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Abstract: Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conducting polymer with intrinsic redox
activity often used to facilitate electrooxidation reactions. PEDOT coatings with different thicknesses
are obtained via electrochemical polymerization in the presence of either polysterensulfonate (PSS)
or dodecylsulfate (SDS) anions. The electrooxidation of alfa lipoic acid (ALA) is studied depending
on the thickness of the polymer coatings and the counterions used for their synthesis. The kinetics
of ALA oxidation is found to differ for thin and thick PEDOT coatings with diffusion limitations
observed for thin layers. For thick coatings, the rate-determining step varies from adsorption to
diffusion depending on the ALA concentration. The type of counterion affects both the ALA oxidation
peak currents and the peak potential. SDS-doped PEDOT coatings show a shift in the oxidation peak
to positive potentials and higher ALA oxidation currents. The effect is commented in terms of a
larger electroactive surface area and possible specific hydrophobic polymer/analyte interactions. For
thin PEDOT coatings, the concentration dependence of the voltammetric peaks is linear in a wide
concentration range (40 to 1000 µM), whereas the use of differential pulse voltammetry results in a
linear response in a lower concentration range (8–200 µM) suitable for practical applications.
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1. Introduction

Conducting polymers [1] are widely studied in view of various applications, in-
cluding flexible electronics [2], biomedical applications [3–6], corrosion protection [7,8],
supercapacitors [9], etc. The great variety of applications is due to the possibility to involve
different aspects of the intrinsic characteristics of these materials, i.e., to use them as semi-
conductors, to exploit their ability for reversible redox switching or to use them in their
oxidized, high-conducting state as coatings that provide a specific chemical environment.

Poly(3,4-ethylenedioxythiophene (PEDOT) is one of the most intensively investigated
conducting polymer materials [10,11], providing good electrochemical stability and the
possibility of synthesis in aqueous solutions. The polymerization of EDOT, either chemical
or electrochemical, proceeds via the formation of oligomers and the further growth of
partially oxidized polymeric chains that are positively charged. These positive charges
become compensated for by counterions available in the synthesis solutions. Numerous
investigations have demonstrated that the counterions affect various characteristics of
PEDOT such as morphology and surface structure, spectral characteristics, type of ionic
fluxes upon redox transition, and the rigidity of the coatings as well as their ability for
swelling due to solvent uptake (see, e.g., [1,12–17]). Electrochemical polymerization is one
of the easy ways to obtain PEDOT coatings on solid electrodes in the presence of different
organic, inorganic or polymeric anions, providing, at the same time, the opportunity for
the control of the polymerization charge (and thus the thickness of the polymer layer).
The aim of the present study is to investigate the possibilities to involve PEDOT in the
electroanalytical determination of alpha-lipoic acid (ALA) depending on the thickness of
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the polymer coatings and the counterions used in the course of its synthesis. Polysterenesul-
fonate (PSS) and dodecylsulfate (SDS) were chosen as counterions in the course of PEDOT
electrochemical synthesis as these two anions provide polymer coatings with markedly
different characteristics [13,14,16].

ALA, also known as thioctic acid, was chosen as a specific analyte that was neutral
and underwent irreversible electrooxidation, also resulting in a neutral product (Scheme 1).
Thus no coulomb interactions are expected between the analyte or product species and the
polymer coating.
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Scheme 1. Oxidation of ALA.

