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A diaryl-substituted polyacetylene, poly[1-(trimethylsilyl)phenyl-2-phenylacetylene] (PTMSDPA),
provided nanoporous, honeycomb-structured network fibers by electrospinning the chloroform solution
with about 1.6 wt % polymer. ThePTMSDPA fibers formed a nanoporous, honeycomb-network structure.
These fibers emitted an intense yellowish green light. The main axis of yellowish green emission in the
fiber appeared to be perpendicular to the fiber axis. The polarization ratio (I⊥/I|) in fluorescence (FL)
attained a value of∼4.7 and the FL peak band of the perpendicular axis (λmax ) 548 nm) was slightly
red-shifted by 9 nm compared to that of the parallel one (λmax ) 539 nm). The ultrahighMw of 8.0× 105

and the relatively highR value of 0.765 were responsible for the lyotropic liquid crystallinity of
PTMSDPA. The weak charge separation within the repeat unit ofPTMSDPA was assumed to be
responsible for the unique optical anisotropy of strong emission perpendicular to the fiber axis.

Introduction

The most notable fiber spinning approach might be a
modern electrospinning technique that is now acknowledged
to be one of the most versatile fabrication methods for simple
preparation of various functional fibers of nanometer size.
The technique has several advantages including low cost,
easy setup, and a high-throughput continuous production
process, allowing one to make functional nanofibers from a
wide range of synthetic polymers and ceramics.1 The
electrospun nanofibers have many practical applications as
parts of free-standing porous membrane filters with ultrahigh
permeability, external-stimuli-responsive drug delivery sys-
tems, and sensory devices with ultrahigh sensitivity and
selectivity because of their intrinsically high surface area-
to-volume ratio. Recently, electrospun nanofibers made of
π-conjugating and/or semiconducting polymers received
much attention in the fields of molecular electronics and
photonics.2-11 This is because photoexcited electron-hole

(e-h) pairs and free carriers would be effectively confined
in the nanospaces of the quasi-one-dimensional (1D) semi-
conducting nanofibers. The photophysical and electrical
properties of nanofibers may be very different from those
of bulk films made of the same constituents. However, high
precision in controlling all molecular orientations, morphol-
ogies, and alignments of the fibers is required to afford
unique functions and applications of 1D polymers in spun
fibers.12

Currently, there are many kinds ofπ-conjugating polymers
synthesized by metal-catalyzed cross-coupling reactions
including poly(phenylene)s, poly(phenylenevinylene)s, and
poly(phenyleneethylene)s.13-16 As most of theseπ-conjugat-
ing polymers are nonpolar and/or less polar and their
molecular weights are limited to a range of only 103-104, it
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is very difficult to obtain electrospun fibers by an ordinary
electrospinning method. As for such lower weight-average
molecular weight (Mw) polymers, very special electrospinning
methods, such as the coaxial, two-capillary spinneret
method,3-6 the blending method,7,17,18and precursor method,2,11

are inevitably required.
In contrast, disubstituted acetylene polymers with ultrahigh

Mw can be readily obtained the group 5 transition metal
catalysts such as TaCl5 and NbCl5.19 Disubstituted aromatic
acetylene polymers obtained by the TaCl5-n-Bu4Sn catalyst
are typical examples.

Among these polymers, poly[1-(trimethylsilyl)phenyl-2-
phenylacetylene] (PTMSDPA, in Chart 1), possesses several
unique qualities including (a) an ultrahighMw of ca. 1×
106, (b) excellent chemical and mechanical stability,20,21 (c)
a semiflexible main chain bearing two bulky aryl side groups,
(d) high solubility in common organic solvents such as
chloroform and THF, (e) an extremely high viscosity even
in low concentration less than 1.0 wt % due to the
semiflexible conformation and ultrahighMw, (f) an intense
fluorescence in green color, and (g) considerable polarity
perpendicular to the main direction, but less polarity parallel
to the main direction. One can expect that these excellent
properties of PTMSDPA enable us to prepare highly
luminous electrospun nanofibers by a conventional electro-
spinning method.

