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Abstract

A study of the stability of conducting fabrics of polyester (PES) coated with
polypyrrole/PW1,04° (organic/inorganic hybrid material) in different pH solutions (1,
7, 13) has been done. Washing tests were also done in views of its possible application
in electronic textiles such as antistatic clothing. X-ray photoelectron spectroscopy
(XPS) studies have been done to quantify the amount of counter ion that remains in the
polymer matrix and determine the doping ratio (N*/N) after the different tests. Scanning
electron microscopy (SEM) was also used to observe morphological differences after
the different tests. Surface resistivity changes were measured by means of
electrochemical impedance spectroscopy (EIS). Scanning electrochemical microscopy
(SECM) was employed to measure changes in electroactivity after the different tests.
Higher pHs caused a decrease of the doping ratio (N*/N), the loss of part of the counter
ions and the decrease of its conducting and electrocatalytic properties. The stability in
acid, neutral media and after the washing test was good. Only at pH 13 the loss of the
counter ion was widespread and there was a decrease of its conducting and catalytic

properties; although the fabrics continued acting mainly as a conducting material.


http://ees.elsevier.com/apsusc/viewRCResults.aspx?pdf=1&docID=18518&rev=1&fileID=636839&msid={EF6CB1F0-E0B1-4947-80E4-DAD58113EF82}

Keywords: Polypyrrole, conducting fabric, phosphotungstate, X-ray photoelectron

spectroscopy, scanning electrochemical microscopy.

* Corresponding author. Tel.: +34 966528412; Fax.: +34 96 652 8438

E-mail address: ficases@txp.upv.es (Prof. F. Cases)

1. Introduction

The development of textiles with new properties and applications has received great
attention during the last years; one of these properties is the electrical conductivity. One
of the methods that have been employed to produce conducting fabrics is the chemical
synthesis of polypyrrole on fabrics [1-9]. Applications of polypyrrole-based conducting
fabrics are varied and numerous; like antistatic materials [1], gas sensors [2],
biomechanical sensors [3], electrotherapy [4, 5], heating devices [6-8] or microwave
attenuation [9].

During the formation of polypyrrole, positive charges are created in its structure
(polarons and bipolarons). These positive charges are compensated by anions that act as
counter ions to maintain the electroneutrality principle. Low size anions such as CI’
have been employed as counter ions, but their stability is low [9]. If the counter ion is
expelled from the structure (dedoping), there is a great loss of its electrical properties.
To prevent this phenomenon, bulky anions with a high molecular size have been
employed in bibliography. When the size of the counter ion is high, its diffusion is
prevented and it remains in the polypyrrole structure [10]. The higher size of the counter

ion, the more difficult the expulsion of the counter ion from the structure is. Typical


mailto:fjcases@txp.upv.es

counter ions employed in textiles coated with polypyrrole, are organic molecules with
high size; like anthraquinone sulfonic acid (AQSA) [2, 7, 9, 11-14], dodecylbenzene
sulfonic acid (DBSA) [1, 12], p-toluene sulfonic acid (PTSA) [2, 9, 12, 15],
naphthalenedisulfonic acid (NDSA) [3, 9, 12], benzenesulfonic acid (BSA) [4, 16],
naphthalenesulfonic acid (NSA) [9, 15], anthraquinone disulfonic acid [17, 18].
However, very little has been reported about the use of inorganic anions as counter ions
when obtaining conducting fabrics. In our previous work [14], we employed an
inorganic anion as counter ion (PW1,04>) to produce polypyrrole-based conducting
fabrics. A hybrid organic/inorganic layer was obtained (PPY/PW1,040%). PW1,04” is a
polyoxometalate (POM) with high volume and charge [19], so their diffusion
coefficient is low, and the exchange with anions present in the solution is prevented. In
addition to this, PW1,04> presents also catalytic properties [20, 21].

