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ABSTRACT: Ultrafine fibers consisting of blends of poly-
aniline doped with p-toluene sulfonic acid and poly(L-lactic
acid) were prepared by electrospinning. The presence of
polyaniline resulted in fibers with diameters as thin as 100-
200 nm and a significant reduction of bead formation. These
fibers were visually homogeneous, and this indicated good
interactions between the components of the polyaniline/
poly(L-lactic acid) blend. The high interaction between the
components and the rapid evaporation of the solvent during
electrospinning resulted in nanofibers with a lower degree
of crystallinity in comparison with cast films. The electrical

conductivity of the electrospun fiber mats was lower than
that of blend films produced by casting, probably because
of the lower degree of crystallinity of the polyaniline disper-
sion and the high porosity of the nonwoven mat. This novel
system opens up new and interesting opportunities for
applications in biomedical devices, biodegradable materials,
and sensors, among other things. © 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 112: 744753, 2009
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INTRODUCTION

Nanofibers of conducting polymers and their blends
with conventional insulating polymers have received
great attention over the last decade because of their
unique and useful properties," which are important
for several potential applications such as electronic
devices in optics and electronic and biomedical
materials,>™ protective clothing,5 filtration media,®
charge storage devices,”® and sensors and actua-
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tors.”"" Among conducting polymers, polyaniline
(PAni) is considered one of the most technologically
promising because of its simple and reversible dop-
ing/redoping chemistry, its high environmental sta-
bility, and the low cost of the monomer (aniline).
PAni-based nanostructured materials, including
nanofibers, nanotubes, and nanowires, have been
produced in different ways.'> Among these, the elec-
trostatic spinning process has emerged as an effi-
cient and promising technique for the preparation of
fibers with diameters in the submicrometer to micro-
meter range because of its simplicity and its ability
to scale up into a continuous process.'>'*

In this process, a high-voltage electric field is
applied between a polymer solution or melt (con-
tained in a glass syringe with a capillary dip) and a
collector screen. When the applied voltage is bal-
anced with the surface tension of the polymer solu-
tion, a Taylor cone is initiated;'>” that is, the
suspended solution meniscus turns into a cone with
a semivertical angle of 49.3°. Beyond this critical
value, the electrostatic forces generated by the
charge carriers (which move toward the surface of
the polymer solution) overcome the surface tension
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of the deformed drop of the suspended polymer so-
lution, initiating the formation of a fiber jet from the
cone tip, which is collected on the collector screen.

During the electrospinning of fibers, the electri-
cally charged jet undergoes tension instabilities; this
results in bending and stretching, which are accom-
panied by the reduction of the jet diameter and
rapid solvent evaporation. The dry fibers are col-
lected on the surface of the oppositely charged col-
lector screen as a fiber mat.'® One of the great
advantages of this process is the ability to produce
fibers as a nonwoven mat with a high surface area
and high porosity. These characteristics are of para-
mount importance for the development of several
electronic devices, as mentioned previously.

Electrospinning technology has been successfully
employed to prepare PAni-based conducting nano-
fibers from a solution of pure PAni."""” Nevertheless,
the use of a solution blend of PAni with other con-
ventional polymers is somewhat preferred because
the conventional polymer may assist with the forma-
tion of PAni fiber and also act as a support material
for the nanofiber. Some polymers have been
employed for this purpose, including poly(ethylene
oxide),?® nylon-6,*' and polystyrene.'”** To the best
of our knowledge, there is no report in the accessible
literature regarding the use of poly(r-lactic acid)
(PLA) as the support polymeric matrix for the prep-
aration of PAni-based conducting nanofibers. PLA
and its copolymers are biodegradable and biocom-
patible, present good thermoplastic processability,
and have potential applications as commodity plastics
to be used in agricultural products and disposable
materials.”® Because of its biocompatibility, PLA is of-
ten used as the base material for implant devices, such
as suture fibers and scaffolds for tissue engineering.**
Recently, it has been employed in nanofiber prepara-
tion with the electrospinning technique.”> >’ There-
fore, PLA is a promising candidate for the preparation
of conducting nanofibers in combination with PAni for
sensors and other applications.

