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Nanofibers of highly sulfonated (IEC ~4.5 meq/g) polystyrene (SPS) were successfully electrospun. To
accomplish this, the process of electrospinning this difficult-to-spin material was studied in detail. Fiber
quality was optimized by manipulating the process and solution variables to fabricate continuous bead-
free fibers. Bead-free fibers (average diameter 260 nm) were electrospun from 25 wt% SPS (500 kDa) in
DMEF at an electrode separation of 10 cm, an applied voltage of 16.5 kV and a flow rate of 0.3 mL/h. With
increasing solution concentration, and thereby the solution viscosity, the morphology changed from
beads to bead-on-string fibers to continuous cylindrical fibers. Beaded fibers and continuous bead-free
fibers of SPS (500 kDa) could be spun at ~2 C. and 3.5 C, respectively, where C. is the entanglement
concentration determined from solution-viscosity measurements. The onset of formation of beaded
fibers coincided with a sharp transition in the scaling of the storage modulus-concentration relationship.
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1. Introduction

Electrospinning has been widely used as a simple technique to
fabricate ultra fine fibers from polymer solutions. In contrast to
traditional spinning techniques, the driving force for spinning is the
electric force generated by the interaction of the applied field with
the charges carried by the jet. When a pendant drop of polymer
solution is subjected to a high axial voltage gradient, the drop
deforms and elongates to form a cone-like structure called a Taylor
cone. At a critical voltage a jet is ejected from the cone tip. This jet
first traverses a straight path, but this is interrupted by the devel-
opment of bending instabilities in the jet. At the same time, surface
tension exerted by the solution produces a capillary instability that
is stabilized by viscoelastic stresses [1]. The jet elongates as a coil
due to the electrical forces exerted by the charges carried by the jet.
Subsequently, the jet hits the grounded collector, where the
charges are neutralized and a solidified nonwoven mat forms [2,3].
Due to their small diameter and high surface area-to-volume ratio,
electrospun fibers have been proposed for a wide range of appli-
cations, such as filtration, biological scaffolds and sensors.

Although the process of electrospinning neutral polymers is
well established, electrospinning of the polyelectrolyte chitosan
was reported to be difficult due to the strong repulsive forces
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between the ionic groups present along the chain [4]. However,
other polyelectrolytes have been successfully electrospun into
fibers. Examples include sulfonated poly(ether ether ketone) [5,6]
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) [7], poly
(ethylene-co-vinyl alcohol) sulfonic acid [8], poly(acrylic acid) [9],
phospholipids [10] and sulfonated poly(arylene ether sulfone) [11].
The sodium salt of sulfonated polystyrene (Na-SPS) has been
electrospun from formic acid and has been used as a base for vapor
deposition polymerization to fabricate carbonaceous nano-
structures [12].

One application of the latter is as a material for ion-conducting
membranes. Sulfonated crosslinked polystyrene (SXLPS) is widely
used for ion-exchange applications including proton-exchange
membranes (PEMs) for fuel cells [13,14]. Conventional PEM
materials, e.g., Nafion®, are random copolymers composed of
hydrophobic and acid-containing groups. One limitation of the
random-copolymer PEM is that the transport and mechanical
properties are coupled, so that optimizing one usually degrades the
other. To gain suitable mechanical integrity, the ion-exchange
capacities (IEC) of the copolymers are typically held below 2 meq/g,
which limits the conductivity of the PEM. As a result, during the past
decade there has been a renewed effort to develop new PEM
materials, especially composite materials that allow separation of
the transport and mechanical properties. To this end, a number of
approaches have been considered for designing PEMs, including
block copolymers [15], nanofiber-based networks [11] and high-IEC,
particle-filled systems [16].
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The electrical conductivity of any material depends on the
concentration of charge carriers and their mobility. Hence, the two
most important aspects controlling proton transport in a composite
membrane comprising acidic particles dispersed in a non-con-
ducting matrix are the concentration of the acid groups at the
particle surface (groups buried within the structure will not
exchange easily) and a means for proton transport between the
particles. Thus, the desired composite structure is one where the
particles form an interconnected structure within the non-con-
ducting matrix. For a given particle volume fraction, particles with
higher specific surface area are advantageous because such will
trap proportionally fewer sulfonic acid groups within their interior.
Similarly, as the particle diameter decreases, the buried acid groups
become more accessible when the particles are swollen with water.