ALA is a natural cofactor and plays an important role in various multi-enzyme com-
plexes. It is considered a universal anti-oxidant with anti-inflammatory properties and
anti-cancer effects, and is used in therapies treating liver damage, heavy metal poisoning,
diabetes, glaucoma, radiation damage, neurodegenerative diseases, etc. ([18,19] and the
literature cited therein). Electroanalytical studies for ALA determination have already
been carried out on various conventional, uncoated electrodes, such as glassy carbon
(GCE) [18–20], pyrolitic graphite [21], boron-doped diamond [22], multiwall carbon nan-
otubes (MWCNT) [23], a carbon-fiber electrode [20], flour-doped tin oxide [24] and Pt [25].
Recently, more sophisticated electrode materials such as carboxilated MWCNT/polyindole/
Ti2O3/glassy carbon [26] and SnO2 nanoparticles- cetyltriphenylphosphonium bromide/
GCE [27] were investigated for the electrochemical detection of ALA. Table 1 summarizes
the data for the electroanalytical parameters resulting from these studies. The presented
data show that the concentration range for the linear electroanalytical response is typically
limited to about 200 µM L−1, which corresponds to the practically relevant concentra-
tion range for ALA determination in foods and blood plasma specimens [28–30]. In two
cases [23,27], a second linear range is reported, covering concentrations of up to 780 µM L−1.
The largest concentration interval of the linear response so was found on a Pt electrode [25].
The investigation of suitable alternative electrode materials could eventually open up the
possibility to work in a wide concentration range with a single linear calibration curve by
avoiding the use of noble metals and complex synthetic procedures necessary for electrode
modifications. Conducting polymer coatings has so far not been involved in electroana-
lytical studies concerning ALA, although these coatings and specifically PEDOT provide
suitable possibilities for the electrochemical sensing of different organic substances [31–33].

Table 1. Data for the linear range of the electroanalytical response and LOD obtained from different
electrode materials.

Working Electrode Electrolyte Method Linear Range
[µM L−1]

LOD
[µM L−1] Reference

GCE H2SO4
LSV
DPV

1.51–173
2.5–75

5.75
1.8 [18]

GCE PBS DPV 1–150 1.8 [19]

MWCNTs/GCE H2SO4 LSV 26–180 *
210–780 19 [23]

Co-phtalocynine/pyrolytic graphite PBS
DPV
CA
CV

0.499–19.6
1.9–25
7.3–260

0.0034
0.098
0.25

[21]

B-doped diamond BRB, pH3 DPV
CA

0.3–105
0.3–60

0.088
0.06 [22]

F-doped SnO2 PBS SWV 5–200 3.7 [24]
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Table 1. Cont.

Working Electrode Electrolyte Method Linear Range
[µM L−1]

LOD
[µM L−1] Reference

Pt BRB, pH 4.5 DPV 10–800 13.15 [25]
MWCNT/-polyindole/Ti2O3 PBS DPV 0.39–110 0.0012 [26]

SnO2 NPs-CTPPB/GCE BRB, pH 4.5 DPV 0.5–50 *
50–400

0.13
0.43 [27]

* two linear ranges. BRB—Briton–Robinson buffer; CA—chronoamperometry; CTPPB—cetyltriphenylphosphonium
bromide; LSV—linear sweep voltammetry; PBS—phosphate-buffered solution; SWV—square wave voltammetry.

In the present work, PSS- and SDS-doped PEDOT layers with two different thicknesses
(several tens of nanometers and several hundreds of nanometers as described below) are
obtained via electrochemical polymerization and further studied as electrode coatings
for the electrooxidaton of ALA. The aim of this investigation is to reveal the role of the
polymer layer’s thickness and doping ions for the electrooxidation reaction and to explore
the possibilities for the use of PEDOT-coated electrodes for the electroanalytical detection
of ALA.

2. Materials and Methods
2.1. Experimental Set-Up

The electrochemical measurements were performed with an Autolab potentiostat/
galvanostat (Metrohm-Autolab, Utrect, The Netherlands) in a three-electrode configuration.
The working electrode was a glassy carbon rod embedded in resin with a front surface area
of 0.070 cm2. Before each EDOT polymerization experiment, the glassy carbon electrode
(GCE) was polished using P2000 and P4000 grinding papers (Buehler, Lake Bluff, IL, USA),
followed by 0.25 mm alumina suspension (Buehler Topol 3). A platinum plate was used as
a counter electrode. The reference electrode was a mercury/mercury sulfate/0.5 mol L−1

K2SO4 electrode (MSE) with EMSE = 0.66 V vs. SHE. All potentials in the text are referred to
as the MSE. The electrolyte solutions were de-aerated using argon before use.

