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ABSTRACT: The influence of polyelectrolyte rheological behavior on the electrospinning process was determined
for a series of poly(2-(dimethylamino)ethyl methacrylate hydrochloride) (PDMAEMA‚HCl) aqueous solutions
in the presence of added NaCl. Solution rheological studies revealed that PDMAEMA‚HCl in an 80/20 w/w
water/methanol cosolvent displayed polyelectrolyte behavior based on the scaling relationship between specific
viscosity (ηsp) and concentration in the semidilute unentangled and semidilute entangled regimes. The entanglement
concentration (Ce) increased with NaCl concentration due to screening of the electrostatic repulsive forces along
the PDMAEMA‚HCl backbone, which enabled the PDMAEMA‚HCl chains to adopt a flexible, coillike
conformation. Moreover, the scaling behavior in the semidilute entangled regime shifted from polyelectrolyte
(ηsp ∼ C1.5) to neutral polymer behavior (ηsp ∼ C3.75) in the high salt limit. The electrospinning performance of
PDMAEMA‚HCl solutions was also dependent on NaCl concentration, and NaCl-free PDMAEMA‚HCl solutions
did not form fibers at concentrations less than 8Ce. The minimum concentration for fiber formation decreased as
the level of NaCl was increased due to screening of the repulsive, electrostatic interactions between charged
repeating units that served to stabilize the electrospinning jet. Moreover, because of the high electrical conductivity
of the polyelectrolyte solutions, the electrospun polyelectrolyte fibers were 2-3 orders of magnitude smaller in
diameter compared to fibers that were electrospun from solutions of neutral polymers of equal zero shear viscosity
(η0) and normalized concentration (C/Ce).

Introduction

Polyelectrolytes contain a charged atom in each repeating unit,
which is balanced by a cloud of counterions in solution. Salt-
free polyelectrolytes display an extended, rodlike conformation
in aqueous solution due to electrostatic charge repulsion along
the polymer backbone and rearrangement of counterions.
Consequently, the viscoelastic behavior of polyelectrolytes
differs significantly from neutral polymers.1 In particular,
polyelectrolytes exhibit a weaker scaling relationship between
zero shear viscosity (η0) and concentration compared to neutral
polymers, and polyelectrolytes display enhanced shear thinning
compared to neutral polymers.2-4 In fact, relaxation times for
charged polymers in the semidilute region decrease with
concentration, while relaxation times of neutral chains always
increase with polymer concentration.5 Because of their shear
thinning properties, polyelectrolytes are used as rheological
additives where high shear rates are employed.6 Moreover,
cationic polyelectrolytes are also used as emulsifiers or floc-
culatants for wastewater treatment,7 and polyelectrolytes con-
taining quaternary ammonium groups are excellent antimicrobial
agents.8-10 More recently, cationic polyelectrolytes were ex-
plored as vectors for gene delivery due to efficient DNA
complexation.11

As the polyelectrolyte concentration is increased above the
overlap concentration (C*), electrostatic interactions are screened
on length scales that are larger than the correlation length (ê),
and the chain is considered a random walk for length scales
greater thanê.3 Since polyelectrolytes adopt a rodlike chain
conformation in dilute solution, the chain dimensions undergo
greater contraction than neutral chains at intermediate concen-
trations betweenC* and the entanglement concentration (Ce),

which increases the breadth of the semidilute unentangled
regime.

The viscosity scaling relationships for polyelectrolyte solu-
tions in the semidilute unentangled, semidilute entangled, and
concentrated regimes are2

In eq 1, the specific viscosity is defined asηsp ) (η0 - ηs)/ηs,
whereηs is the solvent viscosity, andCD marks the onset of
the concentrated regime. As the concentration approaches the
concentrated regime (C > CD), the electrostatic interactions are
highly screened and neutral polymer solution dynamics are
recovered.2 Pabon et al. observedη0 ∼ C3.75 for salt-free
solutions of poly(acrylamide-co-sodium acrylate) in the con-
centrated regime.12 The addition of inorganic salts to polyelec-
trolyte solutions results in screening of the charged atoms along
the polymer backbone.13 Consequently, as the electrostatic
charges are screened, the charge repulsion within a polyelec-
trolyte is reduced and the chain becomes more coil-like. In fact,
rheological scaling relationships in the semidilute entangled
regime reveal a crossover from polyelectrolyte behavior (ηsp ∼
C1.5) in the absence of added salt to random coil-like, neutral
polymer behavior (ηsp ∼ C4.6) at a salt concentration of 0.5 M
salt concentration, which was considered the high salt limit.14,15

