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Nanofibers of Conjugated Polymers
Prepared by Electrospinning with a
Two-Capillary Spinneret**

By Dan Li, Amit Babel, Samson A. Jenekhe,
and Younan Xia*

Electrospinning has attracted rapidly increasing attention
as a simple method for generating nanofibers made of poly-
mers, ceramics, and composites.[l‘zl Nonwoven mats of nano-
fibers have found applications in areas such as tissue engineer-
ing,m catalysis,w and sensing,[SJ and in fabrication of
composite materials,’®) supercapacitors,m and lithium-ion bat-
teries.”) Recent demonstrations have also established that it is
convenient to fabricate electrospun nanofibers as uniaxially
aligned arrays and to manipulate individual nanofibers by
modifying the designs of collectors.”] As a nonmechanical
fiber-drawing method, electrospinning involves the stretching
of a polymer solution (or melt) with electrostatic forces.'"!
Successful electrospinning requires the use of an appropriate
solvent and polymer system to prepare solutions exhibiting
the desired viscoelastic behavior. The traditional setup for
electrospinning works well for most conventional polymers,
but it cannot be easily applied to polymers with limited solubi-
lities (e.g., conjugated polymers) or low molecular weights.
Conjugated polymers are important for their unique combina-
tion of electronic, optical, and mechanical properties.'!
Nanowires or nanofibers made of conjugated polymers pres-
ent an ideal system for studying charge transport and lumines-
cence in one-dimensional (1D) systems, and hold promise as
the building blocks for nanoelectronics. Moreover, previous
studies have shown that the strong stretching forces associated
with electrospinning may induce orientation of polymer
chains along the long axis of a fiber.'"? It is expected that such
aligned nanofibers of conjugated polymers may exhibit
unique properties such as high charge-carrier mobility or
polarized photoluminescence.!"™! As a result, it is highly desir-
able to apply electrospinning to the fabrication of nanofibers
from this particular class of functional polymers.

As described in the literature, one of the most effective
strategies for improving the spinnability of conjugated poly-
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mers is to blend these polymers with other spinnable polymers
in solution. This method requires the availability of a common
solvent that is capable of dissolving both blend components.
Furthermore, the solvent must be suitable for electrospinning.
Because it is not easy to meet both of these criteria simulta-
neously, only a few conjugated polymers (e.g., polyaniline and
polythiophene) have been prepared as nanofibers by electro-
spinning.'*! We, and other groups, have recently developed a
spinneret consisting of two coaxial capillaries that can be used
to directly electrospin or electrospray two different liquids
into a compound jet. Core-sheath and hollow fibers, and
core-shell particles, have been successfully prepared using
this setup.[l’ﬂ Here we demonstrate that the capability of this
new setup could be further extended to directly electrospin
conjugated polymers into uniform nanofibers with controlla-
ble diameters and morphologies.

We selected poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phe-
nylenevinylene] (MEH-PPV) as an example for demonstrat-
ing the concept. MEH-PPV has been widely studied for its
excellent luminescent properties and device applications in
light-emitting diodes,'® solar cells,*®®*4 and optically
pumped lasers."®) MEH-PPV nanostructures have been fab-
ricated by electron-beam lithography and dip-pen nanolithog-
raphy, albeit the productivity of these serial techniques is rela-
tively low.!'7] Recently, Balkus and coworkers demonstrated
that MEH-PPV could be electrospun as fibers with a mean di-
ameter around 200 nm by dissolving the polymer in 1,2-di-
chloroethane.'! However, a large amount of large, leaf-like
structures also coexisted in the final products. Although the
fraction of such leaf-like structures could be reduced by co-
spinning the MEH-PPV solution with a silica sol using a side-
by-side dual-syringe system, the mean diameter of the resul-
tant composite fibers increased to 700-800 nm."¥! We have
attempted to prepare high-quality MEH-PPV nanofibers by
co-dissolving this polymer with poly(vinyl pyrrolidone) (PVP)
in chloroform, but failed because chloroform is not a suitable
solvent for electrospinning PVP. Our previous work showed
that uniform PVP nanofibers could be readily electrospun
from an ethanol/water mixture and could serve as the matrix
to host inorganic precursors for preparing ceramic nano-
fibers.**'*! Unfortunately, MEH-PPV is insoluble in this sol-
vent mixture, and MEH-PPV immediately precipitated when
a MEH-PPV solution in chloroform was poured into a PVP
solution in the ethanol/water mixture. Although these two
solutions are not compatible in the conventional mixing pro-
cess, here we demonstrate that they could be co-electrospun
through a two-capillary spinneret to generate uniform nanofi-
bers with homogeneously blended compositions.