2.2. Synthesis of PEDOT Coatings

The PEDOT layers were obtained via potentiostatic polymerization at E = 0.38 V
in aqueous solutions of 10 mmol L−1 of EDOT and 34 mmol L−1 of either sodium PSS
(Mw = 70,000; 30% aqueous solution) or SDS (in the absence of additional inorganic salt in
the solution). The PEDOT coatings obtained in the presence of either type of counterions
will be further denoted as PEDOT-PSS and PEDOT-SDS. The charge, Qpoly, measured in the
course of polymerization was used to control the thickness of the PEDOT coatings. Qpoly

was fixed at two values, 1 mC (i.e., 14 mC cm−2) and 8 mC (i.e., 112 mC cm−2), denoted
further as “thin” and “thick” PEDOT coatings. A direct recalculation of the polymerization
charge in polymer layer thickness is usually not feasible because of the known influence of
the counterions used in the course of polymerization on the structure, and the morphology
and extent of swelling of the polymer coatings. A rough estimate for the SDS-doped
coatings can be made based on the reference value obtained via a direct AFM measurement
of a PEDOT (ClO4

−-doped) layer resulting in a 600 nm thickness for a polymerization
charge of 114 mC cm−2 [13]. Thus, the thickness of the “thick” PEDOT-SDS coatings should
be of that order of magnitude whereas the “thick” PSS-doped coatings are expected to have
a thickness that is larger by a factor of 1.35 [14] and to amount to about 800 nm.

2.3. Electro-Oxidation of ALA

Ther electro-oxidation of ALA was studied in acetate buffer solution at pH 5 via both
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). A series of measure-
ments was first performed in phosphate-buffered solution (pH 7) but the ALA oxidation
peak was overlapping with the intrinsic overoxidation peak of PEDOT, and ALA oxidation
currents, if detectable, were smaller than those in the acetate buffer at pH 5.
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Before electroanalytical measurements were performed, the PEDOT-coated electrodes
were conditioned in the buffer solution via several voltammetric scans until a stable voltam-
metric curve was obtained. Typically, 10 scans were needed to obtain a stable voltammetric
response. The PEDOT-coated electrodes were stored in acetate buffer.

The parameters of the DPV procedure were a step potential of 5 mV, modulation
amplitude of 20 mV, modulation time of 0.05 s, and interval time of 0.5 s. Capsules in
an amount of 300 mg (Thioctic acid, Adipharm, Bulgaria) were used for real sample
measurement. The content of the capsule was first dissolved in ethanol and further diluted
in acetate buffer. The standard addition method was used for the determination of ALA
in an electrochemical cell with 90 mL of acetate buffer. The limit of detection (LOD) was
calculated by using the 3 s/m criterion, where s is the standard deviation of the linear
regression intercept and m is the slope of the analytical calibration curve.

3. Results and Discussion
3.1. Electrochemical Synthesis of the PEDOT Coatings

Figure 1 shows several polymerization curves of PEDOT obtained in the presence
of both types of counterions. In general, polymerization in the presence of SDS is faster
but also shows a larger data discrepancy. Bearing in mind that the GCE is mechanically
polished before polymerization, this effect should relate to the role of the initial GCE
surface state for the PEDOT-SDS layer’s formation. Polymerization in the presence of PSS
is reproducible and not that susceptible to the initial surface state of the glassy carbon.
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Figure 1. Polymerization curves obtained at E = 0.38 V vs. MSE in aqueous solution of 10 mmol L−1

of EDOT and 34 mmol L−1 of either PSS (blue lines) or SDS (red lines). The current traces registered
for short times (200–275 s) correspond to Qpoly = 1 mC.

