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Molecular composition distribution of polycarbonate/
polystyrene blends in cylindrical nanopores
Hui Wu1, Zhaohui Su2 and Atsushi Takahara1
Polycarbonate/polystyrene (PC/PS) blend nanorods with various diameters were prepared by melt-wetting porous anodic
aluminum oxide templates with partially miscible blend melts. The molecular composition distribution of PC/PS blend polymers
inside nanoporous templates of varying diameters was investigated by scanning electron microscopy, Fourier transform infrared
and differential scanning calorimetry. A gradient composition distribution of the polymer blends formed in the nanopores owing
to the difference in viscosity between the two polymers during capillary flow. The PC content of the nanorods increased from
top to bottom along the long axis of the rods but decreased with rod diameter owing to stronger confinement by the nanopores.
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INTRODUCTION
The structure and morphology of polymers under cylindrical confinement have attracted considerable interest recently.1 Attention
has been focused on structure formation processes such as chain
dynamics,2–5 crystallization5–19 and phase separation20–28 under the
influence of the two-dimensional confinement imposed by cylinder
geometry and interfacial interactions with pore walls. Owing to the
special shape of nanocylinders with high aspect ratios (length to
diameter), the fabricated nanomaterials have unusual mechanical,
chemical, optical and electronic properties, as well as specific surface
properties.1 For amorphous polystyrene (PS) confined in cylindrical
alumina nanopores, an unexpected enhancement of flow and a
reduction in intermolecular entanglement have been observed, leading
to higher mobility of polymer in the confined geometry than that of
unconfined chains.2 In the case of semicrystalline polymers under
nanocylindrical geometry, the polymers exhibit novel orientation,5–17
polymorphism18 and segmental dynamic behavior.5,17 The crystals
that form in nanorods at low supercooling show perpendicular
orientation; that is, the c-axes of the polymer crystals that develop
in cylindrical nanopores preferentially orient perpendicular to the long
axis of the nanopore.5–17 The crystallinities8–10 and melting temperatures10,17 of nanorods are reduced compared with those of bulk
polymer, owing to the spatial confinement of the nanopores. Strong
deviation from the normal relaxation behavior of poly(vinylidene
fluoride) was observed inside nanopores. The dynamic and semicrystalline structure of the polymer at the nanometer level was
explained by spatial confinement and interfacial interactions.5
Amorphous block copolymers (BCPs) confined in nanopores
exhibit novel morphologies in simulations20–23 and experiments24–27

that are not apparent in the bulk form. A variety of self-assembled
structures, such as concentric lamellae, core-shell cylinders, stacked
disks, toroids and helices, are formed within the nanorods of phaseseparating BCPs owing to the interactions between the blocks and the
walls, the curvature forced onto the BCP morphology, and the
commensurability between the pore diameter and the natural period
of the BCP morphology in bulk. For poly(methyl methacrylate)/
polystyrene nanotubes prepared by solution-wetting nanopores, the
morphology of the blends was dependent on annealing time because
of Rayleigh instabilities and phase separation.28
Several polymer blends yield high-performance materials with
combinations of properties unattainable in any single polymer component.29 For example, polycarbonate/polystyrene (PC/PS) blends are
known to be partially miscible,30–32 and their morphology and
properties have been well studied.31–36 These polymer pairs exhibit
excellent flame retardancy and high fluidity, critical for the development of environmentally friendly materials and thin-wall applications
for packaging of electronic goods. Therefore, it is crucial to understand the effects of the confinement of nanopores on the morphology
and properties of polymer blends to develop novel polymer blend
nanomaterials and nanodevices. In the previous works, the authors
studied completely miscible polystyrene/poly(vinyl methyl ether)
blends in ultrathin films37,38 and poly(2,6-dimethylphenylene oxide)/
polystyrene blends in nanopores.39 Phase-separated structures quite
different from the bulk were reported. In the present work, in order to
explore the molecular composition distribution of partially miscible
polymer blends under the confinement of nanocylinders, PC/PS
blend nanorods with various diameters were prepared by meltwetting porous anodic aluminum oxide (AAO) templates and the
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morphology of polymer blends in cylindrical nanopores were studied.
A gradient composition distribution of partially miscible polymer blend
nanorods is demonstrated.
EXPERIMENTAL PROCEDURE
Materials
Poly(bisphenol A carbonate) (PC; Mn¼24 600, Mw/Mn¼1.88; Sigma-Aldrich,
Co., St Louis, MO, USA) and atactic PS (Mn¼115 000, Mw/Mn¼1.04; Polymer
Source Inc., Dorval (Montreal), QC, Canada) were used as received. Blend films
of PC/PS were prepared by solution casting from CHCl3 into a Petri dish. The
weight fraction of PC in the mixtures was 0.50. After most of the solvent had
evaporated, the cast film was further dried under vacuum at 70 1C for 36 h to
remove any residual solvent. Afterward, for the preparation of polymer blend
nanorods, 200-mm thick PC/PS blend films were obtained by compression
molding the cast PC/PS films between sheets of aluminum foil under vacuum
at 250 1C for 4 min and quickly quenching the films in ice water.
AAO templates with depth of 140 mm and pore diameters of 300, 65 and
35 nm (Figures 1a–c) were prepared through a two-step anodization process.
The depth and pore diameters were controlled by adjusting the anodization
conditions (type of electrolyte, applied voltage, anodization time and porewidening time). Details on the anodization process are described elsewhere.40,41

