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Abstract

Electrospinning (ES) is a simple, cost-effective and versatile method for the production of
nanofibrous materials. However, the production of intrinsically conductive polymers (ICPs) nan-
ofibres by electrospinning still represents an important challenge — often due to poor solubility

and high crystallinity of the rigid backbone.

This dissertation reports the development of conductive fibres produced by electrospinning
of two ICPs: polyaniline (PANI) and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS). These were electrospun and studied in terms of their electrical conductivity. In

both cases, polyvynilpyrrolidone (PVP) was used as a carrier polymer in the ES process.

PANI was synthesised from the aniline monomer and the influence of the oxidant-to-mon-
omer ratio on its conductivity was studied. Pellets of pressed PANI powders resulted in an average
conductivity of 20.64 S.cm™. The chemical addition of a tert-butyloxycarbonyl (t-Boc) group to
the structure of PANI allowed the dissolution in dimethylformamide (DMF). The soluble PVP/t-
Boc-PANI was electrospun into fibres with an average fibre diameter of 180 nm with a maximum
conductivity of 5.18x10% S.cm™™.

Electrospinning of PVP/PEDOT:PSS allowed the production of non-woven mats with an
average fibre diameter of 1.5 pum with a conductivity of 4.0x108 S.cm™. A thorough study of the
UV crosslinking of PVP is enclosed.

Keywords: Electrospinning; Intrinsically Conductive Polymers; PANI; PEDOT:PSS.
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Resumo

A electrofiagdo (ES) € um método simples, versétil e de baixo custo de produgdo de mate-
riais nanofibrosos. Contudo, a producdo de nanofibras de polimeros intrinsecamente condutores
(ICPs, em inglés) por eletrofiacdo ainda representa um desafio importante — muitas vezes devido

a fraca solubilidade e alta cristalinidade da sua estrutura polimérica.

Esta dissertacdo reporta o desenvolvimento de fibras condutoras produzidas pela eletrofia-
c¢do de dois ICPs: polyanilina (PANI) e poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT:PSS). Estas foram eletrofiadas e estudadas quanto a sua condutividade elétrica. Em am-

bos os casos, foi utilizado polivinilpirrolidona como polimero transportador no processo de ES.

A PANI foi sintetizada a partir do monémero anilina e estudada a influéncia do ratio agente
oxidante-mondmero na sua condutividade. Pastilhas de p6s de PANI prensados demonstraram
possuir uma condutividade elétrica média de 20.64 S.cm™. A adicdo quimica do grupo tert-
butyloxycarbonyl (t-Boc) a estrutura da PANI permitiu a sua dissolu¢do em dimetilformamida
(DMF). Uma solugdo de PVP/t-Boc-PANI permitiu a produgdo de fibras com um tamanho médio

de fibra de 180 nm, com um méaximo de condutividade de 5.18x10° S.cm™.

A eletrofiacdo de PVP/PEDOT:PSS permitiu a produgdo de membranas com um didmetro
médio de fibra de 1.5 pum, com uma condutividade de 4.0x10® S.cm?. Um estudo da reticulagéo

UV do PVP é também apresentado.

Keywords: Electrofiacdo; Polimeros Intrinsecamente Condutores; PANI; PEDOT:PSS
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Motivation and Objectives

In the past, smart textiles were presented as imaginary products and they were only used in
very limited areas. The scientific efforts on development of new materials for smart textile appli-
cations and innovative forms to the production of those materials has led to the production of
consumer-accessible devices. A lot of scientists are developing new solutions, ideas and concrete
products to answer the needs of everyday life. The smart textiles are now used by consumer, as a

clothing device, as well as by military professionals, for protection and safety purpose. [1]

According to a study reported in January 2015 by Grand View Research, Inc., the global
smart textiles / smart fabrics market is expected to reach USD 9.3 billion by 2024. The increasing
adoption of smart textiles in areas such as sport & fitness and defence & military, is expected to

be the main driving force for the industry in the future [2].

The growing interest of scientists and researchers on the development of innovative smart
textiles has increased the number of scientific publications and citations. According to Web of
Science platform, only in 2017 were published 249 articles, of the 1361 published since 1996,
corresponding to 18 %.

The focus of this dissertation is the development of conductive electrospun fabric systems
from intrinsically conductive polymers, such as polyaniline (PANI) and polyethylenedioxythio-
phene (PEDOT), by electrospinning technique. Despite the inherent difficulty on the electrospin-
ning of intrinsically conductive polymers, the present work presents the development of two con-
ductive fibres systems. As conductive fabric systems are able to conduct electric current, its study

represents an important contribution on the development of new smart textiles.






1 Introduction
1.1 Electrospinning Process

Electrospinning is a simple, cost-efficient and highly versatile fibre production technique
that uses electrostatic forces to produce fibres with micrometre diameters or even a few nanome-
tres. [3] [4] This process is capable of producing fibres, from solutions or melts, with thinner
diameters and large surface area than those obtained via conventional spinning processes. [5] Any
electrospinning setup comprises of a high-voltage direct current power supply, a syringe pump
and a grounded collecting plate, and it can be operated at room temperature with controlled at-
mosphere conditions. [5] [6]

Typically, during the electrospinning procedure, charge is induced by an electric field on
the surface of a droplet of a fluid that is coming out from the tip of a needle. As the intensity of
the electric field increases the droplet stretches forming the Taylor cone. When the repulsive elec-
tric force generated overcomes the surface tension, a charged jet is ejected from the tip of the
Taylor cone (Figure 1.1). The fibre formed is accelerated by the electric field and randomly de-
posited on a metal collector. During the trajectory, between the metal needle and the grounded

collector, solvent evaporates leading to the formation of a non-woven mat on the target. [6]-[8]

There are three types of parameters that affect the morphology of the fibres and electro-
spinning process in general: solution properties ( e.g. concentration, viscosity, conductivity and
surface tension), ambient parameters (e.g. temperature and humidity), and process parameters
(e.g. flow rate, electric potential applied to the tip and the distance between the tip and the
grounded collector). [7][9] These parameters can greatly affect fibre formation and structure [6].