Polyelectrolyte solutions exhibit high electrical conductivity
and high net charge density due to movement of polyions and
free counterions.16,17 An increase in net charge density was
previously shown to result in smaller electrospun fiber diameters
due to greater charge repulsion and plastic stretching in the
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ηsp ∼ C0.5 for C* < C < Ce

ηsp ∼ C1.5 for Ce < C < CD

ηsp ∼ C3.75 for C > CD (1)
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electrospinning jet.18 In particular, the addition of monovalent
salts to neutral polymer solutions increased solution conductiv-
ity, and in general, the electrospinning process generated
submicron fibers on the order of 100 nm to 10µm upon
stretching an electrified polymer jet.19 The resulting nonwoven,
fibrous mats possess a high specific surface area, submicron
pores, and a high degree of porosity, which resulted in a wide
range of applications including filtration devices, membranes,
vascular grafts, protective clothing, molecular templates, tissue
scaffolds, optical devices, and biologically functional fibers.20-26

A polymer solution with sufficient chain overlap and en-
tanglements undergoes a bending instability that causes a
whiplike motion between the capillary tip and the grounded
target, and this motion results in thinning of the jet and formation
of submicron scale fibers.27,28 Fridrikh, Brenner, and Rutledge
developed a model that predicts fiber diameters for several
polymer solutions at various concentrations and as a function
of surface tension and volume charge density.29 Recent empirical
correlations were developed in our laboratories that relate
electrospun fiber morphology and fiber diameter to the number
of chain entanglements in solution (C/Ce) where C is the
polymer concentration.30 This relationship was applicable for a
range of molar masses and molecular architectures, including
linear, randomly branched, highly branched, and star-shaped
topologies. Moreover, electrospun fiber diameters were ac-
curately predicted for several different classes of polymers,
including poly(alkyl methacrylates), polyesters, and poly-
urethanes.31 Other researchers have also described the influence
of chain entanglement density on electrospun fiber forma-
tion.32,33 In particular, Wnek et al. recently developed a
semiempirical analysis that predicts the fiber morphology (beads,
beaded fibers, or uniform fibers) in terms of the polymer
concentration in solution, the weight-average molar mass (Mw),
and the critical entanglement molar mass (Mc).34

Many researchers have shown that the addition of inorganic
salts to polymer solutions increases the net charge density of
the electrospinning jet.35-39 The increase in net charge density
increases the charge repulsion in the jet, thereby leading to more
plastic stretching during electrospinning and the formation of
thinner fibers. Moreover, the addition of salts to polymer
solutions decreased the concentration of bead defects in the
resulting electrospun fibers.18 This was attributed to the increase
in charge repulsion along the jet and subsequent increase in
surface area, which favors the formation of thinner fibers instead
of beads. While solution conductivity was tailored with the
addition of salt, significantly less work has focused on electro-
spinning charged polymers. Son et al. varied the conductivity
of poly(ethylene oxide) solution upon adding small amounts
(0-4 wt %) of a polyelectrolyte and studied the resulting
diameter and morphology of the electrospun fibers.40 The same
researchers also studied the influence of pH on electrospinning
poly(vinyl alcohol) (PVA) fibers.41 A reduction in fiber diameter
was observed when electrospinning from basic PVA solutions
due to larger solution conductivity. More recently, the electro-
spinning behavior of poly(acrylic acid) (PAA) in aqueous and
DMF solutions was investigated.42 Unlike poly(2-(dimethyl-
amino)ethyl methacrylate hydrochloride) (PDMAEMA‚HCl)
aqueous solutions, a charge is not present on each repeat unit
of the PAA backbone since the fraction of the dissociated
carboxylic acid groups depends on the pKa of PAA.