Scheme 1 shows a schematic of the spinneret design we
used for electrospinning. It can be easily fabricated in any re-
search laboratory by inserting a polymer-coated silica capil-
lary into a stainless-steel needle.’>! In a typical electrospin-
ning procedure, a PVP solution in the ethanol/water mixture
and a MEH-PPV solution in chloroform were simultaneously
fed through the outer and inner capillaries, respectively. The
feed rates of both solutions could be precisely controlled
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Scheme 1. A schematic drawing of the spinneret constructed from two
coaxial capillaries, and the molecular structures of MEH-PPV and PHT.

using syringe pumps. If no voltage was applied to the spinner-
et, orange MEH-PPV precipitate immediately appeared in-
side the PVP droplets at the orifice. When an appropriate
voltage was applied, a stable compound jet could be formed,
and fibers consisting of an MEH-PPV/PVP composite were
generated as a result of stretching of the electrified jet via
electrostatic forces. The spinning and stretching process was
so fast that macroscopic precipitates were not observed in this
process. Note that all the MEH-PPV solutions used in our ex-
periments could not be electrospun as fibrous structures in
the absence of the PVP solution. Figure 1A shows a fluores-
cence optical microscopy image of the as-spun nanofibers,
clearly indicating that MEH-PPV had been homogenously
incorporated into the PVP nanofibers. After PVP had been

Figure 1. Fluorescence microscopy images of A) as-spun MEH-PPV/PVP
fibers and B) pure MEH-PPV fibers fabricated by co-electrospinning an
ethanol/water solution of PVP and a chloroform solution of MEH-PPV
(3 mgmL™) through a two-capillary spinneret, followed by extraction of
the PVP with ethanol. SEM images of C) the as-spun MEH-PPV/PVP fi-
bers and D) the pure MEH-PPV fibers. The scale bars in the insets are
200 nm. These samples were prepared with a feed rate of MEH-PPV solu-
tion of 0.3 mLh ™.
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removed by ethanol extraction, fibrous structures with homo-
geneous fluorescence emission, characteristic of MEH-PPV,
remained (Fig. 1B). Figure 1C shows a scanning electron mi-
croscopy (SEM) image of the as-spun MEH-PPV/PVP fibers
with diameters in the range of 150- 500 nm. As shown in the
inset of Figure 1C, these fibers were featureless. Compared
with pure PVP nanofibers electrospun from the same solu-
tion, the sample of composite fibers contained some beads
~1 um in size. This observation suggests that the introduction
of a MEH-PPV solution into the electrified jet might have
slightly changed the viscoelastic behavior of PVP solution,
and thus increased the instability of the jet. Nevertheless, all
the beads disappeared after extraction with ethanol (Fig. 1D),
suggesting that these beads were composed mainly of PVP.
The higher-magnification SEM image (Fig. 1D, inset) indi-
cates that the resultant fibers of MEH-PPV exhibit a ribbon-
like structure with wrinkled surfaces and a thickness on the
scale of ~30 nm.