Preparation of PC/PS blend nanorods
PC/PS blend nanorods were prepared by drawing polymer blend melts into the
AAO nanopores through capillary force. Porous AAO templates were placed on
top of compression-molded PC/PS blend films. Each assembly was annealed at
250 1C under vacuum and then quickly quenched in ice water. The temperature
of 250 1C was deliberately chosen to yield a higher rate of polymer capillary rise
into the nanopores, to be cool enough for polycarbonate and to limit
degradation of the PS, the same conditions used for extrusion blending of
PC/PS.34 To obtain nanorods of B90 mm in length for Fourier transform
infrared (FTIR) measurement, the 300- and 65-nm diameter nanorods were
annealed for 3 h, and the 35-nm diameter nanorods were annealed for 5 h.
A schematic diagram of the sample preparation is shown in Figure 2. After
annealing the bulk films at 250 1C for 5 h, no structural changes were detected
by thermogravimetric analysis, gel permeation chromatography and FTIR.

Characterization
The morphologies of the AAO templates and PC/PS nanorods were investigated
using an S-4300SE (Hitachi High-Technologies Corporation, Tokyo, Japan)
scanning electron microscope (SEM) at an acceleration voltage of 5 kV. A thin
layer of osmium was coated onto the sample surface before SEM observation.

Micro-FTIR spectroscopy of the polymer blend compositions at different
positions in the nanorods and attached bulk films were performed using a
PerkinElmer Spectrum One FTIR Spectrometer (PerkinElmer Instruments,
Norwalk, CT, USA) in connection with an Autoimage microscope equipped
with a mercury-cadmium telluride detector operating in transmission mode.
The operation of the microscope and collection of optical images and spectra
from the sample were controlled by the Autoimage software (Perkin-Elmer Japan
Company, Osaka, Japan). To prepare the PC/PS nanorods for FTIR measurement,
the combined template/polymer assemblies were immersed in 5 wt% phosphoric
acid solution for 36 h to remove the inorganic AAO templates, leaving arrays of
PC/PS nanorods protruding from the PC/PS films. Thin slices of the cross-section
from each PC/PS film with protruding nanorods were cut using a razor blade after
removal of the AAO templates. During the micro-FTIR measurements, the
aperture size was 30030 mm2 and the resolution along the long axis of the
rod was 30 mm. The spectra were collected at 2-cm1 resolution with 128 scans
co-added. At least three replicate samples were prepared for FTIR analyses.
The absolute PC content in the PC/PS blend nanorods/film was calculated
from the following equation:
CPC ¼