In this paper, the authors use an ultrahighMw PTMSDPA
sample to demonstrate the first successful preparation and
unique morphological structures of hierarchical nanoporous
electrospun fibers exhibiting a high optical anisotropy. This
knowledge and understanding may lead to a new approach
in easily exploring highly polarized device materials such
as an electroluminescent (EL) device,22,23 optical sensor,24

and fluorescence image patterning.25

Results and Discussion

ThePTMSDPA used in this study was donated by NOF
Corporation (Tokyo, Japan). TheMw and molecular weight

distribution (Mw/Mn) determined by gel permeation chroma-
tography were estimated to be 8.0× 105 and 1.8, respec-
tively. Solution properties, controlled variables, and ambient
parameters in the electrospinning process can significantly
influence the morphology of the resultant polymer nanofibers.
The authors first examined the individual influences of
solvent, concentration, applied voltage, tip-to-collector dis-
tance, and feed rate on the processability of nanofibers of
PTMSDPA. The solvent property and the concentration of
the solution were found to strongly influence the process-
ability, as described below.

First, this polymer formed fibril structures from both
chloroform and THF solutions under an appropriate condi-
tion, but not from toluene solution. Chloroform (dielectric
constant,D ) 4.8 at 20°C) and THF (7.4) are more polar
than toluene (2.3), allowing an electric field to be applied to
the droplets of the solutions with comparative ease. Second,
the influence of the concentration of chloroform and THF
was tested. The formation of fibers increased to the maximum
by increasing the concentration up to 1.62 wt %, as shown
in Figure 1. However, this polymer did not dissolve any more
in concentrations higher than 1.62 wt % and turned to a gel.
It was thus impossible to further test the effect of concentra-
tion. Parameters other than solvent and concentration had
little influence on the morphology of thePTMSDPA fiber.
Accordingly, all subsequent spectroscopic and microscopic
measurements were conducted by using fiber that was spun
from the 1.62 wt % polymer solution in chloroform applied
with 18 kV at a tip-to-collector distance of 15 cm, unless
otherwise noted.

Figure 2 shows the fluorescence optical microscope (OM)
and magnified scanning electron microscope (SEM) images
of electrospunPTMSDPA fibers. The fluorescence image
of PTMSDPA excited at 365 nm shows that fibers several
micrometers in diameter emitted an intense yellowish green
color. In the magnified SEM image,PTMSDPA fibers
formed a porous network structure with a honeycomb-like
pattern. Such porous hierarchical morphology of the elec-
trospun fiber is basically ascribed to a phase separation
induced by the rapid evaporation of solvents with lower
boiling points and a subsequent rapid solidification during
the electrospinning process.26,27Also, the honeycomb pattern
of the fiber should be due to the atmospheric humidity,
resulting from a template which consists of water micro-
spheres during the evaporation of the polymer solution.28,29

To our knowledge, this may be the first example of
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Chart 1. Chemical Structure of PTMSDPA
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honeycomb structure of conjugating polymer in an electro-
spun fiber.

Figure 3 shows polarized fluorescence (FL) images of
PTMSDPA fiber excited at 365 nm by an unpolarized UV
light source. The main axis of yellowish green emission in
the fiber appeared to be perpendicular to the fiber axis, but
not parallel. This polarized FL spectra of thePTMSDPA
fiber is shown in Figure 4. Indeed, the intensity and emission-
peak wavelength in the FL spectra around 540-550 nm
changed significantly with the polarizer direction. The
polarization ratio (I⊥/I|) in FL attains a value of∼4.7 and
the FL peak band of the perpendicular axis (λmax ) 548 nm)
is slightly red-shifted by 9 nm compared to that of the parallel
one (λmax ) 539 nm). Because these emissions come from

the main chain axis ofPTMSDPA, the aligned main chains
are highly elongated and densely packed, leading to longer
conjugation lengths. The present result is in sharp contrast
to previously accepted theory that the main chain axis of
linear polymer chains prefers to orient parallel to the fiber
axis due to strong stretching and shearing forces of the

Figure 1. Fluorescence optical microscope images ofPTMSDPA elec-
trospun fibers prepared from chloroform solution of (a) 0.73 wt %, (b) 1.07
wt %, and (c) 1.62 wt %.

Figure 2. (a) Fluorescent optical microscope images (insert: photograph
of the nonwoven mat collected on ITO-PEN); SEM images of electrospun
fibers of PTMSDPA magnified by (b) 5× 103, (c) 1 × 104, and (d) 2×
104 times.

Network Fibers Spun from Aromatic Polyacetylenes Chem. Mater., Vol. 18, No. 23, 20065539



polymer liquid jet during electrospinning. ThePTMSDPA
electrospun nanofiber described here is thus unique and is a
very rare example because the main chain axis ofPTMS-
DPA is actually aligned perpendicular to the fiber axis.

