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H I G H L I G H T S

• The conductivity of PIM-1 solutions was significantly increased by salt addition.

• Higher salt content drastically improved the electrospinnability of PIM-1 solutions.

• Very thin PIM-1 fibers with 160 nm in diameter could be produced by salt addition.

• Increasing relative humidity did not influence the electrospinnability of PIM-1.

• Less fibers were formed at very high humidity conditions (~80%) in a given time.
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A B S T R A C T

Polymers of Intrinsic Microporosity (PIMs) are ultra-permeable macromolecules, which can be cast as a dense
membrane and exploited in a wide spectrum of applications, particularly for gas separation owing to their
extremely large inner surface area, free volume and high gas permeability. While they are mostly intended to
serve as membranes for gas separation, in recent years, they have been also employed in water treatment ap-
plications owing to their solution processability, which enables the production of fibrous membranes by elec-
trospinning. The fibrous form provides an increase in sorption performance, water permeability and flux for their
application in water treatment. However, owing to the low conductivity of PIM-1 solutions in 1,1,2,2-tetra-
chloroethane (TeCA) that is the ideal solvent for the electrospinning of PIM-1 solutions, a higher polymer
concentration is required to produce bead-free fibers. Furthermore, the electrospinning of highly concentrated
PIM-1 solutions leads to the formation of microfibers. To tackle these problems, we herein incorporated an
ammonium salt (i.e., tetraethylammonium bromide, TEAB) to increase the conductivity of PIM-1 solutions and
study the impact of solution conductivity on the electrospinning of PIM-1 solutions. In parallel to the con-
ductivity study, the influence of relative humidity on the electrospinning and morphology of PIM-1 fibers was
explored. The addition of TEAB significantly increased the solution conductivity and drastically enhanced the
electrospinnability of PIM-1. The electrospinning of PIM-1 solutions (10% (w/v)) in the presence 7.5 wt% TEAB
(with respect to PIM-1) led to bead-free fibers, while at the same concentration, electrosprayed beads and droplet
splashing were observed in the absence of TEAB. On the other hand, increasing humidity did not influence the
electrospinnability of PIM-1 and the fiber texture, however, less fibers were formed in a given time at very high
humidity conditions (~80%). Overall, the experimental findings revealed that the addition of the salt drastically
enhanced the electrospinnability of PIM-1 solutions owing to the enhanced conductivity and could lead to the
formation of very thin PIM-1 fibers with 160 nm in diameter while no significant effect of relative humidity on
the electrospinnability of PIM-1 solutions was observed.
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1. Introduction

There is an increasing demand in highly porous and ultra-permeable
materials with enhanced sorption performance for rapid removal of
pollutants by hydrophobic molecular microcavities available in the
matrix [1–5]. Particularly, the use of polymers with very large surface
areas allows rapid diffusion of pollutants through an inter-connected
porous matrix for quick and efficient scavenging of water and air
contaminants. In this regard, Polymers of Intrinsic Microporosity
(PIMs) as a class of porous organic polymers can meet these expecta-
tions by virtue of their highly porous structure with very large surface
areas (> 500m2 g−1) [6–10]. PIMs are composed of fused rings linked
by the sites of contortion to render the resultant structure as rigid and
highly non-linear as a result of inefficient packing of macromolecular
chains [10,11]. The materials formed by PIMs can thus offer high sol-
vent permeability and enhanced flux values [12]. Among various PIM
derivatives, PIM-1 with a surface area of 740–850m2 g−1 has been the
subject of many studies with further advantages of facile synthesis and
well-documented properties in various forms, including electrospun
fibers [13,14].