The aim of this work was to prepare conducting
nanofibers from PAni/PLA blends with a special focus
on the influence of some operational parameters, such
as the polymer concentration, applied voltage, and
flow rate, on the morphology of electrospun fibers.
The degree of crystallinity and conductivity of the elec-
trospun PAni/PLA nanofibers were also evaluated
and compared to those observed for cast films.

EXPERIMENTAL
Materials

PLA (polylactide resin 4042D) with a molecular
weight of 66,000 g/mol was acquired from Nature-
Works LLC (Minnetonka, MN). Aniline (analytical-
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grade; Sigma-Aldrich) [St. Louis, MO], 1,1,1,3,3,3-hex-
afluoro-2-propanol (HFP; Sigma-Aldrich) [St. Louis,
MO], ammonium peroxydisulfate (Mallinckrodt, Inc.),
a 1 mol/L hydrochloric acid (HCI) solution (Sigma-
Aldrich) [St. Louis, MO], and p-toluene sulfonic acid
(TSA; analytical-grade; Sigma-Aldrich [St. Louis,
MOQ]) were used without further purification.

PAni synthesis

PAni in the emeraldine salt (ES) form was chemi-
cally synthesized according to the method described
by MacDiarmid and Epstein.®® In a typical proce-
dure, 10 mL of aniline was dissolved in 150 mL of a
1 mol/L HCI solution at 0°C. The oxidant ammo-
nium peroxydisulfate (0.5760 g), which had been
previously dissolved in 100 mL of an HCI solution
(1 mol/L), was cooled and dropped into the reaction
medium over 20 min. After 2 h, the resultant dark-
green solid was filtered and washed several times
with an HCI solution. The emeraldine base (EB)
form of PAni was obtained by the treatment of ES
with a 0.1M NH4;OH solution for 24 h. The dark-
blue solid was filtered, washed with the NH,OH so-
lution, and dried in vacuo until a constant weight
was obtained.

Solution preparation

EB PAni (0.003 g, 2.76 x 10> mol) and 0.003 g (5.81 x
10~ mol) of TSA were dissolved in a proper amount of
HFP under magnetic stirring for 2 h to obtain 0.2, 0.4, and
0.6 wt % solutions of polyaniline doped with p-toluene
sulfonic acid (PAni-TSA). The same procedure was used
to prepare 10 and 12 wt % solutions of PLA in HFP.
Then, the solutions were filtered, and equal volumes of
PAni-TSA and PLA solutions were mixed in the eight
different combinations shown in Table L.

Electrospinning setup

The electrospinning apparatus, shown in Figure 1,
was equipped with a high-voltage power supply (se-
ries FC, Glassman High Voltage, Inc., High Bridge,

TABLE 1
Different Combinations of PLA and PAni Solutions
Used for Electrospinning

Solution PLA solution (%) PAni-TSA solution (%)
1 10 0.0
2 10 0.2
3 10 0.4
4 10 0.6
5 12 0.0
6 12 0.2
7 12 0.4
8 12 0.6

Journal of Applied Polymer Science DOI 10.1002/app



746

Figure 1 Schematic depiction of the electrospinning setup
used for fiber production: (a) injection pump with a hypo-
dermic syringe, (b) grounded collector, (c) high-voltage
supply, (d) working distance and (e) motor.

NJ, United States) capable of voltages as high as 99
kV. The polymer solution was added to a 5-mL sy-
ringe with a 21G hypodermic needle (i.d. = 0.495 +
0.001 nm) used as the nozzle. A metallic drum coun-
ter electrode with a controlled rotation speed was
placed at a working distance of 11.5 cm from the
needle. The flow rate of the polymer solution was
controlled with a precision pump (KD Scientific,
Holliston, MA, United States) to maintain a steady
flow from the capillary outlet. The experimental
temperature was controlled at 25°C, and the relative
humidity was maintained between 40 and 50%. Each
solution was injected at two different rates, 4 and 6
puL/min, and the applied voltage was set to 18 or 22
kV. Before each experiment, the collector drum was
covered with aluminum foil, which was then removed
from the drum after fiber deposition. All the nonwo-
ven fiber mats were dried at room temperature until
any solvent residue was completely removed before
characterization.

