
Ž .Synthetic Metals 114 2000 109–114
www.elsevier.comrlocatersynmet

Electrostatic fabrication of ultrafine conducting fibers:
polyanilinerpolyethylene oxide blends

Ian D. Norris a, Manal M. Shaker b, Frank K. Ko b, Alan G. MacDiarmid a,)

a Department of Chemistry, UniÕersity of PennsylÕania, Philadelphia, PA 19104, USA
b Fibrous Materials Research Center, Department of Materials Engineering, Drexel UniÕersity Philadelphia, PA 19104, USA

Received 7 December 1999; received in revised form 8 February 2000; accepted 10 February 2000

Abstract

Ž . Ž .Ultrafine fibers of polyaniline doped with camphorsulfonic acid PAn.HCSA blended with polyethylene oxide PEO were prepared
Ž .by a non-mechanical, electrostatic spinning ‘‘electrospinning’’ technique. The morphology and fiber diameter of electrospun polyaniline

blend fibers revealed that both the PEO and the PAn.HCSArPEO blend fibers had a diameter ranging between 950 nm and 2.1 mm, with
a generally uniform thickness along the fiber. The UV–visible spectra of these electrospun fibers were similar to those for cast films
produced from the same solutions. As expected, the conductivity of the non-woven fiber mat, as measured by the four-point probe
method, was slightly lower than that of a cast film, due to the high porosity of the non-woven mat. The rate for the vapor phase
de-dopingrre-doping of the electrospun fibers is at least one order of magnitude faster than for cast films, stressing the enormous effect
an increase in the surface-to-volume ratio, accomplished by electrospinning the material into fibers, can have on the selected chemical
properties of polyaniline blends. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

ŽElectrostatic generation of ultrafine fibers ‘‘electro-
. w xspinning’’ has been known since the 1930s 1 . This

technique has been recently rediscovered for applications
w xsuch as high performance filters 2,3 and for scaffolds in

w xtissue engineering 2,4 that utilize the unique character-
Ž 3 2 .istics of the high surface area ;10 m rg provided by

the fibers. In this non-mechanical, electrostatic technique,
a high electric field is generated between a polymer fluid
contained in a glass syringe with a capillary tip and a
metallic collection screen. When the voltage reaches a
critical value, the charge overcomes the surface tension of
the deformed drop of the suspended polymer solution
formed on the tip of the syringe, and a jet is produced. The
electrically charged jet undergoes a series of electrically
induced bending instabilities during its passage to the
collection screen that results in the hyper-stretching of the
jet. This stretching process is accompanied by the rapid
evaporation of the solvent molecules that reduces the
diameter of the jet, in a cone-shaped volume called the

) Corresponding author.

‘‘envelope cone’’. The dry fibers are accumulated on the
surface of the collection screen resulting in a non-woven
mesh of nano to micron diameter fibers. The process can
be adjusted to control the fiber diameter by varying the
charge density and polymer solution concentration, while
the duration of electrospinning controls the thickness of

w xfiber deposition 5 . A schematic drawing of the electro-
spinning process is shown in Fig. 1.

Considering the well-known fact that the rate of electro-
chemical reactions is proportional to the surface area of the
electrode, we are interested in exploiting the high surface
to volume ratio of electrospun fibers to develop porous

w xpolyaniline electrodes. Reneker and Chun 5 have reported
that polyaniline fibers can be successfully electrospun
from sulfuric acid into a coagulation bath. Another way of
producing electrically conductive nanofibers is, as reported

w xby Chun et al. 6 , by the pyrolysis of electrospun poly-
acrylonitrile nanofibers into carbon nanofibers. However,
the conductivity value of neither the electrospun polyani-
line nor the carbon nanofibers was reported.

In this paper, we describe a novel technique for the
production of ultrafine electrically conducting fibers to
form a non-woven mat using a polyanilinerpolyethylene
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Fig. 1. Schematic of the electrospinning process.

Ž .oxide PEO blend dissolved in chloroform. A unique
characteristic of these polyaniline blend fibers is their

Želectroactive nature i.e. their electronic, magnetic, optical
and associated properties which respond to external influ-

.ences .

2. Experimental

2.1. Materials

Ž .PEO M 900,000 Da and 10-camphorsulfonic acidw
Ž .HCSA and chloroform were purchased from Aldrich; the

Ž .emeraldine base M 120,000 Da was supplied by Nestew

Oy. These chemicals were used without further purifica-
tion.

