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Abstract Electrospinning performance of 5-52 wt% per-
fluorosulfonic acid (PFSA), poly (N-vinylpyrrolidone)
(PVP), and PFSA/PVP blends in N,N-dimethylformamide
(DMF) with various PESA/PVP ratios were systematically
investigated in respective of solutions properties, mainly
surface tension and rheological properties. Mechanical
relaxation time 1y calculated from rheological results hap-
pens to be closely correlated with nanofiber morphology,
and is used to evaluate the electrospinnability. Polymer
solutions with higher t\; show better electrospinnability.
Morphologies of the electrospun samples were observed by
Scanning electronic microscopy. The results show that the
pure PESA solutions, even with a quite high concentration
up to 52 wt%, fail to be electrospun and possess a very low
Tp. Addition of PVP improves electrospinnability of PFSA
and increases Ty;. The electrospinnability of PFSA/PVP/
DMF solutions can be manipulated by changing the ratio of
PFSA to PVP and the total polymer concentration of the
mixed solutions. The PFSA nanofiber mats with a small
fraction of PVP (<8 wt%) with the average diameter of
370 nm were successfully obtained.
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Introduction

Electrospinning has been widely used to construct a variety
of non-woven membranes with interconnected nanofiber
structure and a much higher surface area per volume [1-4].
The special properties arising from their physical structure,
functional chemical composition, and kinetic processing
approach allow the electrospun nanofiber membranes to
achieve a broad range of applications such as scaffolds for
tissue engineering [5, 6], drug delivery devices [7], fields of
filtration and separation [8, 9], multifunctional membranes
[10, 11], nanocomposites [12], and sensors [13].
Perfluorosulfonic acid which consists of a perfluorinated
backbone and perfluorovinyl ether pendant chains termi-
nated by sulfonic head groups (Scheme 1), possess many
interesting properties with respect to super selectivity
and facile cation transport, high mechanical strength,
good thermal stability, and chemical-biological inertness.
Therefore, PFSA has found various applications in fuel
cells [14], chlor-alkali production [15], metal ion recovery
[16], gas drying or humidification [17, 18], batteries [19],
sensors [20], drug release [21], and polymeric catalysts [22,
23]. Recently, fabricating PFSA membrane with intercon-
nected nanostructure has attracted worldwide interests.
Optimization of its efficacy for the demands of numerous
practical applications is quite promising, such as sensors,
metal ion recovery, and catalyst layers of proton exchange
membrane fuel cells [24-26]. However, successful elec-
trospun pure PFSA nanofiber has not been reported.
Despite the simplicity of the electrospinning setup, the
actual mechanism of nanofiber formation is rather com-
plex. The electrospinning process is affected by various
solution properties such as polymer conformations in
solution, rheological properties, electrical conductivity, and
surface tension [27, 28]. In addition, operating conditions
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Scheme 1 Structure of PFSA

such as the applied voltage, the tip-to-collector distance,
and the feed rate of the polymer solution also influence the
electrospinning process. Electrospinning of polyelectro-
lytes has been considered to be a challenging work due to
the existence of static electric interactions [26]. In many
cases, researchers have to use mixed solvents, additive
polymers or by additional treatment to make solutions
compatible to the electrospinning process [29-31]. Hence,
it is important to investigate related changes in solutions
properties of PFSA varying in compositions or treatment to
find the optimized conditions for electrospinning. There
have been several studies on relatively dilute solutions of
PFSA [32, 33]. However, little is known about the solution
properties of PFSA, especially rheological properties,
which is closely related to electrospinnability. Electros-
pinning of Nafion (1100EW) in DMF over a concentration
range of 25-35 wt% have been evaluated in Chen’s study
[26] and their electrospinning experiments have not refer-
red to the Nafion solutions in DMF at an even higher
concentration.

In this study, the PFSA from Shandong Dongyue
Shenzhou New Material Co. Ltd, China (932 EW, corre-
sponding ion exchange capacity is 1.18 mmol/g) in DMF
were electrospun. Effects of poly (N-vinylpyrrolidone)
(PVP) (M = 1300,000) on the solution properties and
fiber performance of PFSA solutions were systematically
characterized by rheological behavior, surface tension, and
SEM. The electrospinning diagram of a PESA/PVP/DMF
ternary system was established for preparing PFSA/PVP
nanofiber membranes with porous and interconnected
structure, which could find potential applications in sen-
sors, metal ion removal, drug release, proton exchange
membranes, and catalytic layer of fuel cells.