One way to guarantee an interconnected structure and increase
the specific surface area of the dispersed phase in a composite PEM
is to electrospin ionomer or polyelectrolyte nanofibers and embed
these in a suitable matrix [11]. Acid-modified nanofiber networks
should create proton-exchange pathways within the composite and
lead to high conductivity.

Electrospinning of neat Nafion® into fibers has not been
successful, although blends with other polymers such as poly-
ethylene oxide, polyvinyl alcohol and poly(acrylic acid) have been
electrospun [17—19]. Nafion® solutions consist of primary and
secondary aggregate structures due to the hydrophobic interactions
of the fluorocarbon backbone and the ionic interactions of the side
groups, respectively. These aggregates reduce chain entanglements,
and it is believed that the lack of sufficient chain entanglements
and the resulting low solution viscosity restricts the spinnability of
neat Nafion® [19]. Dimethylformamide (DMF) suppresses the
primary aggregate formation in Nafion® solutions by solvation of
the fluorocarbon sequences, and the addition of methanol prevents
the secondary aggregate formation [19]. These precautions,
however, are not sufficient to attain spinnability.

One fix is to add linear polymers, especially amphiphilic polymers,
such as poly(acrylic acid), that are soluble in both organic and aqueous
solvents and can increase the chain entanglements in solution,
leading to improved spinnability [19]. Electrospun Nafion®/poly-
ethylene oxide blend fibers have been used as actuators [20].

SXLPS particles have been used in conjunction with a more
flexible matrix material to fabricate composite PEMs [14,21].
Although SPS is water soluble, the polymer in the SXLPS particles
does not dissolve or migrate out of the membrane, because the
chains are covalently crosslinked. The addition of SXLPS particles can
increase the IEC of traditional PEMs and improve their mechanical
properties due to low water absorption [14,22] of the particles.

Although SXPLS nanoparticles can be combined with another
polymer and spun, SXPLS cannot be electrospun by itself because of
its crosslinked nature. However, sulfonated polystyrene (SPS) can
first be spun and then crosslinked, or polystyrene (PS) can be spun
and then crosslinked and sulfonated. In an approach to the latter
route, An et al. [23] fabricated electrospun sulfonated polystyrene
mats by treating polystyrene nanofiber mats with 98% sulfuric acid.
The maximum IEC achieved was 3.74 meq/g for sulfonation times of
about 30 min. For higher sulfonation times, it was expected that
there could be structural changes to the electrospun mats, as they
were not crosslinked. Hong et al. [24] fabricated electrospun
sulfonated polystyrene mats by treating polystyrene mats with
chlorosulfonic acid, followed by Pt-metallization to generate
porous membranes for ion-exchange application. Alternatively,
spinning SPS would lead to high-IEC structures, which could be
subsequently stabilized with a hydrophobic matrix or by
crosslinking.

This paper describes the electrospinning of nanofibers from
solutions of highly sulfonated polystyrene (SPS). The effects of the

process and solution variables on fiber diameter and morphology of
this polyelectrolyte were studied. The process was optimized to
maximize the proportion of bead-free fibers in a non-woven mat.
Though the motivation for this research was to use these nanofibers
in the construction of composite proton-exchange membranes for
fuel cells, these fibers may also be useful in applications such as
sensors, filters, ion-exchange media, and catalysts.

2. Experimental
2.1. Materials

The sodium salts of two sulfonated polystyrenes with
My = 70,000 g/mol (Na-SPS-70) and 500,000 g/mol (Na-SPS-500)
were obtained from Scientific Polymer Products. An ion-exchange
resin (Dowex Marathon C, Sigma Aldrich Co.) was used to convert
the sodium salt to the sulfonic acid form. N,N-dimethylformamide
(DMF) was obtained from Acros Organics (www.acros.com) and
was used as received.