In this current work PDMAEMA‚HCl was electrospun in the
presence of various amounts of NaCl in order to determine the
role of polyelectrolyte interactions on fiber formation. Electro-
spun fibers that are composed of quaternary ammonium

polyelectrolytes, such as PDMAEMA‚HCl, may prove useful
as protective clothing since quaternary ammonium compounds
serve as antimicrobial agents.43 Because of the high electrical
conductivity of polyelectrolyte solutions, electrospinning
PDMAEMA‚HCl generates submicron fibers with considerably
larger specific surface areas than neutral polymers. Moreover,
since the added salt ions effectively screen electrostatic interac-
tions, a crossover from polyelectrolyte electrospinning behavior
to neutral polymer electrospinning behavior may be observed
in the high salt limit. Herein, the electrospinning performance
of polyelectrolyte solutions with and without added salt is
compared to previous empirical relationships developed for
neutral, nonassociating polymers.

Experimental Section

Materials. 2-(Dimethylamino)ethyl methacrylate (DMAEMA)
was purchased from Sigma Aldrich and passed through a basic
alumina column in order to remove the free radical inhibitor.
Ammonium persulfate initiator was also purchased from Sigma
Aldrich and used as received. All other solvents and reagents were
purchased from commercial sources and used without further
purification.

Instrumentation. 1H NMR spectroscopy was performed on a
Varian Unity 400 spectrometer at 400 MHz in deuterium oxide.
Steady shear experiments were performed with a VOR Bohlin
strain-controlled solution rheometer at 25( 0.2 °C using a
concentric cylinder geometry. The bob and cup diameters employed
for rheological measurements were 14 and 15.4 mm, respectively.
The rheometer was calibrated with Newtonian standard solutions.
Electrospun fiber diameter and morphology were analyzed using a
Leo 1550 field emission scanning electron microscope (FESEM).
Fibers for FESEM analysis were collected on a1/4 in. × 1/4 in.
stainless steel mesh, mounted on a SEM disk, and sputter-coated
with an 8 nm Pt/Au layer to reduce electron charging effects. Fifty
measurements on random fibers for each electrospinning condition
were preformed, and average fiber diameters are reported. Solution
conductivities were measured with a two-electrode Oakton tester
(Acorn series, model CON 6) calibrated with a 1 mS/cm standard
solution from VWR Scientific.

Synthesis of PDMAEMA. DMAEMA (15 g, 95 mmol) was
added to a 250 mL round-bottomed flask equipped with a magnetic
stir bar, and the monomer was diluted with deionized water (60 g,
80 wt %). The monomer solution was titrated with HCl aqueous
solution to a pH of 4 to protonate the monomer (DMAEMA‚HCl).
Finally, the ammonium persulfate initiator (15 mg, 0.1 wt % to
300 mg, 2 wt %) was added to the reaction vessel. The round-
bottomed flask was equipped with a rubber septum and placed in
a 60°C oil bath. The polymerization was allowed to proceed for
24 h, and the polymer was precipitated into 1000 mL of acetone
and dried under reduced pressure (0.5 mmHg) at 100°C for 24 h.
The product was characterized with1H NMR spectroscopy without
further purification.

Electrospinning Process.PDMAEMA‚HCl was dissolved in 80/
20 w/w deionized water/methanol (MeOH) at various polymer
concentrations. NaCl (0-50 wt % compared to the polymer) was
added to the aqueous polymer solutions. The solutions were then
placed in a 20 mL syringe, which was mounted in a syringe pump
(KD Scientific Inc, New Hope, PA). The positive lead of a high-
voltage power supply (Spellman CZE1000R; Spellman High
Voltage Electronics Corp.) was connected to the 18-gauge syringe
needle via an alligator clip. A grounded metal target (304 stainless
steel mesh screen) was placed 20 cm from the needle tip. The
syringe pump delivered the polymer solution at a controlled flow
rate of 6 mL/h, and the voltage was maintained at 25 kV. It was
necessary to maintain constant processing conditions to determine
the role of polyelectrolyte behavior on electrospun fiber morphology
and diameter.
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Results and Discussion