2.2. Solution preparation

Various polymer blend solutions were prepared with the
concentration of polyaniline doped with HCSA
Ž .PAn.HCSA ranging from 0.5 to 2 wt.% and the concen-
tration of PEO ranging from 2 to 4 wt.%. By varying the
ratio of polyaniline to PEO, the concentration of doped
polyaniline in the PEO matrix varied between 11 and 50
wt.%. These polymer blend solutions were prepared by
first dissolving the exact amount of HCSA required to
fully dope the emeraldine base in chloroform. The emeral-
dine base was slowly added to the chloroform solution
with vigorous stirring at room temperature. This solution
was allowed to stir for 2 h and subsequently filtered using
a No. 42 Whatman filter paper to remove any particulate
matter. The PEO was then slowly added to the doped
polyaniline solution over a period of 1 h with magnetic
stirring to obtain a homogeneous solution.

2.3. Electrospinning experiments

The electrospinning apparatus, as shown in Fig. 1, used
a variable high voltage power supply purchased from
Gamma High Voltage Research. The glass pipette used in
these experiments had a capillary tip diameter of 1.2 mm,
and the pipette was tilted at approximately 58 from hori-

zontal so that a small drop was maintained at the capillary
tip due to the surface tension of the solution. Alternatively,
to produce larger quantities of electrospun fibers, the glass
pipette in the above set-up was replaced by a 5-ml glass
syringe with a Becton Dickinson 18 hypodermic needle.
The tip of the needle was filed to produce a flat tip. A
positive potential was applied to the polymer blend solu-
tion, by inserting a copper wire into the glass pipette or by
attaching the lead to the high voltage power supply di-
rectly to the outside of the hypodermic needle. The collec-
tion screen was a 10=10 cm copper plate placed 25 cm
horizontally from the tip of the pipette as the grounded
counter electrode. The potential difference between the
pipette and the counter electrode used to electrospin the

Žpolymer solution was 25 kV electrical field strength, 1
.kVrcm .

2.4. Characterization of electrospun fibers

The fiber diameter and polymer morphology of the
electrospun PAn.HCSArPEO fibers were determined us-

Ž .ing scanning electron microscopy SEM . A small section
of the non-woven mat was placed on the SEM sample

Žholder and sputter-coated with gold Denton Desk-1 Sput-
.ter Coater . An Amray 3000 SEM using an accelerating

voltage of 20 kV was employed to take the SEM pho-
tographs.

The conductivity of the electrospun PAn.HCSArPEO
fibers and the cast film on a microscope glass slide was

w xmeasured using the four-point probe method 7 . The thick-
ness of the non-woven fiber mat and the cast films were

Ž .measured using a digital micrometer Mitutoyo with a
resolution of 1 mm. The current was applied between the
outer electrodes using a Princeton Analytical Research 363
potentiostatrgalvanostat and the resulting potential drop
between the inner electrodes was measured with a Keithley
169 multimeter.

The polymer conformation of the electrospun fibers was
determined using UV–visible spectroscopy by inserting a
microscope glass slide into the path of the polymer jet in
front of the copper target for 30 s. The UV–visible spectra
of these fibers were measured between 300 and 1100 nm
using a Perkin-Elmer Lambda 9 UV–visible–NIR spec-
trometer. As a comparison between the polymer blend in
the solid state and electrospun fibers, the same polymer
blend solution was used for electrospinning and also for
casting a film onto a microscope glass slide.

3. Results and discussion

3.1. Fiber formation and morphology of electrospun
PAn.HCSArPEO fibers

Without the addition of PEO to PAn.HCSA dissolved in
chloroform, no fiber formation occurred, as the viscosity
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and surface tension of the solution were not high enough
to maintain a stable drop at the end of the capillary tip.
Adding more doped polyaniline could not increase the
viscosity of the polymer solution, as PAn.HCSA has a
very low solubility in chloroform. A stable drop at the end
of the capillary tip was achieved once 2 wt.% PEO was
added to the solution.

Before any PAn.HCSArPEO electrospun fibers were
produced, PEO was electrospun from chloroform at con-
centrations between 2 and 4 wt.% to examine the influence
of adding polyaniline to the blend on the morphology of
the fibers produced. As the potential difference between
the capillary tip and the copper plate counter electrode was
gradually increased, the polymer solution drop at the end
of the capillary tip elongated from a hemispherical shape
into a cone shape, that is often referred to as a Taylor cone
w x5 . Further increasing the applied potential resulted in a jet
being initiated near the end of the capillary tip.