Experiments
Materials and sample preparations

Poly (N-vinylpyrrolidone) (Mw = 1300,000) was pur-
chased from Alfa and utilized without any further treat-
ments. N,N-dimethylformamide (DMF, 99%) was obtained
from Sinopharm Chemical Reagent Co., Ltd. (China) and
used as received. PFSA ionomer (EW 923, corresponding
ion exchange capacity is 1.18 mmol/g) was provided as

@ Springer

pellets by Dongyue Shenzhou New Materials Company
Ltd., China. The PFSA pellets were cleaned in a 5 wt%
hydrogen peroxide solution at 60 °C for 30 min, and fur-
ther in a 1 M sulfuric acid solution at 80 °C for 30 min,
then boiled in deionized water for several times. The
cleaned PFSA pellets were dissolved in an ethanol/water
(50/50) mixture, using an autoclave at 230 °C for 4 h. This
solution was filtered with Millipore membrane and trans-
ferred into Petri dish, then dried at 40 °C. The resulting
PFSA film was taken off by a scalpel and triturated into
powders in a mortar. PFSA powder was dried in a vacuum
oven at 80 °C for 3 h before use. The PFSA and PVP
solutions were prepared by dissolving PFSA and PVP
powder in DMF solvent, then agitated vigorously for 24 h.
Five PFSA/PVP/DMF solutions were prepared by mixing
52 wt% PFSA/DMF solution with 12 wt% PVP/DMF
solution with different ratios. The compositions of the
PFSA/PVP/DMF solutions are shown in Table 1. Sx ywie
represents polymer type X (PFSA or PVP) with concen-
tration of ¥ wt%. The symbol of SxFyVz in Table 1 and the
following context represents the PESA/PVP blend solution
with the total concentration of x wt%, in which PFSA and
PVP ratio in the blend polymers are y and z wt%,
respectively.

Electrospinning

The electrospinning apparatus is composed of a BGG-type
high voltage DC generator (Beijing Machinery and Elec-
tricity Institute Co., Ltd.), a KDS-220 Multi-Syringe
Infusion Pump (KD Scientific Inc), a blunt-spray-nozzle
connected to the syringe with a Teflon feed line, a groun-
ded collector and other fittings. The grounded collector can
be either a flat plate or a stainless steel drum.

Electrospinning of pure PFSA and pure PVP solutions
were executed before the electrospinning of PFSA/PVP
blend solutions. The uniform fibers can be successfully
obtained from the 12 wt% PVP solution and the best
spinning conditions were identified as a voltage of
8-10 kv, a tip-collector distance of 15 cm, and a relative
humidity of 30-40% and 0.1-0.3 mL h™' flow rate with a
0.7 mm nozzle. All electrospinning experiments of PESA/
PVP blend solutions were conducted under such
conditions.

Surface tension measurements

Surface tensions were measured using the Wilhelmy
method with a 4-cm periphery platinum plate on the
automatic BZY-1 Model surface tension apparatus
(Hengping Apparatus Co. Ltd., Shanghai, China) at room
temperature.
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Table 1 Compositions of five PFSA/PVP/DMF solutions

Solution Sprsasawt/  Total polymer Mass ratio
symbols Spvp 12wt% concentration (PFSA,  of PFSA/
w/w PVP)/wt% PVP
S52F100V0 100/0 52(52,0) 100/0
S50F98.8V1.2  95/5 50(49.4,0.6) 98.8/1.2
S48F97.5V2.5  90/10 48(46.8,1.2) 97.5/2.5
S32F81.3V18.7 50/50 32(26,6) 81.3/18.7
S20F53.0V47.0 20/80 20(10.6, 9.4) 53.0/47.0
S16F32.5V67.5 10/90 16(5.2, 10.8) 32.5/67.5
S12FOV100 0/100 12(0,12) 0/100

The symbol of SxFyVz represents the PESA/PVP blend solution with
the total concentration of x wt%, in which PFSA and PVP in the blend
polymers are y and z wt%, respectively

Scanning electronic microscopy

Morphology observation was carried out on a JSM-7401F
(JEOL Ltd, Japan) SEM at low vacuum. Samples were
spun onto aluminum foils and sputter-coated with a thin
layer of gold using an Emitech K550 sputter coater with a
current of 20 mA for 40 s before the SEM experiment.

