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Abstract: Advanced functionalities textiles embedding electronic fibers, yarns and fabrics are a
demand for innovative smart cloths. Conductive electrospun membranes and yarns based on
polyaniline/polyvinylpyrrolidone (PANI/PVP) were investigated using the chemical modification of
PANI instead of using conventional coating processes as in-situ polymerization. PANI was synthesized
from the aniline monomer and the influence of the oxidant-to-monomer ratio on electrical conductivity
was studied. The optimized conductivity of pellets made with pressed PANI powders was 21 S-cm™.
Yarns were then prepared from the t-Boc-PANI/PVP electrospun membranes followed by PANI
protonation to enhance their electrical properties. Using this methodology, electrospun membranes
and yarns were produced with electrical conductivities of 1.7 x 1072 and 4.1 x 10™* S-cm™.

Keywords: conductive yarn; conductive textile; polyaniline; polyvinylpyrrolidone; electrospinning

1. Introduction

Electronic textiles have attracted massive attention in the past decade due to their potential
applications in wearable electronics and portable devices [1], such as healthcare detectors [2,3],
portable power [4], and work and military uniforms [5,6]. Electrically conductive textiles may include
conductive fabrics made of fibers or yarns characterized by displaying specific electrical conductivity [7].
Polyanilines belong to a class of intrinsically conductive polymers (ICPs) which polymeric structure
consisting of alternating reduced amine and oxidized imine repeat units [8,9]. Compared to other
ICPs, polyaniline (PANI) presents significant advantages such as the ease of synthesis [10,11], good
environmentally stability [12], low cost of aniline monomer, high yield of the polymerization product,
and applicability in a wide range of applications [13]. Its electrical conductivity allows PANI to be
used in several applications such as batteries, supercapacitors, light-emitting diodes, chemical sensors
and electromechanical devices, among others [13].

The preparation of pristine PANI conductive fibers or fabrics through conventional spinning
methods is still a challenge. To overcome it, fabrics coating by in-situ polymerization [14,15] and
fibers spinning using conventional polymers as carriers are the most common methodologies used to
produce fibers with reported conductivities between 10~ and 107! S-em™!.

A polymeric nanowire chemical sensor of oriented electrospun PANI nanofibers was reported
by Haiqing Liu [16]. When exposed to NH3 (0.5 ppm) individual PANI/polyethylene oxide (PEO)
nanowires displayed conductivities of 0.5 S-«em™!. Ying Zhu [17] reported a PANI/polystyrene (PS)
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superhydrophobic composite film with a lotus-leaf-like structure prepared by electrospinning. This
was the first example of a superhydrophobic surface with electrical conductivity in the range of
107°-10* S-cm™! using the conductive state of PANI [17]. Kyungchan Uh [18] studied a new approach
to prepare electrospun PANI nanofibers for gas sensors. The authors produced a tert-butyloxycarbonyl-
protected (t-Boc) PANI followed by hydrochloric acid (HCI) treatment. The HCl-doped PANI
fibers showed a conductivity of approximately 20 S-cm~! and allowed gaseous ammonia (10 ppm)
detection [18].

Envisaging the production of electrically conductive PANI-based yarns for smart textiles very few
works have been reported so far. This work focusses on the preparation of a novel conductive yarn
using electrospun PANI/PVP membranes. Instead of conventional coating processes through in-situ
polymerization of electrospun fibers, we propose the electrospinning of chemically modified PANI
powders with PVP. Yarns were then prepared from the electrospun membranes followed by PANI
protonation to enhance their electrical properties. The electrical and morphological characterization of
the produced membranes and yarns were evaluated.

2. Materials and Methods

2.1. Materials

Aniline (99.5% purity) and ammonium persulfate (98% purity) were purchased from Sigma-Aldrich
(Gillingham, UK); Hydrochloric acid (HCl, 37%) and methanol (99.8% purity) were provided by
Honeywell (Charlotte, NC, USA); Chloroform (for analysis-ISO-Stabilized with ethanol) and n-Hexane
were purchased from Carlo Erba Reagents (Chaussée du Vexin, France); 4-(dimethylamino)pyridine was
purchased from FluoroChem (Derbyshire, UK); 1-Methyl-2-pyrrolidinone (99% purity) and di-tert-butyl
decarbonate (97% purity) were provided by Alfa Aesar (Heysham, UK); N,N-dimethylformamide, DMF,
from Carlo Erba Reagents (Chaussée du Vexin, France); and Polyvinylpyrrolidone, Mw 1.300.000 Da,
was provided by Sigma-Aldrich (Gillingham, UK).