One of the applications that our group aims to is the employment of conducting fabrics
in catalysis, or as a support with high surface area to electrodeposit Pt nanoparticles and
enhance its electroactivity [22, 23]. For example, conducting polymers have been
employed in environmental applications; electrodes modified with conducting polymers
have been used in Cr® (toxic) reduction to Cr** (not toxic) [24] or nitrites
electroreduction [25]. The employment of polypyrrole coated textiles in the
electrochemical removal of the textile dye C. I. Direct Red 80 has been also reported
[26]. Polyaniline/MnO, catalyst and H,O, as an oxidant have been employed in the
degradation of organic dyes such as Direct Red 81, Indigo Carmine and Acid Blue 92
[27, 28]. For these purposes, the study of the stability of the PPy/PW1,04° layer and

its properties in different pH solutions is essential to optimize its operational pH range.



Another application that we are studying at present is its employment in electronic
clothing, for instance its antistatic or microwave attenuation properties. For this
purpose, the conducting fabrics would have to resist washing tests. X-ray photoelectron
spectroscopy (XPS) measurements have been used to quantify the amount of counter
ion (PW1,04%) present in the polypyrrole matrix and the doping ratio (N*/N) after the
different tests. Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) measurements have been employed for morphology observation and zonal
analysis, respectively. Surface resistivity (Q/[1) changes have been measured by
electrochemical impedance spectroscopy (EIS) after the different tests. The
electroactivity of the samples after the different tests has been measured by scanning
electrochemical microscopy (SECM). SECM is a relatively novel (1989) and powerful
technique that is becoming more popular among researchers [29-31]. Its employment in
conducting fabrics has not been reported since the most employed substrate in

bibliography is Pt.

2. Experimental

2.1. Reagents and materials

Analytical grade pyrrole, ferric chloride, sulphuric acid, sodium dihydrogenophosphate,
disodium hydrogenophosphate, sodium sulfate and sodium hydroxide were purchased
from Merck. Normapur acetone was from Prolabo. Analytical grade phosphotungstic
acid hydrate was supplied by Fluka. Ultrapure water was obtained from an Elix 3
Millipore-Milli-Q Advantage A10 system with a resistivity near to 18.2 MQ cm.

Polyester textile was acquired from Viatex S.A. and their characteristics were: fabric



surface density, 140 g m™; warp threads per cm, 20 (warp linear density, 167 dtex); weft
threads per cm, 60 (weft linear density, 500 dtex). These are specific terms used in the

field of textile industry and their meaning can be consulted in a textile glossary [32].

2.2. Chemical synthesis of PPy/PW1,04,° on polyester fabrics

Chemical synthesis of PPy on polyester textiles was done as reported in our previous
study [14]. The size of the samples was 6 cm x 6 cm approximately. Previously to
reaction, polyester was degreased with acetone in ultrasound bath and washed with
water. Pyrrole concentration employed was 2 g I and the molar relations of reagents
employed in the chemical synthesis bath were pyrrole: FeCls: H3PW1,040 (1: 2.5: 0.2).
The next stage was the adsorption of pyrrole and counter ion (PW1,04%) (V=200 ml)
on the fabric for 30 min in an ice bath without stirring. At the end of this time, the FeClj
solution (V=50 ml) was added and oxidation of the monomer took place during 150 min
without stirring. Adsorption and reaction were performed in a precipitation beaker. The
conducting fabric was washed with water to remove PPy not joined to fibers and dried
in a desiccator for at least 24 h before measurements. The weight increase obtained was
around 10 %. The thickness of the film obtained on the fibers of the fabric was around

600 nm.

2.3. Stability of PW1,04% in the conducting textiles of PES-PPy/PW1,040" in different
pH solutions

Different samples of PES-PPY/PW1,04> (2 cm x 2 cm) were soaked in different pH
solutions. The solutions employed were: 0.1 M H,SO, (pH~1), phosphates buffer + 0.1

M Na,SO4 (pH~7) and 0.1 M NaOH + 0.1 M Na,SO, (pH~13). After 1 h of contact



with the different pH solutions, the samples were rinsed with ultrapure water and dried
in a desiccator before measurements. Different samples were obtained equally to
perform the different analysis. XPS analyses were done to quantify the amount of
counter ion and doping ratio (N*/N). Zonal analyses were performed by means of EDX
and morphological changes in the coating were also observed by means of SEM.
Surface resistivity and electroactivity changes were measured by EIS and SECM,

respectively.