Collector

=

Figure 1.1 — Schematic illustration of an electrospinning set-up.
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1.2 Intrinsically conducting polymers

Intrinsically conductive polymers (ICPs) or synthetic metals are organic polymers with
mechanical properties characteristic of a conventional polymer while exhibiting electrical, elec-
tronic, optical and magnetic properties common to metallic materials. [10] The synthesis of ICPs
implicates an oxidative polymerization of monomer units and can be achieved chemically - using
an oxidant agent as reaction initiator -, or electrochemically — by the application of an oxidizing
potential through an electrode. [11] ICPs are formed of linear backbones, with alternating double
and single bonds along the backbone (conjugate bonding). [12] Its conjugated structure preserves
the molecular stability and allows the electron mobility and transport of electric charge within
and between the polymer chains. [13] By doping with chemicals known as dopants, the electrical
conductivity of ICPs can be increased by several orders of magnitude, to conductivities close to
metals and semiconductors. Dopants lead to the formation of counterions through an oxidation or
a reduction process, which is reversible and it does not degrade the polymer backbone. [10][14]
During the oxidation process, holes are generated along the polymer backbone due to the removal
of the electrons. Neighbouring electrons are free to move into these holes allowing the progression

of charge along the polymer backbone, which explains its resulting conductivity. [11]

Due to their conductivity, low density, and easy processability [15], ICPs can replace met-
als and semiconductors in a lot of applications. Their properties, such as volume, change when
submitted to redox reactions. Its ability to store charge and change colour is associated with their
oxidation state. In sum, porosity changes, electronic and ionic conductivity [16] allows their ap-
plication in organic chemical sensors and electrochromic devices [17], electrodes and actuators,
transparent antistatic coatings and solar batteries [15], and in drug release and tissue engineering
[18]. However, the production of ICP nanofibres by electrospinning still represents an important
challenge. The poor solubility in common solvents and high crystallinity of ICPs due to the rigid
backbone presented by this type of polymers, make their electrospinning difficult. [19]

1.2.1 Polyaniline

Polyanilines belong to a class of ICPs which polymeric structure consisting of alternating
reduced amine and oxidized imine repeat units. [10][20] Compared to other ICPs, polyaniline
(PANI) presents significant advantages such as the ease of synthesis [13][15], good environmen-
tally stability [16], low cost of aniline monomer, high yield of the polymerization product, and
applicability in wide range of applications [21]. Its electrical conductivity allows PANI to be used

in a lot of applications such as in rechargeable batteries, electromagnetic shielding, microwave



absorption, light-emitting diodes, chemical sensors, electrochromic displays, anodic passivation,

corrosion prevention of metals, and electromechanical devices. [21]

The easiest method to synthesize PANI is via the chemical oxidative polymerization of
aniline, in which ammonium persulfate is the most commonly used oxidant agent. [15] Its elec-
trical conductivity produced by this method depends on the nature of the reaction medium, tem-
perature of the reaction medium, concentration of oxidizing agent, polymerization time [22][23],
dopant acid concentration [16], oxidant-to-monomer ratio (OM ratio), rate of addition of the ox-
idant to the monomer and purity of monomer [21]. PANI consists of monomer units built from
reduced (y, benzenoid units) and oxidized (1-y, quinoid units) blocks (Figure 1.2 a). The average
oxidation state can be varied continuously from y=1 to give the completely reduced polymer —
leucoemeraldine (Figure 1.2 b) -, to y=0.5 to give the half-oxidized polymer — emeraldine (Figure
1.2 c) -, to y=0 to give the completely oxidized polymer — pernigraniline (Figure 1.2 d). [10] [24]
The forms of PANI differ in their colour, stability and conductivity. Doping PANI to a highly
conducting regime produces an environmentally stable polysemiquinone radical cation, termed
the emeraldine base form of polyaniline. [10] The emeraldine form of PANI is the only form
electrically conductive and shows a green colour. Emeraldine may occur as either salt or base
forms. The emeraldine salt form of PANI is formed by doping, during protonation of emeraldine

base in an acidic medium (1 < pH < 3) with the use of organic or inorganic acids. [15][13]
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Figure 1.2 — Chemical representation of generalized PANI structure (a) and its most common
forms: (b) completely reduced form (y = 1, Leucoemeraldine base), (c) half-oxidized form (y = 0.5, Em-
eraldine base) and (d) completely oxidized form (y = 0, Pernigraniline base).



As all ICPs, PANI is insoluble in most common solvents. Its low solubility, combined
with small molecular weights characteristics of this polymer, makes its electrospinnability diffi-
cult. To solve this problem, many researchers uses blends of PANI with commonly electrospun
insulating polymers to produce nanofibres. However, the presence of an insulating polymer
causes a decrease on conductivity of the elctrospun fibres. [13][25] In another approach, Lee et.
al suggests the introduction of an acid-labile tert-butyloxycarbonyl (t-Boc) group to PANI to
make the polymer soluble in common organic solvents [26], which allows electrospinning solu-
tion formulation. The subsequent treatment of the electrospun PANI t-Boc protected fibres with
HCI should remove the protecting group and enhance their conductivity, which generate HCI-
doped conducting PANI fibres. [27]

1.2.2 Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid)
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is another

ICP with outstanding properties such as excellent environmental stability in air, tuneable conduc-
tivity, good thermal stability, the ability to form stable aqueous dispersions at low pH values and
manageable properties [19], which allows its use in sensing applications [28], and flexible and
portable electronics. [29][30]

Polyethylenedioxythiophene (PEDQOT) is insoluble in water and organic solvents, which
explains why it is commonly grafted with poly(4-styrenesolfunate) (PSS) (Figure 1.3), a strong
polyelectrolyte, that allows its colloidal suspension in water. [31] PSS acts as a dopant too, im-
proving electrical conductivity of the PEDOT:PSS copolymer. [32] To overcome the problem of
processing ICPs by the electrospinning technique, PEDOT:PSS could be mixed with a carrier
polymer, such as polyvinylpirrolidone (PVP), promoting the entanglement of the polymer chains,
which allows the fibre formation. [19][32]

(PSS)

(PEDOT)

Figure 1.3 - Chemical representation of copolymer PEDOT:PSS.



1.3 Smart textiles

The term “smart textiles”, also known as intelligent textiles, electro- or e-textiles [33], de-
scribes textile products, such as fibres and filaments, yarns together with woven, knitted or non-
woven structures, which can sense and respond to environmental stimuli [34]. In terms of its form
of operation, they can be divided in three main groups:

e Passive smart textiles: able to change their properties according to an environmental stim-
ulation (e.g. shape memory materials, hydrophobic or hydrophilic textiles, etc) [34][35];

e Active smart textiles: able to detect and react to different signals from the environment
using various textile-based, flexible, or miniaturized actuators (e.g. textile displays, mi-
crovibrating devices, light-emitting diode (LED), organic light-emitting diode (OLED),
etc) [34][35];

e Very smart textiles: able to sense, react and adapt their behaviour to the given circum-

stances (space suits, thermos-regulating clothing, health monitoring apparel) [34][36].