Solution Rheology of PDMAEMA‚HCl Aqueous Solutions
with and without Added Salt. DMAEMA ‚HCl was polymer-
ized via conventional free-radical methodologies in the presence
of 0.1, 1.0, and 2.0 wt % ammonium persulfate (APS) to
generate polyelectrolytes with various molar mass (Figure 1).
The backbone possessed a positive charge due to the pendant
quaternary amine with chlorine counterion. Unfortunately, molar
mass determination via aqueous size exclusion chromatography
(SEC) proved unsuccessful due to polyelectrolyte aggregation;
however, a future report will describe efforts to obtain reproduc-
ible aqueous SEC measurements in the presence of various
inorganic salts. All rheological and electrospinning experiments
were performed with homogeneous PDMAEMA‚HCl solutions
in an 80/20 w/w deionized water/MeOH cosolvent, which
permitted desired volatility for electrospinning.

Steady shear experiments were performed on polyelectrolyte
solutions with a range of∼2 orders of magnitude in concentra-
tion. Specific viscosity vs concentration profiles were obtained
for PDMAEMA‚HCl solutions that spanned the semidilute
unentangled and semidilute entangled regimes. The entangle-
ment concentration (Ce) is the transition between the unentangled
and entangled semidilute regimes and marks the solution
concentration at which chains overlap sufficiently to form
topologically constrained entanglements.44 Figure 2 shows the
dependence ofηsp on concentration for the 0.1 wt % APS
PDMAEMA‚HCl in an 80/20 H2O/MeOH cosolvent. In a
consistent manner with theoretical predictions for polyelectro-
lytes (eq 1)ηsp ∼ C0.6 in the semidilute unentangled regime,
ηsp ∼ C1.5 in the semidilute entangled regime, andηsp recovers
the neutral polymer scaling in the concentrated regime. Both

Ce and the onset of the concentrated regime (CD) were measured
over this concentration range, with values of approximately 1
and 10 wt %, respectively. In a consistent manner with
predictions by Rubinstein et al.,2 the slope increased atCD

because the electrostatic charges were screened in the concen-
trated regime due to overlap of the electrostatic blobs. The slopes
in Figure 2 are in very good agreement with the theoretical
predictions of polyelectrolytes (ηsp∼ C0.6 andηsp∼ C1.5). Thus,
it is apparent that PDMAEMA‚HCl behaves as a polyelectrolyte
in the 80/20 H2O/MeOH mixed cosolvent.

Figure 3 compares the concentration dependence ofηsp for
the 0.1 and 2.0 wt % PDMAEMA‚HCl, and a qualitative
comparison was obtained despite the lack of SEC molar mass
information. The value ofCe increased from 1.0 to 8.0 wt %,
and CD increased from 10 to 20 wt % as the initiator
concentration was increased. This is not surprising as higher
molar mass chains entangle more readily than lower molar mass
chains, and other researchers have also showed an inverse

Figure 1. Synthesis of poly(2-(dimethylamino)ethyl methacrylate
hydrochloride) via free radical polymerization.

Figure 2. Dependence ofηsp on PDMAEMA‚HCl (0.1 wt % APS)
concentration.

Figure 3. Influence of molar mass and concentration on the viscosity
of poly(2-(dimethylamino)ethyl methacrylate hydrochloride).

Figure 4. Effect of NaCl on polyelectrolyte solution behavior.

Table 1. Influence of NaCl on Scaling Exponents and Entanglement
Concentration for PDMAEMA ‚HCl Solutions

NaCl concn
(wt %)

semidilute
unentangled
exponent (a)a

semidilute
entangled

exponent (b)b Ce (wt %)

0 0.6 1.5 1.0
1.0 0.7 1.6 1.5
10 0.9 2.0 2.0
20 1.1 2.5 3.0
50 1.2 3.1 3.5
neutral limit 1.25 3.75

a ηsp ∼ Ca for C* < C < Ce. b ηsp ∼ Cb for Ce < C < CD.
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relationship betweenCe and polyelectrolyte chain length.45

The slopes for the lower molar mass PDMAEMA‚HCl in
Figure 3 are also in excellent agreement with the scaling
relationships for polyelectrolytes (ηsp ∼ C0.7 in the semidilute
unentangled regime andηsp ∼ C1.8 in the semidilute entangled
regime).