To elucidate the origin of the FL anisotropy forPTMS-
DPA fiber, we examined changes in the lyotropic liquid
crystallinity of the polymer solution in chloroform caused
by increasing the polymer concentration. Figure 5 shows the
polarized microscope images of the 1.62 wt % chloroform
solution ofPTMSDPA. Although the polymer solution in

the electrospinning experiments was completely isotropic,
the solution generated an intense optical birefringence above
a certain critical concentration ([conc]c) by slowly evaporat-
ing the polymer solution. With further evaporation, the
solution underwent a gelation, resulting in the formation of
a solid film. This birefringence indicates formation of liquid
crystalline phases in the solution ofPTMSDPA. It has been
proved theoretically and experimentally that, in the case of
a semiflexible polymer in solution, (a) when the polymer
concentration exceeded its critical value of [conc]c, polymer
chains can become spontaneously self-organized, leading to
lyotropic liquid crystals through an isotropic liquid crystal
phase transition,30,31 and (b) as the value ofMw of the
semiflexible polymer increases, the value of [conc]c de-
creases. Indeed, the semiflexible nature ofPTMSDPA was
evident from the relatively high viscosity index ofR ) 0.765
(3.0 × 105 < M < 2.8 × 106 in THF at 40°C). This was
obtained by [η] ) KMR from the Mark-Houwink-Sakurada
plot using a universal calibration curve, where [η] and M
are the intrinsic viscosity and absolute molecular weight,
respectively. Also, as previously mentioned, the molecular
weight of PTMSDPA was extremely high. The values of
ultrahighMw and theR characteristic ofPTMSDPA should
be responsible for the lyotropic liquid crystallinity. Thus,
the optical anisotropy ofPTMSDPA fiber originates from
the lyotropic liquid crystallinity induced by solvent evapora-
tion in the process of electrospinning.

Such a semiflexible polymer tends to lower its entropy
energy by densely packing the chains via intermolecular
interactions, resulting in liquid crystalline phases. Figure 6
shows the high-resolution transmission electron microscope
(TEM) image ofPTMSDPA nanofiber annealed at 200°C
for 1 h. This fiber exhibited several domains with certain

(30) Sato, T.; Teramoto, A.AdV. Polym. Sci.1996, 126, 85-161.
(31) Natsume, T.; Wu, L.; Sato, T.; Terao, K.; Teramoto, A.; Fujiki, M.

Macromolecules2001, 34, 7899-7904.

Figure 3. Fluorescent optical microscope images of a single nanofiber with
(a) perpendicular and (b) parallel arrangements to the direction of a linear
polarizer, respectively. The arrow indicates the direction of the polarizer.

Figure 4. Polarized fluorescence spectra of a mechanically aligned fiber
mat (λex ) 375 nm); Ex(⊥), Em(⊥), Ex(|), and Em(|) refer to the
perpendicular excitation, perpendicular emission, parallel excitation, and
parallel emission to the aligned direction of the mat, respectively.

Figure 5. Polarized optical microscope images of 1.62 wt %PTMSDPA
in chloroform (a) before and (b) after evaporation.

Figure 6. High-resolution TEM image ofPTMSDPA fiber after annealing
at 200°C for 1 h.
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lattice fringes ofd-space of∼3.6 Å due toπ-π stacking
main chain. Furthermore, such domains increased and grew
bigger when the annealing time was inceased. This indicates
that the polymer chains in electrospun fibers partly turn to
densely packed crystalline structures through thermo-driven
reorganization.

The issue of why thePTMSDPA polymer chain can be
perpendicularly aligned to the fiber axis is a puzzling one.
When the polymer solution was sheared after an occurrence
of the liquid crystalline phase, the polymer film actually
showed the intense polarized FL perpendicular to the
shearing direction (see Figure 7). Similar results concerning
the perpendicular alignment of semiflexible, liquid crystalline
polymers involving disubstituted poly(phenylene)s and poly-
(phenylenevinylene)s have been reported by Akagi and co-
workers.32 The main chain ofPTMSDPA is semiflexible.
Hence, it can be regarded as a sequence of mesogenic cores.
In addition, the stacking structures of such self-assemblies
would be determined by certain weak interactions and a
subtle balance between the mesogens. At this time, we thus
presume that a weak charge separation occurs locally within
the repeat unit of the silylenephenylenevinylenephenylene
moiety, and the resulting dipole vector is perpendicular to
the main chain. In other words, both the semiflexible
structure of the backbone and the dipole-dipole interactions
would obstruct arrangement of the polymer chain parallel
to the sheared direction.