Film casting

To compare the properties of PAni-TSA/PLA
blended fibers, freestanding films were prepared
with the same solutions listed in Table I. The poly-
mer films were obtained by the drop casting of the
solutions onto microscope glass slides at the con-
trolled temperature of 25°C and at a relativity hu-
midity between 40 and 50%. All the films were
dried at room temperature until complete solvent re-
moval before characterization.

Morphology

Morphology studies of all nonwoven mats were car-
ried out with scanning electron microscopy (SEM).

Journal of Applied Polymer Science DOI 10.1002/app
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All the fibers were mounted directly onto aluminum
specimen stubs with two-sided adhesive carbon tabs
(Pelco, Redding, CA) and coated with gold in a Den-
ton (Moorestown, NJ, New Jersey) Desk Il sputter
coating unit for approximately 45 s at 20 pA and 75
mTorr. Samples were analyzed in a Hitachi model S-
4700 field emission scanning electron microscope
(Tokyo, Japan) operating at an accelerating voltage
of 2 kV. Digital images were captured at a resolution
of 1280 pixels x 960 pixels. Representative micro-
graphs were chosen to illustrate each fiber mat.

X-ray diffraction analysis

Wide-angle X-ray diffraction of the fiber mats, PAni
(EB) and PLA powders, and cast films of PAni-TSA/
PLA blends was carried out on a Philips X'Pert
MPD X-ray diffractometer (Amsterdam, The Nether-
lands) operated at 45 kV and 40 mA with graphite-
filtered Cu Koy radiation (wavelength = 0.154 nm).
The samples were scanned from 1.5 to 40° with a
scan rate of 0.1°/s.

Electrical resistivity measurements

Electrical resistivity measurements of the drop-cast
films and nonwoven fiber mats were performed
according to the ASTM D 257 standard testing
method with a Keithley 6517A electrometer (Cleve-
land, OH, USA) as the source.

RESULTS AND DISCUSSION

Solutions of PLA and its blends with different
amounts of PAni-TSA were electrospun at different
applied voltages and injection rates. The average di-
ameter values of all the samples were determined
on the basis of 50 individual fiber measurements
randomly chosen from each SEM image at the same
magnification. The average diameter values of the
electrospun nanofibers are summarized in Table II
as functions of the polymer concentrations (PLA and
PAni-TSA), applied voltage, and flow rate.

Mats with the smallest average fiber diameters are
presented in bold. A significant decrease in the fiber
diameter was observed for PAni-TSA/PLA blends,
and this strongly depended on the PAni-TSA con-
centration, as illustrated in Figure 2. Indeed, an
interesting quadratic relationship between the aver-
age fiber diameter and the PAni content in the solu-
tion was observed. This behavior was also found by
Gu et al.”” when they were studying electrospun
polyacrylonitrile fibers. The smallest diameters were
obtained with PAni-TSA contents between 2 and 4%
with respect to PLA. This result may be attributed to
an increase in the solution viscosity associated with
changes in the dielectric constant and an increase in
the charge density. All these features contributed to
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TABLE II
Effects of the Electrospinning Parameters on the Average Diameter of the Corresponding Nanofibers Prepared from
the PLA and PAni-TSA Blend Solutions