2.2. Conversion of SPS (Na form) to SPS (H form)

Since the acid form of sulfonated polystyrene is needed for
a PEM application, the two Na-SPS samples were converted to their
acid forms (SPS-70 and SPS-500) by passing a 5 wt% solution of the
polymer in distilled water through an ion-exchange column. The
column consisted of 15g of Dowex Marathon C packed into
a standard burette, ~1.5 cm diameter, to a height of ~9 cm. To
remove any residual acid, the resin bed was washed repeatedly
using distilled water until the wash water was neutral. A volumetric
flow rate of 0.16 mL/s was used, which corresponds to a superficial
velocity of 0.85 mm/s. The ion-exchange capacities (IEC) of the SPS
products were 4.49 and 4.91 meq/g for SPS-500 and SPS-70,
respectively, as determined by titration with 0.01 N NaOH using
phenolphthalein. That IEC corresponds to ~81 and 90 sulfonate
groups per 100 repeat units for SPS-500 and SPS-70 respectively.
The theoretical IEC limit for a fully sulfonated SPS (one sulfonate
group per repeat unit) is 5.4 meq/g.

2.3. Electrospinning

The solutions to be spun were prepared by dissolving a weighed
amount of the polymer (SPS)in the acid form in either DMF or distilled
water under constant stirring at room temperature. A schematic of
the electrospinning setup is shown in Fig. 1. A horizontal arrangement
was used to prevent dripping of the polymer solution onto the fiber
mat. A 1-mLNorm-Ject® syringe was used to extrude the solution, and
the tip of the syringe needle (size — 25 G5/8) was connected to the
positive terminal of a high-voltage DC source (Gamma High Voltage
Research, Inc, ES 30R/DDPM). The flow rate at which the solution was
dispensed from the syringe was controlled using a syringe pump (KD
Scientific, model number: 780212), and the electrospun fibers were

Syringe filled with Grounded collector

polymer solution

ES 30R/DDPM
DC

KD Scientific

780212 K -
- =
Metering pump High-voltage
source

Fig. 1. Schematic of the electrospinning setup.
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collected as a non-woven web on a grounded flat metal plate. The
spun fibers were stored in a desiccator.

The spinning distance between the needle and collector was
varied from 8 to 17 cm in increments of 2 cm. The flow rate at which
polymer solution was dispensed from the syringe was varied from
0.1 to 0.7 mL/h in increments of 0.1 mL/h and the applied voltage
was varied from 10 to 20 kV. The solution concentration ranged
from 10 to 30 wt% of polymer in increments of 5 wt%. Though the
relative humidity was not controlled in these experiments, a glove
box could be used for the same.

A small section of the product mat was analyzed using a field-
emission scanning electron microscope (JEOL JSM-6335F) to
determine the product size and morphology. Three different types
of products were observed: (1) polymer beads only, (2) bead-on-
string, (3) fibers only. The procedure for quantification of the
proportion of beads in the product was determined using a modi-
fication of the method proposed by Kattamuri and Sung [25] for
analyzing electrospun polycarbonate samples. Random sections of
high-contrast images were analyzed using Image ] software [26]
and the number of beads/cm? in the electrospun mat was recor-
ded. The areal mass density of the electrospun mat (g/cm?) was
measured by weighing ~1 cm x 1 cm sections of electrospun fiber
mat, and the number of beads per nanogram of mat was calculated.

Table 1 lists the solution and process variables used for elec-
trospinning the two SPS samples in DMF and the morphology of the
electrospun mat produced.

2.4. Solution properties

The viscosities of the polymer solutions were measured with
a TA Instruments AR-G2, controlled-stress rheometer using a Cou-
ette geometry, concentric-cylinder fixture and a stress range of
0.1—-100 Pa. The sample temperature was maintained at 25 °C, and
the cup was covered to minimize solvent evaporation. The dynamic
elastic modulus G’ of the solutions was measured using the AR-G2
in the oscillatory mode with a stress amplitude of 0.2 Pa and 10 Pa
for SPS-500 and SPS-70 respectively and a frequency range from
0.01 to 100 Hz.