The electrospinning of PIM-1 fibers has been reported by different
research groups for their use in water treatment for the scavenging of
dyes [15,16], energy storage [17], volatile organic compounds [13] and
nitrophenol reduction [18]. PIM-1 could successfully be electrospun
from its solution in 1,1,2,2-tetrachloroethane (TeCA), which led to the
bead-free microfibers of PIM-1 [15,17–19]. On the other hand, the
solutions of PIM-1 in TeCA have very low conductivity, and therefore,
the electrospinning of PIM-1 solutions requires a relatively high con-
centration to eject a single continuous fiber [13]. Since electrospinning
is a fiber formation process that relies on the formation of a jet once the
repulsion forces dominate the surface tension of the solution, many
process and solution parameters become prominent factors on the fiber
formation. The electrospinnability of a polymer solution is highly de-
pendent on the solution properties, particularly viscosity [20], mole-
cular weight [21], surface tension [22] and conductivity [23]. These
factors are highly important in determining the properties of the re-
sultant fibers in terms of morphology, size, and texture. Generally, the
solution viscosity increases with a higher polymer concentration to
generate a uniform fiber structure. However, this increase in viscosity
leads to the formation of thicker fibers which is not desired in most
applications. Electrospinnability can be improved by the incorporation
of additives to enable bead-free fiber formation at lower polymer con-
centrations. In one example, Chen et al. improved the electrospinn-
ability of the low concentrated poly(methyl methacrylate) solutions
with the incorporation of hyperbranched poly(ester amine) (PEA) [24].
While bead formation observed in the absence of the additive, the in-
corporation of 1 wt% PEA led to bead-free fiber structure as a result of
increased solution conductivity. On the other hand, no significant
change in the viscosity and surface tension was observed in the re-
spective solutions. Wang et al. showed the improved electrospinnability
of low molecular weight poly(4-vinylpyridine) polymers by supramo-
lecular interactions with 4,4′-biphenol or 4-hydroxy-4′-biphenyl car-
boxylic acid/ZnCl2 to create hydrogen bonds and coordination inter-
actions in the matrix [25]. Likewise, the use of salt (i.e., NaCl) as an
additive has shown a drastic improvement in the electrospinnability of
poly(ethylene oxide) [26]. The influence of salt addition and solution
conductivity on the electrospinning was also explored for various
polymers, including polystyrene [23], poly(L-lactic acid) [27,28], poly
(ethylene oxide) [29], polyamide-6 [30], poly(ϵ-caprolactone) [31] and
poly(acrylic acid) [32], and the authors observed drastic differences in
the properties of the resultant fibers. In most cases, increasing con-
ductivity produced thinner fibers due to the enhanced elongation level
of a jet by an electrical force: higher conductivity may give rise to
higher elongation of a jet along its axis with the formation of thinner
fibers [23,27,29]. On the other hand, some studies reported the for-
mation of thicker fibers with the addition of salts due to a large increase

in the mass flow [30,31]. This increase can be attributed to the presence
of noncovalent interactions between additives and polymers.

Another important parameter in the electrospinning process is the
humidity, which has shown a significant impact on the texture of the
resultant fibers when a volatile solvent (i.e., tetrahydrofuran (THF) or
chloroform (CHCl3)) was used for the dissolution of the polymer. It was
reported that the electrospinning of polystyrene (PS), polycarbonate
(PC), and poly(methyl methacrylate) (PMMA) from CHCl3 and THF led
to the fibers with a porous texture as a result of rapid evaporation of
solvent molecules [33]. In the electrospinning of such polymers, in-
creasing relative humidity induced larger pores on the fiber surface. A
similar finding was reported by the electrospinning of PS at increasing
relative humidity, where the authors observed the formation of larger
pores with increasing relative humidity [34]. Since the presence of
pores on the fibers enhances the surface area, it is highly desired to
produce electrospun membranes from such porous fibers. In this regard,
the influence of relative humidity and solution conductivity on the
electrospinning of PIMs becomes highly critical. However, to the best of
our knowledge, both parameters have not been addressed yet for the
electrospinning of PIM-1 fibers.

