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Immersion of template into solution is used to synthesize the Y-shaped poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-
yl)benzo-2,1,3-thiadiazole] (PFO-DBT) nanotubes. Solution annealing and different aging times (1, 24, and 72 hours) are conducted
to synthesize the Y-shaped PFO-DBTnanotubes and the effects on themorphological, structural, and optical properties of Y-shaped
PFO-DBT nanotubes are investigated. The dense, aligned, and elongated Y-shaped PFO-DBT nanotubes have been successfully
fabricated by aging the PFO-DBT solution for 72 hours. Enhanced light absorption with less light scattering can be exhibited from
the elongated Y-shaped PFO-DBT nanotubes. Partial and complete infiltration is governed by 1 hour and 72 hours of aging time,
respectively. Preformed nanofibres are initiated by the process of annealing and aging of PFO-DBT solution. During the aging
process, PFO-DBT nanofibres are formed to coat the pores’ wall and replicated the Y-branched nanopores for the production
of Y-shaped PFO-DBT nanotubes. The effects of solution annealing and aging process are essential for the improvement on the
morphological, structural, and optical properties of Y-shaped PFO-DBT nanotubes.

1. Introduction

Recently, much consideration and attention have been given
to the p-type semiconducting material of functional polymer
in order to boost up the performance of organic electronics
devices such as organic solar cells (OSCs), organic field
effect transistors (OFETs), and organic light emitting diodes
(OLEDs) [1–4]. One of the auspicious semiconducting pol-
ymers with the great optical properties is poly[2,7-(9,9-
dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3-thia-
diazole] (PFO-DBT). PFO-DBT or its derivatives have been
widely used as the active layer in the optoelectronics devices
and sensors [5–8]. The performance of these devices can
be improved by modifying the morphological and optical
properties of PFO-DBT that acts as an active layer. Novel
nanostructured-based film is expected to heighten the sensi-
tivity and the fast response time of sensors [9, 10].Thus, stud-
ies on the synthesis of novel nanostructured-PFO-DBT based
film should be given more attention in order to realize their
significant potential in optoelectronic devices and sensors.

To consummate the synthesis of PFO-DBT nanostruc-
tures, a facile and contemptible method is rather indispens-
able. One of the reciprocal approaches is via template-assisted

method. Template-assisted method is a substantial method
due to its capability to produce a large scale of polymer nanos-
tructure in one time of fabrication [11–13]. Different type of
nanostructures can be produced depending on the technique
that applied on the porous alumina template. As reported
elsewhere, the nanoflowers [14], nanorods [15–17], and nan-
otubes [17, 18] can be synthesized via template-assisted
method by implementing different deposition techniques
such as spin-coated, dip-coated, melt-assisted, and drop-
casted techniques.

Advancement in varying the deposition and infiltration
techniques of template-assisted method is highly desired for
the tunable parameters. One of the mutual advancements
is by modifying the solution’s condition. According to
Collison et al. [19], the presence of “aggregates emis-
sion” of poly[2-methoxy-5-(2󸀠-ethylhexyloxy)-p-phenylene
vinylene] (MEH-PPV) solution is due to the effective conju-
gation length which leads to a spectral red shift in absorption
and emission. Deposition of thin film via solution form can
enhance its electroproperties by generating better interchain
species during solution modification. Therefore, it is prof-
itable for the solution to be modified before the deposition
process.
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Figure 1: Schematic illustration of solution annealing and immersion process of PFO-DBT nanotubes.

Synthesisation of polymer nanowires and nanorods in-
volving the cooling, heating, and aging processes in solu-
tion form has been narrated by some researchers [20, 21].
The interaction between solvent and chain segment of the
molecule can be augmented with the incorporation of ther-
mal energy which could increase the solubility of materials.
Oh et al. [21] employed the heating and cooling of poly(3-hex-
ylthiophene) (P3HT) which produce nanorods and nanofib-
rils at the room temperature. Annealing process has been
known to improve the morphological and optical properties
of polymer active layer [22]. Therefore, applying the prether-
mal treatment and aging time on solution is essential for
the well-aggregated structure to form prior to the infiltration
process.

