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ABSTRACT: Anodic aluminum oxide (AAO) membrane
can be used as template for the synthesized nanostructures.
In this article, we have prepared the AAO membrane by
using electrooxidation of aluminum substrate in phosphoric
acid, and fabricated poly(2,5-di-n-butoxyphenylene) (BuO–
PPP) nanofibril arrays by oxidative coupling polymerization
of 1,4-di-n-butoxybenzene (DBB) within the pores of the
AAO template membrane. The detailed molecular structure
of the polymer nanofibrils was characterized by using infra-
red and 1H nuclear magnetic resonance spectra, and esti-
mated to consist of almost equal fractions of 1,4- and 1,3-
linkages. We have used transmission electron microscopy,
scanning electron microscopy, and atom force microscopy to
confirm the morphologies and images of the AAO template
membrane and the fabricated nanometer scale of BuO–PPP
nanofibril arrays. The experimental results demonstrated
that the pores of the AAO membrane were regular and
uniform, and parallel each other, and the BuO–PPP chains in

the narrowest template-synthesized nanofibrils were ori-
ented parallel to the porous axes of the AAO membrane and
perpendicular to the surface of the aluminum substrate. The
polymer chain orientation was partially responsible for the
enhanced conductivity. The ultraviolet absorption spectrum
of the BuO–PPP nanofibril arrays shown that the polymer
contains a better extended �-conjugation system along poly-
(p-phenylene) backbone, which resulted in longer wave-
length shift of the absorption band, the absorption maxima
were located at 258 nm (E1 absorption band) and 332 nm (E2
absorption band), respectively. Photoluminescence spec-
trum of the BuO–PPP nanofibril arrays exhibited a blue
emission. © 2003 Wiley Periodicals, Inc. J Appl Polym Sci 91:
425–430, 2004
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INTRODUCTION

High regular patterned arrays of nanostructures have
numerous potential applications in construction of
novel type of optoelectronic and magnetic device,1–4

drug delivery,5 and bioencapsulation.6 The template
synthesis method is used to prepare a desired material
within the nanoporous membranes, and these nano-
arrays have versatile interesting and useful character-
istics, including tubules, fibrils, and wires of electron-
ically conductive polymer,7–10 metals,11–13 semicon-
ductor.14–16 It has been discovered that the template-
synthesized materials have unique supermolecular
feature of electrochemical, electronic, optical absorp-
tion, and enhanced conductivity.8 The types of the
porous membranes includes usually track-etch poly-
meric membranes, such as polycarbonate and polyes-
ter membranes,17,18 and porous aluminum mem-
branes.19,20 The track-etch membranes contain cylin-
drical pores of uniform diameter, and the membranes
with a wide range of the diameters and densities of the

pores approaching 109 pore/cm2 are available com-
mercially. The pores in the anodic aluminum oxide
membrane are arranged in a regular hexagonal array,
and grow perpendicular to the aluminum substrate
with narrow distribution of porous spaces. The porous
AAO membrane has been widely used as the template
for construction of regular nanoarrays, in which nano-
fibrils within the pores are also mutually parallel and
aligned perpendicular to the aluminum substrate19–21;
these nanomaterials can be freed from the template
membrane and collected.

With the development of synthesis and application
of novel polymer material, the design and construc-
tion of organic nanopolymer have become a great
interest.22,23 The conductive polymer chains contain a
conjugated system, such as polyacetylene, polypyr-
role, polythiophene, and polyaniline, and they have
copious charge carriers and enhanced electronic con-
ductivity by oxidizing or reducing polymer,18,24 i.e.,
“by means of doping.” The doped polyacetylenes are
so reactive that it appears unlikely that the polymer
will be useful for any of proposed applications of
conductive polymers. Although polypyrrole and
polyaniline are more chemically stable materials, their
conductivity is many orders of magnitude lower.25

The template synthesis method provides a route for
improving the conductivities of these polymers.26,27
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Martin et al. have prepared polypyrrole, poly(3-meth-
ylthiophene), and polyaniline either chemically or
electrochemically in the pores of the polycarbonate
membranes, it was demonstrated that the polymer
chains preferentially nucleate and grow on the pores
walls of the template, and the polymers with en-
hanced molecular and supermolecular order contain
fewer conjugation-interrupting defects, such as sp3-
hybridized carbons or twists and kinks in the polymer
chains, For polypyrrole, the polymeric tubules or solid
fibrils are obtained by controlling the polymerization
time, but polyaniline tubules will not close up.31 In
past decades, poly(p-phenylene) (PPP) and some de-
rivatives have been used as electrode materials in
electrochemical cells, and blue-emitting diodes.32–34

