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Electropolymerization of carboxylated conducting polymer/carbon nanotubes (CNTs)
composites thin films has been studied by in situ electrochemical-surface plasmon
resonance (EC-SPR) spectroscopy. Two derivatives of benzothiophene, thianaphthene-
2-carboxylic acid and benzothiophene-2-propionic acid, composited with CNTs were
electropolymerized in an acetonitrile with the potential range between 0 and 1.2 V
at scan rate of 20 mV/s. The obtained films were characterized by in situ EC-SPR
spectroscopy, UV-vis absorption spectroscopy, and atomic force microscopy. It was
found that CNTs can improve properties of polymer/CNT composites films. Moreover,
the obtained thianaphthene-2-carboxylic acid film can be further used for construction
of immunosensor for detection of human IgG.

Keywords Benzothiophene-2-propionic acid; carbon nanotubes; composite;
electrochemical-surface plasmon resonance; electropolymerization; thianaphthene-2-
carboxylic acid

1. Introduction

Conducting polymers consist of π -bond in polymer backbone which led them to have
unusual electrochemical, electrical and optical properties [1–2]. There have been many
studies about the improvement of response property and sensitivity of conducting poly-
mer based biosensors which conducting polymers were employed to transfer electrons
between biomolecules and electrode [3–5]. Carbon nanotubes (CNTs) have the unique be-
havior in electrical, chemical, mechanical and structural properties [6]. CNTs can enhance
the electrochemical reactivity of biomolecules and can promote the electron transfer of
oxidation-reduction in electropolymerization and increased the amount of polymer load-
ing on the large effective surface area of CNTs [7–9]. The well-known technique, in situ
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electrochemical-surface plasmon resonance (EC-SPR) spectroscopy, has been used for in-
vestigation the optical and electrical properties of conducting polymer films at solid/liquid
interfaces. The technique was also employed to monitor the kinetic of electropolymerization
and immobilization biomolecules on the conducting thin films [10–13].

In this work, the composites of two derivatives of benzothiophene, thianaphthene-
2-carboxylic acid and benzothiophene-2-propionic acid, with CNTs were prepared. The
kinetic during electropolymerization of these composites on gold-coated high refractive
index glass substrate, which used as working electrode, was studied by in situ EC-SPR
spectroscopy. The UV-vis absorption spectra were recorded before (composite solution)
and after electropolymerization (composite thin films). The surface morphology of the
films was obtained from AFM. Moreover, the thianaphthene-2-carboxylic acid film was
examined for label-free detection of human immunoglobulin G (IgG).

2. Experimental Details

2.1 Materials

All chemicals were purchased from Sigma-Aldrich and used as received. A single-walled
carbon nanotubes (SWNTs) was obtained from Microphase Co. The composite solution
of monomer/SWNTs was solubilized by the following method. The mixture of 10 mM
of thianaphthene-2-carboxylic acid or benzothiophene-2-propionic acid and 0.25 mg/mL
SWNTs was obtained by mixing with 0.1 M of tetrabutylammonium hexafluorophosphate
(TBAPF6) in anhydrous acetonitrile and then sonicated for 24 h. The aggregated SWNTs
was removed by centrifugation at 5000 rpm for 30 min. The supernatant was finally collected
and characterized by UV-vis absorption spectroscopy (JASCO V-650 Spectrophotometer)
before use in electropolymerization experiment.

2.2 Methods

All electropolymerization experiment was performed using 3 electrode setup potentiostat
(HZ5000 model, Hokuto Denko Ltd., Japan) with Pt wire as counter electrode, Ag/Ag+

non-aqueous electrode as reference electrode, and Au (thickness of 47 nm) coated on
high refractive index glass substrate as working electrode, respectively. The kinetic during
electropolymerization was monitored by EC-SPR spectroscopy. The potential range was
ranging from 0 V to 1.2 V at scan rate of 20 mV/s for 5 cycles. The thickness of the
films was calculated by fitting the obtained SPR angular scan reflectivity curve by Fresnel
equation algorithm using Winspall version 2.2. Atomic force microscopy (SHIMUDZU,
SPM9600) was employed to study morphology of the obtained thin films.

3. Results and Discussion

The UV-vis absorption spectra of the obtained composite solutions and films are shown in
Fig. 1. The absorption peak of monomer and composite solutions and films appeared at
around 500 nm. This indicated that CNTs did not exhibit the UV-vis absorption peak of the
composite films.