By combining these two techniques, both themorpholog-
ical and optical properties of PFO-DBTfilm can be improved.
Therefore, the practical aim of this work is to investigate the
effect of solution annealing and aging time on the properties
of PFO-DBT nanotubes. Immersion technique of porous alu-
mina template-assisted method is implemented by annealing
the PFO-DBT solution and cooled it down at different aging
times. PFO-DBT nanotubes consist of nanofibres that were
preformed during the solution annealing.

2. Experimental Methods

Poly[2,7-(9,9-dioctylfluorene)-alt-4,7-bis(thiophen-2-yl)
benzo-2,1,3-thiadiazole] (PFO-DBT) copolymer was ob-
tained from Lum-Tec (Mentor, Oh, USA) and used without
further purification. Using chloroform as the solvent, a
5mg/mL of PFO-DBT solution was prepared. Anodic alu-
minumoxide (AAO) template with nominal pore diameter of
20 nm and thickness of 60𝜇mwas purchased fromWhatman
Anodisc Inorganic Membrane (Sigma-Aldrich, St. Louis,
MO, USA). The method for solution annealing and immer-
sion process is simplified in Figure 1. Template was cleaned
subsequently in deionized water and acetone for 10 minutes
to remove any unwanted residual. After the cleaning and
drying (with nitrogen) processes, the cleaned template was
immediately placed in a vial (a). PFO-DBT solution was then
placed in a vial together with the template prior to the anneal-
ing at 50∘C (b). After 30 minutes of annealing, the template
was left to cool at room temperature of different aging times
(1, 24, and 72 hours) (c).The template was taken out from the

vial and we let it dry after attaining the aging time (d). 3M of
sodium hydroxide (NaOH) was used to dissolve the template
leaving the PFO-DBT nanotubes. The PFO-DBT nanotubes
were purified in deionizedwater prior to the characterization.

The characterizations of PFO-DBT nanotubes were per-
formed using field emission scanning electron microscope
(FESEM) (Quanta FEG 450, Beijing, China), transmission
electron microscope (TEM) (Tecnai G2 FEI, Tokyo, Japan),
UV-Vis spectroscope (Jasco V-750, Tokyo, Japan), and pho-
toluminescence spectroscope (RENISHAW).

3. Results and Discussion

Figure 2 shows the FESEM images of PFO-DBT nanostruc-
tures. It reveals that the structure formation is in nanometer
scale with the Y-branched tube-like structure. After 1 hour of
aging time, the solution has just started to infiltrate into the
AAO cavity and is only capable to produce a shorter length of
nanotubes (Figures 2(a) and 2(b)). The production of shorter
nanotubes could be due to the insufficient infiltration time.
Longer nanotubes are formed as the aging time is increased
to 24 hours (Figure 2(c)). This result indicates that the
length of the nanotubes is highly dependent on the aging
time. This phenomenon supports the result of FESEM image
shown in Figure 2(d). Aging time of 72 hours could provide
farther aligned and dense Y-branched PFO-DBT nanotubes
if compared with the shorter aging time (1 and 24 hours). On
the contrary, solution annealing has no effect on the mor-
phological properties of Y-branched PFO-DBT nanotubes
as samilar morphological distribution between unannealed
and annealed solution is observed. Instead of exhibiting the
open-end PFO-DBT nanotubes arrays, PFO-DBT nanotubes
grown by immersing the porous template have their tips
fastening with each other as a result of van der Waals force
attraction.

Figure 2(e) shows the cross-sectional view of porous alu-
mina template that consists of Y-branched nanopores.
The existence of Y-shaped PFO-DBT nanotubes (Figures
2(a)–2(c)) supports the primitive properties of Y-shaped
nanopores (Figures 2(e)-2(f)). Y-branched PFO-DBT nan-
otubes exhibit∼250 nm in diameterwhich is comparablewith
the inner pore’s diameter. During the aging time, the solution
is infiltrated into the Y-shaped nanopores and replicated the
pores to form “Y”-shaped nanotubes. If comparison is meant
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Figure 2: FESEM images of unannealed and annealed Y-shaped PFO-DBT nanotubes with different aging time. (a) Unannealed solution;
(b) annealed solution of 1 hour aging time; (c) annealed solution of 24 hours aging time; (d) annealed solution of 72 hours aging time (insets
show the enlarged respective images).

to be made between the aging time and the state of the nan-
otubes, Y-branched PFO-DBT nanotubes formed from the
longer aging time are more ensembles due to the complete
wetting process.