2.4. Washing tests

Washing tests were performed to test the stability of the coating and its properties after
these tests. The analysis was done as related in the norm ISO 105-C01 at 40° C during
30 min. The different analysis mentioned in section 2.3. were also done for these

samples.

2.5. X-ray photoelectron spectroscopy measurements

XPS analyses were conducted at a base pressure of at 5 - 10" mbars and a temperature
around 173 K. The XPS spectra were obtained with a VG-Microtech Multilab electron
spectrometer by using unmonochromatized Mg Ka (1253.6 eV) radiation from a twin
anode source operating at 300 W (20 mA, 15 KV). The binding energy (BE) scale was
calibrated with reference to the C1s line at 284.6 eV. The C1s, O1s, N1s, S2p, P2p and
WHA4f core levels spectra were analyzed for the original sample of PES-PPy/PW1,04°%,
and samples of PES-PPy/PW1,04° after contact with different pH solutions (1, 7, 13)

and after the washing test.



2.6. SEM and EDX characterization

A Jeol JSM-6300 scanning electron microscope was employed to observe the
morphology of the samples and perform EDX analyses. SEM micrographs were
obtained using an acceleration voltage of 20 kV. EDX measurements were done

between 0 and 20 keV.

2.7. Electrochemical impedance spectroscopy measurements

An Autolab PGSTAT302 potentiostat/galvanostat was employed to perform
electrochemical impedance spectroscopy (EIS) analyses. EIS measurements were
performed in the 10°-10 Hz frequency range. The amplitude of the sinusoidal voltage
employed was = 10 mV. Measurements were carried out using two rectangular copper
electrodes (0.5 cm x 1.5 cm) separated by 1.5 cm and pressed to the dry textile sample.
The measured area of the textile was a square of 1.5 cm, so when the material acts as a
resistor, the measured impedance modulus () was equal to the surface resistivity

(/).

2.8. Scanning electrochemical microscopy measurements

SECM measurements were carried out with a scanning electrochemical microscope of
Sensolytics. The three-electrode cell configuration consisted of a 100-um-diameter Pt
ultra-microelectrode (UME) working electrode, a Pt wire auxiliary electrode and an
Ag/AgCI (3 M KCI) reference electrode. The solution selected for this study was 0.01
M Ru(NH3)sCl3 in aqueous 0.1 M KCI supporting electrolyte. All the experiments were
carried out in inert nitrogen atmosphere. Substrates of PES and the samples of PES-

PPy/PW1,04° after the different pH treatments were chosen as substrates for the



SECM measurements. The different samples were glued with epoxy resin on glass
microscope slides.

The positioning of the Pt UME tip was achieved by first carefully putting it in contact
with the substrate surface and then moving it in z direction (height of the electrode).
Once the electrode was at the desired height, the electrode was approached to the
substrate surface; the current of the UME was recorded to obtain the approach curves.

Approach curves give us an indication of the electroactivity of the surface.

3. Results and discussion

3.1. XPS analysis of PES-PPy/PW,,04" treated at different pHs

XPS analyses were done to quantify the amount of counter ion (PW1,04>) and doping
ratio (N*/N) of the fabrics after the different tests. The C1s, O1s, N1s, S2p, P2p and
WA4f core levels spectra were analyzed for the different PES-PPy/PW,,04> samples.
Table 1 shows chemical composition and doping ratio (N*/N) for polypyrrole/PW1,040>
(PPy/POM) coated textiles. Samples 2 to 4 were previously treated with different
solutions. These hybrid materials should ideally have the formula CsHsN(PW12040>)y,
where “x” is the fractional doping level obtained by W analysis. XPS analyses showed a
systematic carbon excess, which may be due to surface hydrocarbon contamination
[33]. The composition analyses showed also an oxygen excess in all specimens. This
may be due to PPy ring oxidation attributed to PPy reaction with water as synthesis
solvent [34]. POM fractional doping level suffered a gradual decrease when samples
were treated in more basic solutions. Sample 4 showed a complete counter ion lose due

to the disintegration of PW1,040%". These facts will be explained in detail later.