Various amounts of NaCl were added to the PDMAEMA‚
HCl solutions to determine the influence of charge screening
on the solution rheological behavior. In the high salt limit, the
electrostatic interactions along a polyelectrolyte backbone are
completely screened, and the scaling relationships for neutral
polymers are recovered.46 Figure 4 shows theηsp of the 0.1 wt
% APS PDMAEMA‚HCl systematically decreased with in-
creasing levels of NaCl in the semidilute regimes. The salt
screened the electrostatic repulsive forces along the polymer
backbone and enabled the PDMAEMA‚HCl to adopt a flexible,
coillike conformation. Since coiled chains occupy a smaller
volume in solution than extended, rodlike chains, theηsp

systematically decreased with NaCl addition. This viscosity
dependence on salt concentration was consistent with earlier
polyelectrolyte scaling relationships.47 It is also clear from Figure
4 that at high concentrations, nearCD, theηsp of the polyelec-
trolyte solutions with added NaCl approached the salt-free
solutions. This is due to the overlap of the electrostatic blobs,

which also served to screen mutual charge repulsion along the
polymer backbone. Thus, at concentrations nearCD, chain
overlap and entanglements rather than salt concentration domi-
nated the PDMAEMA‚HCl solution dynamics.

The addition of NaCl also influenced the transitions between
the different concentration regimes. In Figure 4,Ce systemati-
cally increased from 1.0 to 3.5 wt % as the NaCl content was
increased from 0 to 50 wt % relative to PDMAEMA‚HCl (Table
1). Since chains that are extended in solution occupy a larger
hydrodynamic volume relative to random coiled chains, salt-
free PDMAEMA‚HCl formed entanglement couplings more
readily with neighboring chains compared to the random coiled
PDMAEMA‚HCl in the presence of NaCl. TheCD transition
was not measured for the solutions with added salt sinceCD

was outside of the concentration range investigated. It is also
evident from Figure 4 that the slopes in the semidilute
unentangled and semidilute entangled regimes were dependent
on NaCl concentration. Table 1 summarizes the exponents in
the two semidilute concentration regimes as well as the neutral
scaling behavior. A gradual transition from polyelectrolyte to
neutral behavior was observed for PDMAEMA‚HCl with
increasing salt concentration. Yamaguchi et al. also reported
an increase in the concentration dependence ofηsp with added
salt for poly(N-methyl-2-vinylpyridinium chloride).14

Figure 5. FESEM images of electrospun PDMAEMA‚HCl fibers (0.1 wt % APS,Ce ) 1.0 wt %) with no added salt.
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Electrospinning of PDMAEMA with Various Levels of
NaCl. All polyelectrolyte solutions were electrospun at constant
conditions (25 kV, 6 mL/h, and 20 cm working distance) to
ensure that changes in fiber morphology and diameter were only
attributed to solution properties. The solutions were electrospun
from the semidilute unentangled, semidilute entangled, and
concentrated regimes. The solution rheology and electrospinning
trials were performed at the same conditions (room temperature,
80/20 w/w H2O/MeOH) to ensure constant hydrodynamic
dimensions of the polyelectrolytes in solution prior to experi-
encing the electric field. Previously, our laboratories reported
thatCe was the minimum concentration which was required to
electrospin beaded nanofibers for a series of linear and branched
polyesters and poly(alkyl methacrylates).30,48,49Consequently,
the polyelectrolyte electrospinning performance was compared
to the previously developed empirical relationships for these
neutral, nonassociating polymers.

