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Abstract Covalent attachment of thiolated probes to con-
ducting polymers such as polyaniline (PANI) is a promising
approach towards the development of electrochemical sensors
and biosensors. However, thiolation alters the conjugated
polymer backbone and influences the electrochemical behav-
ior of the conducting polymer. PANI studied in this work was
electropolymerized on glassy carbon (GC) electrodes from a
solution of 0.1 M aniline in 0.5 or 1.0 M H,SO,4. The GC/PANI
electrodes were then functionalized by covalent attachment of
2-mercaptoethanol to the PANI backbone. The progress of
thiolation was studied by cyclic voltammetry and electrochem-
ical impedance spectroscopy (EIS). Thiolation of PANI was
found to cause an initial decrease in electroactivity at 0-0.25 V
and an increase in electroactivity at 0.25-0.6 V. However,
prolonged thiolation caused a loss of electroactivity of PANI,
which could be seen from EIS measurements as a dramatic
decrease in the bulk redox capacitance of PANI.
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Introduction

Electrochemical impedance spectroscopy (EIS) is a powerful
tool to study electrochemical processes [1]. Conducting poly-
mers are often studied by using EIS, providing information
about charge transfer resistance, double layer capacitance and
bulk redox capacitance of conducting polymer films [2]. PANI
is one of the conducting polymers that awake a lot of interest,
e.g., due to its easy synthesis in acidic solutions and high
stability. The electrochemistry of PANI is very complex though.
It has three different redox states depending on the potential.
Leucoemeraldine is the most reduced state, emeraldine state is
the oxidized form, and pernigraniline is the overoxidized state.
These three states still have their salt and base forms depending
on the protonation degree. The only conducting form is emer-
aldine salt. Polyaniline is sensitive to pH. The sensitivity to pH
is less in PANI derivatives, such as N- and ring-substituted
anilines [3], which also tend to have quite different character-
istics compared with PANI [4—7]. PANI has a backbone with an
amine group and a benzene ring and both can be functionalized
[4, 8]. By substitution, other properties, like the solubility and
conductivity of PANI, can also be tailored [4].

Thiolated oligonucleotides can be attached covalently to
various surfaces through nucleophilic reaction [9, 10]. This
procedure is mostly followed by adding alkyl thiols as spacers
that fill the free sites left on the substrate [11]. On gold
surfaces, this prevents undesired molecules to bind to the
surface and also helps ssDNAs to stay more upright from
the surface so that they more easily can react to target DNAs.
Conducting polymers offer unique surfaces for attachment
and the conducting polymers can work as transducers in
various types of chemical sensors [12]. Thiolation has even
been used for immobilization of ssDNA on conducting polymer
substrates [9, 13].

When alkyl thiols are covalently bound to the benzene
ring of polyaniline and form functionalized PANI, this will
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affect the electrochemical properties of PANI. The overall
effect of thiolation leads to a reduced PANI backbone
[13—18]. Aromatic rings will become three-substituted and,
depending on the nature of the substituent, steric hindrance
will be increased [19]. Furthermore, the redox states and
conductivity of PANI depend on the applied dc potentials as
well on the pH of the electrolyte [20]. The mechanism of
thiolation of PANI was studied recently by FTIR and Raman
spectroscopy (Blomquist et al., manuscript submitted for pub-
lication). The covalent binding of thiol to PANTI is illustrated in
Scheme 1. Preliminary studies by cyclic voltammetry (CV)
and EIS also revealed interesting changes in the electrochem-
istry of PANI upon thiolation (Blomquist et al., manuscript
submitted for publication).

The objective of the present work is to understand in more
detail the impact that covalently bound thiolated probes have
on the electrochemical properties of PANI deposited on glassy
carbon (GC/PANI). This study is therefore focused on more
extensive thiolation which is obtained by potential cycling of
GC/PANI electrodes for up to 2,800 cycles in H,SO,4 contain-
ing 0.1 M MCE. In this study, the impedance spectra of the
intact (non-thiolated) GC/PANI electrode will be compared
with the impedance spectra of GC/PANI that is thiolated with
increasing number of cycles in an acidic 2-mercaptoethanol
(MCE) solution. The impedance spectra are recorded as a
function of the applied dc potentials both in 0.5 and 1.0 M
H,S0,. This study is relevant concerning further development
of such electrochemical sensors and biosensors where receptors
are covalently bound to conducting polymers via thiolation.