Table 1

The solution surface tension was measured using a dynamic
contact angle analyzer (Cahn DCA-322). A glass microscope cover
slip was flame-cleaned prior to use. The DCA analyzer uses the
Wilhelmy plate technique in which the glass slip is held perpen-
dicular to the contacting liquid surface. The force changes that
occur when the solid surface contacts the liquid are measured by
a sensitive balance. The surface tension of the solution is obtained
from the equilibrated force on the plate when it is partly immersed
in the liquid.

3. Results and discussion
3.1. Effect of solution properties

The bulk solution properties are very important for the elec-
trospinning process [27]. Deitzel et al. [28] have reported that when
electrospinning aqueous polyethylene oxide solutions with
viscosities lower than 0.1 Pas, the surface tension controlled the
fiber morphology, and beads instead of fibers were favored. For
viscosities greater than 2 Pas, spinning was unachievable due to
high viscosities of the polymer solution. At concentrations corre-
sponding to viscosities between 0.1 and 2 Pa s, the electrospun fiber
mat was composed of irregular fibers with junctions and bundles at
the lower concentrations and uniform cylindrical fibers at the
higher concentrations. The surface tensions of the polyethylene
oxide solutions were in the range of 35—55 mN/m.

We attempted electrospinning sulfonated polystyrene (SPS)
using two different solvents at various solution concentrations. With
pure water, the jet had a tendency to break up into droplets, i.e., it
electrosprayed rather than electrospin. This can be attributed to the
high surface tension of the solvent. DMF worked much better in
terms of producing continuous fibers with lower concentration of
beads over a wide experimental range. Hence, DMF was used as the
solvent for spinning for further analysis.

The molecular weight of the polymer was also an important
factor for spinning. With the low-molecular weight polymer, SPS-
70, the jet broke up into droplets and produced only beads, see
Table 1. It appears that the molecular weight of the polymer was

Solution and process variables for electrospinning of SPS-500 in DMF and morphology of the electrospun mat.

SPS molecular weight, kDa Polymer conc., wt% Flow rate, mL/h Solution viscosity, Pa s Surface tension, N/m Voltage, kV Morphology*
70 15 0.2 0.011 0.035 15 B

70 15 0.2 0.011 0.035 18 B

70 15 0.2 0.011 0.035 20 B

70 15 0.2 0.011 0.035 21 B

70 25 0.2 0.083 0.034 15 B

70 25 0.2 0.083 0.034 18 B

70 25 0.2 0.083 0.034 20 B

70 25 0.2 0.083 0.034 25 B
500 10 0.1 0.063 0.036 12 B
500 10 0.1 0.063 0.036 15 B
500 10 0.1 0.063 0.036 18 B
500 10 0.1 0.063 0.036 19 B
500 15 0.1 0.21 0.037 12 B+F
500 15 0.1 0.21 0.037 15 B+F
500 15 0.1 0.21 0.037 18 B+F
500 15 0.1 0.21 0.037 19 B+F
500 20 0.1 0.77 0.04 12 B+F
500 20 0.1 0.77 0.04 15 B+F
500 20 0.1 0.77 0.04 18 B+F
500 20 0.1 0.77 0.04 19 B+F
500 25 0.1 2.99 0.04 12 F
500 25 0.1 2.99 0.04 15 F
500 25 0.1 2.99 0.04 16.5 F
500 25 0.1 2.99 0.04 18 F
500 25 0.1 2.99 0.04 19 F

*B — beads; F — fibers.
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Fig. 2. Viscosity of SPS-500/DMF solutions vs. concentration. With the equation
shown, the coefficients, b and d, correspond to the slope of the curve in the dilute
unentangled and entangled chain regimes (see text).

too low for the chains to entangle sufficiently to provide stability
to the spinning jet, even at high concentrations. As a consequence
of that result, the higher molecular weight polymer, SPS-500, was
used for most of the studies. The solutions were spun at room
temperature, and the measured relative humidity was in the range
of 20—30%.

The solution viscosity of SPS-500 and SPS-70 in DMF are plotted
in Fig. 2 as a function of the solution concentration at a constant
shear stress of 0.1 Pa. The viscosity increased with concentration,
and the variation in viscosity with concentration for SPS-500 was
described well by a continuous curve connecting two linear
regions. The limiting slopes for the linear regions were obtained by
fitting the data to the continuous kink equation [29]. A relatively
sudden change from a slope b=0.36+0.15 to a final slope
d=4.57 +£1.13 occurred at about 7 wt% concentration. The data for
the SPS-70 were not described well by this equation, as there are no
linear regions over the experimentally measurable range.