PLA PAni- TSA Applied Rate of Average Standard
Solution solution (%) solution (%) voltage (kV) injection (uL/m) diameter (nm) deviation (nm)
1 a 10 0.0 18 4 515.7 240.0
b 18 6 571.1 237.8
c 22 4 417.0 160.0
d 22 6 380.0 129.0
2 a 10 0.2 18 4 253.7 70.0
b 18 6 274.0 76.5
C 22 4 262.9 85.5
d 22 6 154.7 73.3
3 a 10 0.4 18 4 198.4 34.8
b 18 6 206.8 45.6
c 22 4 133.8 57.6
d 22 6 131.8 54.6
4 a 10 0.6 18 4 398.5 91.7
b 18 6 859.1 270.7
c 22 4 218.8 51.0
d 22 6 469.6 173.9
5 a 12 0.0 18 4 400.0 238.7
b 18 6 520.0 244.4
c 22 4 525.1 202.0
d 22 6 622.8 298.1
6 a 12 0.2 18 4 237.09 62.9
b 18 6 366.91 130.2
C 22 4 190.36 74.3
d 22 6 178.36 78.1
7 a 12 0.4 18 4 246.40 84.4
b 18 6 255.20 69.7
C 22 4 156.50 85.8
d 22 6 153.00 63.3
8 a 12 0.6 18 4 263.64 115.2
b 18 6 246.36 54.4
c 22 4 462.91 142.7
d 22 6 560.36 125.9

superior stretching of the polymer jet during the
electrospinning process. Beyond a determined point,
the increase in the PAni-TSA concentration led
to the formation of thicker fibers, probably because
of the increase in the chain entanglements, which
made the stretching of the charged jet difficult.*
Because of the conditions used in this work, thin
fibers with higher amounts of PAni were obtained
when an applied voltage of 18 kV was used. Increas-
ing the applied voltage also gave rise to thinner
fibers when the injection rate was lower (4 pL/min),
and the initial concentration of the PLA solution in
HFP was also lower (10%).

In addition to the fiber diameter, the morphology
and the formation of beads were also influenced by
the presence of PAni-TSA. Figure 3 presents some
SEM micrographs of electrospun fiber mats obtained
from PLA (left side) and a PAni-TSA/PLA (0.2 :
10%) solution blend (right side) in HFP at an applied
voltage of 18 kV and at different flow rates. The
PLA electrospun nanofibers presented high amounts

of beads, which could be related to the instability of
the jet of the polymer solution, as stated by Yarin.*'
According to the literature, bead formation is related
to a combination of a strong applied voltage and a
higher injection rate.’” These conditions affect the
formation of the fiber jet because the time spent by
the jet from the nozzle to the collector is not long
enough to permit the complete evaporation of the
solvent. Consequently, the surface tension over-
comes the viscoelastic forces, inducing bead forma-
tion.” The presence of PAni resulted in a drastic
decrease in bead formation and also a significant
decrease in the fiber diameter. Similar trends have
also been observed in fibers obtained at a higher
electric field (22 kV; not shown here). These results
may be attributed to the increase in the net charge
density of the solution in the presence of PAni-TSA,
which favors the formation of thin fibers without
beads. In addition, as indicated in Table II, the pres-
ence of PAni-TSA caused significant changes in the
solution viscosity, which also influenced the fiber

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Effect of the PAni-TSA content in the solution blends on the diameter of the electrospun fibers. The concentra-
tion of the PLA solution was (H) 10 or (O) 12%.

morphology. The solution containing 0.4% PAni-TSA Actually, the following may have happened. The
presented the highest viscosity value and gave rise  addition of PAni-TSA is almost equivalent to the
to fibers with the lowest diameter. addition of salts to electrospinning solutions,®

Figure 3 SEM micrographs of electrospun PLA fibers obtained at a flow rate of (a) 4 or (c) 6 pL/min and PAni-TSA/
PLA (2 : 100 w/w) blend fibers obtained at a flow rate of (b) 4 or (d) 6 pL/min (applied voltage = 18 kV).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 SEM micrographs of electrospun PAni-TSA/PLA blend fibers obtained with initial PAni-TSA/PLA solution
concentrations of (a) 0.2/10, (b) 0.2/12, (c) 0.4/10, (d) 0.4/12, (e) 0.6/10, and (f) 0.6/12%.

which affect not only the viscosity but also the ionic
conductivity of the solutions. The increase in the
ionic conductivity changes the dielectric constant of
the medium and makes the movement of two
equally charged species on the jet surface easier. The
stretching caused by the repulsion of electrostatic
charges therefore helps to reduce the fiber diameter.