Ribbon-like fibers with wrinkled surfaces have also been
observed in the electrospinning of MEH-PPV and other or-
ganic polymers.[lg’zo] The ribbon-like shape was usually attrib-
uted to the formation of a thin skin on the surface of a liquid
jet in the early stage of electrospinning due to the rapid evapo-
ration of solvent. As the solvent trapped inside the skin was
removed in the later stage, a hollow structure was formed,
which then collapsed under atmospheric pressure to form a
ribbon.* It is believed that the formation of the MEH-PPV
ribbons shown in Figure 1D might involve a slightly different
mechanism. As shown in the inset of Figure 1C, the as-spun
MEH-PPV/PVP-blend fibers are characterized by uniformly
circular cross-sections and very smooth surfaces. Transmission
electron microscopy (TEM) studies (not shown here) indi-
cated that the interiors of these fibers were densely filled with
polymer. Based on these observations, we speculate that a tri-
ple-layered structure was formed in the as-spun fiber, with the
core being relatively thin and made purely of MEH-PPV, and
the outer shell being composed mainly of PVP. The middle
shell between the core and the outer shell should contain a
mixture of MEH-PPV and PVP due to the rapid evaporation
of chloroform (the solvent used for the inner solution) and to
the lateral diffusion between the inner and outer solutions
during the electrospinning process.'>l This picture is consis-
tent with our recent report, where we demonstrated that the
evaporation and diffusion of the solvents could drive the two
polymers to mix together if two polymer solutions containing
miscible solvents were electrospun through the two-capillary
system.“sa] For this reason, we believe that our MEH-PPV/
PVP fibers do not have a core—sheath structure with a clearly
defined compositional profile as Sun et al. and Yu et al. have
observed in their polymer systems.[lse’f] Nevertheless, when
the PVP component was extracted from the as-spun fibers, the
outer, featureless shells consisting mainly of PVP disappeared,
and the middle shells shrank in volume and collapsed onto the
cores to form ribbon-like structures with wrinkled surfaces.

The morphology and diameter of the resultant MEH-PPV
fibers could be controlled by adjusting the concentration of
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MEH-PPV solution and its feed rate. The fibers shown in Fig-
ure 1 were obtained from a solution containing 3 mgmL ™
MEH-PPV spun at a feed rate of 0.3 mLh . The width of the
MEH-PPV ribbons was around 200 nm. Increasing the con-
centration of MEH-PPV to 5 mgmL ™ led to the formation of
ribbons up to 350 nm in width (Fig. 2A). When the concentra-
tion of MEH-PPV was reduced to 1 mgmL ™, the resulting
fibers became round in cross-section with a mean diameter
around 50 nm (Fig. 2B). Small fibers (Fig. 2C) could also be
obtained by reducing the feed rate of the MEH-PPV solution.
In preparing the samples shown in Figures 2B,C, the feed rate
of MEH-PPV was set at 0.3 mgh™. Since the concentration
of MEH-PPV used in Figure 2B was three times less than that
used in Figure 2C, the amount of ejected solvent was different

— 1 um

Figure 2. SEM images of MEH-PPV nanofibers electrospun from solutions
containing different concentrations of MEH-PPV and at different feed
rates: A) MEH-PPV: 5 mgmL~, feed rate: 0.3 mLh™"; B) 1 mgmL™",
0.3 mLh™";and C) 3 mgmL™,0.1 mLh™". The PVP component has been
removed by ethanol extraction for all samples. The scale bars in the insets
are 200 nm.
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in these two cases. Although no considerable difference was
observed in the MEH-PPV/PVP composite fibers, the resul-
tant MEH-PPV fibers exhibited some differences in morphol-
ogy. When a more dilute solution was used (Fig. 2B), the
MEH-PPYV fibers were more curved and tended to have circu-
lar cross-sections. This result could be attributed to a solvent-
induced mixing effect: more solvent in the MEH-PPV solu-
tion might cause MEH-PPV to become better dispersed in
the PVP matrix. As PVP was removed by solvent extraction,
the MEH-PPYV fibers experienced more shrinkage in the case
of the more dilute solutions (Fig. 2B), forcing the fibers to
become more deformed and distorted. All these results indi-
cate that MEH-PPV and PVP were mixed in the as-spun
fibers, and the extent of mixing was dependent on the volume
of solvent contained in the compound jet.