But the poly(p-phenylene) prepared by oxidative cou-
pling polymerization is insoluble in all solvent and
inflexible.35 Introduction of flexible side chains into
the aromatic rings can not only render solubility and
processibility, but also improve their optical and elec-
trical properties.36,37 In recent years, the fabrication of
poly(2,5-di-n-butoxyphenylene) nanofibril arrays
have not been reported; in this article, we present the
fabrication and morphology of uniform poly(2,5-di-n-
butoxyphenylene) nanofibril arrays by using the AAO
template-synthesized method. It is found that the
polymer nanofibrils contain a better extended �-con-
jugation system along the poly(p-phenylene) back-
bone. The uniform large area arrays reveal a blue
emission. We infer that the polymer chains in the
narrowest nanofibrils are oriented parallel to the axes
of these nanofibrils by measuring the dc conductivity
of the BuO–PPP nanofibril arrays.

EXPERIMENTAL

Materials

Reagent grade anhydrous FeCl3 was purified by sub-
limation. Chloroform was purified by washing se-
quentially with sodium phenolate, water, concen-
trated sulfuric acid, diluted aqueous base, and water,
followed by drying anhydrous sodium sulfate, and
distillation. The 1,4-di-n-utoxybenzene was prepared
by the reaction of hydroquinone with n-butyl bromide
in alkaline solution. Recrystallization from water–
methanol gave white plates (yield 80%); mp: 43–45°C;
infrared (IR) (KBr): �3050 and 2960–2870 (COH), 1510
and 1480 (CAC), 1230 cm�1 (COOOC). Anal. Calcd.
for C14H22O2: C, 75.63, H, 9.97. Found: C, 75.70, H,
9.71.

Fabrication of AAO template

The AAO template membrane was prepared accord-
ing to our previous procedure.19,20 Aluminum foil
(99.99%, 1.0 � 20 � 30 mm3) was first degreased in

ultrasonic baths of trichloroethylene, and etched in 1.0
mol � L�1 sodium hydroxide, and then cleaned thor-
oughly with distilled water. Next, we have it elec-
tropolished in a mixed solution of perchloric acid and
alcohol, and rinsed with distilled water. The obtained
aluminum foil was anodized at 90 V in 0.5 mol � L�1

phosphoric acid by using two lead foils as cathode.
The sample was rinsed thoroughly with distilled wa-
ter, and dried in a stream of nitrogen.

Fabrication of BuO–PPP nanofibril arrays

The reaction was carried out under argon atmosphere
in a 250 mL three-neck flask. First, anhydrous FeCl3
(6.48 g) and drying chloroform (30 mL) were placed in
the flask, after it was vacuumized continuously three
times and filled with argon; the dried chloroform (30
mL) containing 1,4-di-n-butoxybenzene (2.22 g) and
the AAO templates were added into it by using sy-
ringe. The mixture was slowly stirred at room temper-
ature; BuO–PPP was produced from the monomer
(DBB) and deposited within the pores of the AAO
membrane during this period. After 24 h, the solidi-
fied mixture and the AAO template were poured into
methanol, and refluxed for 2 h, and then dried in
vacuum at 80°C. It was found that the DBB was poly-
merized within the pores and on both faces of the
AAO template membrane, the poly(2,5di-n-butoxy-
phenylene) nanofibril arrays were light brown, and
soluble even in tetrahydrofuran and tetrachlorometh-
ane at room temperature. The powderous polymer can
be also prepared in the light of the same identical
conditions as the synthesized BuO–PPP fibril arrays
without using the AAO template.

Sample preparation for measurement of AFM and
optical properties

The AAO membrane filled with the BuO–PPP was
plunged into tetrachloromethane solution in order
that the polymer nucleated on the AAO membrane
surface was removed. The exposed boundaries of the
AAO membrane were slightly dissolved in 0.5mol
� L�1 sodium hydroxide, and the BuO–PPP nanofibril
arrays within the AAO membrane was revealed from
the bottom to the top, the sample was repeatedly
washed by distilled water, and dried in the air.