3.1.1. Cls analysis

Fig. 1 shows the deconvoluted high resolution C1s spectrum for an untreated specimen
(sample 1). Three peaks appear at the following binding energies: 284.3, 285.8 and
287.8 eV. The contribution at the lowest binding energy was due to C-C/C-H groups
[35]. The peak at 285.8 eV was assigned to C-N groups in the pyrrole rings [35-37]. The
binding energy peak at 287.8 eV was ascribed to carbonyl C=0 groups [38, 39]. The
appearance of C=0 groups was mainly due to the presence of pyrrole overoxidation
during chemical polymerization in agueous media, as commented before. It has been
proved that polypyrrole is simultaneously degraded during the synthesis in short soluble
maleimide molecules. This degradation process may be attributed to the polymer
overoxidation which is described as a gradual polymer oxidation by water in the
presence of FeCls. Quantitative measurements confirmed that polymerization presented
second-order kinetics with regard to FeCls, while overoxidation appeared to be only first
order [32]. Contamination with particulated PPy might also appear on the surface due to
the formation of aggregates and individual particles of colloidal PPy [40]. Fig. 1 shows
that C-C/C-H peak area is significantly greater than the C-N one. For the pyrrole
structure, the atomic ratio (C-C/C-H)/C-N must be equal to 1.0. The higher C-C/C-H
contribution is coherent with a maleimide-like structure where C=0 groups appear at a
positions (C-N groups). This overoxidation might be estimated as the atomic ratio
C=0/Crota, Obtaining a value around 10 % for the original PES-PPy/PW,,04> sample.
As surface hydrocarbon contamination may be present, this is a minimum value.
Important changes in overoxidation state were not appreciated as a result of treating the

PPy/POM samples in different pH solutions (values between 10-13 % were obtained).



Table 2 shows the Cls, Ols, N1s, S2p, P2p and WA4f core level binding energies
assignments for PPy/POM untreated and treated with pH 1, 7 and 13 solutions. Noticing
in Cls binding energies, there were not important changes in the binding energies
obtained for the different specimens. The same chemical carbon groups, commented

previously, appeared for the four samples.

3.1.2. Ols analysis

Fig. 2 shows the high resolution O1s spectrum for the untreated specimen (sample 1).
The O1s core level peak was deconvoluted in two contributions centered at 530.5 and
532.0 eV. These contributions were attributed, respectively, to W-O-W groups and
W=0 groups in the PW1,04> counter ion [41]. Seeing Table 2, the binding energy
results for sample 1, 2 and 3 are very similar. Therefore, the same contributions can be
expected for samples 1 to 3 since PW1,040° is present in the chemical composition of
the different samples (Table 1).

The analysis performed for sample 4 shows that the O1s spectrum exhibited three peaks
in the sites [SSBIBI 532.0 and 533.6 eV. [HCIGIGRICIDCREIE SO Escase
BYIESEIEIBIE The peak at 532.0 eV was due to SO,* and is due to incorporated
counter ion within the polymer [42]. The S2p analysis also showed the presence of two
peaks due to SO4> (section 3.1.6.) and corroborates the SO,> presence. As a high pH
(pH 13) is used for the treatment with Na,SO,4 + NaOH solution, the counter ion will be
predominantly in the sulfate rather than bisulfate form. The peak at 533.6 eV has been
attributed to C=0-C groups [35].

In samples 1, 2 and 3, the contributions that for C=0, C=0-C, SO,* did not appear,
probably due to a high oxygen content from POM molecules, 40 oxygen atoms per

PW.1,040° molecule (PW1,04>). In sample 4, the oxygen content from POM counter
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ion did not interfere because this counter ion had been almost completely released from

the polymer matrix (Table 1).