Rheological measurement

Oscillatory and steady shear rheological measurements
were performed using AR-G2 rheometer (TA instruments,
USA) with a 60 mm diameter, 2° cone and plate geometry
and a solvent trap. The steady measurements of pure PVP
and PFSA/PVP mixed solutions were conducted from 0.1
to 1000 s~ at 25 °C. Frequency sweeps were conducted
from 100 to 0.1 rad s~ ' under a controlled stress of 1.0 Pa
within the linear region at 25 °C. The specific viscosity
(nsp) was calculated as follows: ns, = (o — 1s)/15, Where
75 s the solvent viscosity and 7 is the zero-shear viscosity.
Viscosity of DMF is calculated as 0.802 mPa s at 25 °C
[34]. The polymer solutions were placed in a water bath at
40 °C overnight to remove entrained air before rheological
measurements.

Results and discussions

Electrospinnability of PVP solutions increased with the
increase of polymer concentration (Fig. 1la—c). However,
electrospinning of pure PFSA solutions in DMF at a broad
concentration range of 5-52 wt% produced only droplets
on the aluminum foil collector in spite of the increasing of
concentration (Fig. 1d—f). As we know, the electrospinning
process is complicated and whether or not the ejected

stream can form nanofibers is mainly determined by the
solution properties, especially the surface tension and the
state of chain entanglements.

Surface tensions

It has been proposed that a lower surface tension will
facilitate the fiber formation of the polymer solution. The
poor electrospinnability of polyelectrolyte has been
attributed to the high surface tension of the solution, which
is usually close to that of the solvent [35, 36]. In our study,
we use a high polar solvent, DMF, which possesses a lower
surface tension than that of water.

Figure 1 shows surface tensions of PFSA/DMF and
PVP/DMF solutions with concentrations of 5-52 wt% at
room temperature. The surface tensions of PFSA/DMF
solutions are lower than those of pure DMF and 12 wt%
PVP/DMF solution. Though PFSA/DMEF solutions failed to
be electrospun, their surface tension values are located at
22-32 mN/m, which are normally suitable for electros-
pinning fine nanofiber. Therefore, surface tension could not
be a barrier factor for pure PFSA solutions to form elec-
trospun fibers.

Rheological results

Chain entanglements of polymer solutions are closely
correlated with molecular weight, molecular structure, and
conformations in the solvent. For a given polymer solution,
one way to increase the chain entanglement density in it is
to increase the polymer concentration, thus increasing its
apparent viscosity. From the plot of specific viscosity (#sp,)
versus concentration, the entanglement concentration (Ce)
can be calculated at the transition between unentangled and
entangled regions. In general, for electrospinning, beaded
fibers begin to form at entanglement concentration C, and
bead-free fibers start to form at 2-2.5C, [37], which is
defined as “C.-regulation” hereinafter for simplicity. As
shown in Fig. 2, C. of PVP/DMF solution is calculated at
about 5.5 wt%, where the scaling relationship shifts from
nsp—C”B to nsp—C‘”B. The PVP/DMF solution begins to
form beaded fibers at ~5.0 wt%, and bead-free fibers at
~12 wt% (~2.18C,), following the “C,.-regulation” well.

Zero-shear viscosity 7y of pure PFSA solutions are as
low as 0.01 Pa s at 30 wt% (Figures not given). The pure
PFSA solution with concentration of 52 wt% has a relative
high 7o of 1.0 Pa s. In addition, the scaling relationship of
#sp With concentration C shifts from nsp—C1'54 to nsp—C5'64
as shown in Fig. 2. The corresponding C. of PFSA/DMF is
about 27.6 wt%, at which PFSA/DMF solution does not
form beaded nanofibers. The PFSA/DMF solution at
52 wt% (~2C.) does not form uniform fiber, either. It
suggests that beaded fibers begin to form at concentration
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Fig. 1 Surface tensions of 50

PFSA/DMF and PVP/DMF
solutions with various
concentrations at room
temperature, and SEM images
of electrospun PFSA/DMF and
PVP/DMF solutions at
corresponding concentrations of
a5 wt% PVP, b 10 wt% PVP,
¢ 12 wt% PVP, d 30 wt%
PFSA, e 40 wt% PFSA, and

f 52 wt% PFSA

-1

Surface tension/ mN m

* DMF
—m— PVP/DMF
—A— PFSA/DMF

higher than 2C.. Uniform fiber formation of pure PFSA/
DMF solution might require an even higher concentration
than 52 wt%, which disagrees with the “C,-regulation”.
However, it is impossible to prepare a PESA solution with a
much higher concentration than 52 wt% due to its poor
solubility. Similar observations have been found in other
polyelectrolyte electrospinning systems. Poly[2-(dimethyla-
mino)ethyl methacrylate hydrochloride] in 80/20 (wt/wt)
water/methanol could not be electrospun below 8C, [38] and
sulfonated polystyrene fibers were electrospun at concen-
tration up to 3.5C, [39].