Sample preparation of DC conductivity
measurements

The BuO–PPP/AAO nanocomposite membranes (20
� 30 mm) were immersed in saturated mercuric chlo-
ride solution, and stripped from aluminum substrate.
The pores of the stripped AAO membrane were en-
larged in 0.5mol � L�1 phosphoric acid so that the
pores were made open from the top to the bottom. The
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sample was washed with distilled water, and dried in
the air. Finally, an aluminum film was sputtered on
the BuO–PPP nanofibrils surface, its thickness is about
0.2 �m. The resistance of the nanocomposite mem-
branes was measured with two probes method by
using high-resistance meter. For the dc conductivity of
the powderous poly(2,5-butoxyphenylene), the BuO–
PPP powder was pressed into pellets under a pressure
of 2 � 106 kg/cm2, the same conductivity surveying
method as the BuO–PPP nanofibril arrays was used.

Measurements

The infrared spectrum was recorded with Nicolet AV-
ATAR 360 FIIR spectrometer. The ultraviolet spec-
trum was obtained by TU-1901 spectrometer in tetra-
chloromethane. The 1H-NMR (nuclear magnetic reso-
nance) spectrum was made with Brüker AM 400 NMR
spectrometer. The TEM pattern was carried on JEM-
1200 EX-/S (9100 EDAX)(75KV). The AFM surface
images were measured by using P47-SPM-MDT
(made in Russia). The photoluminescence (PL) spectra
were obtained by Shimadizu RF-540 spectrometer.
The high-resistance meter was used to measure dc
conductivity of the BuO–PPP nanofibril arrays.

RESULTS AND DISCUSSION

Figure 1(a) shows the AFM surface image of the AAO
template membrane prepared by electrooxidation in
phosphoric acid. Ones note that the pore size within
the AAO template membrane is about 150 nm, the
nanopores are separated from each other, and high
regular and uniform arrangements, and then the den-
sities are about 1011 pores/cm2. Figure 1(b) is the SEM

section cross image of the AAO membrane, it shows
that the porous length is about 10 �m, and its aspect
ratio (length/diameter) is about 60. These pores are
parallel and perpendicular to aluminum substrate; the
AAO membranes would allow a great number of
nanostructures to be produced per unit area of the
template. Figure 2 indicates the TEM image of the
BuO–PPP nanofibrils liberated from the AAO tem-
plate membrane by dissolving the aluminum layer
with sodium hydroxide, they was not tubules but

Figure 1 (a) The AFM image of the AAO template. (b) The TEM section cross image of the AAO template prepared by
electrooxidation of aluminum substrate in phosphoric acid.

Figure 2 The TEM image of the BuO–PPP nanofibril arrays
prepared by the AAO template-synthesized method.
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solid fibrils, and some nanofibrils are broken, but the
BuO–PPP structure was not changed. It is postulated
that the polymer preferentially nucleates and grows
on the porous walls of the AAO membrane, and ulti-
mately close up to form solid fibrils, the aspect ratio of
the BuO–PPP nanofibrils is in agreement with that of
the AAO membrane template.28,29 Figure 3(a) exhibits
the AFM surface image of the BuO–PPP nanofibril
arrays obtained by slightly dissolving the BuO–PPP/
AAO composite membranes, it demonstrates that the
BuO–PPP nanofibrils can grow in pores of AAO mem-
brane separately from each other, and they must be
high regular and uniform arrangements that protrude
from the top surface of the dissolved AAO membrane.
Because the pores of the AAO membrane are regular
and uniform, after the nanopores are filled with the
BuO–PPP chains, and polymer nanofibril arrays are
formed into the pores, the obtained BuO–PPP nanofi-
brils can also take on highly regular and uniform
arrays in consistent with the surface image of the AAO
template membrane, as shown in Figure 1. One also
finds that some lacuna appear in the AFM image: on
the one hand, this can relate to dissolving the BuO–
PPP of the AAO membrane surface; on the other hand,
the AAO nanoporous walls are rather thinner, and the
porous boundaries can be easily dissolved in sodium
hydroxide solution. This process can make the AAO
membrane surface depressed, and partial nanofibrils
were broken. Figure 3(b) shows the three-dimensional
AFM image of the BuO–PPP nanofibril arrays; it is
discovered that the BuO–PPP nanofibrils can reveal
from pores of the AAO membrane—the average
height of the revealed nanofibrils is about 350 nm from
the bottom to the top. Beyond this height, the polymer
aggregated on the surface of the AAO membrane
would emerge with the BuO–PPP nanofibril arrays