3.1.3. N1s analysis

Fig. 3 shows the high resolution N1s spectrum for the untreated specimen (sample 1).
The N1s spectrum was deconvoluted into two contributions, centered at 399.9 and 401.5
eV. The peak at 399.9 eV was assigned to the neutral amine-like (-NH-) structure
which is characteristic of pyrrolylium nitrogen [35, 38, 43]. The peak at 401.5 eV was
attributed to positively charged nitrogen, N*. The electron-deficient nitrogen species
arise from delocalization of electron density from the polypyrrole ring as a result of the
formation of electronic defects (polarons and bipolarons) [36, 43]. The doping ratio
represented by the (N*/N) ratio was found to be 0.23. As POM presents 3 negative
charges per molecule, the POM fractional doping level obtained by N analysis would be
0.23/3 = 0.076, value lower than the value of 0.115 obtained by W analysis. This
indicates an incorporation of the counter ion in excess; probably caused by the presence
of aggregates of polypyrrole on the surface of the fabric.

The same nitrogen functional groups appeared when samples were treated in pH 1 and 7
solutions. As commented before, these peaks were due to neutral amine-like (-NH-)
structure and positively charged nitrogen, N*. The doping ratios obtained for the
samples treated in pH 1 and pH 7 solutions were 0.20 and 0.27, respectively. These
variations of the doping ratio were not significative and they could be attributed to zonal
variations within the fabric. On the other hand, the N1s spectrum of the sample treated
at pH 13 presented significant changes; two peaks were observed at 398.0 and 400.0 eV.

The peak at 400.0 eV was assigned to neutral amine-like (—~NH-) structure. The

11



contribution at 398.0 eV has been attributed to deprotonated and uncharged imine-like
nitrogens (>C=N-) [38, 44]. The N" contribution disappeared completely from the N1s
spectrum (compare figure 3 and 4). This fact also confirmed the loss of POM anions,
undergoing decomposition (as it will be explained in the WA4f analysis). For the samples
2-4 (treated in media containing sulfates) the appearance of sulfur in the XPS spectrum
(figure not shown) confirmed also the incorporation of sulfates in the polymer matrix.

The sulfates content can be observed in table 1.

3.1.4. P2p analysis

Phosphorous was also detected despite the small quantity within the counter ion (1 atom
of P per 12 of W). P2p analyses showed the presence of a band to P at 133.7 eV (figure
not shown). This band has been observed in other studies of polyoxometalates [45-48].
The quantification of counter ion taking into account the amount of P was not reliable
given the small amount of P. In addition, the atom of P is also in the center of the
polyoxometalate and only part of the photoelectrons can be detected [45]. Therefore, the

quantification of the counter ion was done according to W analyses.

3.1.5. WAf analysis

Fig. 5 shows the high resolution WA4f spectrum for untreated PPy/POM sample. A spin-
orbit coupling doublet appeared at 35.4 eV (W4f;) and 37.5 eV (W4fs,). This doublet
is due to W®* that comes from the counter ion, PW1,04° [46, 49]. In addition, this
doublet with a separation of 2.1 eV is also characteristic of W®" oxidation state [50].
The same binding energies were obtained for samples 2 and 3. The content of the

counter ion (Table 1) decreased gradually with the pH from 0.115 of the original sample
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to: 0.057 (pH 1), 0.040 (pH 7). When the sample was immersed for 1 hour in pH 13
solution, there was a great decrease of the POM content (0.0003) although the two
peaks at 35.2 and 37.3 eV arising from W°®* were still detected. The presence of W was
minimal in the polymer coating; NaOH treatment had caused the removal of the dopant,
PW1,04>. This fact is coherent with data obtained for N1s analysis that shows the
disappearance of the N* peak. Zu et al. corroborated that the PW1,040> molecule suffers
decomposition into POs> and WO,* at pH>8.3 [51], so the treatment at pH 13 caused

the total decomposition of the POM dopant and its removal from the polymer matrix.

3.1.6. S2p analysis

The treatment of conducting fabrics with the different pH solutions caused the removal
of part of the PW1,04> counter ions. Therefore, sulfate anions could be incorporated as
counter ions and replace them. This fact can be observed in Table 1. S2p measurements
showed the presence of two bands at 168.2 and 169.6 eV (Table 2). This doublet is

attributed to S2p1/2 and S2p3/2 of sulfates [52].