A888
A888 +4:47A906

ð1Þ

where CPC represents the content of PC in the PC/PS blends, A888 and A906 are
the respective band areas for peaks at 888 and 906 cm1 in FTIR spectra and
4.47 is the ratio of absorptive coefficients of the peak at 888 cm1 to the peak
at 906 cm1 (see Supplementary Information for further detail).
Differential scanning calorimetry (DSC) thermograms were recorded on a
PerkinElmer DSC (Perkin Elmer). Before each measurement, the bulk film
attached to the nanorods was carefully, mechanically removed by using a sharp
blade, and each porous alumina disk, with the PC/PS nanorods embedded in
its nanopores, was dried at 70 1C for 36 h under vacuum. Stacked alumina disks
were placed in aluminum pans and scanned from 30 to 250 1C at a rate of
20 1C min1 under nitrogen (30 ml min1 gas flow rate). The glass transition
temperatures (Tg) of all samples were confirmed by examining the first
derivatives of the DSC curves.

RESULTS AND DISCUSSION
The polymer blend nanorods were prepared by infiltrating porous
AAO templates with partially miscible blend melts at 250 1C. AAO
membranes, owing to their aligned, rigid and separated cylindrical
pores, are ideal templates for the preparation of polymer nanomaterials with monodisperse diameters in the nanometer to micrometer scales. With respect to surface energies, inorganic materials such
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Figure 1 Scanning electron micrographs of anodic aluminum oxide templates with diameters of (a) 300 nm, (b) 65 nm and (c) 35 nm, and polycarbonate/
polystyrene nanorods with diameters of (d) 300 nm, (e) 65 nm and (f) 35 nm.
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Figure 2 Schematic of sample preparation. FTIR, Fourier transform infrared; PC/PS, polycarbonate/polystyrene.
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Figure 3 (A) Representative optical micrograph of a thin slice of polycarbonate/polystyrene nanorods/film prepared using an anodic aluminum oxide template
with 65-nm diameter pores. The darker section on the top is the nanorod array. On the left is a schematic of the nanorods connected to the bulk film. (B–D)
The corresponding micro-Fourier transform infrared spectra of nanorods with diameters of 300, 65 and 35 nm at the respective measured positions. The
spatial resolution at each position is 30030 mm2 and the peak intensities are normalized to the 1453 cm1 band.

as AAO templates are considered to be high-surface-energy materials
(B350 mN m1), whereas most polymers are referred to as low-energy
materials. For example, the surface free energies of PC and PS at
250 1C are B25 and 24 mN m1, respectively (http://www.surfacetension.de/solid-surface-energy.htm). Therefore, the low-energy PC
and PS melts can wet the high-energy nanopore surfaces easily.
Wetting of the pore walls by polymer melts causes a capillary rise of
the melts into the nanopores, leading to the formation of polymer
nanorods.8 Figures 1d–f show SEM images of PC/PS blend nanorods
with diameters of 300, 65 and 35 nm prepared by infiltrating
AAO templates (Figures 1a–c) with PC/PS blend melts, respectively.
Transmission electron microscopy (TEM) results also confirmed
that the generated nanomaterials had a solid structure at their center
(data not shown).
Figure 3A is a representative optical micrograph of a thin slice of the
PC/PS nanorods/film prepared using an AAO template with 65-nm
diameter pores. The area on the top is the nanorod array attached to a
bulk film after removal of the AAO template, and it appears darker
because of the scattering of light at the numerous nanorod/air
interfaces, whereas the translucent section at the bottom is the
cross-section of the residual PC/PS film.8 On the left in Figure 3A is
a schematic of the nanorods connected to the bulk film.
The PC/PS compositions in polymer blend nanorods/film were
analyzed by micro-FTIR because micro-FTIR provides a simple and
Polymer Journal