The voltammetric behavior of both thin and thick layers of SDS- and PSS-doped
PEDOT is shown in Figure 2. Twenty voltammetric scans are necessary to establish steady-
state behavior after polymerization. For both polymerization charges (Qpoly = 1 mC and
Qpoly = 8 mC), PEDOT-PSS shows smaller pseudo-capacitive currents than PEDOT-SDS
does, which implies a smaller electroactive surface in the PSS case. SEM pictures (Figure 3)
demonstrate the difference in the surface morphology of the two types of PEDOT layers.
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Figure 3. SEM pictures of (a) PEDOT-PSS and (b) PEDOT-SDS coatings. Reprinted with permission
from Electrochimica Acta, Vol. 122, p.21, V. Lyutov, I. Efimov, A. Bund, V. Tsakova Electrochemical
polymerization of 3,4-ethylenedioxythiophene in the presence of dodecylsulfate and polysulfonic
anions—an acoustic impedance study [13], Copyright Elsevier, 2014.

In the next series of experiments, the scan rate dependence of the voltammetric
response was measured in acetate buffer solution for all PEDOT coatings. Figure 4 presents
results obtained for the thick PEDOT-PSS and PEDOT-SDS coatings. The double logarithmic
plot (Figure 4c) shows a linearization of the data for the current dependent on the scan
rate with the values of the straight line slopes in both cases being close to 1. The latter is
also valid for the thin PEDOT layers and indicates usual capacitive behavior without the
interference of limiting ionic diffusion inside the polymer coatings.
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Figure 4. Scan rate dependence of the intrinsic pseudocapacitive currents of thick (Qpoly = 8 mC)
(a) PEDOT-PSS and (b) PEDOT-SDS coatings measured in acetate buffer solution; (c) double logarith-
mic plot of the data obtained for PEDOT-PSS (blue symbols) and PEDOT-SDS (red symbols).

3.2. Voltammetric Measurements in the Presence of ALA

A comparative study of the electrooxidation of ALA on PSS- and SDS-doped PEDOT
with the two different thicknesses was first carried out by cyclic voltammetry. Figure 5
shows sets of voltammetric curves measured at different ALA concentrations ranging from
40 µmol L−1 to 1 mmol L−1. In all cases the ALA oxidation peak is well detectable but
there are marked differences depending on the doping ions and the thickness of the PEDOT
layers. For PEDOT-PSS the ALA oxidation peak is found at less positive potentials whereas
for the SDS-doped ones it shifts by about 60 mV in positive direction which implies an
inhibited electron transfer in the latter case. Nevertheless, the oxidation peak currents
are higher in the SDS case due very probably to the larger electroactive surface area and
possible specific analyte/coating interactions (see below).
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Figure 5. Cyclic voltammetry in the presence of different amounts of ALA measured from (a) thin
(Qpoly = 1 mC) PEDOT-PSS, (b) thin (Qpoly = 1 mC) PEDOT-SDS, (c) thick (Qpoly = 8 mC) PEDOT-
PSS, and (d) thick (Qpoly = 8 mC) PEDOT-SDS coatings. Scan rate: 50 mV s−1. Grey lines denote
measurements in buffer solution alone.
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The comparison between thick and thin PEDOT layers at a constant ALA concentration
shows, for both types of counterions, higher peak current values for the thicker coatings
that should be related to a higher electroactive surface area of coatings with Qpoly = 8 mC.
It is well established that with the thickening of the conducting polymer layers, there is
a change in surface morphology, resulting in a rougher and/or more open and porous
structure. Both effects would lead to an increase in the effective electroactive surface area
of the coatings. It is worth mentioning that for the PEDOT-SDS and the thin PEDOT-PSS
layers, the peak potential remains fixed for all concentration measured (Figure 5a,b,d).
For the thick PEDOT-PSS layer (Figure 5c), however, a shift in the peak position by about
15 mV in the negative direction is observed. The latter seems to result from the gradual
suppression of the PEDOT-PSS intrinsic oxidation currents found at E > 0.35 V.