The effect of solution annealing on the structure of PFO-
DBTnanotubes can be interpreted by the TEM images shown
in Figure 3. As reported by Kim et al. and Oh et al. [20, 21],
polymer nanowires can be created by annealing the polymer
solution and aging it at certain times. The immersion of
template into the annealed and aged PFO-DBT solution is
expected to allow the infiltration of PFO-DBT nanofibres
into the nanopores of AAO template. Formation of PFO-
DBT nanotubes inside the confine nanopores may have been
composed by nanofibres which then replicate the Y-branched

nanopores. Figure 3(a) shows the formation of PFO-DBT
nanotubes composed of nanofibres (red oval). The fragment
observed in the background of nanotubes (Figure 3(b)) is
depicted as PFO-DBT nanofibres. The rigorous TEM prepa-
ration has initiated to the broken, defected, and fractured
nanotubes. Individual Y-branched PFO-DBT nanotube has
been clearly seen in the TEM image (Figure 3(c)).

The infiltration of polymer solution into the Y-branched
nanopores at different aging times is shown in Figure 4.
Partial and complete infiltration has been seen to dominant
the shorter and longer Y-branched PFO-DBT nanotubes,
respectively. Sensibly, 1 hour of aging time will only instigate
the infiltration process. The complete infiltration can only
be achieved if sufficient aging time is employed. Dense and
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Figure 3: TEM images of PFO-DBT nanotubes. (a) PFO-DBT nanotubes composed of nanofibres (red oval). (b) Fragments of PFO-DBT
nanofibres. (c) Y-shaped PFO-DBT nanotubes.
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Figure 4: Schematic illustration of the infiltration process at different aging time. (a) 1 hour of aging time; (b) 72 hours of aging time.

aligned Y-branched PFO-DBT nanotubes are obtained from
72 hours of aging time.

Organic semiconductor material PFO-DBT constitutes
dioctylfluorene and benzothiadiazole moieties. Thiophenes
attached to the benzothiadiazole assist the moieties to absorb
light with longer wavelength during the light absorption

process. The light absorption properties of PFO-DBT moi-
eties were depicted in Figures 5(a) and 5(b).

Two distinguished peaks are observed at B-band (short
wavelength) and Q-band (long wavelength) which corre-
spond to the absorption of dioctylfluorene [23] and the
benzothiadiazole moieties assisted by the thiophene [24],
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Figure 5: Optical absorption spectra of Y-shaped PFO-DBT nanotubes. (a) Absorption spectra of unannealed PFO-DBT solution (immersed
for 1 hour) and annealed PFO-DBT solution (immersed for 1 hour). (b) Absorption spectra of annealed PFO-DBT solution of different aging
time (1, 24, and 72 hours).

respectively. The peak absorption of B-band is detected at
392 nmand 557 nm forQ-band. In the normal circumstances,
thermal treatment is performed to the organic thin film or
solution with the purpose of improving the optical properties
of the film [25]. By comparing the absorption spectra of
annealed and unannealed solution with the template being
immersed for 1 hour (Figure 5(a)), the annealed solution
yields a higher light intensity at both peaks. This indicates
that 𝜋 to 𝜋∗ transition of fluorine units of annealed PFO-
DBT solution becomes stronger and efficient. The stronger
and efficient transition may be due to the annealing effect
which thus led to a better molecular arrangement. Fur-
ther enhancement on the optical absorption properties of
annealed solution is performed by increasing the aging time.
By increasing the aging time, it allows the formation of
nanofibres. During immersion, the solution with nanofibres
is allowed to infiltrate into the cavity of porous alumina
template and coated the wall. Varying the aging time will
allow the solution to infiltrate deeper thus affecting the prop-
erties of the resulting nanotubes. As shown in Figure 5(b),
an intense light absorption is observed from the 72 hours
of aging time. However, it has exhibited a blue shift of 8 nm
at the longer wavelength. The blue shift of the absorption
peak could be due to the distortion of benzothiadiazole and
thiophenes rings. Red shift at the peak absorption usually
indicates the improvement of polymer conjugation length
and chain alignment. However, as reported by Chirvase et al.
[26], poly(3-hexylthiophene-2,5-diyl) (P3HT) has exhibited
the blue shift due to the destruction of P3HT chain ordering.
P3HT is an example of the semiconducting organic materials
that consist of thiophenes. Correlation between the red and
blue shift of P3HT and PFO-DBT can be realized due to
the existence of thiophenes moieties in both semiconducting
materials. Blue shift of PFO-DBT peak absorption is mainly
caused by the distortion of benzothiadiazole ring. Since the
Q-band corresponded to the benzothiadiazole and thiophene