Figure 4 presents SEM micrographs of PAni-TSA/
PLA blend fiber mats as a function of the initial con-
centration of the PLA solution and the PAni-TSA
concentration (taken at a higher magnification). The
electrospun nanofibers of all PAni-TSA/PLA blends
presented a single phase indicating good interactions
between the blend components. Fibers containing
higher amounts of PAni-TSA [Fig. 4(e,f)] presented a
flat geometry that could be attributed to the higher
viscosity of the blends. Even for these fiber mats
with higher average diameters, there was no forma-
tion of beaded structures. The initial concentration

of the PLA solution exerted some influence on the
fiber diameter when a lower applied voltage was
applied. However, for higher applied voltages and
high flow rates, fiber mats presented similar profiles,
regardless of the initial concentration of PLA.

All the fiber mats formed very flexible and stable
macroscopic structures toward environmental expo-
sure in comparison with the casting films with the
same composition. In addition, the fiber mats pre-
sented relatively high pH resistance, and PAni-TSA
was not dedoped under environmental and water
exposition, keeping its green color, which is charac-
teristic of the doped state. Figure 5 shows scanning
electron micrographs of the cast films with the same
compositions of the electrospun fibers. As one can
see, both small and large cracks were present in the
cast films, and this indicated that these films were
extremely fragile in comparison with the electrospun
fiber mats. In addition, evident phase separation in

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM micrographs of cast films of PAni-TSA/PLA in HFP obtained from (a) 0.2/10, (b) 0.6/10, (c) 0.2/12, and

(d) 0.6/12% solution blends.

the cast films was observed, in which PAni-TSA
complex islands were segregated from the PLA ma-
trix. One of the probable reasons that phase separa-
tion did not take place during electrospinning was
the very fast solvent evaporation, which took only a
fraction of a second, therefore restraining probable

phase separation when higher concentrations of
PAni-TSA were used in the blends.

The crystallinity degree of PAni-TSA/PLA blends
in the form of cast films and electrospun mats was
studied with X-ray diffraction. Figure 6 shows the X-
ray diffraction patterns of PAni/PLA blends with

Pani 5.6%

Pani 4.7%

Pani 3.8%

Pani 3.2%
Pani 2.0%

counts
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5 0 15 20 25 30 35 40
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Figure 6 X-ray diffraction of cast films with different PAni-TSA contents.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 X-ray patterns of 12 selected fiber mats obtained from the solutions listed in Table II

six different compositions and pure PLA films pre-
pared by casting. All the films presented similar dif-
fraction patterns, with five characteristic peaks at
12.3, 14.8, 16.6, 19, and 22.3°. The very intense peak
at 16.6° corresponds to the combined reflections of
the (110) and (200) crystalline planes,34 and the other
prominent peak at 19° is related to the (203) plane,
confirming the orthorhombic a-crystal structure of
the PLA matrix.>**> As can be seen in the detailed
scattering, the crystalline structure of the PAni-TSA
component is characterized by a weak broad peak
around 8.40-9.50° and very weak reflections at 27.2,
39, and 31.4° related to doped PAni, as described by
Pouget et al.*

X-ray diffractograms of some selected fiber mats
are shown in Figure 7. These fibers presented the
main reflections of the PLA o-crystalline structure
and an expressive amorphous halo indicating lower
crystallinity values in comparison with the cast
films. Moreover, in some fiber samples, small reflec-
tions at 25 and 30° revealed the coexistence of the o-
and B-crystal structures of PLA,* and this is com-
pletely reasonable from a comparison of electrospun
and cast films. In electrospinning, the polymer jet is
subjected to high strains, and the velocity of fiber
formation is on a millisecond scale.’” Because of
rapid solvent evaporation during electrospinning,
stretched chains do not have enough time to

TABLE III
Crystallinity Degree (X.) of PAni-TSA/PLA Blends Obtained by a Casting and
Electrospinning Process