3.2. Washing test of the conducting textile

Sample 1 was submitted to washing test as related in the norm ISO 105-CO1. It is
important to know the conductivity of the conducting fabric after laundering tests in
views of employing them in electronic textiles. In that sense, Hurren et al. studied the
influence of the detergent and washing temperature on the conductivity of conducting
fabrics of polypyrrole/AQSA [53]. This sort of studies has been done in the case of
using organic counter ions [53, 54]. The effect of laundering in the case of employing

inorganic counter ions has not been reported. In addition to conductivity changes, it is
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also important to know the doping ratio (N*/N) and the fractional doping level (counter
ion content) after washing tests. If the conducting textile suffers a complete dedoping
(release of the counter ion), this textile loses its conducting properties. XPS analysis
allows the quantification of the counter ion that remains in the polymer structure, as
well as the doping ratio determination. The chemical composition obtained by XPS
analysis was: Cg_gzN(PW120403')0_05401_47. The amount of dopant decreased from 0.115
for the original sample (Table 1) to 0.054 after washing, so the quantity of dopant
remaining in the coating was around 47 %. This value is high enough taking into
account the aggressive test of washing. The doping ratio obtained was not substantially
modified (0.20) regardless the partial loss of counter ion observed. On the other hand,

the oxygen excess content increased from 0.32 to 1.47 after washing.

3.3. SEM and EDX measurements

EDX analysis can be used as a semi-quantitative analysis to measure the W content in
the conducting fabrics after the different tests. In Fig. 6-a it can be observed the EDX
analysis of the sample of PES-PPy/PW1,04° in the area of the micrograph attached. As
can be seen, different W bands are observed. The presence of Fe is due to the use of
FeCls as oxidant during the synthesis of the polymer. The morphology of the layer of
polypyrrole can also be observed in the micrograph. It can be seen that the hybrid
material coating covers completely the fabric of polyester. The presence of polypyrrole
aggregates that could not be removed from the surface of the fabric was also noticeable.
The atomic content of W for this sample was 2.48 %. When it was soaked during 1 h in
the pH 1 and pH 7 solutions, the content of W decreased to 2.22 % and 2.17 %

respectively (micrographs and analysis not shown). The micrographs did not show any
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morphological change. Fig. 6-b shows the EDX analysis and the micrograph for the
sample treated at pH 13. The elimination of the counter ion (PW1,04>) from the
coating was confirmed since W bands were not observed. Gravimetric measurements
showed a significant decrease of the mass of the hybrid material layer; 50 % for the
sample treated in basic media due to the loss of the counter ion. Nevertheless, no
apparent morphological changes of the polymer layer were observed with higher
magnification. The size of this counter ion is approximately 10 A [55] and its loss could
produce a more porous structure. However, SEM magnification was not sufficient to
observe this fact. The sample after the washing test was also analyzed by means of EDX
(not shown). A decrease of the W content was also noticed (1.66 % atomic), although
no changes in the polypyrrole coating were noticed. The data obtained by EDX analysis
was consistent with that obtained by XPS measurements and indicated a gradual loss of

the counter ion with the increasing pH and a total loss of the counter ion at pH 13.

3.4. Surface resistivity measurements

Surface resistivity measurements were employed to measure variations in the
conductivity of the samples due to the different tests performed. In the Fig. 7 the Bode
diagrams for different samples of PES/PPy-PW1,04% are shown. It is shown the data
for the original sample of PES/PPy-PW1,04°> and the sample after contact with the
different pH solutions (1, 7, 13). The Bode plots for the sample after the washing test
are also shown.