Electronic textiles have attracted massive attention in the past decade due to their potential
applications in wearable electronics and portable devices [37], such as healthcare detectors
[38][39], portable power [40], work and military uniforms[41][42]. The term “clectrically con-
ductive textiles” is used for a vast range of textile fibre-based products with widely differing
specific electrical conductivity. Electrically conductive textiles include conductive fibres, yarns,
fabrics and final products made from them [36]. Conductive polymers, due to their conjugated
backbone, play an important role on smart textiles development in that they offer properties sim-
ilar to those of metals and semiconductors, with the advantage of maintaining intrinsic mechanical
properties of a polymer material and the possibility to be assembled together with other polymers
which allows its easy manufacturing. [43] Fibres / yarns completely made of conducting polymers
are usually produced by melt spinning, wet spinning or electrospinning, which produce electro-
spun fibre electronics of nano or microsized diameters. Conductive fibres / yarns, due to their tiny
shape, are then integrated in textile structures by weaving, knitting or braiding technology [36].
Smart textile research is still in its infancy and there is little understanding of the mechanically
demanding environment that electronic circuits face during integration into textiles and subse-

quent wearing of the smart textile inside clothing [38].

In the past two decades, a lot of efforts on scientific research have been carried out in order
to overcome the problem of ICPs poor solubility and high crystallinity, allowing their electro-
spinning. A brief state-of-the-art of the most relevant research work on PANI and PEDOT fibres,

with focus on electrical conductivity is presented in Supporting Information.






2 Materials and Methods
2.1 Synthesis of Polyaniline (PANI) powders

An oxidant solution of ammonium persulfate (APS, (NH.).S:0s, Sigma-Aldrich, > 98%
purity) in 1M HCI (Honeywell, 37%) was added dropwise to an aqueous acid and organic solution
of aniline (Ani, CeHsNH,, Sigma-Aldrich, > 99.5% purity) in 1M HCI and chloroform (CHClIs,
Carlo Erba Reagents, for analysis-ISO-Stabilized with EtOH) - heterogeneous medium composed
of aqueous acid and an organic phase (ag/org phase) 2:1 vol./vol., in order to prevent undesirable
side reactions — protocol adapted from [44]. Five different ratios of monomer to oxidising agent
have been studied (1:4, 1:2, 1:1, 1:0.5 and 1:0.25) to maximise 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 hours of reaction, solutions were filtered with vacuum, washed with 1M HCI
solution and then dried in vacuum at 90°C. Pellets of 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

seconds using a manual hydraulic press from Specac.
2.2 Synthesis of t-Boc protected PANI powders

In a three-necked round-bottom flask, 1.5g of synthesized PANI powders (1:2 mon:ox ra-
tio) and 5.9864 g of 4-(dimethylamino)pyridine (DMAP, C7H1oN2, FluoroChem) were dissolved
in 30.71 mL of 1-Methyl-2-pyrrolidinone (NMP, CsHsNO, Alfa Aesar, > 99% purity). A solution
of 1.375 g of di-tert-butyl dicarbonate (DTBDC, [(CH3)sCOCO],0, Alfa Aesar, > 97% purity) in
15.35 mL of NMP was added slowly to the first one. The mixture was stirred for 3h at 80 °C
under a nitrogen atmosphere. n-Hexane (C¢H14, Carlo Erba Reagents, RPE - For analysis - ACS
- Reag. Ph.Eur.) was added in large excess to precipitate the solid powder. The mixture was then
washed with methanol (CHsOH, Honeywell, > 99.8 % purity) 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, HCON(CHs),, Carlo Erba Reagents)

and the mixture was filtered to remove any insoluble starting materials.
2.3 Electrospinning of PVP/t-Boc protected PANI

A 15 mL solution of 12 wt.% of Polyvinylpyrrolidone (PVP, (CsHsNO),, Sigma-Aldrich,
M,, = 1.300.000 Da) in DMF with 0.5067 g of t-Boc protected PANI dissolved, was prepared.

The solution was left stirring overnight to homogenize until it was used in electrospinning
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experiments. The electrospinning experiments were conducted using a high voltage power supply
(Glassman high USA), a digitally programmed syringe pump (KdScientific) and a collector. The
12 wt.% PVP / t-Boc protected PANI in DMF 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 nanofibres, which were collected on a grounded aluminium foil at a
distance of 15 cm under controlled environmental conditions (temperature of 20 — 25 °C and
relative humidity of 30 - 40 %). The average thickness of the electrospun membranes produced

have been measured with a digital micrometer and obtained a thickness of 243.3 + 27.6 pm.
2.4 Electrospinning of PVP/PEDOT:PSS

Electrospinning solutions using PVP as a carrier polymer were prepared by dissolving 10
wt.% of PVP in a binary mixture of Ethanol (EtOH, Scharlau, analytical grade) and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Sigma-Aldrich, 3.0-4.0% in H,0,
high-conductivity grade). Two different EtOH/PEDOT:PSS weight ratios have been studied (2:1
and 1:1) in order to evaluate the suitable solution to produce electrospun fibres with controlled
morphology and electrical conductivity. Solutions were kept under magnetic stirring overnight at

room temperature to ensure complete homogenization.

PVP-based solutions were loaded into a 1 mL syringe fitted with a 23-gauge blunt tip nee-
dle. The solution of 10 wt.% PVP in 2:1 EtOH/PEDOT:PSS was electrospun using a flow rate of
0.15 mL.h%, an applied voltage of 17 kV and tip-to-collector distance of 18 cm. For the 10 wt.%
PVP in 1:1 EtOH/PEDOT:PSS solution, the electrospinning parameter were: flow rate of 0.15
mL.h", an applied voltage of 17.5 kV and tip-to-collector distance of 15 cm. For both systems,
temperature and relative humidity were kept constant at 20 — 25 °C and 30 — 40 %. The membra-
nes produced have an average thickness of 104.3 + 30.5 um.

2.5 Electrospinning of PVP

PVP is a water-soluble polymer and thus required photo-crosslinking. A solution of 14
wt.% of PVP in ethanol was loaded into a 1 mL syringe fitted with a 23-gauge blunt tip needle.
PVP membranes were electrospun using a flow rate of 0.3 mL.h?, an applied voltage of 17 kV
and at a tip-to-collector distance of 15 cm. The membranes produced have an average thickness
of 40.6 £ 3.3 pm.