10*
= PFSA
A PVP
10° 4
2 10° -
N
10'
7~ c' 27 6Wt%
10°

10° 10' 10°
Concentration / wt%

Fig. 2 Concentration dependence of specific viscosity 1, for PESA/
DMF and PVP/DMF solutions at room temperature
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Figure 3 shows the dynamic frequency sweeps of both
PFSA/DMF and PVP/DMF solutions at 25 °C. At low
frequency region, storage modulus G’ and loss modulus G”
of PVP/DMF solutions is proportional to @” and o,
respectively, which is a typical behavior in linear visco-
elastic region as formulated by G’ = Jenjw?® and G” = nyo
(J., the steady-state compliance) [40]. The values of G’ and
G” increase with the increase of polymer concentrations for
both PFSA/DMF and PVP/DMF solutions. Based on
Takahashi’s theory, mechanical relaxation time ty; of
polymer chains in solution could be calculated as Ty =
Jeng [41]. y of PESA/DMF and PVP/DMF solutions are
presented in Fig. 4. 1y values of PFSA solutions are much
lower than those of PVP solutions. It is proposed that Ty
could be a more sensitive indicator of chain entanglement
for PFSA solution than zero-shear viscosity. Due to the
insolubility of fluorocarbon backbone of PFSA in common
polar solvent, PESA chains may collapse into increasingly
compact coils, further into aggregations with ionic side
chains around their surfaces as concentration increases
[42—45]. Polymer—polymer contacts in the PFSA/DMF
solutions take place at the surface of the aggregation
through the associating interactions between sulfonated
acid ion groups and solvent, leading to relatively little
inter-penetration and segment mixing between PFSA
chains and thus lower Ty values. Quite low G’ or high loss
factor tan ¢ (Figures not given) at low frequency regions
suggests the poor elasticity of PFSA/DMF solutions,
making PFSA/DMF difficult to be electrospun. Time-con-
centration superpositions (TCS) of G’ and G” of both
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PVP/DMF and PFSA/DMF solutions were tried to get
master curves for reference concentrations of 10 wt% for
PVP/DMEF solutions and 40 wt% for PEFSA/DMF solutions,
respectively, as shown in Fig. 5. Frequency shift factor ac
can be determined according to Eqs. 1 and 2:

G (0, Cret) = G (wac, C)
G"(w, Cref) = G"(wac, C)

(1)
(2)

TCS works well for PVP/DMF solutions with concentra-
tions higher than 10 wt%, but fails at 4.9 wt%, which
agrees well with the results in Fig. 2. The shift factor ac are
calculated to be 0.1, 2.5, and 20 for PVP/DMF solutions
with concentrations of 4.9, 12, and 18 wt%, respectively.
G’ is proportional to o at high frequencies, suggesting that
the simple Rouse or Zimm models for flexible molecules is
not suitable for PVP in DMF. PVP probably behaves as
semi-flexible and elongated in DMF, which would facili-
tate electrospinning. As G’ for PESA/DMF systems, TCS
fails at all three concentrations higher than C,, which may
be caused by the existence of static electronic interactions.

Fig. 4 Composition
dependence of mechanical
relaxation time )y of PVP/
DMF, PESA/DMF, and PFSA/
PVP/DMF solutions at 25 °C.
The black solid line presents the
theoretical 7 calculated from
Eq. 3. The dot line refers to
PFSA/PVP ratios of

(a) S52F100V0,

(b) SS50F99V 1.0,

(c) S48F97.5V2.5,

(d) S32F81.3V18.7,

(e) S20F53.0V47.0, and

(f) SI6F32.5V67.5

s

: uniform fibers

droplets

Beaded fibers |

107

An effective way to enhance electrospinnability of
PFSA/DMF solution is through addition of a high molec-
ular weight polymer that can form a stable solution with
PFSA and serve as a carrier. PVP, an amphiphilic polymer
with a high molecular weight, is usually used as associative
polymer for electrospinning. Moreover, it has been used to
improve the methanol crossover property of the ion-
exchange membrane, where some weak acid-base inter-
action can be formed between PFSA and PVP [46, 47].