Experimental
Chemicals

Aniline was obtained from Sigma-Aldrich and distilled before
use. H,SO,4 was obtained from J. T. Baker and diluted with
deionized water to desired concentration. 2-Mercaptoethanol
was purchased from Aldrich and used as received. Deionized
water was used throughout this work. All electrochemical
experiments were done at room temperature (23+1 °C).

g W R
H n
S/R
N N
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Scheme 1 Thiolation of PANI. The PANI should be in the emeraldine
salt/base or pernigraniline base/salt form for the reaction to take place
(Blomquist et al., manuscript submitted for publication)
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Electropolymerization of aniline

Electropolymerization of aniline was done on glassy carbon
disk working electrodes (4=0.077 cm?) in a three-electrode
cell. A GC rod served as the counter electrode (CE) and an
Ag|lAgCl3 M KCl (Metrohm) as the reference electrode.
The electrodes were placed at fixed positions of about
0.5-cm distance from each other and the volume of the
electrolyte was 10 ml (total cell volume=30 ml). Prior to
electropolymerization, the electrodes were polished with 15,
9,3, and 1 um diamond paste (in this order) and with 0.3 pm
Al,O5 powder, rinsed with deionized water, and dried. Elec-
tropolymerization and subsequent cyclic voltammetry were
done with an IVIUMSTAT potentiostat (Ivium Technologies,
The Netherlands).

Electropolymerization of 0.1 M aniline was done in 0.5
or 1.0 M H,SO, by cycling the potential between —0.15 and
0.75 V for 25 or 50 cycles at a scan rate of 50 mV/s. PANI
electropolymerized with 25 and 50 cycles will be referred to
as “25-cycle-PANI film” and “50-cycle-PANI film”, respec-
tively. Polymerization was initiated by holding the potential
at 0.85 V for 10 s before starting the cycling. The second
oxidation/reduction couple of polyaniline that can partly
destroy the electroactivity of the film can be avoided by this
polymerization method [21, 22].

After polymerization, the GC/PANI electrodes were char-
acterized by CV (10 cycles, scan rate=50 mV/s) in a
monomer-free solution of the same acid strength as that used
in polymerization. Prior to all the measurements, the solutions
were purged with nitrogen, and during the measurements
nitrogen was passed over the solutions. All the electropoly-
merizations and CVs were done in a Faraday cage.

Thiolation of polyaniline films

Thiolation of electropolymerized PANI films was done by
cycling the GC/PANI electrodes between —0.15 and 0.75 V
in a solution of 0.5 M or 1.0 M H,SO4+0.1 M MCE. The
scan rate was 50 mV/s and the number of scans varied
between 10 and 2,800 cycles. After cycling in acidic MCE
solution, the films were rinsed with deionized water in order
to remove any unbound thiol from the films.

Electrochemical impedance spectroscopy

Impedance measurements were performed using an [IVIUM-
STAT potentiostat (Ivium Technologies, The Netherlands).
The impedance measurements were done in a Faraday cage
in a three-electrode cell described in “Electropolymerization
of aniline”. The impedance spectra were recorded in the
frequency range 100 kHz—0.1 Hz (ten frequencies per de-
cade) by using a sinusoidal excitation signal with an ac amplitude
of 10 mV.
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Fig. 1 CV of GC/PANI (50-cycle-PANI film) in a 0.5 M H,SO, before thiolation, b 10 cycles in 0.1 M MCE+0.5 M H,SOy, and ¢ 0.5 M H,SO,4

after thiolation. Scan rate=50 mV/s

The impedance of GC/PANI was measured after different
degrees of thiolation were obtained by prior cycling GC/PANI
in a mixture of 0.1 M MCE and 0.5 or 1.0 M H,SO, for 10, 50,
100, 200, 300, 700, and 1,600 (1.0 M H,SO,) or 2,800 (0.5 M
H,S0,) cycles. The impedance measurements were done at
six different dc potentials (E4.=0.55, 0.45, 0.35, 0.25, 0.15,
and —0.15 V) in pure acid solution (without thiol).