2.2. Synthesis of PANI Powders

PANI powders were synthesized via chemical oxidative polymerization of aniline monomer, as
outlined in Figure 1A. An oxidant solution of ammonium persulfate (APS) in 1 M HCI was added
dropwise to an aqueous acid and organic solution of aniline (Ani) in 1 M HCI and chloroform—
heterogeneous medium composed of aqueous acid and an organic phase (aq/org phase) 2:1 vol./vol,,
in order to prevent undesirable side reactions—protocol adapted from [18]. Five different oxidant-to-
monomer ratios were studied (1:4, 1:2, 1:1, 1:0.5 and 1:0.25) to optimize the electrical conductivity of
PANI powders. All reactions were carried out in an ice bath (at c.a. 0 °C) under constant mechanical
stirring. After 2 h of reaction, solutions were filtered with vacuum, washed with 1M HCI solution to
stop the reaction and then dried in vacuum at 90 °C.
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Figure 1. Resume of experimental details: (A) Synthesis of PANI powders by chemical oxidative process;

(B) Chemical substitution of one of the imine groups for a t-Boc-protective group; (C) Illustrations of
t-Boc removal process and consequent protonation of PANI membrane.

2.3. Synthesis of t-Boc Protected PANI Powders

In a three-necked round-bottom flask, the synthesized PANI powders (oxidant-to-monomer
ratios of 1:2, 1.50 g) and 4-(dimethylamino)pyridine (DMAP, 5.99 g) were dissolved in 1-Methyl-2-
pyrrolidinone (NMP, 30.71 mL). A solution of di-tert-butyl dicarbonate (DTBDC, 1.38 g) in NMP
(15.35 mL) was added slowly to the first one. The mixture was stirred for 3 h at 80 °C under a nitrogen
atmosphere. N-Hexane was added in large excess to precipitate the solid powder—adapted from [19].
The mixture was then washed with methanol and filtrated with vacuum. The filtrated powder was
dried in vacuum at 70 °C. After grinding the t-Boc protected PANI powders, these were dissolved
in N,N-dimethylformamide (DMF) and the mixture was filtered to remove any insoluble starting
materials (Figure 1B).

Pellets of PANI and t-Boc protected PANI dried powders were produced by uniaxial pressing for
electrical conductivity measurements. For this purpose, powders were placed into a 13 mm diameter
evacuable pellet die (from Specac) and a load of 3 tons was applied for 60 s using a manual hydraulic
press from Specac.

2.4. Electrospinning of t-Boc Protected PANI/PVP

A solution (15 mL) of 12 wt.% of Polyvinylpyrrolidone (PVP) in DMF with t-Boc protected PANI
(0.51 g) dissolved, was prepared and left to stir overnight until homogenized. The electrospinning
technique was used to produce the fibers using a high voltage power supply (Glassman), a digitally
programmed syringe pump (KdScientific) and a collector. The t-Boc protected PANI/PVP in DMF
(with a mass ratio of 0.3/1, respectively) solution was pumped through a 1 mL syringe with a metal
needle (23-gauge) at a flow rate of 0.25 mL-h~!. A high-voltage of 15.5 kV was applied to the metal
needle to generate nanofibers, which were collected on a grounded aluminum foil at 15 cm distance
under controlled environmental conditions (temperature of 20-25 °C and relative humidity of 30-40%).
The selection of the solvent is essential for the formation of smooth and bead-free electrospun nanofibers.
Since DMF is a low vapor pressure solvent, shorter collector distances (<15 cm) can result in the
deposition of slightly wet fibers, with fusion of the fibers at the crossover point, resulting in an
increasing of the average fiber diameter.

The average thickness of the electrospun membranes produced was measured with a digital
micrometer and the obtained thickness is 243.3 + 27.6 um.
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The crosslinking upon exposure to UV radiation is an attractive approach against the use of
high-energy radiation due to the simplicity of preparation and implementation method. Since PVP has
an absorption spectrum in the region of 200-280 nm, PVP-based membranes were crosslinked using a
BIO-LINK® irradiation system, ultraviolet light at 254 nm, (Vilber, Collégien, France) for 45 min. The
study of the optimal conditions for pristine PVP crosslinking is presented in Supplementary Materials.