In the upper diagram it can be seen the impedance modulus (|Z|) at the different
frequencies for the different samples. As it was explained previously, the impedance

modulus (Q) is equivalent to the surface resistivity (/1) when the material acts as a
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resistor; as a square of 1.5 cm was measured. In the text the term impedance modulus is
employed but it is equivalent to the surface resistivity. The sample of polyester presents
a value of the impedance modulus at low frequencies higher than 10™ Q, typical value
of insulating materials. When the sample of polyester was coated with PPy/PW,04°,
the value of the impedance modulus lowered more than eight orders of magnitude (a
value of approximately 250 Q was obtained). The contact with the pH 1 solution
produced a slight increase of the impedance modulus (315 Q); this drop of the
conductivity may be attributed to the loss of part of the counter ion as XPS analysis
revealed (50 %). When the sample was treated in the pH 7 solution the impedance
modulus rose to 565 Q. This result is consistent with a decrease of about 65 % in the
doping level of PW1,04%. At pH 13 a large increase of the impedance modulus was
observed (9.86:10° Q). The loss of conductivity at pH 13 can be attributed to the
deprotonation of polypyrrole that takes place at pH 10 [56] and the reaction of
decomposition that PW,,04> suffers at pH>8.3 [51]. This loss of conductivity after
basic media exposure is consistent with results obtained in bibliography for polypyrrole
films [57]. These results corroborate the results obtained by means of XPS and EDX.
Nevertheless, the impedance modulus for the sample treated at pH 13 was still lower
than that for polyester (5 orders of magnitude for low frequencies). The results for the
sample that was submitted to a washing test showed a slight increase of the impedance
modulus (698 Q), slightly higher than the sample treated at pH 7. XPS analysis for the
sample after the washing test showed a decrease of about 53 % of the counter ion, this
result is consistent with the loss of conductivity observed.

Static charging of the surface of fibers is excluded with surface resistivity below 5-10°

Q/1] [58], so surface resistivity of the conducting textile after the different tests was still
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adequate for its employment in antistatic applications, including the most adverse
conditions that were basic media exposure.

In the second diagram it is shown the data for the phase angle at different frequencies
for the same samples of the first diagram. Polyester has a phase angle of nearly 90°, the
data at low frequencies is not shown since noise due to the large values of impedance
modulus was observed. This value of phase angle is typical of insulating materials that
act as a capacitor. All the samples of PES-PPY/PW1,040° (except the treated at pH 13)
showed values of 0° for the phase angle in the entire frequency range. This indicates that
the samples acted as a resistor with the different resistances indicated previously. The
sample treated in basic media showed values of phase angle near to 30° at 10° Hz, but it
decreased to 0° at 10° Hz and was 0° in the rest of frequencies (10°-10% Hz). Although
the treatment in basic media produced a decrease of the conductivity, the sample

continued acting as a resistor.

3.5. SECM measurements

SECM was used to measure electroactivity variations of the coatings after the different
tests. Approach (I+—L) curves were recorded in the feedback mode in a 0.01 M solution
of Ru(NHs3)¢®" in 0.1 M KCI, pH ~5.2, using the 100-um-diameter Pt tip held at a
potential of -0.4 V vs Ag/AgClI (3 M KCI). According to the voltammogram in Fig. 8,
this potential was selected to reduce the oxidized form of the mediator, Ru(NHs)s**, at a
diffusion-controlled rate.

Approach curves give an indication of the electroactivity of the electrode surface. If the
surface is non conductive, when the electrode approaches the surface there is a decrease

of the current measured (negative feedback) [29]. On the other hand, if the electrode is
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conductive, when the electrode approaches the surface of the substrate the current
increases (positive feedback) [29].

Figure 9-a, shows a selection of the experimental curves recorded at different points
randomly chosen throughout the PES-PPy/PW,,04,° treated during 1 h in 0.1 M H,SO,
solution. The line scans show different degrees of positive feedback, ranging among
3.8-4.1. The positive feedback indicates an increase of the normalized current (1) when
the microelectrode comes close to the surface, according to its conductive nature; (I =
i/i,, where i, = 4nFDaC in which n is the number of electrons involved in the reaction, F
is the Faraday constant, D is the diffusion coefficient, and a is the radius of the UME).
On the other hand, for the sample containing only polyester, negative feedback was
obtained (I decreases with the normalized distance L = d/a in which d is the distance
between UME and surface). Polyester is an insulating material and negative feedback
was obtained (Fig. 9-a, or Fig. 9-b). With this technique it is clearly shown the different
electrochemical activity and conductivity of the two surfaces analyzed. Samples soaked
in the pH 7 solution showed similar values to the sample soaked in the pH 1 solution,
values among 3-4.5 were obtained (figure not shown).