powerful approach for local analysis yielding high spatial resolution
information with the advantages of both non-destructive and fast
measurement. The microscope connected to the FTIR includes a
viewing system that magnifies the visible-light image of the sample
so that a point of interest in the sample can be seen, positioned and
analyzed. The optical image of the sample was displayed in the
monitor-visible window on the computer monitor. The map, operation of the microscope and spectra to be collected from the sample
were controlled using the Autoimage software. The length of the
nanorods was B90 mm. A spatial resolution of 30030 mm2 was used
during the measurement, and the resolution along the long axis of the
rods, for obtaining spectra from the top to the bottom in a thin slice,
was 30 mm. Figure 3B shows the corresponding micro-FTIR spectra of
300-nm diameter nanorods in the measured positions. The top three
curves are the spectra of nanorods in positions a, b and c, whereas the
bottom three curves represent the residual bulk film in positions d, e
and f, respectively. In the FTIR spectra of the PC/PS blends,42 the peak
at 1776 cm1 is the carbonyl stretching of the carbonate functional
group of PC,43 at 888 cm1 the C–CH3 stretching of PC,43
at 1453 cm1 the CH2 bending vibration of PS44 and at 906 cm1
the characteristic out-of-plane vibration of the benzene ring of PS.44 It
should be mentioned that the absorption peaks in the nanorod region
are weaker than that in the bulk region, as the nanorods do not occupy
the whole volume of the sample after removal of the AAO template.
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Table 1 Comparison of PC content at different positions in PC/PS
blend nanorods/film

Rod

150.7

Bulk (%)

Position

Position

Position

Position

Position

Position

a

b

c

d

e

f

300 nm

3.1

5.4

16.1

63.5

55.9

52.5

65 nm
35 nm

1.6
1.6

2.8
1.7

11.0
3.7

53.3
33.0

58.9
67.3

68.0
68.2

diameters

106.5

Endotherm

Nanorods (%)

105.1

149.0

106.8

138.4

105.5

Abbreviation: PC/PS, polycarbonate/polystyrene.

105.1

To conduct a qualitative analysis across different positions in a sample,
the band intensities (peak height) for all the data sets were normalized
to that of the 1453 cm1 band of PS. When the spectra of the 300-nm
diameter nanorods (Figure 3B) were examined using PS as reference,
the relative intensity of the 1776- and 888-cm1 bands became
enhanced from position a to position c, suggesting that the PC
content in the nanorods increased from top to bottom and a
composition gradient formed along the long axis of rods. Similar
results were observed in nanorods with diameters of 65 (Figure 3C)
and 35 nm (Figure 3D), showing that a gradient composition distribution also formed in the smaller nanorods.
The relative intensities of the 1776 and 888 cm1 peaks at position
c in 65-nm diameter PC/PS blend nanorods were weaker than that
at position c in 300-nm diameter nanorods. Reduced intensities at
positions b and a could also be seen in 65-nm nanorods compared
with those in 300-nm nanorods. This suggests that the overall PC
content in the 65-nm diameter nanorods was less than that in the
300-nm diameter nanorods. For nanorods with diameters as small as
35 nm, the intensities at positions a, b and c were also less than those
at corresponding positions in the 65- and 300-nm diameter nanorods,
revealing the trend that PC content in nanorods decreases as rod
diameter decreases.
The PC content at different positions in the nanorods/film was
quantified from the intensities of the peaks at 888 and 906 cm1 using
Equation (1). Table 1 lists the PC contents for both the nanorods and
the bulk films at different positions extracted from the FTIR data. The
PC content in the 300-nm diameter nanorods at positions a, b and c
was 3.1, 5.4 and 16.1%, respectively. This clearly shows that its content
in nanorods increased from the top (position a) to the bottom
(position c), which was also observed in the 65- and 35-nm diameter
nanorods. Although the PC content in the original PC/PS film was
B50%, the PC content in 35-nm diameter nanorods was o4%,
indicating that the smaller nanorods were mainly composed of the PS
component. The higher PS content in the nanorods compared with
the bulk reflects that the PS component preferentially occupied the
nanopores. The PC content of the 35-nm diameter nanorods was
much lower than that of the 65- and 300-nm diameter nanorods,
showing that PC content decreases as pore diameter decreases, and
that the degree of confinement imposed by the nanopores strongly
influences the molecular composition distribution of polymer blends
in the resulting nanorods.
DSC is one of the most frequently used methods for assessing
polymer–polymer miscibility, specifically by measuring the glass
transition temperature (Tg). Miscible polymer blends exhibit a single
Tg between the Tg’s of the individual components, whereas for
partially miscible systems the Tg’s approach each other but do not
become identical.32 Figure 4 shows the DSC curves of the PC/PS
blends in 300-, 65- and 35-nm diameter nanorods in bulk film, in
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Figure 4 Differential scanning calorimetry thermograms of the
polycarbonate/polystyrene (PC/PS) blends in (a) 35-nm diameter nanorods,
(b) 65-nm diameter nanorods, (c) 300-nm diameter nanorods, (d) bulk film,
(e) pure PC and (f) pure PS.