In this study, the influence of solution conductivity and relative
humidity on the electrospinning of PIM-1 was investigated. The influ-
ence of the addition of TEAB on the conductivity and viscosity of PIM-1
solutions in different concentrations was explored and thereafter, the
respective solutions were electrospun into fibers at various formula-
tions. Likewise, the electrospinning of PIM-1 solutions was performed at
different humidity conditions, and the fiber morphology was explored
by scanning electron microscopy. The experimental findings were dis-
cussed with respect to the influence of humidity and conductivity on
the electrospinnability of PIM-1.

2. Experimental

2.1. Materials

Tetrafluoroterephthalonitrile (TFTN, 98%, Alfa Aeser) and 5,5′,6,6′-
tetrahydroxy-3,3,3′,3′-tetramethyl-1,1′-spirobisindane (TTSBI, 97%,
Alfa Aesar) were purified as reported previously [13]. Anhydrous po-
tassium carbonate (K2CO3, 99.0%, Alfa Aeser) was grinded and dried in
an oven at 110 °C overnight prior to its use. Chloroform (CHCl3), di-
methylacetamide (DMAc), toluene, dichloromethane (DCM), methanol
(MeOH), and 1,1,2,2-tetrachloroethane (TeCA) were received from
Sigma Aldrich. Tetraethylammonium bromide (TEAB, 98%) was pur-
chased from Alfa Aesar.

2.2. Synthesis of Polymers of Intrinsic Microporosity (PIM-1)

The synthesis of PIM-1 was performed according to our previous
method [35]. Briefly, TTSBI (34.04 g, 0.1 mol), TFTN (20.01 g,
0.1 mol), anhydrous K2CO3 (41.4 g, 0.3mol), DMAc (200mL) and to-
luene (100mL) were reacted in 1L three-necked round-bottomed flask
equipped with a Dean-Stark trap and mechanical stirrer at 160 °C for
45min under reflux. The resulting highly viscous solid-like polymer
was washed with methanol and afterward dissolved in CHCl3 and re-
precipitated from MeOH. The polymer was refluxed in deionized water
for 4 h and then, dried at 110 °C for 2 days. Yield: 42.8 g (93%). GPC:
Mn= 61000 g mol−1, Mw=93000 g mol−1, Mw/Mn= 1.52. 1H NMR
(400MHz, CDCl3, d, ppm): 6.75 (2 H, s), 6.35 (2 H, s), 2.26–2.09 (4 H,
dd), 1.40–1.10 (broad, 12 H). ATR-IR (cm−1): 2995, 2864, 2239, 1605,
1446, 1264. The composition of PIM-1 according to elemental analysis:
(anal. calculated) C29H20N2O4 (wt%): C: 75.64, H: 4.37, N: 6.08,
(found) C: 72.2, H: 4.3, N: 6.0; according to XPS analysis (% atomic): C:
92.5, N: 3.5, O: 4. The BET surface area of the PIM-1 powder was
measured to be 768 m2/g while the micropore area was found as 372
m2/g. All respective results related to the 1H NMR, FTIR, TGA, GPC,
and BET were shown in Fig. 1 and Figs. S1–2.

F. Topuz, et al. Polymer 178 (2019) 121610

2



2.3. Electrospinning of PIM-1 solutions

PIM-1 powder was dissolved in TeCA under continuous stirring for
at least 2 h. Thereafter, the solutions were transferred into 1mL plastic
disposable syringes with blunt-edged metallic needles (18G Sterican®

MIX blunt, B.Braun). The syringes were placed on a syringe pump (KD
Scientific, KDS 101) and discharged at a certain speed (0.5 mL h−1). A
rotator collector covered by aluminum foil was used for the deposition
of electrospun fibers. During the electrospinning process, process vari-
ables held constant: the flow rate of the polymer solution was 0.5 mL
h−1, the applied voltage was 12 kV and the tip-to-collector distance was
20 cm, and the rotation speed of the collector kept at 2000 rpm.
Afterward, the morphology of the electrospun fibers was explored by
SEM analysis.