2.6 Crosslinking of PVVP-based electrospun membranes

In order to prevent the degradation (dissolution) of fibres upon exposure to humidity, mem-
branes of PVP in ethanol prepared in section 2.5 were crosslinked using a BIO-LINK® irradiation
system (ultraviolet light at 254 nm) for 15, 30, 45, 60, 90 and 120 min to study the optimum
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crosslinking time. After being UV crosslinked, PVP membranes were immersed in distilled water
for two periods - 5 min and 5 h - and then dried in air for 1h at 50°C, to estimate the average mass
loss. After the optimization study, all PVP-based electrospun membranes were crosslinked during

45 min.
2.7 Characterisation techniques

All electrical conductivity measurements of PANI pellets and PANI membranes, prior to
t-Boc protecting group removal, have been performed using a Hall Effect Measurement System
(Ecopia, HMS7000 + AMPS55T 0.53T), 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 ©)
was used as electrodes. Due to the thin thickness of PVP/PEDOT:PSS membranes, electrical con-
ductivity measurements were performed using a home-made 1/V curve plotter apparatus. Silver
contacts were painted to guarantee a better contact sample-to-test-probe with a silver coating from

Holland Shielding Systems B.V. All samples were measured in the interval -1 to 1 V.

Scanning electron microscopy (SEM) was used to evaluate the morphology of electrospun
PVP and PVP/t-Boc protected PANI fibres, 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 analyzed using a Joel JSM7001F Schottky
Emission Scanning Electron Microscope (FEG-SEM). The diameter and distribution of the elec-

trospun fibres were analyzed using ImageJ software.

Raman spectroscopy was used to evaluate the chemical structure of PANI powders and it
was carried out by a Witec Alpha 300 confocal RAS with a 532 nm Argon Laser at 0.5 mW of
power. Atomic Force Microscopy (AFM) was used to evaluate the morphology of electrospun
PVP/t-Boc protected PANI fibres before and after HCI treatments, and of electrospun PVP/PE-
DOT:PSS fibres. AFM was performed with the same equipment operating in AC Mode with lat-
eral resolution down to 1 nm and depth resolution below 0.3 nm. The samples were scanned under

a probe with Al reflex coating and resonant frequency of 75 kHz at a constant force of of 2.8 N/m.
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3 Results and Discussion

In this chapter, experimental work and obtained results will be discussed. In section 3.1,
the production of conductive PANI membranes will be presented, comprehending: the synthesis
of PANI powders and chemical modification with t-Boc protecting group which allowed the pro-
duction of a soluble PANI (t-Boc) in DMF, the electrospinning experiments and fibres morphol-
ogy obtained, the removal of t-Boc protecting PANI group with HCI post-treatments and their
improvement on membranes conductivity. It is also presented a photo-crosslinking study on PVP
membranes. In section 3.2, the production of PEDOT:PSS membranes will be presented. Two
solution systems will be discussed in terms of electrospinning experiments and the influence of

conductive content on membranes electrical conductivity.

3.1 Polyaniline membranes

One of the focus of this dissertation is the production of conductive PANI membranes
through electrospinning technique. To reach such a goal, PANI powders were synthetized by
chemical oxidative polymerization of aniline monomer in an aqueous acid medium, using ammo-

nium persulfate ((NH.).S2Osg) as oxidizing agent, as described in Figure 3.1. [15]

NHy+ CI

}i{Cl' T'Cl'—
N N
N N
| | n
H

Polyaniline salt H

Figure 3.1 - Chemical oxidative polymerization of aniline monomer by ammonium persulfate.

As previously stated in section 1.2.1, PANI is an intrinsically conductive polymer that is
insoluble in most common solvents. To solve this problem, a chemical modification of PANI
powders with an acid- and thermo-labile tert-butoxycarbonil (t-Boc) group was performed, al-
lowing its solubility in dimethylformamide (DMF) (Figure 3.2). [26]
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Figure 3.2 - Schematic drawings for chemical modification of PANI structure with t-Boc
protecting group.

3.1.1 Study of the influence of oxidant-to-monomer ratio (OM ratio) in the PANI pow-
ders conductivity

As previously outlined, electrical conductivity of PANI synthesized by this process is de-
pendent on: i) nature of the reaction medium; ii) temperature of the reaction medium; iii) polymer-
ization time; iv) dopant acid concentration; v) concentration of the oxidant; vi) rate of addition of
the oxidizing agent; and vii) oxidant-to-monomer ratio (OM ratio).

The influence of the OM ratio on the PANI powders conductivity was studied. PANI pow-
ders were synthesised with five different OM ratios: 4:1, 2:1, 1:1, 0.5:1, and 0.25:1, maintaining

constant a 2 h of reaction in an ice bath (c.a. 0 °C), under mechanical stirring.

The self-stabilized dispersion method was followed to prepare PANI emeraldine powders,
with the exception of the reaction occurred in an aqueous / organic (aq / org) medium, to prevent
the undesirable side reactions. [44] Chloroform was added to an aqueous solution of 1M HCI in
the proportion aq / org of 2:1 vol./vol., forming a heterogeneous medium where organic phase
acts to separate de insoluble aniline oligomers and grow PANI polymer chains from the reactive
ends of the chains in the aqueous phase. Oxidant aqueous solutions of APS in 1M HCI with the
correspondent molar concentration for each OM ratio were prepared, maintaining a molar con-
centration of 0.2M of aniline in the aq / org medium. Due to the chemical oxidative polymeriza-
tion of aniline is quite exothermic, oxidant solutions were added dropwise to the monomer solu-

tion.
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During the oxidative polymerization of aniline, the solutions becomes progressively trans-
parent light pink — immediately after the first drops of oxidant solution touches the aq / org aniline
solution-, blue, and green — a few minutes after starting the polymerization process. The colour
of the solution is due to the presence of soluble oligomers formed by coupling of radical cation
of aniline. [45]

After 2 h, the reactions were stopped, immediately filtrated, while washed with a solution
of 1 M HCI, and dried in vacuum at 90 °C. Establishing a ratio mass of aniline in solution to the
mass of PANI polymer produced, the yield of the chemical polymerization reaction for each OM
ratio were estimated (Table 3.1). PANI powders with an OM ratio 2:1 present the highest yield,
allowing the production of 0.3614 g of PANI in a 20 mL solution.

Table 3.1 - Estimated yield of chemical polymerization for various OM ratios.

