. Thus
due to the lack of heterogeneous nuclei, it is difficult for the
polymer to crystallize in isolated nanopores, and in many
nanorods the polymer remains amorphous and the degree of
crystallinity in the nanorods is lower than that in the bulk.?!??
However, in this study the nanorods are connected with a bulk
film that experiences an identical thermal history. Thus, the
crystals (lamellae in the spherulites) formed in the bulk can hit
the nanorods and serve as nuclei to initiate crystallization at the
bottom of the nanorods (e.g. position ¢). Due to the ‘gate effect’
imposed by the nanopores,'® only a fraction of the lamellae can
grow into the nanopores to form crystals with a perpendicular or
near perpendicular orientation. Therefore, the polymer crystal-
lized at the bottom of the nanorods (position ¢) exhibits lower
crystallinity than that in the bulk (positions f~k) and higher
preferred perpendicular orientation with the c-axis perpendicular
to the long axis of the nanopores. Further into the upper sections
of the nanorods (along the rod direction from position d to a),
only crystallites oriented along the pore direction can still grow
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Fig. 4 Schematic illustration of structure formation in the iPS/PPO blend in the nanopores. Two steps contribute to the development of gradient
composition and gradient crystallinity in the nanorods. The first step involves the formation of gradient composition due to viscosity differences
between the two components during the capillary flow into the nanopores. The second step is the formation of gradient distributed crystallites owing to
the crystallization initiated by the nuclei formed in the bulk and crystal growth constrained by the nanopores.

and growth of other crystals is suppressed by the pore wall.
Therefore, the iPS crystallinity decreases rapidly from the
bottom to the top of the nanorods, causing a gradient
distribution of crystallites in the nanopores, although the iPS
content increases from the bottom to the top at the same time.

Conclusions

In summary, we have studied a blend of nanorods of
semicrystalline iPS and amorphous PPO fabricated using an
AAOQO template, and revealed the co-existence of gradient
composition and gradient crystallinity in these blended nanor-
ods. Although iPS and PPO are compatible at the molecular level
over the entire composition range, the polymer blend in the
nanopores phase separates to form a composition gradient along
the growth direction due to viscosity differences between the two
components when the nanorods develop driven by capillary
forces. Then in the subsequent crystallization process, because of
the geometric constraint imposed by the nanopores, crystal-
lization initiated by the nuclei in the bulk into the nanorods
results in decreases in both degrees of crystallinity and
perpendicular orientation of the iPS crystallites from the bottom
to the top of the nanorods, although the iPS content rises at the
same time. This outcome could pave a way to the design of novel
1-D nanomaterials with a gradient of properties such as
refractive index and modulus for applications in functional
optical and mechanical nanodevices.
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