2.4. Characterization

The molecular weight of the PIM-1 was measured with an Agilent
gel permeation chromatography (GPC) equipped with a ZORBAX PSM
300-S column. Polystyrene with different molecular weights was used
for the calibration curve, and THF was exploited as a mobile phase. 1H
NMR spectrum of the PIM-1 in CDCl3 was recorded on a Bruker DPX-
400 MHz spectrometer, and the data analysis was performed using
Mnova (ver. 9, MestreLab). The conductivity of PIM-1 solutions pre-
pared at various salt concentrations was measured by a conductivity
meter (Mettler Toledo) at room temperature. The experiments were
performed in triplicate, and the mean data with± SD were presented.
The viscosity of PIM-1 solutions was measured by Anton Paar MCR 301
rheometer using a cone-plate geometry (20mm, 1°) at 25 °C, and the
viscosity value at 100 s−1 was given. Fourier transform infrared (FTIR)

spectrum of the PIM-1 was recorded on a Bruker-VERTEX 70 spectro-
meter. The spectrum was taken at a resolution 4 cm−1 after 64 scans
accumulation. The porosity of the PIM-1 powder and fibers was mea-
sured over N2 sorption isotherms at 77 K by a Quantachrome Autosorb
iQ gas sorption analyzer. The samples were degassed for 24 h at 120 °C
under vacuum. Thermal analysis of the PIM-1 was performed using a
thermogravimetric analyzer (TA Q500, TA Instruments). The XPS
spectrum of the PIM-1 was recorded with a Thermo Fisher Scientific K-
alpha XPS spectrometer, which is equipped with monochromatic Al K-
alpha source. The elemental analysis of the PIM-1 was performed using
a Thermo Scientific Flash 2000 series CHNS–O analyzer. 2,5-bis(5-
tertbutyl-2-benzo-oxazol-2-yl)) thiophene was used as a standard. PIM-
1 (~1mg) was mixed with a catalyst vanadium pentoxide (8mg) for
complete oxidation The morphology of the fibers and electrosprayed
beads was explored using a scanning electron microscopy (Quanta 200
FEG, FEI). Prior to SEM analysis, the specimens were coated 10 nm Au
with a GATAN PECS™ sputter coating system. The mean diameter of
fibers was calculated over 10–100 fibers from the respective SEM
photos using ImageJ analysis software (US National Institutes of Health,
Bethesda, Maryland, USA).

3. Results and discussion

PIM-1 was successfully synthesized from TTSBI and TFTN by con-
densation reactions at 160 °C under reflux (Fig. 1a). After the synthesis,
the polymer was characterized by GPC, 1H NMR, FTIR, TGA and BET
measurements. 1H NMR analysis of the PIM-1 revealed four different
proton peaks, and the ratio of aliphatic (appeared between 0.9 and
2.5 ppm for H1 and H2) and aromatic (appeared between 6 and 7 ppm
for H3 and H4) protons were found to be 4, demonstrating the

Fig. 1. (a) The synthesis scheme and electrospinning of PIM-1 from its solution in TCE. (b) 1H NMR, (c) FTIR and (d) TGA analyses of the PIM-1.
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successful synthesis of PIM-1 (Fig. 1b) [36]. Likewise, the FTIR spectra
of the PIM-1 showed characteristic ether and nitrile stretches at 1265
and 2240 cm−1 while aliphatic and aromatic C–H stretches appeared in
the region of 2800–3010 cm−1 (Fig. 1c). TGA analysis revealed the
intrinsic thermal stability of PIM-1 up to 460 °C (Fig. 1d). The molecular
weight (Mw) of the PIM-1 was measured as 93000 gmol−1, and Mw/Mn

was found to be 1.52 (Fig. S1), while the BET surface area of the PIM-1
was measured to be 768m2 g−1 (Fig. S2). After the electrospinning, no
significant change was observed on the BET surface area of PIM-1 (Fig.
S2), demonstrating that the electrospinning process did not influence
the intrinsic porosity of the polymer and the solvent was eveporated
from the polymer matrix.