For polymer solutions, the entanglement concentration (Ce)
corresponds to a transition between dilute, unentangled and
entangled chains. At Ce, the polymer chains begin to overlap to form
topologically constrained entanglements. For polyelectolytes, Cp is
the beginning of the concentrated regime where the electrostatic
interactions are highly screened and the solution properties
become similar to those of an uncharged polymer [30,31]. Each
repeating unit of polyelectrolytes carries a charge. These charges
are balanced by a cloud of counter ions in the solution. Due to the
electrostatic repulsions between the anions along the polymer
backbone, polyelectrolytes have an extended conformation in
solvents of high dielectric constant; hence, their viscoelastic
behavior differs significantly from neutral polymers. As a result, the
semidilute and dilute regimes are extended to higher concentra-
tions relative to a similar polymer with less ionic character or in
a less polar solvent.

In Fig. 2, the exponent for the dilute, unentangled regime is in
rough agreement with theoretical prediction of 0.5 for poly-
electrolytes, while the upper exponent for the entangled regime is
in agreement with theoretical prediction of 4.8 for neutral poly-
mers [31,32]. Table 2 lists the theoretical predictions of dependence
of specific viscosity of polymer on solution concentration for
neutral polymers and polyelectrolytes.

As the concentration of the polymer in the solution was varied
for SPS-500, the fiber morphology changed, as shown in Fig. 3.

Table 2
Dependence of specific viscosity of polymer on solution concentration for neutral
polymers and polyelectrolytes.

Regime Neutral Polymers [32] Polyelectrolytes [31]
Dilute unentangled G2 05

Dilute entangled c® cls

Concentrated c36 375

At relatively low solution concentration, e.g., 10 wt%, the solu-
tion electrosprayed and spherical beads were formed (Fig. 3a) as
a consequence of Rayleigh instability in the jet due to high surface
tension and low elasticity of the solution [5,27]. For a higher
concentration, 15 wt%, a bead-on-string morphology was produced,
Fig. 3b. At this concentration, bundles of fibers connecting the
beads were prevalent. This can be because the fibers fail to dry
before reaching the collector, and the wet fibers would have
a tendency to fuse and form bundles [33], as well as undergo the
Rayleigh instability.

Solution viscosity, which depends on both concentration and
molecular weight, has been considered to be the key property that
governs both fiber diameter and morphology [34]. At lower solu-
tion viscosities, finer fibers with beads occur and at higher viscos-
ities smoother and thicker fibers with a lower proportion of beads
are formed. Bead morphology has also been associated with
capillary instability. The hypothesis is that at lower concentrations,
the chains are insufficiently entangled to provide the high exten-
sional viscosity and strain-hardening behavior required to resist
capillary break up of the threadline, leading to bead or bead-on-
string morphology. At higher solution concentrations, the higher
viscosity stabilizes the fiber, and reduces bead formation [27].

Correspondingly, for the SPS-500/DMF system, increasing the
concentration further reduced the proportion of beads, c.f. Figs. 3 c
and d. The bead concentration was ~25 beads/ng of electrospun
mat for the 15 wt% solution, compared to ~1 beads/ng of electro-
spun mat for the 20 wt% solution. Above a solution concentration of
25wtk (~3.5 C.), continuous, cylindrical, bead-free fibers were
produced. The morphology of the product of electrospinning SPS-
500/DMF is shown in Fig. 3d and the diameter distribution of the
fibers is shown in Fig. 4. This distribution is described adequately by
a normal distribution function with p =265 nm, ¢ =89 nm.

The observed variation of fiber morphology with concentration
is consistent with other reports on different polymers, including
charged polymers [5,10,35]. This strongly indicates that chain
entanglements are needed to resist capillary instabilities before
fibers are formed by the electrospinning process.