OM ratio 0.25:1 05:1 1:1 2:1 4:1

Yield (%) 14 27 63 97 91

PANI dried powders of each OM ratio were uniaxially pressed to produce pellets which
were electrically characterized in a hall effect equipment to measure electrical conductivity. To
verify if there exists any degradation or conductivity loss along the time, PANI pellets as prepared
and after 2 months were compared. As shown in Figure 3.3, there is no significant change on the
conductivity of the pellets over time. In terms of the average electrical conductivity for different
OM ratios: 0.25:1; 0.5:1; 1:1 and 2:1, the average value remains in the same order of magnitude,
between 12.71 and 20.64 S.cm™ (see Table 3.2). It is notorious that, as the concentration of oxi-
dizing agent increases, the conductivity of the PANI powders increases. However, when the con-
centration of oxidizing agent becomes too high PANI particles precipitation or aggregation may
occur and excessive oxidation of aniline monomer with the fracture of the PANI conjugated can
explain the decrease of conductivity [46], as can be observed for the 4:1 OM ratio.

Table 3.2 - Average conductivity of PANI pellets after 2 months and as prepared.
OM ratio  Average Conductivity [S.cm™]

0.25:1 13.25+0.13

0.5:1 12.87 £0.10

After 2 months 11 19.24 + 0.15
2:1 20.26 + 0.05

0.25:1 13.27 £ 0.02

0.5:1 12.71 £ 0.02

As prepared 1:1 19.38 £ 0.03
2:1 20.64 + 0.03

4:1 0.87 £0.01
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Figure 3.3 - Electrical conductivity of PANI pellets measured after 2 months (blue circles) and as
prepared (red circles) in order to OM ratio.

Considering the maximum yield of the chemical polymerization reaction of 96.63 % and
an electrical conductivity of 20.64 S.cm, the 2:1 OM ratio PANI powders were selected for the

chemical modification of PANI powders with t-Boc protecting group.

Raman spectroscopy technique was used to evaluate the chemical oxidation of selected
PANI powders (Figure 3.4 A). Raman spectra of these powders can be divided in three regions
of Raman shift [47]:

In region |, corresponding to C — C ring stretching vibrations, between 1650 and 1520 cm-
! shows a peak at 1587 cm* and other at 1555 cm%, which are associated to the stretching modes

of C = C and C - C vibrations in quinoid and semi-quinone (B) (Q) rings [48].

In region 11, at which the different C — N stretching modes prevail, between 1520 and 1210
cmt, four important aspects can be highlighted: a) A peak at 1486 cm?, attributed to C = N
stretching in quinoid units (Q) and vibration of imine group [49]-[51]; b) A peak at 1411 cm,
associated to C — N bonds of tertiary amines on cyclic structures produced during the crosslinking
of the polymer [49]-[51]; c) A set of peaks at 1350, 1330 and 1317 cm?, corresponding to the
vibrational modes of C — N** delocalized polaronic structures [52]; d) Two peaks at 1255 and

1213 cm?, related to amine groups [48].
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In region 11, corresponding to the deformation of C — H bond, between 1210 and 1100 cm-
1 the Raman spectra showed a pick at 1161 cm, attributed to emeraldine base form [52], which
was also found in all OM ratios of PANI studied (Figure 3.4 B). Furthermore, it is possible to
affirm that all the PANIs synthesized are in the emeraldine base form as all samples present the

same Raman peaks, as the ones identified for PANI 2:1 OM ratio (Figure 3.4 B).
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Figure 3.4 - Raman spectra of PANI 2:1 OM ratio with peak analysis (A) and different PANI OM
ratios synthesized (B).
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3.1.2 Chemical modification of PANI powders synthesized with a tert-butoxycarbonil
(t-Boc) group

The soluble t-Boc protected PANI was obtained by reacting PANI powders (2:1 OM ratio
selected) with DTBDC in NMP as solvent, following a procedure describe in the literature [26].
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 DMAP, in NMP,
one of the hydrogens of the amine group is substituted by the acid-labile tert-butyloxycarbonyl
(t-Boc) group, as show in Figure 3.2. Such chemical substitution allows t-Boc-PANI soluble in
common solvents. After precipitation in n-Hexane, the solid reaction product was washed and
filtrated. The obtained powder was then dried in vacuum at 70 °C, and the obtained soluble PANI
(t-Boc) dissolved in DMF.

SEM analysis of 2:1 OM ratio PANI powders (Figure 3.5 A) and PANI (t-Boc) powders

(Figure 3.5 B) showed that chemical modification with the addiction of t-Boc protecting group

does not greatly modifies powder morphology.

Figure 3.5 - SEM micrographs of synthesized powders of PANI 2:1 OM ratio (A) and PANI (t-
Boc) powders (B).

3.1.3 Study of UV crosslinking time on PVP membranes

As described in section 2.3, t-Boc protected PANI membranes were obtained by electro-
spinning 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 in order to prevent the disso-
lution of fibres with time upon exposure to humidity. There are several options to crosslink PVP.
Either using high-energy irradiation [53] or temperature treatments [54]; however, in this disser-
tation, PVP was crosslinked by means of UV irradiation, a green and cost-effective technique.
The BIO-LINK® crosslinker used irradiates at 254 nm in wavelength, which is found within the
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PVP absorption spectrum (200 — 280 nm). During UV exposure, pyrrolidone substituents and
cyclic amines on the PVP chains generate macroradicals, whose recombination leads to intermo-
lecular crosslinked PVP. The crosslinking degree will depend on the irradiation dose and hence

on the time that the non-woven mats are irradiated.

The study of the optimum UV crosslinking time of PVP was performed for PVP electro-
spun membranes and then applied to the electrospun PVP t-Boc protected PANI fibres. A solution
of 14 wt.% PVP in EtOH was prepared and electrospun. The electrospinning parameters used to
obtain bead-free fibres were: a flow rate of 0.3 ml.h, an applied voltage of 17 kV, tip-to-collector
distance of 15 cm, and 2 h deposition under controlled environmental conditions (30 — 40 %
relative humidity and 20 — 25 °C temperature).

Scanning electron microscopy (SEM) proved that electrospun fibres form non-woven mats,
with a mean fibre diameter of 507 £ 39 nm (Figure 3.6).
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Figure 3.6 - SEM micrographs of 14 wt. % PVP in EtOH non-woven mats before UV crosslinking
(A) and respective mean fibre diameter (B). SEM micrographs were obtained using a 10k x magnification
and a 5 kV electron beam.