The electrospinning of PIM-1 was performed from its solution in
TeCA in the presence and absence of TEAB to elucidate the influence of
TEAB addition on the electrospinnability of PIM-1 solutions. Prior to
the electrospinning process, the respective solutions were characterized
by conductivity and viscosity measurements to understand the effect of
TEAB addition on the properties of PIM-1 solutions. In this regard,
Fig. 2a shows the conductivity of PIM-1 solutions in the presence of the
constant TEAB content (5 wt% according to the PIM-1 content) at
various PIM-1 concentrations (10–30% (w/v)). Regardless of PIM-1
concentration used, the conductivity of PIM-1 solutions in TeCA was
very low (i.e., < 1 μS/cm) (Fig. 2a), suggesting that both PIM-1 and
TeCA have poor conductivity. However, after the addition of 5 wt%
TEAB, the conductivity of the solutions significantly increased. On the
other hand, lower conductivity values were observed at increasing PIM-
1 content in the presence of 5 wt% TEAB, suggesting that the use of a
higher PIM-1 content decreases the solution conductivity. The con-
ductivity of PIM-1 of 10% (w/v) in the presence of 5 wt% TEAB was
measured 28.3 ± 1.11 μS/cm while it decreased to 10.74 ± 0.13 μS/
cm with increasing PIM-1 concentration to 30% (w/v). An increasing
trend was observed in the viscosity of PIM-1 solutions with the in-
corporation of TEAB (Fig. 2b): the viscosity of PIM-1 solutions in-
creased with the TEAB addition for all concentrations of PIM-1 tested.
For instance, the viscosity of 10% (w/v) PIM-1 increased from
0.058 ± 0.001 to 0.12 ± 0.003 Pa s with the addition of 5 wt% TEAB
(with respect to PIM-1). Higher viscosity was observed with the in-
creasing concentration of PIM-1: the viscosity of PIM-1 solution rose
from 0.058 ± 0.001 to 14.99 ± 0.80 Pa s with increasing PIM-1 con-
centration from 10 to 30%. An increase in viscosity with the TEAB
addition can be attributed to the formation of intermolecular interac-
tions between TEAB and PIM-1, which led to a rise in the viscosity of
the respective mixtures (Fig. 2b).

The electrospinning of PIM-1 solutions was achieved at various
concentrations in the presence and absence of 5 wt% TEAB. The SEM
images of the respective fibers were shown in Fig. 3. Regardless of TEAB
presence, at higher PIM-1 concentrations, bead-free electrospun fibers

were observed, where the mean fiber diameter was above 1000 nm,
demonstrating the formation of PIM-1 microfibers. However, de-
creasing PIM-1 concentration reduced the fiber diameter and led to the
beaded-nanofibers at the PIM-1 concentration of 15% (w/v). On the
other hand, the addition of 5 wt% TEAB led to bead-free fiber structure,
and the mean fiber diameter increased from 590 ± 140 to
680 ± 120 nm, suggesting the formation of thicker fibers with the
disappearance of beads on the fibers. The co-existence of splashing and
electrosprayed beads was observed when PIM-1 concentration was 10%
(w/v). This concentration of PIM-1 was not enough to be electrospun
into fibers. However, upon addition of 5 wt% TEAB, quite thin nano-
fibers were observed. In parallel to the bead-free nanofibers, the for-
mation of some beaded nanofibers was also observed. The mean dia-
meter of the nanofibers was calculated to be 240 ± 90 nm. In general,
the addition of TEAB slightly increased the fiber diameter, which could
be attributed to the presence of intermolecular interactions between
TEAB and PIM-1. The incorporation of TEAB increased the conductivity
of PIM-1 solution, which facilitated the electrospinnability of PIM-1.