A sensitive indicator of entanglements is the dynamic elastic
(storage) modulus G'. Fig. 5 shows the variation of G’ for the SPS-
500/DMF solutions as a function of solution concentration.

The variation in elastic modulus (G') with concentration was
also fitted with the continuous kink equation [29]. A relatively
sharp change in slope b=1.054+0.52 to d=9.18+1.08 was
observed at a concentration of about 15 wt% solution. Solutions
with concentrations below 15 wt% produced only beads by elec-
trospinning, and above 15 wt% polymer, the morphology consisted
of beads attached to the fibers (Fig. 5). The hypothesis is that, the
variation in fiber morphology can be related to the solution elas-
ticity. At lower concentrations with low values of G/, the jet
succumbs to the Rayleigh instability. At a concentration of ~15 wt
%, the chain entanglements were sufficient to maintain some fibers,
but not high enough to completely eliminate the beads. At even
higher concentrations the solution elasticity is high enough to
resist the capillary break up and spin continuous bead-free fibers.
When the molecular weight was low (SPS-70), spinning was not
successful even when the solution viscosity was in the spinning
range. Correspondingly, the values of G’ for the SPS-70 solutions
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Fig. 3. SEM images of SPS (500 kDa) electrospun at concentrations of (a) 10; (b)15; (c) 20 and (d) 25 wt% in DMF. Field was constant at 0.165 kV/mm.

were too low to be measured, thus demonstrating the importance
of entanglements.

The observed role of elasticity is in line with that of other
systems such as sodium alginate [36], which was considered diffi-
cult to electrospin. However, Nie et al. [36] successfully electrospun
sodium alginate by using glycerol as a cosolvent. Rheological
measurements indicated an increase in viscosity and elasticity of
the system on addition of glycerol. Their explanation was that
glycerol, being a polar solvent, would tend to interact with sodium
alginate and thus increase flexibility of the chains allowing the
chains to entangle. Another example is that provided by Yu et al.
[37], who observed that the fluid relaxation time characterizing the
solution elasticity was an important factor governing the fiber
morphology for polyethylene oxide/polyethylene glycol solutions.

There are other examples of the importance of the entanglement
concentration Ce for electrospinning. McKee et al. [38] observed that
for linear and branched poly(ethylene terephthalate-co-ethylene
isophthalate) in 70/30 w/w chloroform/DMF mixture, beaded fibers

0.25 4 10.005
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% 0.15 0.003 <

k- g

8 0.10- 0.002 §

2 Z
0.05 - 0.001
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Fiber diameter, D (nm)

Fig. 4. Fiber diameter distribution for 25 wt% SPS-500 in DMF at 16.5 kV, 10 cm,
0.3 mL/h.

were formed at C. and uniform bead-free fibers were formed at
~2-2.5 Ce, where C. =4.5 and 10 wt% for the linear and branched
copolyester, respectively. Polyelectrolytes like poly(2-(dimethyla-
mino)ethyl methacrylate hydrochloride), in 80/20 w/w water/meth-
anol solvent could not be electrospun below 8 C. (Ce=1 wt%)
concentration [30]. Chen et al. [34] reported that ~2 Ce (Ce =4 Wt%)
was necessary for electrospinning fibers from 1-[2-(methacryloyloxy)
ethyl]-3-butylimidazolium tetrafluoroborate in 3/1 w/w acetonitrile/
DMF cosolvent. Thus, concentrations well above C. are desirable to
stabilize the jets and spin fibers in the case of polyelectrolytes [30].
Similarly, Shenoy et al. reported that more numerous chain entan-
glements and associated longer relaxation times prevalent at higher
solution concentrations are responsible for continuous fiber spinning,
as opposed to bead formation [39].

3.2. Effect of process parameters

The variation in fiber diameter of SPS-500 with applied voltage
is shown in Fig. 6. The fiber diameters reported represent the mean
of measurements from 50 random fibers for each condition. The
data in Fig. 6 were fitted using an exponential function. The elec-
trospinning number is defined as Vgq/yR? where V is the voltage, q is
the charge (thus Vq is the electrical energy) and yR? is the surface
free energy [39]. When Vq/yR® > 1, a jet is ejected from the Taylor
cone. As the applied voltage increases, the electrostatic forces
acting on the polymer drop also increase, which provides an
additional force to overcome the viscoelastic and surface tension
forces exerted by the polymer solution. Thus, increasing electro-
spinning number should increase the elongation of the polymer
chains in the jet and produce a finer fiber. This is demonstrated by
the data shown in Fig. 6.