We have also demonstrated the fabrication of nanofibers of
MEH-PPV blended with other conjugated polymers. With the
same setup, we simply used a blend solution of MEH-PPV
and poly(3-hexylthiophene) (PHT) for electrospinning. In the
case of conjugated polymers, formation of blends represents
one of the simplest and most effective means for tuning their
electronic and optoelectronic properties.[zl’zz] For example,
blending can lead to various novel phenomena such as en-
hanced electroluminescence, photoinduced charge transfer,
ambipolar charge transport, and lasing.*?! Figures 3A,B show
typical SEM images of some MEH-PPV/PHT-blend fibers
containing different amounts of PHT (PVP had already been

Figure 3. AB) SEM and C,D) TEM images of MEH-PPV/PHT-blend
nanofibers with different PHT contents. The PVP phase was removed by
ethanol extraction for both samples. The PHT content is 30 wt.-% for the
fibers in (A,C), and 80 wt.-% for the fibers in (B,D). The scale bars in the
insets are 200 nm.

removed by ethanol extraction). The presence of PHT in
these products was confirmed by energy-dispersive X-ray
(EDX) analysis. Compared to pure MEH-PPV fibers, the sur-
faces of these blend fibers were much rougher. It can be seen
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that these fibers are composed mainly of small particles with
dimensions in the range of 30 to 50 nm. As evidenced by
TEM studies (Figs. 3C,D), these nanoparticles could be as-
signed as PHT since the PHT phase exhibited a higher con-
trast in TEM due to the presence of sulfur. The TEM images
also established that these two components were phase-sepa-
rated within the fibers. However, the mean domain size of the
PHT phase was much smaller than those of the MEH-PPV/
PHT-blend films prepared by spin-casting (where the domain
sizes were on the order of 100-150 nm). Rapid solidification
associated with an electrospinning process might have inhib-
ited the large-scale phase separation in the electrospun fibers.
A reduction in phase separation was also supported by their
optical properties, discussed below.

Figure 4 shows the absorption and photoluminescence (PL)
emission spectra obtained from spin-cast thin films and non-
woven mats of the electrospun nanofibers. For both MEH-
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Figure 4. A,B) Absorption and C,D) PL spectra obtained from MEH-PPV
nanofibers or spin-coated thin films (A,C) and MEH-PPV/PHT-blend
nanofibers or spin-cast thin films containing 30 wt.-% PHT (B,D).

PPV and the MEH-PPV/PHT blend, the absorption peak of
electrospun nanofibers is slightly red-shifted compared to the
thin films (Figs. 4A,B). In addition, the absorption band of
the nanofibers is broadened suggesting a more inhomoge-
neous environment, as reported for MEH-PPV in aligned me-
soporous silica.l'® The red-shift in the absorption peak im-
plies that there is a change in chain distribution within each
nanofiber towards a more extended conformation and better
delocalized n-conjugation.[13b'23] We believe that this conjuga-
tion length increase is a result of the significant stretching of
the liquid jet during the electrospinning process. Such an ef-
fect has also been observed in mechanically stretched films of
MEH-PPV/polyethylene blends.*!
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Unlike the absorption spectra, the PL emission spectrum of
the pure MEH-PPV nanofibers is very similar to that of a
spin-cast thin film (Fig. 4C). In this case, the as-spun MEH-
PPV/PVP composite fibers exhibited a slightly blue-shifted
emission due to the insulating nature of remaining PVP in the
fibers. The emission spectra recorded from the MEH-PPV/
PHT-blend nanofibers showed some interesting features. The
spectra were composed of contributions from both MEH-
PPV (580 nm) and PHT (640 nm). Figure 4D shows the emis-
sion spectra of 30 wt.-% PHT-blend nanofibers and the re-
lated spin-cast thin film. It can be seen that the emission band
near 580 nm (corresponding to the MEH-PPV component in
the electrospun fibers) is much weaker than that of the spin-
cast films. Similar quenching of the MEH-PPV emission was
also observed in nanofibers with other compositions. The en-
hanced quenching efficiency for the MEH-PPV emission in
the nanofibers clearly indicates a more efficient energy-trans-
fer process from MEH-PPV to PHT due to the stronger inter-
action between MEH-PPV and PHT in these confined nano-
structures, as compared to the bulk thin films.