pure PC and pure PS, for reference. A thermogram of an empty AAO
template was featureless,17 whereas the Tg’s of pure PC and pure PS
were 150.7 and 105.1 1C, respectively. On the PC/PS bulk film curve
(Figure 4d), the transition at 149.0 1C corresponds to the Tg of the
PC-rich phase, and the transition at 106.5 1C is the contribution of the
PS-rich phase. The slight shift of the two Tg’s in the scan shows that
PC/PS blends are partially miscible,30–32 indicating that the bulk film
has a heterogeneous two-phase structure and only a limited amount of
each component is dissolved in the other phase. For the PC/PS blends
that we used, the calculated critical Flory-Huggins interaction parameter (wc) was B0.009,30,31 whereas the Flory-Huggins interaction
parameter at 250 1C, w, was 0.038,32 much higher than wc. This further
corroborates the finding that PC/PS blends are partially miscible.30–32
On the DSC curve for 300-nm diameter nanorods (Figure 4c), the
transition at 106.8 1C, which corresponds to the Tg of the PS-rich
phase, appeared clearly. Another transition at 138.4 1C, associated with
the Tg of the PC-rich phase, shifted to lower temperatures, and the
relative magnitude of the heat change was much weaker than that in
the bulk material. This indicates that phase separation also occurred
for the PC/PS blends in the 300-nm diameter nanorods, and that the
relative content of PC in those nanopores was lower than that in bulk.
For the polymer blends inside the 65-nm nanopores, the transition of
the PS-rich phase at 105.5 1C could be observed, and the transition of
the PC-rich phase at high temperatures was hard to distinguish,
indicating that the PC content in the 65-nm nanopores was lower
than that in the 300-nm nanopores. Furthermore, in the 35-nm
nanorods, only a weak transition located at 105.1 1C could be seen.
The DSC results reveal that the PC content in the nanorods decreased
as nanorod diameter decreased, which is in good agreement with the
FTIR results.
When the polymer blends enter the nanopores during capillary
flow, its molecular composition distribution is governed by the
viscosity difference between the polymers, surface properties of the
polymer blends and degree of confinement by the pore diameter. For
PC/PS blends, the viscosity of PC at 250 1C can reach 8380 (Pa s),45
whereas that of PS is only about 170 (Pa s).46 Under the same
conditions, the compositions with lower viscosity have higher mobility to enter into nanopores via capillary force. For the compressionPolymer Journal
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molded bulk film annealed at 250 1C, because of the partial
miscibility of PC/PS,30–32 phase separation occurred and PC was
more likely to aggregate to form PC-rich dots and strips (see Figure
S4 in Supplementary Information). Thus, when the AAO/polymer
assembly was annealed at 250 1C to prepare the nanorods, phase
segregation and the capillary flow of the melts into the nanopores took
place in the bulk film simultaneously. Therefore, driven by capillary
force, the PS-rich compositions with lower viscosity preferentially
entered the nanopores, whereas the PC-rich compositions were more
likely to stay in the bulk film because of its higher viscosity and lower
mobility, causing the PS content in the nanopores to rise higher than
that in bulk.
Furthermore, in considering the surface composition of the polymer
blends, the lower-surface-free-energy component was enriched at the
surface of the polymer blend film to minimize the surface free
energy.37,38 At 250 1C, the surface free energy of PS is B24 mN m1,
less than that of PC (25 mN m1; http://www.surface-tension.de/solidsurface-energy.htm). Before annealing, the surface PS content of the
compression-molded PC/PS film observed in X-ray photoelectron
spectroscopy (XPS) was B24.7% (Figure S5 in Supplementary Information), showing that PC was enriched on the surface of the blend
film owing to the stronger interaction between PC and aluminum foil