After crosslinked, electrospun membranes were exposed to several HCI vapor exposure time (2, 5,
10 and 15 min) to remove the t-Boc protecting group (Figure 1C).

2.5. Electrical and Morphological Characterization

All electrical conductivity measurements of PANI pellets and PANI membranes were performed
using the 4 points probes of a Hall Effect Measurement System (HMS7000 + AMP55T 0.53T, Ecopia,
Gyeonggi, South Korea), applying a current of 0.5 mA for all samples. To ensure a good contact
between samples and test-probes, a carbon conductive paint (Bare Conductive, London, UK) was used
as electrodes.

Scanning electron microscopy (SEM) was used to evaluate the morphology of electrospun t-Boc
protected PANI/PVP fibers, and PANI and t-Boc protected PANI powders. Small pieces/amounts
of the samples were fixed on carbon tape, mounted on a support and sputtered with a thin layer
of gold/palladium (Au/Pd), and then analysed using a Joel JSM7001F Schottky Emission Scanning
Electron Microscope (Joel, Croissy-sur-Seine, France) and a Zeiss DSM962 Scanning Electron Microscope
(Carl Zeiss Microscopy, Jena, Germany).

3. Results and Discussion

Conductive PANI/PVP electrospun fibers and yarns were produced from PANI powders
synthetized by chemical oxidative polymerization of aniline monomer in an aqueous acid medium,
using ammonium persulfate as oxidizing agent, as described in experimental details. A chemical
modification of PANI powders with an acid- and thermo-labile tert-butoxycarbonil (t-Boc) group was
performed, allowing its solubility in dimethylformamide (DMF) [19]. Electrical conductivity of PANI
synthesized powders is dependent on: i) the nature of the reaction medium,; ii) the temperature of the
reaction medium; iii) the polymerization time; iv) the dopant acid concentration; v) the concentration
of the oxidant; vi) the rate of addition of the oxidizing agent; and vii) the oxidant-to-monomer ratio
(OM ratio). The influence of the OM ratio on the PANI powders conductivity was studied—4:1, 2:1,
1:1, 0.5:1, and 0.25:1—and the obtained yield of the chemical polymerization reaction for each OM ratio
is shown in Table 1.

Table 1. Estimated yield of chemical polymerization and electrical conductivity values (as prepared
and after 2 months) of PANI pellets for different OM ratios.

OM Ratio 0.25:1 0.5:1 1:1 2:1 4:1
Yield (%) 14 27 63 97 91

Conductivity (S-em~1)

13.25+0.13 12.87+0.10 19.24+0.15 2026=+0.05 0.873 +0.001
As prepared

Conductivity (S-em™1)

After 2 months 1327 £0.02 1271 +0.02 1938 +0.03 20.64 + 0.03 -

PANI dried powders of each OM ratio were uniaxially pressed to produce pellets for electrical
characterization. To evaluate the effect of storage time under environmental conditions on electrical
conductivity of PANI powders, PANI pellets as prepared and after 2 months were compared. PANI
pellets were stored in the dark with uncontrolled temperature (18-25 °C) and humidity (40-70%).

As shown in Table 1, PANI powders with an OM ratio of 2:1 present the highest yield (97%)
and no significant change over time on the pellets conductivity. It was clear that higher yields were
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obtained for OM ratios up to 2:1. Increasing the amount of oxidant may lead to the formation of more
radical cations, which increases the rate of the chemical oxidative polymerization of aniline. However,
if OM ratio is too high, this can also lead to over-oxidation of the formed PANI and this can reduce the
conductivity and yield of PANL