The electrospinnability of PIM-1 solutions was also explored at the
constant PIM-1 concentration and various TEAB contents. The con-
ductivity values of the respective solutions were shown in Fig. 4a,
where the concentration of PIM-1 held constant at 10% (w/v) while the
TEAB concentration was increased from 1 to 15 wt% with respect to the
PIM-1 content. With increasing TEAB concentration, the conductivity of
PIM-1 solutions significantly enhanced: the PIM-1 solution with 1 wt%
TEAB has conductivity value of 5.09 ± 0.06 μS/cm while the re-
spective value for the PIM-1 solution with 15wt% is
90.03 ± 0.153 μS/cm, demonstrating the drastic effect of TEAB pre-
sence on the conductivity of PIM-1 solutions. On the other hand, the
viscosity of the respective mixtures was also explored. Fig. 4b shows the
viscosity values of the PIM-1 solutions (c=10% (w/v)) in the presence
of various TEAB contents (1–15wt%), where the viscosity showed an
increasing trend with a TEAB content rise up to 5 wt%, and thereafter,
the viscosity decreased to values comparable to the TEAB-free solution.
The increase in viscosity can be attributed to the existence of possible
interactions between the PIM backbone and amphiphilic tetra-
ethylammonium salt, which increased the viscosity of the respective
mixtures: particularly, nitrile groups in the lateral position of the PIM-1
backbone might readily interact with the quaternary nitrogen group in
the TEAB. Whereas, with a further rise in the TEAB content, the visc-
osity of the respective solutions decreases to some extent.

The influence of TEAB content at the constant PIM-1 concentration
(10% (w/v)) was explored over the electrospinnability of the respective
mixtures. Fig. 5 displays the morphology of the electrospun fibers of the
respective solutions. In the absence of TEAB, both electrospraying and
splashing took place at the identical concentration of PIM-1. Whereas
the incorporation of 1 wt% TEAB into the PIM-1 solutions led to

Fig. 2. The effect of salt content on the conductivity (a) and viscosity (b) of the PIM-1 solutions at various concentrations at the constant TEAB content (c=5wt%).
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Fig. 3. Scanning electron micrographs of electrospun fibers and electrosprayed beads obtained at various concentrations of PIM-1 at the constant TEAB content (5 wt
%). The inset photo shows the magnified view of the respective photo. The respective size distributions of the fibers are shown under the SEM image of the fibers.

Fig. 4. The influence of TEAB content on the conductivity (a) and viscosity (b) of the PIM-1 solutions containing various salt concentrations.
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beaded-fibers. This drastic difference can be accredited to the decrease
of the jet diameter with the TEAB presence before reaching to the
collector plate. On the other hand, increasing the TEAB concentration
decreased the number of beads formed on the fibers. In the presence of
7.5 wt% TEAB, very thin PIM-1 fibers with 160 ± 40 nm in diameter
were obtained while the resultant fibers have nearly bead-free fiber
structure. To the best of the authors’ knowledge, this is the lowest
diameter for the electrospun PIM-1 fibers reported to date. In this re-
gard, Ding et al. reported the formation of thinner fibers for poly(vinyl
alcohol) nanofibers with the addition of NaCl and Fe(NO3)3 [37].
However, a contradictory effect of salt was also observed for the dia-
meters of polyvinylpyrrolidone fibers, where the fiber diameter in-
creased with the addition of salts [38]. Likewise, the addition of salt
increased the viscosity of the respective solutions, and hence, the for-
mation of thicker fibers can be attributed to the enhanced viscosity, i.e.,
a higher mass flow during the electrospinning process.