Results and discussion

The progress of the thiolation process and subsequent
changes in the electrochemical properties of GC/PANI

Fig. 2 CVs of a GC/PANI

were followed by CV and EIS. The first studied state of
thiolation was achieved after 10 cycles in the acidic
MCE mixture, whereafter the thiolated film was washed
with water to remove any unbound thiol, followed by
CV and impedance spectra which were recorded in fresh
0.5 M and 1.0 M H,SO,4. The next (higher) state of
thiolation was obtained when the film was cycled further for
40 cycles (total of 50 cycles), after which the film was again
washed and studied by CV and impedance measurements.
These measurements were repeated after a total of 100, 200,
300, and 700 cycles. The last CVs and EISs were measured
after a total of 1,600 cycles (1.0 M H,SO,) and 2,800 cycles
(0.5 M H,S0y).

(50-cycle-PANI film) in 0.5 M
H,S0, and b GC/PANI
(50-cycle-PANI film) in 1.0 M
H,S0, after (1) 0, (2) 10, (3)
50, (4) 100, (5) 200, (6) 300,
(7) 700, and (8) 1,600 (2)/2,300
(b) cycles in a solution of

0.1 M MCE+0.5 M (a)/1.0 M
(b) H,SO,4
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Fig. 3 Electrochemical impedance spectra of intact GC/PANI (50-cycle-
PANI film) in 0.5 M H,SO, at the following dc potentials (E4.): 0.55 V
(filled circle), 0.45 V (open circle), 0.35 V (plus symbol), 0.25 V (open
square), 0.15 (filled triangle), and —0.15 V (filled square). Frequency
range=100 kHz—-0.1 Hz

Cyclic voltammetry of GC/PANI

The CV of intact (non-thiolated) GC/PANI in 0.5 M H,SO4
is shown in Fig. la. The changes in the voltammogram for
the same GC/PANI electrode during CV in acidic MCE
solution (10 cycles) are shown in Fig. 1b. Finally, the CV
of the thiolated GC/PANI electrode, from Fig. 1b, in MCE-
free acid is shown in Fig.lc. The anodic and cathodic peak
currents of the main redox peaks of PANI (Fig. 1a) decreased
significantly by thiolation with simultaneous appearance of a
new redox couple at more positive potential (Fig. 1b). The
thiolation process is irreversible (Fig. 1c¢). During this initial
stage of thiolation, which is illustrated in Fig. 1, PANI remains
electroactive, but the oxidation (p-doping) of thiolated PANI
is shifted to more positive potential compared to intact (non-
thiolated) PANI. Thiolation decreases the effective conjuga-
tion length of PANI, resulting in a positive shift of the oxida-
tion potential. The initial process of thiolation thus causes a
decrease in electroactivity at 0-0.25 V and an increase in
electroactivity at 0.25-0.6 V. More extensive thiolation by

an increasing number of cycles in MCE solution causes a
gradual decrease in the electroactivity of PANI in the entire
potential range studied (shown in Fig. 2). This indicates that
the thiolated monomer units of PANI are not electroactive or
that thiolation causes side reactions that lower the electro-
activity of thiolated PANL

The overall effect of thiolation is the reduction of the PANI
backbone where quinoid rings are reduced to benzenoid rings
while the thiol is bound covalently to the benzene ring
[14-18]. We have shown that the same phenomenon of re-
duction of PANI takes place also with emeraldine salt where
no quinoid units are present (Blomquist et al., manuscript
submitted for publication). In our earlier work (Blomquist et
al., manuscript submitted for publication), we showed that
thiolation of PANI can be maximized by potential cycling.
Han etal. [14, 15] also maximized thiolation by reoxidation of
a partially thiolated PANI either electrochemically (constant
potential) or chemically by using m-chloroperoxybenzoic acid
as the oxidizing compound.

The cyclic voltammograms shown in Fig. 2 indicate further
that thiolation initially proceeds fast but gradually slows
down. This can be related to the decreasing number of free
sites on the PANI backbone available for thiolation and pos-
sibly also to a decreased transport rate of MCE in the bulk of
the PANI film (and across the PANI/solution interface) due to
steric hindrance caused by the MCE substituents bound to
PANI.