Figure 5 shows FESEM images of electrospun fibers that were
formed from salt-free, 0.1 wt % APS PDMAEMA‚HCl (Ce )
1.0 wt % in 80/20 H2O/MeOH) solutions at several concentra-
tions. At 7 wt %, polymer droplets were formed in the semidilute
entangled regime (Figure 5a), in contrast to neutral polymers,
which only form droplets when electrospun from the semidilute
unentangled regime.30 Beaded fibers with an average diameter
of 120 nm were formed at 8 wt %, which corresponded to 8Ce

(Figure 5b), and defect-free fibers with an average diameter of
170 nm were formed at 9 wt % (Figure 5c). The average fiber
diameter continued to increase from 280 to 480 nm as the
PDMAEMA‚HCl concentration was increased from 10 to 14
wt % (Figure 5d-f). In light of correlations that were developed
for neutral polymers, which predicted the formation of beaded
fibers atCe, it was surprising that PDMAEMA‚HCl fibers were
not obtained below 8Ce. This observation was attributed to the
relatively large conductivities of the polyelectrolyte solutions.

The size of the ions that are carried in the electrospinning jet
was shown to influence the polyelectrolyte electrospinning
behavior. Zong et al. reported that ions with smaller atomic radii
are more mobile under an external electric field and thus impart
a higher degree of stretching in the electrospinning jet.36 A
charged polymer possesses a significantly larger atomic radius
than free salt ions, and consequently, electrospinning polyelec-
trolytes may result in instabilities in the electrospinning jet which
may be attributed to the relative low mobility of the polyions.
Thus, concentrations well aboveCe are required to stabilize the
electrospinning jet. Son et al. reported difficulties in electro-
spinning protonated poly(vinyl alcohol) (PVA) as the low
mobility of the PVA polyions resulted in local variations in
charge density and uneven elongation forces in the electro-
spinning jet.40 The authors conjectured that the large degree of
repulsion between charged groups on the chain backbone
prevented the formation of a continuous jet.40

Figure 6 shows the dependence of PDMAEMA‚HCl (0.1 wt
% APS) electrospun fiber diameter on normalized concentration
(C/Ce). The solid black line (eq 2) is a correlation that was
developed for linear and branched neutral, nonassociating
polymers.30

The variableD is the average fiber diameter in microns. Since
it was determined thatCe was the minimum concentration to
form beaded fibers for neutral polymer solutions, the lower fiber
diameter limit for electrospinning was∼180 nm. At a given
value of C/Ce, PDMAEMA‚HCl produced electrospun fibers

nearly 2 orders of magnitude smaller than the predicted value
(solid black line).

Electrospun fiber diameter is also dependent on theη0 for
several different classes of polymers over a large concentration
range.39,48Figure 7 compares the fiber diameter-η0 relationship
between PDMAEMA‚HCl and neutral polymers (solid black
line). Polyelectrolyte solutions produced significantly smaller
fibers than the neutral polymer solutions of equivalentη0 due
to dissociation of the PDMAEMA‚HCl ions in aqueous solution.
Previously, our laboratories showed slightly smaller fibers than
predicted from eq 2 for poly(methyl methacrylate-co-methacrylic
acid) (PMMA-co-PMAA) solutions in dimethylformamide.48

This was attributed to partial dissociation of the carboxylic acid
group, which resulted in a higher conductivity in the jet and
greater charge repulsion during electrospinning. In fact, the

D [µm] ) 0.18( C
Ce

)2.7
(2)

Figure 6. Dependence of polyelectrolyte fiber diameter on the
normalized concentration.

Figure 7. Effect of η0 on electrospun fiber diameter for neutral
polymers and charged polymers.

Figure 8. Effect of concentration on electrical conductivity for aqueous
PDMAEMA‚HCl solutions and PMMA/DMF solutions.
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PMMA-co-PMAA solutions displayed electrical conductivities
nearly an order of magnitude greater than the poly(methyl
methacrylate) (PMMA) control in the identical solvent. Simi-
larly, the PDMAEMA‚HCl aqueous solutions had very high
electrical conductivities relative to the neutral polymer solutions,
which resulted in a higher degree of elongation during electro-
spinning and formation of thinner fibers. Thus, it may be
advantageous to electrospin polyelectrolytes rather than neutral
polymers for applications demanding high specific surface area.