The morphology and fiber diameter of the PEO electro-
spun fibers produced was examined using SEM. For exam-
ple, the SEM micrograph of the electrospun fibers from a 4
wt.% PEO solution dissolved in chloroform, shown in Fig.
2, revealed that the diameter of the PEO fibers in the

Fig. 2. SEM micrographs of the electrospun fibers from a 4 wt.% PEO
Ž . Ž .solution dissolved in chloroform at 25 kV at a 200 and b 2440

magnification.

non-woven mat ranged from 950 nm to 2.1 mm, with an
average fiber diameter of 1.6 mm. The individual electro-
spun PEO fibers appear to be randomly distributed in the
non-woven mat, and the fibers generally had a slightly
varied thickness along the fiber but without the presence of

w xany beads 8 . Although a systematic study to determine
the optimal electrical field and concentration for these
PEO electrospun fibers with regard to fiber diameter was
not completed, it appeared that the thickness of the electro-
spun PEO fibers was relatively independent of the concen-
tration of the PEO dissolved in chloroform electrospun
under these conditions.

The fiber diameter and morphology indicated that the
PEO fibers produced were not nanofibers; however, these
results are essentially identical to those obtained by Jaeger

w xet al. 9,10 who have extensively studied the electrospin-
ning of PEO fibers from both chloroform and aqueous
solutions. They noted that although PEO fibers electrospun

Ž .from chloroform had larger fiber diameters 1–2 mm with
a uniform thickness, this solvent eliminated the ‘‘beads on

w xa string’’ morphology 9 sometimes found in thinner PEO
Ž .fibers 200–800 nm electrospun from aqueous solutions.

Based on these results, we subsequently investigated
various ratios of polyaniline and PEO dissolved in chloro-
form to produce electrospun fibers. The polyaniline in the

Žblend investigated ranged between 11 wt.% 0.5 wt.%
. ŽPAn.HCSA and 4 wt.% PEO and 50 wt.% 2 wt.%

.PAn.HCSA and 2 wt.% PEO . These limits were based on
the solubility of PAn.HCSA in chloroform and the mini-
mum concentration of PEO to maintain a stable jet. The
experimental conditions successfully used to produce PEO
fibers described previously were also used to electrospin
the polyanilinerPEO blend fibers. More importantly, the
addition of PAn.HCSA to the PEO dissolved in chloroform
did not appear to hinder the electrospinning process. As
was observed for the electrospinning of PEO fibers from
chloroform, the jet was initiated at the end of the capillary
tip.

The fiber diameter morphology of the polymer blend
electrospun fibers was again examined using SEM. Based
on the SEM micrographs for the different PAn.HCSArPEO
blend fibers investigated, these fibers showed a similar
fiber diameter and morphology to the PEO fibers described
above. For example, the SEM micrograph of the non-woven
mat of electrospun fibers from a 2 wt.% PAn.HCSAr2
wt.% PEO solution, shown in Fig. 3, revealed that the
fibers in the non-woven mat ranged between 950 nm and

Ž .1.9 mm average fiber diameter, 1.6 mm with a generally
uniform thickness along the fiber. Again the electrospun
fibers were distributed randomly in the non-woven mat.
From the SEM micrographs of all the different polyani-
linerPEO blends electrospun at an electrical field strength
of 1 kVrcm, it appears that the addition of PAn.HCSA to
the PEO solution has little effect on the diameter of the
electrospun fiber. The PAn.HCSArPEO electrospun fibers
produced showed no evidence of any birefringence, thus
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Fig. 3. SEM micrographs of the electrospun fibers from a 2 wt.%
Ž .PAn.HCSAr2 wt.% PEO solution dissolved in chloroform at 25 kV at a

Ž .192 and b 2440 magnification.

indicating that the polymer chains in the fiber were not
oriented with respect to the fiber axis.