Increasing the distance between electrodes had no observable
effect on the electrospun SPS-500/DMF fibers over the range where
spinning was achieved. At relatively high flow rates, >0.4 mL/h, the
spinning process was not continuous and intermittent dripping of
polymer solution onto the collector was observed. Kattamuri et al.
[25] reported that very low and high flow rates are not desirable. At
low flow rates maintaining a continuous stream is difficult, while at
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Fig. 5. Plot of G’ vs. solution concentration for SPS-500 solution in DMF at a frequency of 1 Hz.

very high flow rates, the polymer jet shoots out too quickly and
hence fibers are not formed.

Though the solution and process variables had a large qualita-
tive effect on the fiber morphology, their influence on the fiber
diameter was not very prominent. This is consistent with previous
work on electrospinning of polyvinylidene fluoride [27]. The
hygroscopic nature of the sulfonated polymer made spinning
difficult at higher relative humidity. At a relative humidity of ~35%
the fibers piled up onto the collector and the fiber bundle had
a tendency to stretch from the collector towards the needle. A
similar behavior was observed by Laforgue et al. [18] while elec-
trospinning Nafion-polyethylene oxide and Nafion-polyvinyl
alcohol blends and by Okuzaki et al. [40] while electrospinning poly
(p-xylenetetrahydrothiophenium chloride). Laforgue et al. [18]
have explained these observations in terms of the ion-conducting
nature of polyelectrolytes in the presence of water in ambient air.
Their hypothesis was that, initially few short fibers deposit verti-
cally onto the collector. The solvent in the polymer jet does not
evaporate easily due to high humidity of the surrounding air and
hence the nanofibers are highly conducting. These conducting
nanofibers become the shortest distance to grounded flat plate
collector. Additional fibers accumulate onto the initially deposited
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Fig. 6. Effect of applied voltage on electrospinning of 25 wt% SPS in DMF at 0.3 mL/h,
10 cm.

fibers and eventually grow to form a column of fiber between the
two electrodes. At very high relative humidity (>40%) the electro-
spun SPS-500/DMF fibers fuse and form a film on the collector.

4. Conclusions

Highly sulfonated (IEC = 4.5 meq/g) polystyrene (SPS) nanofibers
were successfully produced by electrospinning. In this study, bead-
free fibers were electrospun from a 25 wt% polymer solution of 500-
kDa SPS in DMF. The process variables were roughly optimal at an
applied voltage of 16.5 kV, a 10-cm electrode separation and a flow
rate of 0.3 mL/h. The average fiber diameter was 260 nm under these
conditions. The morphology of the electrospun product changed, with
increasing solution concentration, from beads to bead-on-string fibers
to continuous cylindrical fibers. Increasing the solution concentration
increased the solution viscosity, which improved the spinnability of
continuous fibers. A change in scaling of the viscosity-concentration
relationship occurred at a critical concentration, C, of 7 wt% polymer,
where the scaling exponents changed from 0.36 + 0.15 and 4.57 4 1.13
at low and high concentrations, respectively. For the 500 kDa SPS in
DMF, a polymer concentration of 3.5 C, (~ 25 wt% polymer) was
required for the production of continuous, bead-free fibers.

A sharp change in the storage modulus-concentration scaling
was observed at about 15 wt% concentration for 500-kDa SPS
solutions. The onset of bead-on-string fiber formation coincided
with the transition in the storage modulus-concentration scaling,
which most likely is the onset of the formation of entanglements in
the polymer solution. Lower molecular weight (70 kDa) SPS solu-
tions could not be spun in spite of having viscosities in the spinning
range observed for the 500-kDa solutions. Correspondingly, the
values of the storage modulus for the concentrated 70-kDa solu-
tions were low, suggesting that entanglements are not just desir-
able, but necessary for spinning of SPS/DMF solutions.
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