After electrospinning, membrane samples were peeled-off from the aluminium foil and
exposed to UV irradiation for 15, 30, 45, 60, 90 and 120 min. Then, UV crosslinked samples were
immersed in water for 5 min and 5 h, left dry in an oven at 50 °C, and their loss of weight calcu-
lated (Figure 3.7).

PVP membranes exposed to UV irradiation for 15, 30, 45, 60 and 90 min and consequently
immersed in distilled water for 5 min showed an average weight loss percentage below 13.5 %.
However, an UV irradiation exposure time of 120 min showed a higher weight loss percentage of
almost 24 %. This increase in weight loss percentage can be explained by an excessive exposure

time, leading to fibre degradation.
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Figure 3.7 - Average weight loss percentage in function of UV crosslinking time of PVP/EtOH
membranes for 5 min (black) and 5 h (red) immersion in water.

In order to better understand the influence of the UV crosslinking time on the weight loss
of PVP membranes, samples were immersed for 5 h in distilled water. An initial decrease on
weight loss percentage with increasing UV irradiation time of up to 45 min can be observed.
Exposures of 15 and 30 min of UV irradiation leads to weight losses of 52 and 41 %, respectively
- indicating a lower irradiation time than the optimal. A UV exposure of 60, 90 and 120 min
shows weight losses of 36, 35 and 30 %, respectively. This supports the idea that an excessive
irradiation time leads to degradation of fibres morphology, promoting the disruption of fibre’s
mat [55]. Therefore, 45 min of UV irradiation can be concluded to be the ideal crosslinking time
as it allows membrane’s structure stability. It is important to note that the final application of the
fibre does not require their immersion in water; however, it is important that they are resistant to
atmospheric air humidity conditions.

A sample of 45 min UV irradiation was analysed by SEM (Figure 3.8 A). Indeed, fibres
have shown a mean fibre diameter of 677 + 71 nm (Figure 3.8 B). Comparing the diameter of
fibres before (506 + 39 nm) and after 45 min of UV irradiation, an increase in the fibre diameter
was observed. This increase may be due to the recombination of macroradicals in intermolecular
crosslinking of PVP.
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Figure 3.8 - SEM micrographs of 14 wt. % PVP/EtOH non-woven mats after 45 min UV cross-
linking (A), and respective mean fibre diameter (B). SEM micrograph was obtained using a 10k x magni-
fication and a 5 kV electron beam.

3.1.4 t-Boc protected PANI fibres

The electrospinning solution was obtained by dissolving the modified t-Boc protected
PANI powders in DMF. Insoluble solids were removed by filtrating the solution with a syringe
filter. To guarantee the fibre formation, 12 wt.% of PVP (a carrier polymer) was dissolved in the
filtered DMF / t-Boc protected PANI solution. The electrospinning experiments were conducted
applying a voltage of 15.5 kV, a flow rate of 0.25 ml.h%, and keeping the tip-to-collector distance
at 15 cm. Electrospinning process and solution (PVP concentration in DMF) parameters were
chosen, despite some changes, accordingly to an optimization study described in the literature
[56]. These conditions allowed the formation of a stable Taylor’s cone. After a few minutes of
deposition, a light blue colour, characteristic of the PANI (t-Boc), appeared on the electrospun

membrane.

SEM micrographs of t-Boc protected membranes showed non-woven mats with a mean
fibre diameter of 179 + 50 nm (Figure 3.9).
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Figure 3.9 - SEM micrographs of 12 wt. % PVP/PANI (t-Boc)/DMF non-woven mat before UV
crosslinking (A) and respective mean fibre diameter (B). SEM micrograph was obtained using a 10k x
magnification and a 5 kV electron beam.
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In this study, several treatment approaches with HCI were tested in 8 h electrospun samples

to remove the t-Boc protecting group. Membranes were cut to a 20x10 mm size.

Crosslinked (C) and non-crosslinked (NC) samples were immersed in water and in solu-
tions of 0.1 M and 1 M HCI. These were then left to dry in air. Membranes turned instantly from
light blue to dark green when in contact with water and HCI aqueous solutions. After dried, mem-
branes preserved their green colour but seemed to have a film-like structure (sticky). As this ap-
proach was probably too destructive to the structure of the fibre, it was chosen to expose the
membranes to HCI vapours, using for this purpose a closed vapours chamber. Initially, a cross-
linked sample was exposed for 90 min to 1 M HCI vapours. After a few minutes the characteristic
green colour of a doped-PANI membrane appeared. Although the membrane does not give the
visually impression of a film-like morphology, as observed in the immersed samples, SEM mi-
crographs showed a melted fibre structure (Figure 3.10).

Figure 3.10 - SEM micrograph of a PANI (t-Boc) crosslinked sample exposed 90 min to 1 M HCI
vapours. SEM micrograph was obtained using a 10k x magnification and a 5 kV electron beam.

In order to attempt to solve this problem, the exposure time to HCI vapours was reduced to
5 min and the acid concentration in the aqueous solution varied — 0.1 M, 1 M and concentrated
HCI (37 %). The electrical conductivity measurements revealed that the more concentrated the
HCI vapours are, the more conductive the membranes become (Figure 3.11). In presence of HCI
or water molecules, t-Boc protecting groups are substituted by them. The complete protonation
of the imine nitrogen atoms by aqueous HCI results in the formation of a delocalised polysem-

iquinone radical cation, and is accompanied by an increase in conductivity [10].

Concerning that a higher HCI concentration leads to higher electrical conductivity values,
crosslinked samples were placed in the vapours chambers with concentrated HCI (37 %) for 10,

15 and 20 min to ascertain if the exposure time to HCI vapours increases doping, and consequently
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the conductivity of the membrane. As expected, the electrical conductivity of the PANI proto-
nated membranes increased as the time of exposure increased. However, 20 min of HCI vapours
exposure leads to a decrease in samples average conductivity but with a wider distribution of
conductivity values between measurements — this may be explained by the degradation of fibre

structure.
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Figure 3.11 - Post-electrospinning treatments on PANI (t-Boc) non-woven mats, to remove t-Boc
protecting group and protonate PANI membranes.