3.2. ConductiÕity of PAn.HCSArPEO blend films and
fibers

Fig. 4 shows the room-temperature conductivity of the
PAn.HCSArPEO electrospun fibers and cast films at vari-
ous ratios of polyaniline and PEO in the blend. This graph
clearly demonstrates that the conductivity of the electro-
spun fibers in the non-woven mat is significantly lower
than that for a cast film at the same polyaniline concentra-
tion. This is not an unexpected result as the four-point
probe method measures the volume resistivity from which
the conductivity can then be calculated and not that of an
individual fiber. It must be noted that obtaining the con-
ductivity of the non-woven mat was considerably more
difficult than measuring the conductivity of the cast film
due to the difficulty in obtaining an accurate thickness
measurement on the highly compressible non-woven mat
using the micrometer. As can be seen from the SEM

Ž .micrographs of the electrospun fibers Fig. 3 , the non-
woven mat is highly porous and therefore the ‘‘fill factor’’
of the polyaniline fibers is less than that of a cast film.
However, it is reasonable to expect that the conductivity of
an individual electrospun fiber will be higher than that of
the non-woven mat and in fact should be approximately
equal to the conductivity of the cast film.

The experimental results for the conductivity of the cast
film show similar trends to that observed by Sixou et al.
w x11 who have extensively studied the conductivity of films
cast from NMP solutions of polyaniline doped with trifluo-

Fig. 4. Electrical conductivity of the PAn.HCSArPEO blend electrospun fibers and cast films prepared from the same solution.
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romethane sulfonimide acid and blended with PEO. Their
results suggest that for doped polyaniline blended with
PEO, the percolation threshold is approximately 4%, which
is significantly higher than the percolation threshold for

Žblends of polyaniline doped with HCSA and poly methyl
. Ž . Žmethacrylate PMMA or nylon in both cases less than

. w x1% prepared from m-cresol solvent 12,13 . Although not
calculated in the present study, the percolation threshold
for the PAn.HCSArPEO blend is qualitatively consistent

w xwith the above study 11 . It is also significantly higher
than that of PAn.HCSA blended with PMMA or nylon,
which suggests that PAn.HCSA produces a more entangled
network in these polymers than in PEO.

3.3. Spectroscopic characterization of PAn.HCSArPEO
blend films and fibers

The UV–visible spectra of different PAn.HCSArPEO
blend films cast onto a glass slide from chloroform after
the solution was stirred for 24 h are shown in Fig. 5. The
absorption spectra for the different blends show three
absorption bands in the visible region, which are consistent
with the emeraldine salt form of polyaniline. Both PEO
and HCSA have absorption bands only at wavelengths
shorter than 300 nm. The position of the two lower

Žwavelength absorption bands at 352 and 430 nm assigned
as the benzenoidrquinoid p–p

) transition and a low
.wavelength polaron band, respectively did not change

significantly with the concentration of polyaniline in the
w xblend 14 . However, as the concentration of PEO in the

blend increased, the position of the high wavelength lo-
calized polaron band shifted to lower wavelengths. The
position of this band blue-shifted from 793 nm for the
pure PAn.HCSA film to 763 nm for the 33 wt.%

ŽPAn.HCSArPEO blend 2 wt.% PAn.HCSAr4 wt.%
.PEO .

w xRecently, Zheng et al. 15 have shown that when
emeraldine base is doped with HCSA in chloroform to

Fig. 5. UV–visible spectra of PAn.HCSArPEO films cast from chloro-
Ž . Žform at various PEO concentrations for a 2 wt.% PAn.HCSA pure

. Ž . Ž .PAn.HCSA , b 2 wt.% PAn.HCSAr2 wt.% PEO, c 2 wt.%
Ž .PAn.HCSAr3 wt.% PEO and d 2 wt.% PAn.HCSAr4 wt.% PEO.

form a 2-wt.% solution of polymer and dopant, the high
wavelength localized polaron band of the PAn.HCSA ini-
tially formed, gradually shifts from 730 to 800 nm over 72
h. This shift in the position of the localized polaron band is
believed to arise from the slow de-aggregation of the
polyaniline chains in solution. With stirring, the aggre-

w xgatedrcross-linked emeraldine base chains 16 gradually
becomes disentangled after protonation with HCSA, result-
ing in a slow conformational change of the polyaniline
backbone. This conformational change causes an increase
in the conjugation length for the polymer chains, and
hence the observed red shift of the localized polaron band.
The position of the localized polaron band for the pure
PAn.HCSA film is in excellent agreement for the position

w xof this band as determined by Zheng et al. 15 for a film
cast from chloroform after 24 h of stirring. However, the
red shift of the localized polaron band, as the concentration
of PEO in solution is decreased is due to the polyaniline
chains becoming entangled with the PEO chains in solu-
tion, thus inhibiting the rate of de-aggregation of the
polyaniline chains in solution.

w xMacDiarmid and Epstein 17,18 have proposed that
polyaniline can exist in two distinct conformations: the

Ž .crystalline ‘‘extended coil’’ highly conducting conforma-
Ž .tion and the amorphous ‘‘compact coil’’ less conducting

conformation. As the above cast films exhibited an intense,
well-defined localized polaron band between 760 and 790
nm and no significant near-infrared absorption, this indi-
cates a ‘‘compact coil’’ conformation for the polyaniline
chains, which is consistent with the low conductivity ob-
served for the polyanilinerPEO blends.