rings, the blue shift ismerely affected by the distortion of both
rings.

As depicted in Figure 6, the effect of solution annealing
and different aging time is further characterized by photo-
luminescence (PL) spectroscopy. Occurrence of the red shift
of PL emission is well matched with the red shift of UV-Vis
absorption at the unannealed and annealed film. PL spectra
for all conditions recorded an intense peak at 700 nm. An
increase in intensity is observed for the annealed PFO-DBT
solution (Figure 6(a)) which implies the segregation of PFO-
DBT chain [26]. Chain segregation can occur by annealing
the polymer solution where the process took place prior to
the template immersion and infiltration. Segregated PFO-
DBT chains have undergone the structural arrangements and
led to the new channel of charge carriers’ formation. These
arrangements resulted from the thermal treatment process
which could support a better photoinduced charge transfer
within the PFO-DBT chain. As portrayed in Figure 6(b), the
PL emission is quenched as the ageing time is increased.

In UV-Vis spectroscope, the light shone to the sample
will absorb, transmit, or reflect. Light will scatter when there
are irregularities in the propagating mediums or surfaces.
Scattering process within the nanotubes that have been
synthesized via the shorter and longer aging time is affected
since their morphologies are unlikely to be similar. Light
scattering can be affected by the available spaces within
the hollow tubes and the standing ability or well-aligned
nanotubes. As ascribed in UV-Vis absorption spectra, the
absorption at the longer wavelength edge of the spectra which
is due to light scattering became blue shifted as the aging
time increased. To explain the effects of light scattering based
on the changes of absorption edge in the UV-Vis spectra
of Y-branched PFO-DBT nanotubes, schematic illustration
diagram is proposed and presented in Figure 7. Shorter Y-
branched PFO-DBT nanotubes due to the partial infiltration
are mostly collapsed and thus will not be able to provide a
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Figure 6: Photoluminescence spectra of Y-shaped PFO-DBT nanotubes. (a) PL spectra of unannealed PFO-DBT solution (immersed for 1
hour) and annealed PFO-DBT solution (immersed for 1 hour). (b) PL spectra of annealed PFO-DBT solution of different aging time (1, 24,
and 72 hours).
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Figure 7: Schematic illustration of light scattering on Y-branched PFO-DBT nanotubes. (a) shorter aging time; (b) longer aging time.

pathway for the light to transmit. Most of the light will be
reflected, diffused, and absorbed by the nanotubes which led
to the intense light scattering (Figure 7(a)). Unlike the aligned
Y-branched PFO-DBT nanotubes, transmission of light will
likely occur and less light scattering is realized (Figure 7(b)).
As the standing nanotubes provide an aligned empty space,
it is easier for the light to pass through the nanotubes and
reduce scattering effect.

4. Conclusions

In this work, Y-shaped PFO-DBT nanotubes have been
synthesized using the template-assisted method. Effects of
solution annealing and aging time on the morphological,
structural, and optical properties of Y-shaped PFO-DBTnan-
otubes are discussed and reported. Preformed nanofibres are
initiated by the process of annealing and aging of PFO-DBT
solution. During the aging process, PFO-DBT nanofibres
are formed to coat the pores’ wall and replicated the Y-
branched nanopores for the production of Y-shaped PFO-
DBT nanotubes.
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