within the pores membrane. The experimental evi-
dence indicates that the BuO–PPP can be imbedded
within the pores of the AAO membrane to give uni-
form nanofibril arrays, in which these nanofibrils are
insulated to each other. Such template synthesis
method provides the best control to the shape of the
BuO–PPP nanofibrils. All above unique properties
make such arrays applied in optical device.

The self-assembling process of the BuO–PPP nano-
fibril arrays in the host template can include chemad-
sorption and oxidation steps. The first step is a one-
electron oxidation of the aromatic nucleus to give a
cation radical, which attacks the aromatic ring of a
second molecule to yield dihydro radical-cation spe-
cies. Meanwhile, a cation radical and/or dihydro rad-
ical cation can be adsorbed on the porous AAO wall.
This species releases a proton to form a radical that
undergoes a further oxidation followed by proton loss
to give the dimerization product. The cation radical
further attacks the dimerization; the oxidative cou-
pling polymerization was continuously carried out in
the AAO interpores. The high dielectric constant of the
AAO template at the same time could reduce repul-
sion between the positive charges in oxidative poly-
merization,32–34 and subsequently volume expansion
of nanofibers can expel inorganic salts from the nano-
porous aluminum oxide.38,39

In order to understand the polymer chains prefer-
entially nucleate on the walls of pores, we consider the
effect of oxygen deficit of the AAO membrane on
adsorption of cation radical and/or dihydro radical-
cation species. The oxygen deficit indicates that hy-
droxy and oxygen anions exist in the porous surface of
the AAO membrane, and can adsorb intermediate of
the cation radical so that the polymer chains preferen-
tially aggregate along the porous walls of the AAO

Figure 3 (a) The AFM image of the BuO–PPP nanofibril arrays. (b) The three-dimensional AFM image of the BuO–PPP
nanofibril arrays by slightly dissolving the AAO membrane

428 YU, GAO, AND LI



membrane. By measuring dc conductivity, we note
that both are different between the BuO–PPP/AAO
composite membranes and powderous polymer. For
the BuO–PPP/AAO composite membranes, the dc
conductivity is about 5.96 � 10�8 S � cm�1, and the
latter is only 6.25�10�1 S � cm�1. It is reasonable to
postulate that the aggregation effects play an impor-
tant role in the polymeric dc conductivity. This dem-
onstrates that the conjugated defects of the BuO–PPP
chains in pores of the AAO membrane are less. It can
be believed that the polymer chains are oriented par-
allel to the porous axes of the AAO membrane, and
ultimately close up to form solid nanofibrils, the as-
pect ratio of the BuO–PPP nanofibrils should also be
consistent with that of the AAO template.

The IR spectrum of the liberated BuO–PPP nanofi-
brils in tetrachloromethane exhibited the characteristic
absorption at 2960–2870, 1490, and 1205 cm�1 due to
COH, CAC, and COOOC stretching, respectively.
The absorption at 865cm�1 attributed to the COH
out-of-plane vibration of tetrasubstituted benzene.
The absorption band assigned to hydroxyl group at
3600 cm�1 was not observed. Values from elemental
analysis of the BuO–PPP condensed were in good
agreement with the calculated ones.

The oxidative coupling polymerization of 1,4-di-n-
butoxybenzene will be expected to give 1,3- and 1,4-
linkage. 1H-NMR spectrum of the BuO–PPP nanofi-
brils dissolved in CDCl3 indicated five intense absorp-
tions at 0.89, 1.39, 1.66, 4.01, and 7.09 ppm,
respectively, due to the methyl, �-methylene, �-meth-
ylene, and �- methylene protons of the alkoxy group
and aromatic protons, these ascribed to the formation
of 1,4-linkage. Furthermore, extra weak but well-de-
fined signals were observed at 4.05, 7.5, and 7.6; the
4.05 ppm resonance may be assigned to the �- meth-
ylene protons of the alkoxy group. The resonances
near 7.5 ppm arise from the phenyl protons in mixed
connectivities. From the relative integration of signals
with protons, it is estimate that the percentage of
1,3-linkage is about 50%.