The UV–visible spectra of different PAn.HCSArPEO
blend fibers electrospun onto a glass slide that was placed
just in front of the copper target showed an essentially
identical spectra to the cast films prepared from the same

Ž .solutions Fig. 5 . Both the cast films and the electrospun
fibers were prepared after 24 h of stirring, so the position
of the absorption bands of the electrospun fibers are
directly comparable to those observed in the cast film. The
spectra for the electrospun fibers shows a p–p

) transition
at 352 nm and a low wavelength polaron band at 420 nm,
which are again independent of the PEO concentration.
However, as was observed for the cast film, the position of
the localized polaron band varied between 766 nm for the
2 wt.% PAn.HCSAr4 wt.% PEO electrospun non-woven
mat and 785 nm for the 2 wt.% PAn.HCSAr2 wt.% PEO
electrospun non-woven mat.

Absorption spectra of the polyaniline blend electrospun
fibers were consistent with those of polyaniline in the
emeraldine salt oxidation state and no other absorption
bands were observed in the visible region, indicating that
the high voltage used in this electrostatic process did not
result in any over-oxidation of the polyaniline chains.
Over-oxidation causes the degradation of the polyaniline
backbone that results in inferior electronic and mechanical

w xproperties for the polymer 19 .
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3.4. De-doping of electrospun PAn.HCSArPEO fibers

De-doping of the electrospun PAn.HCSArPEO fibers
could not be achieved by suspending the non-woven mat
in 1.0 M ammonium hydroxide aqueous solution since the
water dissolved the PEO and caused the fibrous network in
the non-woven mat to break apart. Instead, de-doping of

Žthe electrospun PAn.HCSArPEO fibers 11–50 wt.%
.PAn.HCSA was achieved by suspending the non-woven

mat above the vapor of concentrated aqueous ammonium
hydroxide solution. Within 3 s of exposing the non-woven
mat to the ammonia vapor, the green non-woven fiber mat
turned to blue, indicating that the emeraldine salt in the
blend fibers was converted to emeraldine base. Attempts to
characterize the emeraldine baserPEO blend fibers by
both SEM and UV–visible spectroscopy were unsuccess-
ful, as after the non-woven mat was removed from the
ammonia source, the polyaniline in the non-woven mat
turned back to the original green color of the as-spun mat.
This indicated that emeraldine base in the blend was
completely converted back to the conducting emeraldine
salt form of polyaniline. The time for this spontaneous
re-doping process depended on the ratio of polyaniline to
PEO and varied between 3 s for the non-woven mat
containing 11 wt.% PAn.HCSA and 7 s for the non-woven
mat containing 50 wt.% PAn.HCSA. This extremely high
rate of de-doping and spontaneous re-doping occurs at a
very much faster rate than for films cast from the same
solutions, which occurs on the minute time-scale. This
presumably arises from a faster diffusion rate of ammonia
vapor into and out of the polyaniline blend fibers, thus
stressing the enormous effect an increase in the surface-
to-volume ratio accomplished by the ultrafine fibers can
have on selected chemical properties of a specific polymer.

4. Conclusions

Conducting ultrafine fibers with diameters less than 2
mm have been successfully produced using the electrospin-
ning process by the blending of the conducting polymer,
polyaniline, and PEO, in a wide range of blending ratios.
By controlling the ratio of polyaniline to PEO in the blend,

Žfibers having a desired conductivity comparable to that of
.PAn.HCSArPEO cast films were produced.

The importance of the high surface to volume ratio
provided by the electrospun fibers was evident from the at

least one order of magnitude increase in the rate of the
vapor phase de-doping and at least two orders of magni-
tude in the rate of spontaneous re-doping, compared to the
cast film.

The successful demonstration of the feasibility of pro-
ducing electrically conducting blends of polyaniline and
PEO in ultrafine fiber form has opened up new functional
opportunities for electronic polymers in their doped
Ž .metallic forms.
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