In order to confirm if exposing PANI (t-Boc) membranes to concentrated HCI vapours
destroy the fibre structure, a 5 min exposure membrane was observed by atomic force microscopy
(AFM). AFM micrographs showed that only 5 min in a vapour chamber with concentrated HCI
causes the fusion of PANI (t-Boc) fibres, leading to partial destruction of fibre’s structure, as

showed in Figure 3.12.
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Exposing a crosslinked non-woven mat of PANI (t-Boc) to 15 min of concentrated HCI
(37 %) vapours leads to an electrical conductivity of 5.18x102 S.cm™. The results are not the best
accordingly to the literature, however all treated membranes agree with the electrical conductivity
interval of electrospun PANI fibres (6.2x107 to 20 S.cm™) (see Supporting Information). Its low
conductivity value is due to the addition of a matrix polymer, PVVP, to promote the entanglement
of the polymer chain. The random orientation of the fibres within the PVP polymer matrix results
in less contact points between PANI chains and so reducing electron diffusion across the mem-

brane.

Figure 3.12 - AFM micrographs of PANI (t-Boc) membrane before HCI vapours treatment (A);
and PANI membrane exposed 5 min to concentrated HCI vapours (B).

3.2 PEDOT:PSS membranes

As the focus of this dissertation is the production of conductive non-woven mats, PE-
DOT:PSS, another ICP, was used as comparative system to the PANI electrospun membranes.
As previously mentioned in section 1.2.2, PEDOT is insoluble in water and organic solvents.
However, PEDOT grafted with poly(4-styrenesolfunate) (PSS), a strong polyelectrolyte, allows

PEDOT:PSS suspension in water and increases its electrical conductivity.

3.2.1 PEDOT:PSS fibres production

Concerning that PEDOT:PSS is soluble in common solvents, the system EtOH/PE-
DOT:PSS was studied. Two electrospinning solutions — 2:1 and 1:1 EtOH/PEDOT:PSS - were
prepared to study the influence of PEDOT:PSS concentration on fibres morphology and mem-
brane conductivity. To guarantee the formation of fibres, 10 wt.% of PVP was added to each

EtOH/PEDOT:PSS solutions, promoting the entanglement of polymer chains. It was observed
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that the solution 2:1 EtOH/PEDOT:PSS after the addiction of the calculated amount of PVP be-
came more viscous than the 1:1 EtOH / PEDOT:PSS solution, leading to different electrospinning

conditions to guarantee Taylor’s cone formation. The applied conditions are shown in Table 3.3:

Table 3.3 - Electrospinning process conditions of PEDOT:PSS membranes.

Solution Flow rate (ml.h%) Voltage (kV) Distance (cm)
2:1 EtOH / PEDOT:PSS 0.15 17 18
1:1 EtOH / PEDOT:PSS 0.15 175 15

All electrospinning experiments were carried out under controlled environmental condi-
tions — 30 to 40 % relative humidity, and temperature of 20-25 °C. The mean fibre diameter was
estimated by AFM. In AFM, a three-dimensional shape (topography) of the sample surface is
obtained by scanning the interaction between the force that the probe exerts on the sample and
the force that the sample imposes on the probe. This interaction estimates the position of the
sample with respect to the probe and the height of the probe is recorded. Nevertheless, during the
electrospinnig process, a glass slide was placed next to the collector for 10 s, in order to collect a
set of fibres from each solution. The collected fibres were analysed by AFM (Figure 3.13), pre-

senting differences between the heights and widths of the fibres, in both electrospun collected
samples.
241 nm*

64.96 nm*
i nm*

Figure 3.13 - AFM micrographs of 10 wt. % PVP in 2:1 EtOH/PEDOT:PSS fibre (A) and 10 wt.
% PVP in 1:1 EtOH/PEDOT:PSS fibre (B).

Such difference in height and widths of the fibres led to believe that a flattening of the fibre

occurs when it reaches the glass slide due to incomplete evaporation of the solvent. However, the
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mean fibre widths were estimated, obtaining a mean fibre width of 1.75 £ 0.34 um to 2:1
EtOH/PEDOT:PSS solution, and 2.45 + 0.26 um to 1:1 EtOH/PEDOQOT:PSS solution. It can be
observed a higher difference between maximum height (64.96 nm) and mean fibre width (2.45 +
0.26 um) for 10 wt. % PVP in 1:1 EtOH/PEDOT:PSS fibre (vs 241 nm height and 1.75 + 0.34
um, for 10 wt. % PVP in 2:1 EtOH/PEDOT:PSS fibre). A non-uniform fibre diameter is also
notorious in the AFM micrographs of fibres obtained from 1:1 EtOH/PEDOT:PSS solution. This
fact leads to the conclusion that the presence of a higher amount of EtOH on electrospinning

solution results in better solvent evaporation before fibres reach the collector.

Electrical conductivities of 2 h electrospinning membranes were measured using a home-
made 1/V curve plotter apparatus. This equipment applies an electrical potential from -1 to 1 V
between the two test-probes and records the current response. The resultant current-voltage char-
acteristic 1V curve give electrical information of the sample measured, such as its electrical con-
ductivity. On forward bias region, the slope of the linear region of the curve gives information on
the inverse of the resistance value (1/R). Knowing the dimension of the sample, it is possible to

estimate the electrical conductivity (o) from the equation:

o= @

Where % is the inverse of the resistance, [ is the distance between silver contacts, and A the

cross-sectional area. Three measurements for each electrospun membrane were performed and by
the extrapolation of resistance values from the IV curves calculated the average conductivity of
each system. As shown in Table 3.4, the solution of 10 wt. % PVP in 1:1 EtOH / PEDOT:PSS
reveals a higher electrical conductivity — 4.02x10® + 1.9x10° S.cm™. This difference in conduc-
tivity is clearly explained by the higher content of conductor component — PEDOT:PSS — on the
electrospinning solution. These results are a quite low for electrode applications. However, the
mean fibre diameter and electrical conductivity of both membranes are better than a similar sys-
tem PEDOT:PSS / PVP found in the literature [28].

Table 3.4 - Average electrical conductivity of PVP/PEDOT:PSS membranes.