during the compression process. After thermal annealing at 250 1C for
3 h, the PS content on the surface of the blend film reached 92.5%.
The high content of PS on the surface means that the PS component
covers the film surface easily owing to its lower surface energy and
higher mobility. Therefore, the enrichment of PS on the surface during
the annealing process facilitates the entry of PS-rich compositions into
the nanopores compared with PC-rich compositions.
Within the nanopores during capillary flow, the low-viscosity PS
component with its higher mobility moves upward, whereas the PC
component with higher viscosity is left behind and leads to larger
amounts of PC remaining at the bottom of the nanorods (position c),
causing the weight fraction of PC at the bottom of the nanorods to be
larger than that at the top (position a). Therefore, the difference in
viscosity between PC and PS has a key role in determining the
formation of a gradient composition distribution in PC/PS blend
nanorods during capillary flow. It is reported that PS with low
molecular weights wetted alumina nanopores at much higher rates
than those with high molecular weights,3 showing that low-viscosity
PS is enriched in nanopores, which is consistent with our results. For
the polymers that we used, owing to the polydispersity (1.88) of the
PC component, it is reasonable to deduce that the content of low
molecular weight PC in nanopores is higher than that in bulk and that
a gradient distribution of different molecular weight PC is also formed
in the blend nanorods.
It is well known that when pore diameters are smaller a polymer
melt requires more time to fill nanopores by capillary flow to yield
nanorods of the same length as for larger diameter pores.25 Thus, the
compositions, especially those with higher viscosity, should have a
more difficult time entering smaller nanopores owing to their stronger
spatial confinement. To achieve the highest capillary rise of polymers
into nanopores, the template will select the polymers with lowest
viscosity and highest mobility to enter the nanopores. In the optical
micrographs of thin slices of PC/PS film after annealing (Supplementary Figure S4), the volume of PC-rich dots or strips can be seen to
increase, indicating that PC content in the PS-rich region decreased
and the degree of phase separation increased. Therefore, during the
longer annealing time in the preparation of the smaller nanorods,
phase separation develops, and the PS-rich compositions with lower
PC content have a higher chance of entering the smaller nanopores,
Polymer Journal

suggesting that the content of PC in smaller nanopores is less than that
in larger ones.
CONCLUSIONS
PC/PS blend nanorods with diameters of 300, 65 and 35 nm were
prepared by melt-wetting nanopores with partially miscible PC/PS
blend melts. The molecular composition distribution of PC/PS blends
in cylindrical nanopores was studied by SEM, FTIR and DSC. As the
polymer blends entered the nanopores by capillary force, the composition with lower viscosity showed higher mobility when entering the
nanopores, leading to the formation of a gradient composition
distribution in the resultant nanorods along the long axis direction
of the rods. The PC weight fraction at the bottom of PC/PS nanorods
was higher than that at the top. Across nanopores of varying diameter,
the content of PC in smaller nanopores was less than that in larger
ones owing to the stronger confinement of the nanopores. These
results may help researchers better understand and control the
morphology and properties of polymer blends during capillary flow
under cylindrical confinement. As the FTIR and DSC analysis produce
the averaged results of numerous nanorods across a rod array, more
detailed studies of the morphology and phase behavior of PC/PS
blends in a single nanorod will be conducted in the near future using
TEM and nanothermal analysis (nano-TA).
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