Drop-cast films

Electrospun fiber mats

Solution Pani-TSA (%) X Solution PAni-TSA (%) X
2 1.9 45.6 2a 1.9 29.9
2d 1.9 38.7
3 3.8 37.2 3d 3.8 30.9
4 5.6 35.7 4a 5.6 29.3
4b 5.6 30.1
6 1.6 57.5 6¢ 1.6 33.0
6d 1.6 38.1
7 3.2 43.5 7d 3.2 24.6
8 4.7 49.9 8a 4.7 25.3
8b 4.7 294
8c 4.7 24.3
8d 4.7 32.5

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Effect of the PAni-TSA content on the volume
resistivity of PAni-TSA/PLA blends prepared by a casting
and electrospinning process.

organize into a suitable crystal structure before they
solidify, and this results in lower crystallinity val-
ues.”” In addition to the lower crystallinity values of
electrospun mats, a sharp peak was observed
around 5° (1.8 nm) only for mats obtained from sol-
utions 3d and 2d, and a smaller one was observed
for mats from solution 2a. These reflections can be
attributed to the formation of coiled coil-like struc-
tures, as described by Hoogsteen et al.*® Further-
more, the same samples showed minor reflections at
25 and 30°, which are related to B-crystal structures
of PLA. These structures are formed under drastic
strain conditions.®* Hence, the fiber mats obtained
from solutions 3d and 2d were submitted to the
strongest strain conditions and, for that reason,
showed the smallest average diameter values
according to the results listed in Table IL

The crystallinity fractions of the polymeric sam-
ples were estimated through a comparison of the
integrated intensity of the amorphous halo with the
total scattered intensity with Fityk software (free
peak-fitting software). Table III compares the calcu-
lated crystallinity fractions of the cast film samples
with those related from electrospun fiber mats. The
crystallinity of the PAni-TSA/PLA blend films
decreased as the amount of PAni-TSA in the blends
increased. Similar behavior was also observed for
PAni-TSA/PLA fiber mats, and this indicated that
the presence of PAni-TSA in the solutions disturbed
the PLA crystallization, leading to low crystallinity
fraction values.

The electrical resistivity of the cast films and some
electrospun fibers (with average diameters in the
range of 130-250 nm) is compared in Figure 8. A lin-
ear relationship between the logarithm of resistivity
and the PAni concentration was obtained. The non-
woven fiber mats showed higher resistivity values

Journal of Applied Polymer Science DOI 10.1002/app
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than the cast films. This behavior has also been
found by other authors® for blends of polypyrrole
and poly(ethylene oxide), and it may be attributed
to several factors. First, the method used for meas-
uring the electrical conductivity might not be suita-
ble for measuring the electrical conductivity of the
nanofibers individually because of the inhomogene-
ity of the fiber mats as macroscopic materials. Sec-
ond, the fibers are randomly distributed in the mats
and present high porosity, and this makes contact
between the fibers difficult. As a result, conducting
pathways responsible for conductivity are hardly
formed.

CONCLUSIONS

Conducting ultrafine fibers with diameters between
100 and 1000 nm were successfully produced via
electrospinning from solutions of PAni-TSA/PLA
blends in HFP. The smallest fiber diameters were
obtained with PAni-TSA contents in the range of 2—
4%. The presence of PAni in the blends significantly
decreased bead formation because of changes in the
dielectric constant, and this was associated with an
increase in the solution viscosity and charge density.
All these features contributed to higher stretching of
the polymer jet during electrospinning.

Phase separations were not observed in the elec-
trospun PAni/PLA fiber blends in this study. This
indicates that the rapid evaporation of the solvent
did not allow the stretched polymer chains to organ-
ize into a suitable crystal structure. The better dis-
persion of PAni-TSA inside the PLA matrix in the
electrospun fibers and the high porosity of the non-
woven mats resulted in a decrease in the electrical
conductivity in comparison with blends prepared by
casting. The crystallinity of these fibers was lower
than that of the corresponding blends prepared by
film casting, and this could be attributed to the rapid
evaporation of the solvent during the electrospin-
ning process, which resulted in an amorphous struc-
ture rather than a crystalline structure in the fiber.

The authors are in debt to Tina Williams for the SEM
analyses.
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