Figure 4(a) shows the ultraviolet absorption spec-
trum of the BuO–PPP nanofibril arrays liberated in
sodium hydroxide. The maximum absorption peaks
are located at 258 nm (E1 absorption band) and 332 nm
(E2 absorption band), respectively. However, the ul-
traviolet absorption maximum of 1,4-butoxybenzene
locates at 285 nm. The position of the polymer absorp-
tion reveals a better extended �-conjugation system
along the poly(p-phenylene) backbone, which brings
on 32 nm bathochromic shift of the E2 absorption band
in comparison with that of poly(p-phenylene). The
energy gap (Eg) of � to �* transition calculated by
absorptive edge is about 3.3 eV, and is about 0.3 �0.6
eV larger than that of poly(p-phenylene).32,33 By add-
ing electron donating n-butoxy groups, the energy gap
can be influenced by the BuO–PPP structure. First, the

butoxy groups increase electron densities, which
makes energy gap of the BuO–PPP decreased. Second,
the steric hindrance of the butoxy groups has the
effective conjugated chain reduced so that the energy
gap of the BuO–PPP nanofibrils increases. In the pho-
toluminescence measurement, all the measurements
were carried out in the air, the excitation wavelength
of the BuO–PPP nanofibril arrays liberated in sodium
hydroxide was 356 nm, and its emission peak ap-
peared at 416 nm, as shown in Figure 4(b). Figure 4(c)
shows the photoluminescence spectrum of the dilute
solution of the BuO–PPP nanofibrils in tetrachlo-
romethane, the excitation peak located at 357 nm, and
the emission maximum situated at 420 nm. The emis-
sion intensity peak of the dilute polymer solution is
slightly stronger than the nanofibril arrays, and the
peak shape is analogous to that of the BuO–PPP nano-
fibril arrays. In comparison with the emission peaks of
the dilute BuO–PPP solution, it could be found that
there is a further 4 nm blue shift for the BuO–PPP
nanofibril arrays, but it remains in the blue range of
the spectrum. The blue-shift phenonmenon could be
caused by the quantum size effect owing to the highly
porous density of the AAO template. Furthermore, the
ambient dielectric constant of the nanofibril arrays is
different from the BuO–PPP nanofibrils in tetrachlo-
romethane, the twists of the polymer chains in the
dilute solution cause conjugation-interrupting de-
fects,27–29 these factors can also influence emission
wavelength, the detailed reason for this change needs
further research.

CONCLUSION

Our studies indicate that the BuO–PPP nanofibril ar-
rays can be readily fabricated by oxidative coupling

Figure 4 (a) The ultraviolet absorption spectrum of the
BuO–PPP nanofibril arrays within the AAO membrane. (b)
The photoluminescence spectrum of the BuO–PPP nanofibril
arrays by slightly dissolving the AAO membrane. (c) The
photoluminescence spectrum of the BuO–PPP nanofibril dis-
solved in TCM.
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polymerization of 1,4-di-n-butoxybenzene into the
AAO template. The detailed molecular structure was
characterized by using IR and 1H-NMR spectra, and
estimate to consist of 1,3- and 1,4-linkage. The BuO–
PPP nanofibrils arrays are high regular and uniform,
and their average height is about 350 nm. The polymer
chains within the nanofibrils are oriented parallel to
the axes of these fibrils and the AAO template so that
this decreases conjugation-interrupting defects caused
by twists and kinks of the BuO–PPP conjugated
chains, and it can make the dc conductivity of the
polymer nanofibrils enhanced. In the template synthe-
sis process, the nascent BuO–PPP preferentially nucle-
ates on the porous walls due to having oxygen deficit
into the AAO membrane. An analogous aggregation
phenomenon has been observed into polycarbonate
membrane.29,40 The ultraviolet absorption spectrum
demonstrates that the polymer chains have a better
extended �- conjugation system along the poly(p-phe-
nylene) backbone. There is a blue emission for the
BuO–PPP nanofibril arrays due to the higher porous
densities of the AAO membrane, this is a more con-
venient way for low-cost flat panel displays.
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