Figure 8 shows the concentration dependence of electrical
conductivity for PDMAEMA‚HCl (0.1 wt % APS). A concen-
tration series of PMMA in DMF was included since eq 2 was
developed from electrospinning neutral polymer solutions with
conductivities on the order of the PMMA/DMF solutions. The
electrical conductivity of the PDMAEMA‚HCl polyelectrolyte
solution was nearly 3 orders of magnitude larger than the neutral
PMMA solution. In contrast to the PMMA solution, the
conductivity of the PDMAEMA‚HCl solution was also depend-
ent on concentration due to an increase in charge density with
polyelectrolyte concentration. This explained the significant

reduction in polyelectrolyte fiber diameter compared to predic-
tions in Figures 6 and 7.

PDMAEMA‚HCl solutions were also doped with different
levels of NaCl relative to the polyelectrolyte concentration to
determine the role of screening electrostatic interactions on
electrospinning performance. Figure 9 shows FESEM images
of PDMAEMA‚HCl electrospun with 1 wt % NaCl at several
different concentrations. As described in section 3.1,Ce

increased from 1 to 1.5 wt % upon increasing NaCl from 0 to
1 wt %. The minimum concentration that was required to form
electrospun fibers was 6 wt %, or 4Ce (Figure 9a). The average
fiber diameter that was reproducibly formed from the 6 wt %
solution was 60 nm. The addition of 1 wt % NaCl shifted the
minimum concentration for fiber formation closer toCe, which
is the minimum concentration for fiber formation for neutral
polymers.30 This was attributed to a reduction in electrostatic
charge repulsion along the polymer backbone, which served to
stabilize the electrospinning jet. Beaded fibers∼90 nm in
diameter were formed at 7 wt % (Figure 9b), while uniform,
bead-free fibers were produced at 8 wt % (Figure 9c). As the

Figure 9. FESEM images of electrospun PDMAEMA‚HCl fibers (0.1 wt % APS,Ce ) 1.5 wt %) with 1 wt % added NaCl.
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concentration was increased from 9 to 10 wt %, the average
fiber diameter further increased from 160 to 290 nm (Figure
9d,e). Finally, at 12 wt % the average electrospun fiber diameter
was 600 nm (Figure 9f). Moreover, NaCl crystals appeared on
the fiber surface as shown in Figure 9f.

Figure 10 shows FESEM images of PDMAEMA‚HCl fibers
that were electrospun with 50 wt % added NaCl. Theηsp-C
scaling exponents in Table 1 show that the neutral scaling
behavior was approximately recovered at 50 wt % NaCl, which
indicated that nearly all electrostatic charges were screened. The
minimum concentration for fiber formation was 6 wt % (Figure
10a), or 1.7Ce, which is significantly closer to neutral polymer
behavior than in Figures 5 and 9. Thus, as the NaCl level was
increased, the electrospinning behavior of the polyelectrolyte
solution shifted toward behavior that was expected of an
uncharged polymer. Beaded fibers with∼130 nm in diameters
were produced when PDMAEMA‚HCl with 50 wt % added
NaCl was electrospun at 8 wt % (Figure 10b), while uniform

fibers (∼260 nm) were produced at 9 wt % (Figure 10c). The
average fiber diameter systematically increased from 300 nm
to 1.2 µm (Figure 10d-f) as the concentration was increased
from 10 to 14 wt %. It should be noted that there is a relatively
large distribution of fiber diameters at the higher concentrations
(Figure 10e,f).

Table 2 summarizes the electrospinning behavior of
PDMAEMA‚HCl with various levels of NaCl and provides a
comparison to neutral polymer behavior. In particular, the

Figure 10. FESEM images of electrospun PDMAEMA‚HCl fibers (0.1 wt % APS,Ce ) 3.5 wt %) with 50 wt % added NaCl.

Table 2. Influence of NaCl on Electrospun Fiber Formation

NaCl concn
(wt %)

C/Ceat onset of
fiber production

η0 (cP) at onset of
fiber production

0 8.0 2500
1.0 4.0 1100
10 3.5 880
20 2.3 520
50 1.7 100
neutral limit 1.0 ∼20
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minimum normalized concentration and theη0 at which fiber
formation occurred are presented. A systematic trend toward
neutral polymer electrospinning behavior was evident as the
NaCl concentration was increased. As mentioned previously,
concentrations well aboveCe were required to electrospin fibers
from the salt-free polyelectrolyte solutions, due to the large
degree of repulsion between charged sites on the polyelectrolyte
backbone. Consequently, high-viscosity solutions (C > Ce) were
necessary to form a stable jet.