In Fig. 9-b, it is shown the electrochemical activity of PES-PPy/PW,04° after 1 h of
contact with the pH 13 solution. It can be seen a significant decrease of the degree of
positive feedback; after the treatment with the pH 13 solution the values obtained were
among 0.9-1.4. There has been a decrease of the material electroactivity due to the
deprotonation of polypyrrole that takes place at pH 10 [56] and the elimination of the
counter ion from the coating. However, the conducting fabric continued showing some

degree of positive feedback, it can be appreciated the difference with the results for the
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PES sample. These results are consistent with EIS measurements that showed a loss of

its conducting properties, but the material continued acting as a conductor.

4. Conclusions

Conductive fabrics of PES-PPy/PW120403' are stable in acid media and neutral media.
As pH increases, there is an expulsion of part of the counter ions from the polymer
matrix. The direct effect was the increase in the surface resistivity of the conducting
fabric. The increase of the surface resistivity in acid and neutral media was small, as
well as after the washing test. On the other hand, in basic medium a large increase of the
surface resistivity was observed, more than three orders. At pHs>8.4, the decomposition
reaction of the counter ion is another factor that influences the loss of conductivity. The
different tests produced a loss of conductivity but its conducting nature was not
modified; the samples continued acting mainly as a resistor, without capacitative
behavior. The sample treated in basic medium merits special mention because it
continued acting as a resistor (except at high frequencies) regardless the noticeable loss
of conductivity. The surface resistivity of the conducting textile after the different tests
was still adequate (below 5-10° /1) for its employment in antistatic applications.
SECM measurements showed that the coatings of PPy/PW,04> were electroactive
after the tests in acid and neutral media. The treatment in the pH 13 solution caused a
significant decrease of its electroactivity, this decrease is related to the deprotonation of
polypyrrole and the loss of the counter ion from the polymer matrix. Zonal EDX
analyses showed similar results to that obtained by XPS measurements. SEM

micrographs did not show morphological changes in the fibers surface. The loss of the
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counter ion would produce a more porous structure, however the small size of the
counter ion (10 A approximately) and SEM resolution was not sufficient to observe this

effect.
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Figure captions

Fig. 1. C1s XPS core level spectrum for untreated PPy/POM sample.

Fig. 2. O1s XPS core level spectrum for untreated PPy/POM sample.

Fig. 3. N1s XPS core level spectrum for untreated PPy/POM sample.

Fig. 4. N1s XPS core level spectrum for PPy/POM sample treated at pH 13.

Fig. 5. W4f XPS core level spectrum for untreated PPy/POM sample.

Fig. 6. Micrographs and EDX measurements of PES-PPy/PW,04> (a) and PES-

PPy/PW1,04° + 1h pH 13 (b).
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Fig. 7. Bode plots for PES, PES+PPy/PW,,04> chemically synthesized, treated during
1 h with pH 1, pH 7 and pH 13 and after the washing test. Measurements between two
copper electrodes above the samples. Distance between electrodes 1.5 cm. Textile

measured area 1.5 cm x 1.5 cm. Frequency range from 10° Hz to 10 Hz.

Fig. 8. Cyclic voltammograms for Pt UME 100-um-diameter tip. The UME potential
was scanned from +100 to -700 mV (vs Ag/AgCl) in a 0.01 M Ru(NH3)s>* and 0.1 M
KCl at 50 mV s™.

Fig. 9. Approaching curves for: a) PES (---), PES-PPY/AQSA + 1 h pH 1 (—) and b)
PES-PPY/AQSA + 1 h pH 13 (—); obtained with a 100 um diameter Pt tip in 0.01 M

Ru(NH3)s*" and 0.1 M KCI. The tip potential was -400 mV (vs Ag/AgCl) and the

approach rate was 10 um st

Table captions

Table 1. XPS surface compositional data for the selected samples.

Table 2. XPS assignments for binding energies (eV) of different conducting textiles.
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