In addition to the effect of conductivity, the influence of relative
humidity on the electrospinning of PIM-1 fibers was investigated. In
this regard, the electrospinning of PIM-1 solutions was conducted at the
concentration of 25 wt% which enables the formation of bead-free fi-
bers without the necessity of any additive/salt and at various humidity
conditions between 25 and 80% while keeping other parameters con-
stant (Fig. 6). For all humidity conditions, bead-free fiber structure was
obtained, and the effect of humidity on the fiber diameters was insig-
nificant. For instance, the mean diameter of the fibers electrospun at
25% humidity was 2280 ± 480 nm while it slightly increased
2390 ± 380 nm with increasing humidity to 80%. On the other hand,
fewer fibers were formed at very high humidity conditions (~80%),
which may be attributed to a considerable loss of charge from the
spinning head. Furthermore, the effect of relative humidity was also
explored on the texture of the respective fibers at higher magnifica-
tions. Fig. S3 shows no significant change on the texture of the fibers
produced at various humidity conditions, suggesting that humidity does
not have any profound influence on the texture and diameters of the
resultant fibers. The mean fiber diameter did not reveal any drastic
difference depending on relative humidity (Fig. S4).

The effect of humidity was also explored at a lower PIM con-
centration (i.e., 15% (w/v)) for better understanding the influence of
relative humidity on the electrospinning of PIM-1 solutions. The elec-
trospinning of PIM-1 at 15% (w/v) led to electrosprayed beads and
beaded-fibers (Fig. S5) while splashing took place at 80% relative hu-
midity, demonstrating that extreme humidity conditions are not good
for the electrospinning of PIM-1. The experimental findings suggest that

there is no drastic influence of relative humidity on the electrospinning
and texture of PIM-1 fibers.

The electrospinnability of PIM-1 solutions from TeCA is highly de-
pendent on the conductivity and suffers from poor conductivity of the
respective mixtures. Hence, a higher threshold concentration of PIM-1
is required to able spun into bead-free fibers. However, this causes the
formation of very thick fibers (> 2000 nm). On the other hand, the
incorporation of TEAB drastically improved the electrospinnability and
could lead to bead-free fibers at the low PIM-1 concentrations. The
influence of TEAB on the solution property of PIM-1 can be elucidated
by both enhanced conductivity and interactions between TEAB and
PIM-1. The previous studies regarding the electrospinning of PIM-1
have reported that the mean diameters of the fibers were only achieved
above 1 μm [13,15,18]. In the present study, we could obtain very thin
PIM-1 nanofibers with a mean diameter as low as 160 nm. To the best of
the authors’ knowledge, this study, for the first time, reports the pro-
duction of the thinnest nanofibers reported for all PIM types in litera-
ture.

4. Conclusion

The effect of conductivity and relative humidity on the electro-
spinning of PIM-1 solutions from TeCA was studied. The experimental
findings showed that the electrospinnability of PIM-1 solutions is di-
rectly related to the conductivity of the respective solutions. The ad-
dition of ammonium salt (TEAB) drastically increased the conductivity
of PIM-1 solutions and led to the formation of fibers at lower PIM-1
concentrations (10% (w/v)): higher conductivity could facilitate the jet
ejection and therefore, the fibers could be obtained at lower PIM-1
concentrations. The addition of TEAB slightly increased the mean fiber
diameter, which was also supported by a rise in the viscosity of the
respective solutions. On the other hand, the effect of humidity on the
electrospinning of PIM-1 was negligible, and no drastic difference in the
morphology and diameter of the fibers was observed. However, at very
high humidity conditions, less fibers were formed in a given time.
Overall, this paper, for the first time, reports the effect of conductivity
and relative humidity on the electrospinnability of PIM-1 solutions and
shows the formation of ultrafine PIM-1 nanofibers with the addition of
TEAB.

Conflicts of interest
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Fig. 5. Scanning electron micrographs of
PIM-1 fibers produced in the presence of
various TEAB concentrations. Inset (i)
shows the SEM photo of the electrosprayed/
splashed beads, which were observed in the
absence of TEAB. cPIM-1= 10% (w/v). Inset
(ii) shows the size distribution of the re-
spective fibers. For other fibers, the size
distribution of the fibers was not shown
owing to their beaded-fiber structure.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.polymer.2019.121610.
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