Figure 6 shows the apparent viscosity # versus shear
rate 7 of the PFSA/PVP/DMF solutions at 25 °C. All
solutions show first Newtonian regions followed by shear
thinning regions at high shear rates. The appearance of
shear thinning suggests that chain entanglements exist in
PFSA/PVP/DMF solutions. Addition of PVP would shorten
the first Newtonian region to low shear rates.

Figure 7 shows dynamic frequency sweeps of the PESA/
PVP/DMF solutions at 25 °C. All curves show similar
shapes to that of pure PVP solutions with G’~»? and G"—
at low frequency region. 1y of the five PFSA/PVP/DMF

— 100

PFSA ratio in the PFSA+PVP | %

'H-\._.," d
: {20
—0—The mixed PFSA/PVP solution 4
—A— The pure PVP solution
B The pure PFSA solution
—— rcalculated from logarithmic mixing rule ]
> .
T ——
4 8 12 16 20 24 28 32 36 40 44 48 52

Total concentration in the mixed solutions /wt%
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solutions are presented in Fig. 4. The morphologies of the
electrospun samples from these mixed solution changes
from droplets, beaded fibers to uniform fibers, as shown in
Fig. 8. Addition of PVP effectively enhances the electro-
spinnability of PFSA solutions. All observations suggest
that there are specific relaxation time windows for the
PFSA/PVP/DMF solutions to successfully form electros-
pinning fibers.

The theoretical values (t) of the PFSA/PVP blend
solutions calculated by the logarithmic mixing rule from
their starting pure solutions as Eq. 3 [48, 49] are also
presented in Fig. 4.

c-w
log ©(ScFyVioo—w) = 5200 % log 7(Sprsa sowi%)
¢(100 — w)

00 < log ©(Spvp,i12w) (3)

It is found that 74 values of the PFSA/PVP/DMF solutions
varying in compositions are approximately in accord with t
values calculated by the logarithmic mixing rule from their
starting pure solutions. The 1)y values are higher than t at

0.8
TR A ATV AT e VoV VoY v v vy S
5 " - \’A\A‘.’I“?\" :
0.7 V=< —O'W'-O—\,—-\-—/V._K\‘__(M ¥ \m\\
065
T - S R G e
& 05]
—
=
0.4 { | —— s12rFovi00
—o— S16F32.5V67.5
S20F53v47
0.3 ] | ——S31F81Vv19
—i— S48F97 5V2.5
—— S50F99V1.0
0.2 . . .
10" 10° 10' 10° 10°
coA
yls

Fig. 6 Apparent viscosity n versus shear rate j for PFSA/PVP
solutions at 25 °C
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the ratios of PFSA/PVP below 50/50. When it increases
above 50/50, the experimental 7y, shows a slightly negative
deviation with respect to 7. These are characteristic of the
formation and strengthening of the polymer network by
addition of PVP. With addition of PVP, the amide groups
in PVP may interact with the —SO;~ groups of PFSA
chains to destroy associating between ion groups, thus
change the conformations of PFSA chains in DMF [50, 51].
Therefore, in the PESA/PVP/DMEF solutions, the PVP-PVP
entanglements are diminished by the dilution effect of
PFSA solution. On the other hand, new entanglements
between PFSA and long coiled PVP chains are formed.
Such newly formed entanglements will suppress the elec-
trostatic repulsion interactions between ion groups and
hence improve the electrospinnabilities of concentrated
PFSA solutions.

At low PFSA/PVP ratios, PFSA molecules distribute
among PVP chains and the R—SO;~ groups interact with
PVP. The new-formed PFSA-PVP entanglements make up

10° 5
10" 4
10° 4
[} /,.3,-./‘-‘.-
€ 0] 00
o
- 2
&y 1071 .33
0; G !
10° 4 :il . S16F32.5V67.5
‘;ia- . S20F53V47
. $3it <« 4 S32F81.3V18.7
10°{ o34 A A S4BF97.5V2.5
Al = o S50F99V1.0
10° -
10" 10° 10' 10°
-1
wlrads

Fig. 7 Dynamic frequency sweeps of the PESA/PVP/DMF at 25 °C.
The numbers after the letters S, F, and V present the mass percentages
of the total concentrations for the blend solutions, PFSA, and PVP in
the blend polymers, respectively
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Fig. 8 SEM images of
electrospun fibers of the PFSA/
PVP blend solutions of

a S52F100V0, b S50F99V 1.0,
¢ S48F97.5V2.5,

d S32F81.3V18.7,

e S20F53.0V47.0, and

f S16F32.5V67.5

Fig. 9 Electrospun samples 100
from PESA/PVP/DMF solutions
with different compositions.