Cyclic voltammogram (CV) traces for all electropolymerization experiments are shown
in Fig. 2. As seen in Fig. 2(a) comparing with Fig. 2(b) and Fig. 2(c) comparing with
Fig. 2(d), the oxidation onset peak of polymer/CNTs composites were occurred at lower
potential than pure polymer. The reason of lower potential of oxidation might be from the
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Conducting Polymer/CNTs Composites Thin Films [261]/9

Figure 1. UV-vis spectra of (a) carboxylated thianaphthene-2-carboxylic acid and its composite and
(b) carboxylated benzothiophene-2-propionic acid solution and its composite.

presence of CNTs promoted the electron transfer of oxidation-reduction. The oxidation
onset peak at about 0.8 V corresponds to the deposition of polymer on the gold work-
ing electrode. Considering in term of the peak current, polythianaphthene-2-carboxylic
acid/CNTs composite film showed higher peak current than the pure polymer film. The

Figure 2. CV traces during electropolymerization for 5 cycles at scan rate of 20 mV/s (a) poly-
thianaphthene-2-carboxylic acid (b) polythianaphthene-2-carboxylic acid/CNTs composite (c) poly-
benzothiophene-2-propionic acid and (d) polybenzothiophene-2-propionic acid/CNTs composite.
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Figure 3. SPR reflectivity change during electropolymerization of (a) polythianaphthene-2-
carboxylic acid (b) polythianaphthene-2-carboxylic acid/SWNTs composite (c) polybenzothiophene-
2-propionic acid and (d) polybenzothiophene-2-propionic acid/SWNTs composite. The insets show
the angular scan measurement before and after electropolymerization.

Figure 4. CV traces of poly(thianaphthene-2-carboxylic acid) film at different scan rates in PBS
solution.
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Conducting Polymer/CNTs Composites Thin Films [263]/11

Figure 5. AFM images of the prepared films (a) bare gold (b) polythianphthene-2-carboxylic acid
(c) polythianaphthene-2-carboxylic acid/CNTs composite (d) polybenzothiophene-2-propionic acid
(e) polybenzothiophene-2-propionic acid/CNTs composite.
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reason for higher peak current of the composite film than the pure polymer film is that CNTs
had large specific surface area which can enhance the amount of polymer loading. However,
the peak current of polybenzothiophene-2-propionic acid film in Fig. 2(c) is higher than
its composite film (Fig. 2(d)). It indicated that the less amount of polybenzothiophene-2-
propionic acid loaded on the CNTs surface which showed the lower peak current in the
composite film.

The kinetic during electropolymerization was monitored at a fixed incident angle as
shown in Fig. 3. The reflectivity increased with number of cycle increased. As shown in
the insets, the dip angle of angular scan reflectivity curve after electropolymerization was
shifted to higher angle comparing with the dip angle of the curve before electropolymeriza-
tion. These results indicated that the polymers were deposited on the gold substrates. The
thickness of the polymer films was calculated by fitting this curve using Fresnel equation
algorithm (Winspall software version 2.2) which were estimated to be 0.50, 7.24, 3.61,
and 2.28 nm for polythianaphthene-2-carboxylic acid, polythianaphthene-2-carboxylic
acid/SWNTs composite, polybenzothiophene-2-propionic acid, and polybenzothiophene-
2-propionic acid/SWNTs composite, respectively.

For further construction of immunosensor, the electroactivity of the obtained
poly(thianaphthene-2-carboxylic acid) film was studied in phosphate buffer saline (PBS)
solution (pH 7.4). The potential range was from 0 V to 0.7 V with varying scan rates from
20 to 400 mV/s. The results as shown in Fig. 4 indicated that the poly(thianaphthene-2-
carboxylic acid) film has electroactivity in this neutral solution.

Surface morphology of conducting polymer/CNTs composite films was further studied
by AFM. The AFM images of the films are shown in Fig. 5. The roughness of the films was
changed to higher values comparing with the bare Au substrates which indicating the depo-
sition of the polymer and its composite films on the substrates after electropolymerization.
The roughness of polythianaphthene-2-carboxylic acid, polythianaphthene-2-carboxylic
acid/CNTs composite, polybenzothiophene-2-propionic acid and polybenzothiophene-2-
propionic acid/CNTs thin films are 1.007, 1.300, 1.003 and 1.961, respectively.

Figure 6. SPR response during the construction of poly(thianaphthene-2-carboxylic acid)-based
sensor for detection of human IgG.
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Conducting Polymer/CNTs Composites Thin Films [265]/13

Figure 6 shows the example of the SPR kinetic curve during the construction of
polymer-based immunosensor. The PBS solution was employed as the baseline before the
activation of the carboxylic group of polymer, poly(thianaphthene-2-carboxylic acid), with
a 1:1 ratio of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride/0.1 M
N-hydroxysuccinimide (EDC/NHS) solution as a coupling reagent. After rinsing with PBS
solution, 100 μg/ml of anti-human IgG solution was then injected to immobilize on the
polymer surface. An aqueous solution of 0.2 M ethanolamine hydrochloride (EA-HCl)
was used for blocking the remaining free binding sites. After rinsing with PBS, a constant
potential was applied to obtain the baseline before adding human IgG which is associated
with the binding process of anti-human IgG and human IgG. This could be confirmed that
the prepared film could be used for immunosensor application with further polymer/CNTs
composite film for immunosensor experiment is undergoing.

4. Conclusion

Polythianaphthene-2-carboxylic acid/CNTs and polybenzothiophene-2-propionic acid/
CNTs composite films were successfully prepared. The kinetic during electropolymer-
ization process was in situ monitored by EC-SPR spectroscopy. The thickness of polymer
films was calculated by fitting the obtained SPR angular curves by a Fresnel equation
algorithm using Winspall software version 2.2. The polymer/CNTs films showed elec-
troactivity in neutral PBS solution which can be used as immunosensor in the further
work.
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