Solution Fibres diameter [um] Average membrane conductivity [S.cm™]
10 wt. % in .
2:1 EtOH / PEDOT:PSS 175£0.34 (1.8+0.2)x10
10 wt.% in

2.45+0.26 (4.0+0.2) x 108
1:1 EtOH / PEDOT:PSS
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When comparing the obtained conductivity values with the ones found in literature (please
see Supporting Information) it is possible to verify that PEDOT:PSS/PVP fibres produced in this
work shows a lower electrical conductivity value. As discussed for PANI/PVP system in section
3.1.4, it is expected that the presence of PVVP polymer strongly affects the electrical conductivity
of PEDOT:PSS composite fibres. An optimization of PEDOT:PSS/PVP system, reducing PVP
content on the electrospinning solution, may result in an increase of membranes electrical con-

ductivity.
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4 Conclusions and Future Perspectives

This dissertation reports on the development of conductive nanofibres capable to be used
in smart textile applications. Two different intrinsically conductive polymers — polyaniline
(PANTI) and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) - were elec-
trospun through electrospinning technique which allowed the production of non-woven mats from
both ICPs. The inherent difficulty in electrospinning of conductive polymers, due to their poor
solubility, rigid backbone and low viscosity in agueous solutions made it necessary to use a carrier
polymer — polyvinylpirrolidone — in both systems to promote the entanglement of the polymer

chains and consequent fibre formation.

For the production of conductive PANI electrospun membranes, PANI powders were
firstly synthetized through chemical oxidative polymerization of aniline monomer in an aqueous
acid medium using ammonium persulfate as oxidizing agent. The influence of oxidant -to-mon-
omer ratio on the electrical conductivity of PANI powders was studied in detail. PANI obtained
using an OM ratio of 2:1 not only led to a high chemical reaction yield of 97 %, but also showed
the highest electrical conductivity, 20.6 S.cm™. Additionally, the electrical conductivity of

pressed PANI powders have demonstrated a good stability over a period of 2 months.

Since PVP is a water-soluble polymer, an optimization study of the UV crosslinking was
carried out by exposing PVP electrospun membranes to different UV exposure time. After being
immersed in water for 5 min and 5 h, and dried, the samples irradiated for 45 min showed the
lower weight loss percentage, 12.5 + 2.7 %, for samples immersed 5 min in water and 29.4 +
6.5% for 5 h immersed in water. As the fibre final application does not require their immersion
in water, but only that they are resistant to normal air humidity conditions, 45 min exposure to
UV irradiation was found to be the optimal condition to crosslink all electrospun membranes.
Interestingly, after 45 min UV irradiation, PVP non-woven mats presented an increase in the
mean fibres diameter - from 506 £ 39 nm to 677 £ 71 nm. This increase may be due to the recom-

bination of macroradicals in intermolecular crosslinking of PVP.

After crosslinked for 45 min, the PANI (t-Boc) electrospun membrane presented a mean
fibre diameter of 179+50 nm. Since PANI (t-Boc) membrane is non-conductive, several treat-
ments with HCI were carried out to remove the t-Boc protecting group. It was found out that 15
min of exposure to concentrated HCI vapours leads to a maximum conductivity of 5.2x103 S.cm
! However, all HCI treatments explored appeared to cause the fibre fusion, which was not desired

in terms of membrane applications.
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As expected, the membrane with a higher content of PEDOT:PSS (1:1 ratio) showed a
conductivity slightly higher, (4.0 £ 0.2) x 108 S.cm™%, than the membrane obtained with a ratio of
2:1,(1.8+0.2) x 108 S.cm™,

According to the literature, PANI and PEDOT fibres are expected to present electrical con-
ductivities in a large range of values, from 102 to 10* S.cm™. In Supporting Information, a sum-
mary of some representative methods developed for the fabrication of conductive electrospun
PANI and PEDOT fibres is outlined.

As suggestive future work, PANI membranes treatment with HCI vapours under low hu-
midity conditions could lead to no fusion of PANI nanofibres, while removing the t-Boc protect-
ing group on PANI backbone: Complete removal of t-Boc protecting groups leads to doping of
PANI and consequent increase in conductivity. By reducing the humidity on vapours chambers it
is expected the non-fusion of PANI nanofibres, which is desired for smart textile applications.
Moreover, PEDOT:PSS membranes’ conductivity could be improved by reducing the concentra-
tion of the carrier polymer on the electrospinning solution. As PVP is a non-conductive polymer,
by reducing its amount on electrospinning solution but maintaining the sufficient amount to guar-
anteeing the entanglement of the polymer chains, an equilibrium could be achieved to increase
the electrical conductivity of electrospun membranes. Despite all this, as the fibres diameter of
both conductive membranes systems are in submicron range, a set of align nanofibres forming

yarns, would favour their use as electrodes for wearable applications.
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6 Supporting Information

6.1 Summary of some representative methods developed for the fabri-
cation of electrospun PANI and PEDOT:PSS fibres

Material

PANI

PANI/PEO

- Z> 7T

PANI/Nylon6
PANI/PS

PANI

PANI

PANI/PLCL
PANI

PANI

PANI/PVP

PEDOT:PSS/PVP

p
E
CD) PEDOT:PSS/PEO
T PEDOT:PSS/

PVP/PbS NPs

PEDOT/PMMA
(PEDOT/SPS)

(PEDOT/PS)

Composition

PANI + H2S04

PANI + CSA +
PEO + CHCls

DBSA/HCI doped
PANI + Nylon 6 +
formic acid

PANI + azobenzene
sulfonic acid + PS +
DMF

PANI + formic acid

PANI + hot H2SOa

PANI + CSA +
PLCL + HFP

PANI + AMPSA +
TFA

t-Boc PANI +
CHCIs + DMF

t-Boc PANI + PVP
+ DMF + concen-
trated HCI vapours

PEDOT:PSS + PVP
+ DMF

PEDOT:PSS + PEO

Core: PEDOT:PSS
+ PbS NPs

Shell: PVP + EtOH

DBEDOT +
(PMMA or SPS or
PS) + (DMF or THF
or DMF:THF) +
compression and
temperature

Conductivity
[S.cm?]

~0.1

0.5

6.2x107

10 - 10

108- 102
26-7.9
(52.9, bundle)

0.16-0.3
8.9x102 (1.3x10%,
redoping)

20

5.2x103

2.3x10712

355

31.7 (PMMA)
13.9 (SPS)
13.2 (PS)

37

Application

NHs sensor
0.8 ppm (5 %)
60 ppm (55 %)

Myoblats cultured

NH3 sensor
10 ppm (1.6 %)

Year

2001

2004

2006

2006

2007

2008

2009

2013

2016

Present

dissertation

2010

2015

2016

2017

ref.

[10]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[27]

[28]

[64]
[19]

[32]



PEDOT:PSS/PEO = PEDOT:PSS + PEO
+ DMF + EtOH or
EG soaking

PEDOT:PSS/PVP = PEDOT:PSS + PVP
+ EtOH

(resistance of 12
kQ)

4.0x108

38

transparent elec- 2017 [65]
tronics or solar
cells
- Present

dissertation