I droplets region, /I beaded
fibers region, /II fine fibers
region. The lines AC, BD, EF
refer to the blend solutions
prepared directly by mixing the
two endpoint solutions of the
line using principles of balance.
(a) S15F65V35,

(b) S1I5F50V50,

(c) SISF40V60,

(d) S32.8F92V8,

(e) S35.8F92V8, (f) S41F92VS,
and (g) S43F92V8

80 4

60 4

40

20 -

PFSA to PFSA/PVP blend | wt%

* fine fibers - < 0.

= Dbeaded fibers ﬁ \
droplets onl 1 /

. roplets only 1.0‘ o / S

T T T T ) e &

00A®Bg2 04 06 08 10
PVP

A EB
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Total concentration / wt%

for or even exceed the lost of PVP-PVP entanglements.  increasing the weight percentage of PVP or increasing the
This would contribute a positive deviation from the theo-  total polymer concentration with a fixed PFSA/PVP ratio
retical curve with an improved electrospinnability. For a  will improve the electrospinnability of the PFSA/PVP/
fixed total concentration of the mixed polymer solutions, = DMEF solution.
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Fig. 10 SEM images and size
distribution of electrospun fibers
from PESA/PVP blend solutions
of a S15F65V35, b SISF50V50,
¢ S15F40V60, d S32.8F92V8,
e S35.8F92V8, f S41F92V8,
and g S43F92V8

Electrospinning of PFSA/PVP blends

Electrospinning experiments were executed on the blend
solutions with various total polymer concentrations and
PFSA/PVP ratios. The feature of the nanofiber mats
obtained from the PFSA/PVP/DMF ternary solutions with
different compositions is presented in Fig. 9, and the
typical SEM images of the electrospun fibers are shown in
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Fig. 10. For a fixed polymer concentration of
15 wt%(Fig. 9a—c), the morphologies of the electrospun
samples changed from droplets, beaded fibers to continu-
ous fibers with increasing PVP fraction in the total polymer
from 35, 50 to 60 wt%, and the average diameters of the
fibers increased from 62.7, 156.3 to 262.5 nm (Fig. 10a—c).
For a fixed PFSA/PVP ratio of 92/8 (Fig. 9d-g), the mor-
phologies of the electrospun samples were also improved
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from droplets, beaded fibers to continuous fibers by
increasing the total concentration from 32.8, 35.8, 41 to
43 wt%, with corresponding average diameters of the
fibers increased from 150.85, 193.5, 276.9 to 370.7 nm
(Fig. 10d-g). The diameters of the PFSA/PVP electrospun
fibers are much smaller than that of the Nafion/PVP elec-
trospun fibers (10 pm) from their blend solution in alcohol
[52]. This may be ascribed to the higher boiling point of
DMF than that of alcohol, thus giving the polymer chains
longer time to be stretched before solidification.

It is interesting to find that the two adjacent regions of
beaded fibers and fine fibers can be roughly divided by the
thick solid line BD (Fig. 9), The solutions at this line can
be readily prepared by mixing of Spgsa sowte With the pure
Spvp.12wte solution using principles of balance and lever-
age. These mixed solutions can be electrospun into fine
nanofibers. Moreover, the mixed solutions at line EF can
readily form fine fibers, while the two endpoint solutions of
Spvp.iiww and Sprsasewi can not. This observation
indicates that PVP seems to change the three-dimensional
arrangement of PFSA chains in solution and further to
improve the fiber formation capability, which agrees well
with the rheological results.

Conclusions

The PFSA/PVP composite nanofibers with different com-
position ratios were prepared by electrospinning use DMF
as solvent. The pure PVP/DMF forms bead-free fibers at
~12 wt% (about 2.18 C,), following the “C.-regulation”
well, while the pure PFSA/DMF solutions with suitable
surface tension fail to be electrospun even at high con-
centrations. Addition of PVP to PESA/DMF solutions
could effectively improve their electrospinnabilities. Bead-
free fibers are successfully electrospun with suitable PFSA/
PVP ratio. The mechanical relaxation time 7y is a sensitive
indicator for electrospinnabilities of PFSA/PVP/DMF
solutions. And the 71y values of the PFSA/PVP/DMF
solutions are approximately in accord with those calculated
by the logarithmic mixing rule from their starting pure
solutions.
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