A voltammetric scan rate study was carried out also in the presence of ALA in the
acetate buffer solution. The double-logarithmic plot of the data for the oxidation peak
currents vs. scan rate (Figure 6) obtained for the thin PEDOT coatings shows linearization
with slopes of the straight lines amounting to 0.57 and 0.65 for PEDOT-PSS and PEDOT-
SDS, respectively (Figure 6a). The latter values are close to the expected value (0.5) for a
diffusion-limited process. The measurements with the thick PEDOT coatings (Figure 6b,
full symbols) show a different result. At the 100 µmol L−1 ALA concentration, the slope of
the log(I) vs. log(v) dependence amounts to 1, whereas by increasing the concentration of
ALA up to 400 µmol L−1 (Figure 6b, hollow squares), the slope decreases to a value (0.7)
closer to the one expected for diffusion. This peculiarity means that for thick PEDOT layers,
a linear calibration curve, valid for both low and high concentration ranges of ALA, should
not be expected.

Finally, the concentration dependences of the peak currents for the four types of
PEDOT coatings are shown in Figure 7. In order to eliminate the contribution of the intrinsic
PEDOT-related currents, the data for the ALA oxidation peaks are adjusted by subtracting
the corresponding values of the buffer currents of the respective PEDOT coatings. The
resulting concentration dependences show higher sensitivities for the thick PEDOT coatings.
Larger values of sensitivity are observed for PEDOT-SDS for both thicknesses (see Table 2).
The values of LOD obtained by means of the different PEDOT specimens using cyclic
voltammetry range from 34 to 50 µmol L−1.
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Figure 6. Double logarithmic plot of data obtained from the scan rate dependence measured in acetate
buffer in the presence of 100 µmol of L−1 ALA for PEDOT-PSS (blue symbols) and PEDOT-SDS (red
symbols): (a) thin (Qpoly = 1 mC) and (b) thick (Qpoly = 8 mC) PEDOT coatings. The red squares in
the plot (b) are obtained with 400 µmol L−1 of ALA in the solution.
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Table 2. Data for the sensitivity for ALA oxidation and LOD obtained from different PEDOT coatings.

Method Specimen Concentration Range
[µmol L−1]

Sensitivity
[µA µmol−1 cm−2]

LOD
[µmol L−1]

CV PSS, 1 mC 40–1000 0.233 50
CV SDS, 1 mC 60–950 0.413 36
CV PSS, 8 mC 100–1000 0.550 34
CV SDS, 8 mC 100–750 0.876 40

DPV PSS, 1 mC 8–200 0.146 6
DPV SDS, 1 mC, 10–100 0.163 7
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symbols), and PEDOT-SDS (red symbols).

3.3. DPV Measurements in the Presence of ALA

It is well known that the DPV method provides the possibility of increasing the sensitivity
of the electroanalytical measurements, and thus allows for electroanalytical detection in a
lower concentration range. Figure 8 shows a series of DPV measurements at different ALA
concentrations carried out with thin PEDOT-PSS and PEDOT-SDS coatings. The DPV signal is
sensitive to ALA concentrations as low as about 10 µmol L−1 for both types of electrodes and
close values of the sensitivities are found for both doping anions (Figure 9 and Table 2). The
regression lines for both types of PEDOT are y = −2.27 × 10−8 + 0.0117x (R-square = 0.9959)
for PSS and y = −6.42 × 10−8 + 0.0131x (R-square = 0.9890) for SDS. The DPV method could
not be applied for the thick PEDOT coatings, very possibly due to the fact that for these
coatings, the limiting factor controlling the ALA oxidation reaction in the low concentration
range is not diffusion.
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Figure 9. Calibration curves obtained from the DPV concentration dependences from thin (Qpoly = 1 mC)
PEDOT-PSS (blue points) and PEDOT-SDS (red points) layers. The blue and red squares show the
results from the determination of ALA in a real specimen via the standard addition method using the
respective polymer coatings.