As mentioned above, the superhierarchical morphology
and the optical anisotropy of thePTMSDPA fiber are very
unusual because these phenomena are not explicable in terms
of the general idea that the polymer chains in a uniform fiber
should align parallel to the fiber axis. Here, we wish to
propose a possible orientation mechanism of the electro-
spinning process ofPTMSDPA, as shown in Scheme 1: In
the first stage, an isotropic liquid crystalline phase transition
occurs in the initial period of solvent evaporation. In the
second stage, the liquid jet turns to a gel and is strongly
stretched with simultaneous alignment of polymer chains
perpendicular to the jet axis. Finally, in the third stage, the
jet is solidified, resulting in porosity and a honeycomb
structure of the fiber.

The present finding and proposed ideas constitute a
promising new and simple approach for the next-generation,
highly polarized, and/or anisotropic polymeric materials by
conventional high-throughput electrospinning processing and

newly programmed conjugating polymers. For example, the
large surface areas of the porous structures will give
advantages for applications of unique optical sensors with
ultrahigh sensitivity and selectivity.33,34Furthermore, the FL
anisotropy is also applicable to switching in a preferential
optical axis in photonic and electronic device materials. This
is because the signals of thee-h pairs and free electron-
hole carriers would be confined to superhierarchical networks
embedded in nanospaces made of various 1D semiconducting
polymers. High precision in controlling molecular orientation,
morphology, and alignment of the fibers is also required to
allow high-performance functions and applications of 1D
polymers in spun fibers.

Conclusion

We successfully prepared electrospun nanoporous fibers
using semiflexible diaryl-substituted polyacetylene, poly[1-
(trimethylsilyl)phenyl-2-phenylacetylene]. Unique superhi-
erarchical morphological structures such as a honeycomb
network were observed. The fibers exhibited a high anisot-
ropy of photoluminescence. Furthermore, the main axis of
strong emission was perpendicular to the fiber axis. This
polymer had ultrahighMw and the relatively highR value,
resulting in lyotropic liquid crystalline characteristics. Both
the semiflexible structure of the backbone and the weak
charge separation within the repeat unit were likely to
obstruct arrangement of the polymer chain parallel to the
sheared direction.

Experimental Method

In a typical procedure for electrospinning,PTMSDPA solution
was added to a syringe connected to the metallic needle. The
solution was fed by a syringe pump (KDS 100, KD Scientific Inc.).
The feed rate for thePTMSDPA solution varied in the range of
0.05-0.5 mL/h. The metallic needle was connected to a high-
voltage power supply (AKT-030KPS, Towa Keisoku, Tokyo,
Japan), and an ITO-PEN film (TOBI, Osaka, Japan) was placed at
a suitable distance in the range of 10-20 cm from the tip of the
needle to collect the resulting nanofibers. The spinning voltage was
set at a voltage in the range of 15-22 kV. The weight-average
molecular weight (Mw) and number-average molecular weight (Mn)
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Figure 7. Polarized fluorescent optical microscope images ofPTMSDPA
film solidified after rubbing the solution (white and yellow arrows indicate
directions of rubbing and polarizer, respectively).

Scheme 1. Proposed Electrospinning Process of the 1.62 wt
% PTMSDPA Solution in Chloroform
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of the polymer were evaluated using gel permeation chromatography
(Shimadzu A10 instruments (Kyoto, Japan), Polymer Laboratories
(Shropshire, UK), PLgel Mixed-B with 300 mm in length as a
column, and HPLC-grade tetrahydrofuran as an eluent at 40°C),
based on a calibration with polystyrene standards. The intrinsic
viscosity-molecular weight relationship was obtained using an in-
line configuration of a viscometer (Viscotek T60A, Houston, Texas)
and SEC instrument. The CCD images were recorded on a Nikon
Eclipse E400 fluorescence microscope equipped with a Nikon DL-
5M digital camera. Photoluminescence spectra were measured on
JASCO FP-6500 spectrofluorometers. The SEM image was re-
corded on an Hitachi S-3500N scanning electron microscope using
an accelerating voltage of 20 kV. Transmission electron microscopy
investigations were carried out with a JEOL JEM-3100FEF-3500N
instrument.
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