Impedance spectra of GC/PANI

The impedance spectra of an intact GC/PANI electrode are
dominated by capacitive lines close to 90° at all dc potentials
measured except at —0.15 V (shown in Fig. 3). This is in
good accordance with the earlier impedance measurements
for PANI [23-28]. Some impedance spectra of PANI show a
high-frequency semicircle [29, 30]. In those cases, however,
electropolymerization was done at a higher potential.

Fig. 4 Electrochemical T T T T T T T T L L L L L L B
impedance spectra of 1601 (a) 1 (b) m=—0.1Hz 1450
GC/PANI (50-cycle-PANI film) 140
thiolated gradually by CV 1 . 1400
in a solution of 0.1 M 1204 ] 1350
MCE+0.5 M H,SO4 with 0.1 Hz
a 0 (filled square), 10 (filled 1004 01Hz A = } 4300
diamond), 50 (filled inverted a . a
triangle), and 100 (open circle) _i‘ 80- after total 10 cycles : i = . o= 04 Hz 12%0 =
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This resulted in the second redox wave for PANI at more
positive potentials, which was not observed in the CV of
our freshly prepared PANI films (Fig. 1a). The capacitive
lines can generally be related to the bulk redox capaci-
tance of PANI because the magnitude of the imaginary
impedance was found to decrease with increasing film
thickness [27]. The bulk redox capacitance originates
from the reversible oxidation (p-doping) of PANI.
According to our results, the sulfuric acid concentration
did not influence the shape of the impedance spectra of
the intact film. This is in good agreement with the results
by Rossberg et al. [26]. The impedance spectra at —0.15 'V,
however, show the beginning of a large (depressed) semicircle
with possible contributions from diffusion processes (shown
in the inset in Fig. 3). At this dc potential, there is a significant
resistance involved, which is due to the fact that PANI is in the
non-conducting, leucomeraldine state, i.e., in its fully reduced
form at E4.=—0.15 V.

The solution resistance R obtained from the intersec-
tion with the Z’-axis remains the same in all experiments,

being ~10 and ~6  for 0.5 and 1.0 M H,SO,, respec-
tively. Also, the impedance spectra at E4.=—0.15 V
where PANI is fully reduced (leucoemeraldine form)
remain essentially unchanged for different degrees of
thiolation. Therefore, the following discussion is limited
to impedance spectra obtained at E4.=0.55, 0.45, 0.35,
0.25, and 0.15 V.

The impedance spectra of GC/PANI at £4.=0.55Vin 0.5 M
H,SO, are shown in Fig. 4 and in 1.0 M H,SO, in Fig. 5. As
can be seen in those figures, extensive thiolation (> 10 cycles)
causes a dramatic increase in the overall impedance of
GC/PANI. The corresponding changes in CV were
shown in Fig. 2. After extensive thiolation, the imped-
ance spectra of GC/PANI at E£4.=0.55 V become similar
to those observed for the fully reduced non-thiolated
PANI at E4.=-0.15 V (shown in the inset of Fig. 3).
The corresponding cyclic voltammograms also show a
loss of electroactivity after extensive thiolation (Fig. 2).

As could be seen earlier in Fig. 1, c, the first 10 cycles of
thiolation already dramatically changed the shape of the CV