In summary, we have demonstrated that nanofibers of con-
jugated polymers and their blends could be conveniently fab-
ricated by co-electrospinning their solutions with a spinnable
matrix polymer solution, followed by extraction of the matrix
polymer. The morphology and diameters of the resulting fi-
bers could be controlled by adjusting the processing parame-
ters. Compared with spin-cast films, the polymer chains in
electrospun fibers seemed to have a more extended conforma-
tion and better spatial orientation. In particular, we have
demonstrated that the length scale of phase separation in-
volved in electrospun fibers of polymer blends could be
greatly reduced, leading to more efficient energy transfer be-
tween the blend components in the confined 1D systems. Our
results clearly establish that electrospinning is not only a sim-
ple method of generating ultrathin conjugated-polymer fibers,
but also an effective means for tuning the microstructures and
properties. Although the present work has been mainly fo-
cused on MEH-PPYV, we believe that the method described
here could be extended to provide a generic route to the prep-
aration of nanofibers from other polymers that cannot be
directly electrospun using the conventional single-capillary
setup. Furthermore, our work demonstrates that two polymer
solutions that are not mixable in a conventional fashion may
be mixed at the nanometer-length scale through the use of a
simple co-spinning scheme to generate uniform and homoge-
neous composite nanofibers.

Experimental

The spinneret consisting of two coaxial capillaries was fabricated
according to our previously reported procedure [15a]. As shown in
Scheme 1, a polyimide-coated silica capillary was guided to penetrate
the wall of a plastic syringe, and then inserted into a stainless steel
needle. In a typical procedure for electrospinning, a solution contain-
ing 0.6 g poly(vinyl pyrrolidone) (PVP) (Aldrich, weight-average
molecular weight M,,=1300000), 1.5 mL water, and 8.5 mL ethanol
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was added to the syringe connected to the metallic needle, and a
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV) (M,,=1000000, American Dye Source) solution in chloroform
was added to another syringe connected to the silica capillary. The
two solutions were fed into the capillaries by two syringe pumps
(KDS-200, Stoelting, Wood Dale, IL). The feed rate for the PVP solu-
tion was set at 0.6 mLh . The feed rate for the MEH-PPV solution
was varied in the range of 0.05-0.3 mLh™.. The metallic needle was
connected to a high-voltage power supply (ES30P-5W, Gamma High
Voltage Research, FL), and a piece of aluminum foil or a silicon wafer
(Silicon Sense, Nashua, NH) was placed 9 cm below the tip of the nee-
dle to collect the nanofibers. The spinning voltage was set at 7.5 kV.
PVP was extracted by immersing the as-spun fibers in ethanol for 2 h.
The samples were then dried overnight at 60 °C in a vacuum oven. In
preparing the MEH-PPV/PHT-blend fibers, a certain amount of
poly(3-hexylthiophene) (PHT) (M, =19400, Aldrich) was added to
the MEH-PPV solution. The concentration of MEH-PPV was fixed at
2.5 mgmL~}, while the amount of PHT was varied from 30 to
80 wt.-%. Fluorescent images of as-spun fibers were taken using a
Leica optical microscope (DMIRBE, Leica Microsystems, Bannock-
burn, IL). Scanning electron microscopy (SEM) images were acquired
using a field-emission microscope (Sirion, FEI, Hillsboro, OR) oper-
ated at an accelerating voltage of 5 kV. Before imaging, a thin layer of
Au/Pd (~5 nm thick) was sputtered onto the samples. Energy-disper-
sive X-ray (EDX) measurements were conducted with an EDAX sys-
tem (Mahwah, NJ) attached to the same microscope, but with no Au/
Pd coating for the samples. Transmission electron microscopy (TEM)
images were acquired using a Philips EM-430 microscope operated at
80 kV. Optical absorption spectra were obtained using a Cary SE
(Varian, Walnut Creek, CA) spectrometer. Steady-state photolumi-
nescence (PL) spectra were recorded on a PTI QM-2001-4 (Lawren-
ceville, NJ) spectrophotometer with an excitation wavelength of
500 nm.
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