The thin PEDOT coatings were further used for the determination of ALA in real
samples. A commercially available food supplement was used for this aim. Via dilution (see
Section 2.3) an amount corresponding to a concentration of 50 µmol L−1 was introduced
in the buffer solution. Data obtained via the standard addition method are presented
in Figure 10. The data for the current obtained in these measurements show a linear
dependence on the added concentration with straight lines parallel to the initial calibration
curves (Figure 9 open symbols). The intercept from the X-axis results in ALA concentration
values corresponding to 49 µmol L−1, i.e., to 98% of the expected value.
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4. Conclusions

The present investigation demonstrates the possibility to involve PEDOT in electro-
analytical determination of ALA by focusing on the characteristics, thickness and type
of counterions that influence the electrooxidation reaction. It is found that by increasing
the thickness of PEDOT, irrespective of the counterions, the oxidation currents of ALA
increase by more than twice, most probably due to the real surface area of the polymer
coatings. An important point in the present investigation is the established difference in the
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kinetics of the ALA oxidation reaction depending on the thickness of the PEDOT coatings
and the concentration of ALA. In fact, voltammetric or DPV peak currents should depend
linearly on the analyte concentration, provided that diffusion is limiting the electrochem-
ical reaction in the whole studied concentration interval. This is obviously the case for
the thin PEDOT coatings. For the thick PEDOT coatings, however, the enlarged surface
area, which is beneficial for increasing the sensitivity of the electroanalytical signal, results
simultaneously in the opportunity to experience kinetic limitations, seemingly due to the
adsorption of analyte or product species. If adsorption alone is limiting the electrochemical
reaction, non-linear calibration curves reaching saturation are observed. In the present
case, adsorption is expected to limit the ALA oxidation reaction on thick PEDOT layers
and at a low analyte concentration. Nevertheless, at concentrations above 100 µmol L−1,
diffusion starts to be operative as far the polymer electroactive surface seems to be saturated
with respect to dynamic adsorption/desorption but not blocked with respect to electron
transfer and further oxidation events. Thus, the rate-determining steps in the low and high
concentration ranges differ and the thick PEDOT coatings could not be properly used at
very low ALA concentrations despite the higher sensitivity of the electroanalytical signal.
For thin PEDOT layers, however, a large concentration range (40 to 1000 µM L−1) of the
linear voltammetric response is established.

Concerning the type of the counter ions in PEDOT, a marked effect is observed in
the electrooxidation reaction. In the SDS case, a shift in the ALA oxidation peaks to
more positive potentials is established together with larger oxidation currents. Apart
from the difference in surface morphology and real electroactive surface area, specific
hydrophobic/hydrophilic interactions of the analyte species with the two types of PEDOT
coatings should be considered. PSS-doped PEDOT is a more hydrophilic material with
significant swelling in aqueous solutions and is also in the origin of the larger thickness
at a constant polymerization charge. On the other hand, SDS-doped PEDOT layers are
hydrophobic and expected to involve small amounts of solvent molecules in their internal
structure. ALA has both a hydrophobic and hydrophilic part but charge transfer should
occur in the hydrophobic one. Thus, PEDOT-SDS coatings should provide a better chemical
environment for the ALA oxidation reaction. At the same time, a shift in the potential
positions of the ALA oxidation peaks depending on the type of counterions provides
the opportunity for eventually avoiding the possible overlap of oxidation peaks due to
interfering species.

Finally, compared to those obtained in previous electroanalytical studies conducted
for ALA determination (Table 1), the present study’s data for the sensitivity, LOD and
width of the linear concentration range (Table 2) show the possibility to work in a very
large concentration range. The DPV measurements performed with the thin PEDOT layers
provide the possibility to work at concentrations even below 10 µmol L−1, and to perform
the electroanalytical determination of ALA in real specimens. Concentrations of several
µmol L−1 to several tens of µmol L−1 are of practical importance for the determination of
ALA in foods [28] and blood plasma [29,30], whereas pharmaceutical formulations and
food additives have much larger concentrations [26,27]. Thus, the present study shows that
the intrinsic characteristics of PEDOT such as thickness and type of counterions provide
a useful instrument for achieving different electroanalytical performance and addressing
various tasks concerning the electrochemical determination of ALA.
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