Fig. 6 Electrochemical 40 40
impedance spectra of (a) (b) (c) (d)
GC/PANI (50-cycle-PANI film)
after thiolation with a 0,
b 10, ¢ 50, and d 100 cycles 304 130
in 0.1 M MCE and 0.5 M
H,S04. E4.=0.35V, frequency
range=100 kHz-0.1 Hz g g
< 204 0.1 Hz =120
N . N
o T s 01Hz 1HZ\ o
. =01 Hz . ___.-"
NI R I N B N B
-5 0 5 10 15 5 0 5 10 15 -5 0 5 10 15 -5 0 5 10 15
Z°/ k& 771 kQ Z'1kQ Z°/kQ
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of GC/PANI when the thiolation was done in 0.5 M H,SOy,.
However, as can be seen in Figs. 4 and 5, the impedance
spectra of GC/PANI in both 0.5 and 1.0 M H,SOy still show
mainly capacitive lines and only a slight increase in the
resistance after 10 cycles of thiolation. It was found that at
E4.=0.55, 0.45, and 0.35 V, the imaginary part of the
impedance, —Z", decreased at low frequencies after thiolation
(10 cycles), indicating that the capacitance of the PANI film
increased at these potentials. This is in good agreement with
the appearance of the new redox couple in CV at 0.3-0.6 V
(Fig. 1). At E4.=0.25 V, the value of— Z" increased slightly
and the increase was more significant at £4.,=0.15 V, which
also correlates well with the decrease in the CV peaks at
0-0.3 V corresponding to the leucoemeraldine—emeraldine
redox pair of PANI (Fig. 1). The overall changes in the
impedance spectra are thus in good agreement with the
changes in CV during the initial stages of thiolation (10 cycles)
(Blomquist et al., manuscript submitted for publication).

The influence of the acid concentration (0.5 and 1.0 M
H,S0O,4) on the impedance spectra of GC/PANI and for differ-

ent degrees of thiolation (0, 10, 50, and 100 cycles) is illus-
trated in Figs. 6 and 7 at £4.=0.35 Vand in Figs. 4a and 5a at
E4.=0.55 V. The initial increase in the bulk redox capacitance
of PANI (at E4.=0.35 V) after 10 cycles of thiolation can be
clearly seen in Figs. 6 and 7. At E4.=0.35V, after 50 cycles of
thiolation, the impedance spectrum for GC/PANI in 0.5 M
H,S0O, shows a charge transfer semicircle (Fig. 6) which is not
visible for GC/PANI in 1.0 M H,SO, (Fig. 7). Furthermore,
the capacitance of PANI is higher in 0.5 M H,SO, (Fig. 6)
than in 1.0 M H,SO, (Fig. 7) during the thiolation process
(0-100 cycles). This indicates that thiolation proceeds faster in
the more concentrated acid, which is also seen in the cyclic
voltammograms (Fig. 2). Also, the impedance spectra at Eg.=
0.55 V shown in Figs. 4 and 5 indicate that thiolation proceeds
faster in 1.0 M H,SO, than in 0.5 M H,SO4. According to the
impedance spectra in Fig. 5, the PANI film was totally reduced
and the electroactivity was lost after thiolation for 1,500 cycles
in 1.0 M H,SO4+0.1 M MCE. In the case of 0.5 M H,SO4+
0.1 M MCE, 2,800 cycles were needed for the total reduction
of the PANI film (Fig. 4).
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The impedance spectra of GC/PANI at an intermediate
degree of thiolation (100 cycles) in 0.5 M H,SOy, at different
dc potentials are shown in Fig. 8. At £4.=0.35 and 0.25 V,
there is a charge transfer semicircle followed by a capacitive
line. A larger semicircle is observed at F4.=0.55 V. At
E4.=0.15 and 0.45 V, the semicircle is overlapping with a 45°
diffusion line. At this degree of thiolation (100 cycles), PANI
thus shows the highest capacitance around £4.=0.25-0.35 V,
while at higher and lower potentials the charge transfer and
transport are more restricted. This is in good agreement with the
voltammetric results presented in Fig. 2a.

Conclusions

When the PANI film was thiolated by CV with an increasing
number of cycles in acidic MCE solution, there was an initial
increase in the electroactivity of PANI at 0.25-0.6 Vup to a
certain number of cycles. Upon further thiolation, the electro-
activity of PANI decreased in the entire potential range studied
(—0.15-0.75 V), which was related to a decrease in the bulk
redox capacitance and increase in the resistance of PANI as
shown by EIS. After extensive thiolation, the impedance
spectra become similar to those of the fully reduced (non-
conducting) leucoemeraldine state of PANI. Thiolation of
PANI was found to be significantly faster in 1.0 M H,SO,
compared to 0.5 M H,SO, as supporting electrolyte. Exten-
sive functionalization of PANI films via thiolation thus seems
to be most suitable for such applications where a low electro-
activity of PANI is acceptable or even preferred.
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