Increasing the OM ratio from 0.25 to 2, the PANI powders conductivity is enhanced from 12.71
to 20.64 S-cm™! (Figure 2A). OM ratio values over 2 can promote PANI particles aggregation and/or
an excessive oxidation of aniline monomer which may cause the break of conjugated bonds in
PANI structure leading to a decrease of conductivities values, as observed for 4:1 OM ratio. Raman
spectroscopy technique was used to evaluate the chemical oxidation of selected PANI powders
(Figure 2B). The obtained Raman spectra can be divided in three regions [20]: In region I, corresponding
to C - C ring stretching vibrations, between 1650 and 1520 cm~!, shows two peaks one at 1587 cm™!
and another at 1555 cm™?, associated to the stretching modes of C = C and C - C vibrations in quinoid
and semi-quinone (B) (Q) rings [21]. In region II, at which the different C — N stretching modes prevail,
between 1520 and 1210 cm™, is observed: (a) a peak at 1486 cm™!, attributed to C = N stretching in
quinoid units (Q) and vibration of imine groups [22-24]; (b) a peak at 1411 cm™, associated to C - N
bonds of tertiary amines on cyclic structures produced during the crosslinking of the polymer [22-24];
(c) a set of peaks at 1350, 1330 and 1317 cm™!, corresponding to the vibrational modes of C — N'**
delocalized polaronic structures; (d) two peaks at 1255 and 1213 cm™!, related to amine groups [21].
In region I1I, corresponding to the deformation of C - H bond, between 1210 and 1100 cm™!, the Raman
spectra shows a peak at 1161 cm™, attributed to emeraldine base form [25], which was also found in
all OM ratios of PANI studied. Furthermore, is concluded that all the PANI powders synthesized are
in the emeraldine base form as all samples present the same Raman peaks.
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Figure 2. (A) Electrical conductivity of PANI pellets measured as prepared (red circles) and after
2 months (blue circles) in order to OM ratio; (B) Raman spectra of different PANI OM ratios
synthesized; (C) SEM micrographs of synthesized powders of PANI 2:1 OM ration and (D) PANI t-Boc
protected powders.
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Considering the maximum yield of the chemical polymerization reaction of 97% and an electrical
conductivity of 20.64 S-cm™1, the 2:1 OM ratio PANI powders were selected for the chemical
modification of PANI powders with t-Boc protecting group. The soluble t-Boc protected PANI
was obtained by reacting PANI powders (2:1 OM ratio) with di-tert-butyl decarbonate (DTBDC) in
N-methyl-2-pyrrolidinone (NMP) as solvent. The emeraldine base form is composed of two amine
nitrogen groups followed by two imine nitrogen groups along the chain. When reacted with DTBDC,
in presence of 4-(dimethylamino)pyridine (DMAP), in NMP, one of the hydrogens of the imine group
is substituted by the acid-labile t-Boc group. Such chemical substitution allows t-Boc-PANI soluble in
common solvents. SEM analysis of 2:1 OM ratio PANI powders (Figure 2C) and PANI (t-Boc) powders
(Figure 2D) showed that chemical modification with t-Boc protecting group does not greatly modifies
powder morphology.

t-Boc protected PANI membranes were obtained by electrospinning of a solution of PVP in DMF
with PANI (t-Boc) dissolved. As PVP is a water-soluble polymer, it was necessary to crosslink the
electrospun membranes by means of UV irradiation during 45 min to prevent fibers dissolution over
time due to relative humidity. During UV exposure, pyrrolidone substituents and cyclic amines on the
PVP chains generate macroradicals, whose recombination leads to intermolecular crosslinked PVP.
After crosslinked, electrospun membranes were exposed to HCl vapor during different time-period
to remove the t-Boc protecting group. In the presence of HCI, the complete protonation of the imine
nitrogen atoms occurs which results in the formation of a delocalized polysemiquinone radical cation
leading to an increase in conductivity [9].

The conductivity obtained by exposing a crosslinked non-woven mat of PANI (t-Boc) to 2, 5, 10 and
15 min of HCI vapors are displayed in Figures 2 and 3. After treatment, an increase in conductivity of
electrospun membranes from 8.9 X 1078 to 1.7 X 1072 S:«em ™! is observed. These results indicate that
only 2 min of HCl exposure is sufficient to turn the membrane color from blue to green (an indicative
of complete protonation) displaying a conductivity of 1072 S-em~!. These values are in agreement
with the values found in the literature [16-18]. The SEM images of treated membranes clearly show
the fusion of electrospun fibers on the surface exposed to acid vapors as the exposure time increases.
A different procedure to remove t-Boc group or decrease the amount of PVP used could be explored in
further studies to preserve fiber’s morphology and, consequently, improve the electrical properties.
The random orientation of the fibers within the PVP polymer matrix results in less contact points
between PANI chains and thus reduce electrons diffusion across the membrane.