Figure 11 shows the influence of NaCl on the electrospun
fiber diameter dependence on the normalized concentration. The
solid black line represents the electrospinning behavior of neutral
polymer solutions, as defined in eq 2. As mentioned previously,
PDMAEMA‚HCl formed thinner fibers at an equivalentC/Ce

than predicted due to the large solution conductivity of
polyelectrolytes and high degree of charge repulsion in the
electrospinning jet (Figure 8). For a given value ofC/Ce, the
average fiber diameter increased with NaCl addition. Moreover,
as the salt concentration was raised from 0 to 20 wt %, the
fiber diameter dependence onC/Ce shifted to the neutral polymer
relationship (eq 2). The electrostatic repulsive interactions
between charged groups were progressively screened as the
NaCl was increased, which decreased the stretching in the
electrospinning jet and increased the fiber diameter. Figure 11
indicates that the electrospun fiber diameter was insensitive to
salt concentrations that were greater than 20 wt %, which
indicated that the majority of polyelectrolyte electrostatic
interactions were screened at high salt concentrations. These
results are in qualitative agreement with results from Kim et
al., who observed an increase in poly(acrylic acid) fiber diameter
in the presence of NaCl.50

The conductivity of the PDMAEMA‚HCl (0.1 wt % APS)
solutions increased slightly with NaCl concentration due to an
increased ion content (Figure 12). Bordi et al. also showed an
increase in electrical conductivity with added NaCl for a series
of aqueous poly(acrylic acid) solutions.51 Higher solution
conductivity generally results in thinner electrospun fibers.
However, the PDMAEMA‚HCl average fiber diameter actually
increased with NaCl concentration due to the competing effect
of electrostatic screening. Electrostatic screening reduced the
charge repulsion in the electrospinning jet and ultimately
decreased the degree of stretching. Li and Hsieh recently
observed similar behavior when electrospinning poly(acrylic
acid) solutions with added salt.42 It should be noted that even
at very high NaCl levels of 50 wt %, the neutral polymer
behavior was not completely recovered (Figure 11). The
electrical conductivity was still 3-4 orders of magnitude larger
for the PDMAEMA‚HCl polyelectrolytes compared to the

neutral polymer solutions, and thinner fibers were produced at
an equivalentC/Ce.

Conclusions

The electrospinning behavior and influence of NaCl addition
were studied for a series of PDMAEMA‚HCl 80/20 w/w H2O/
MeOH solutions. The aqueous PDMAEMA‚HCl solutions
displayed classic polyelectrolyte behavior withηsp ∼ C0.6 in
the semidilute unentangled regime andηsp ∼ C1.5 in the
semidilute entangled regime. As expected,Ce systematically
increased with NaCl concentration as the extended, rodlike
chains adopted a random, coillike conformation. Furthermore,
the scaling behavior in the semidilute entangled regime shifted
from polyelectrolyte (ηsp ∼ C0.5) to neutral polymer behavior
(ηsp ∼ C3.75) in the high salt limit. While neutral polymer
solutions produce beaded electrospun fibers atCe, salt-free
PDMAEMA‚HCl solutions did not form fibers at concentrations
less than 8Ce. The minimum concentration for fiber formation
decreased to 1.5Ce as the concentration of NaCl was increased
to 50 wt %. This decrease was attributed to screening of the
repulsive, electrostatic interactions that stabilize the electro-
spinning jet. Moreover, because of the large electrical conduc-
tivity of the polyelectrolyte solutions, the average diameters of
the polyelectrolyte fibers significantly smaller compared to
neutral polymer solutions of equalη0 and normalized concentra-
tion (C/Ce). These ultrafine electrospun PDMAEMA‚HCl fibers
may prove useful in protective clothing applications for chemical
and biological agents as quaternary ammonium compounds are
known antimicrobial agents.
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