The preparation of a conductive yarn (1D structure) was obtained by manual coil of PANI (t-Boc)
electrospun membrane (twists number = 5). Figures 3 and 4 shows the SEM image of a PANI yarn after
HCl vapor treatment (for 2 min) to remove t-Boc protecting group. The yarn has an average diameter
of 465 um and fiber-melted surface on the outer layer. However, small fibers are still observed in
the inner layers (SEM images on the right). The yarn conductivity is 4.1 x 107* S-cm™!, lower than
membrane conductivity. A possible incomplete removal of t-Boc protecting group on the core of the
yarn due to the difficulty of HCl vapors penetration into the structure, may lead to a less conductive
core and consequently to a decrease on conductivity when compared with the membrane. Since the
conductivity is dependent on the path that the electrical charges have to make across the entire surface
of the yarn structure, instead of a linear path, electrons have to travel an helicoidal pathway which
contributes to the decrease of conductivity.
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Figure 3. SEM micrographs of the membranes before and after exposure to HCI vapours (0, 2 and
15 min) and electrical conductivity measurements for every exposure time performed (0, 2, 5, 10 and
15 min).

Figure 4. SEM micrographs of PANI yarn after 2 min HCl vapour treatment, with magnification of the
outside layer (top right) and inside layer (bottom right).

Table 2 shows an overall comparison between the obtained conductivity for electrospun PANI
fibers (membrane and yarn) with other related works found in literature. However, PANI-based
yarns made from electrospun fibers still lack in literature. This preliminary attempt to produce
conductive electrospun yarns based on PANI can be an interesting alternative to produce woven and
knitted fabrics for electronic textiles. Further work is still required to improve electrical properties
and preserve fibrous morphology of membranes and yarns. The electrospinning of multifunctional
polymer-based fibers with controlled morphologies and properties is a scientific challenge and a
technological accomplishment will have potential large impact on the wearable electronics market.
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Table 2. Summary of several PANI-based conductive membranes using electrospinning technique
found in literature and the present work.

Composition Methodology Structure Conductivity [S-em™1] Ref.
Camphoric acid doped . . 4
PANI/PEO Side-by-side ES ~ Membrane (2D) 3.8x%x10 [26]
Camphoric acid doped -5
PANI/PEO Blend ES Membrane (2D) ~10 [26]
Sulfonated PANI/PEO Blend ES Membrane (2D) ~107° [27]
Sulfonated
PANI/PEO/Carbon Blend ES Membrane (2D) ~107° [27]
Nanotubes
Camphoric acid doped 1.4x1072
PANI/PEO and Nafion/PEO Dual ES Membrane (2D) . trer PEO removing) [28]
Camphor sulfonic acid . 8
doped PANI/PEO Blend ES Fiber (1D) (after PEO removing) [29]
Camphor sulfonic acid . 2 %1072
doped PANI/PMMA Blend ES Fiber (ID) - frer PVDF removing) [29]
Chemical modified PANI ES Fiber (1D) 20 [18]
Chemical modified o .
PANI+PVP Blend ES Membrane (2D) 1.7 x10 This work
Chemical modified 4 .
PANI+PVP Blend ES Yarn (1D) 41x10 This work

4. Conclusions

This work reports for the first time a study to produce conductive yarns from electrospun
PANI-based fibers envisaging their application in electronic textiles. The influence of oxidant-to-
monomer ratio on the electrical conductivity of synthesized PANI powders was studied in detail. OM
ratio of 2:1 led to a high chemical reaction yield of 97%, and highest electrical conductivity, 21 S-cm™!.
PANI (t-Boc) electrospun membrane with mean fiber diameter of 179 + 5 nm, was produced and after
2 min of exposure to concentrated HCI the t-Boc protecting group was removed corresponding to
an increase in conductivity to 1.7x1072 S:«em™!. Produced yarns displayed lower conductivity than
previously obtained for the membranes (4.1 x 107* S.cm~!) which can be attributed to an incomplete
t-Boc protecting group substitution.

Improvements regarding electrical properties and studies on mechanical properties are still
needed; however, these preliminary results show that PANI-based yarns made from electrospun fibers
can be an interesting alternative to produce weaved and knitted fabrics for electronic textiles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6439/8/4/24/s1,
Figure S1: Average weight loss percentage as a function of UV crosslinking time for PVP membranes after water
immersion for 5 h.
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