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Abstract

:

Due to their unique properties, polythiophene and other conductive polymers have become the subject of intensive research and are promising substrate materials for innovative and trendsetting applications. To this day, boron trifluoride diethyl etherate (BFEE) is the preferred solvent for the electropolymerization of thiophene, although it does not allow for reproducible film qualities due to its decomposition under ambient conditions. We therefore want to equip the reader with a starter kit for the electropolymerization of high-quality polythiophene films from stable solvents and a simple yet efficient method to remove the deposited films from the electrodes for their reuse. By drying the working solution prior to its utilization, and by adding a Lewis acid catalyst, films that display enhanced electron transfer and a smooth surface topography can be obtained, which can both be beneficial for the analytic performance of a subsequently built biosensor.
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1. Introduction


Conductive polymers constitute an innovative and valuable substrate material for various electrochemical sensors. They can be electropolymerized and deposited on electrodes to form thin films that grant a number of advantages: They enhance electron transfer between the working electrode and the redox mediator [1], while they can reduce electrode poisoning [2] and fouling, which would significantly affect the analytical characteristics of electrochemical sensors [3]. Furthermore, by using monomers with a variety of functional groups, they can be co-deposited with another compound of interest, or easily be modified subsequent to electropolymerization.



Polythiophene and its derivatives have gained increasing attention due to their structural versatility as well as environmental stability, which exceeds that of polypyrrole and polyaniline [4]. Especially on gold, polythiophene demonstrates highly stable absorption, which is due to its numerous covalent-like binding sites of sulfur onto gold. The removal of polythiophene and other conductive polymers therefore presents a challenging task and is oftentimes highlighted as a significant drawback in their utilization [5].



In this communication, we report on our recent discovery of a Lewis acid catalysis that allows for milder electropolymerization conditions in stable solvents. This way, high-quality polythiophene films can be obtained in a reproducible manner. Furthermore, we found that drying of the working solution is necessary and present a simple method for this purpose. The starter kit is rounded off by our protocol [6] for the fast and gentle removal of polythiophene and other conductive polymer films from gold electrodes.




2. Materials and Methods


2.1. Electrodes and Equipment


Screen-printed thick-film electrode chips (SPE) with an integrated gold working electrode, silver reference electrode and platinum counter electrode (model DRP-250AT) were obtained from Metrohm DropSens (Llanera, Spain). For electropolymerization, the integrated silver electrode was used. For characterization, an external Ag/AgCl reference electrode (Sensortechnik Meinsberg, Waldheim, Germany) was used.



Electrochemical procedures were performed using the SP-300 potentiostat/galvanostat with an impedance analyzer (Bio-Logic Science Instruments SAS, Claix, France). Impedance measurement was carried out with a sinusoidal 7.07 mV rms excitation voltage around the DC potential of 0 V in the frequency range of 100 kHz to 10 Hz. The measurement buffer contained potassium ferricyanide and potassium ferrocyanide, 2 mM each. Impedance spectra were fitted with the Randles–Ershler equivalent circuit [7,8] with a constant phase element instead of a capacitor.



Films were characterized by scanning electron microscopy (SEM, ZEISS EVO LS10, Carl Zeiss AG, Jena, Germany), energy-dispersive X-ray spectroscopy (EDX, Bruker, Microanalysis GmbH, Berlin, Germany), consisting of the detector XFlash® 5030 T 127 eV and the signal processing unit XFlash® SVE III, and white light interferometry (WLI, ContourGT-X 3D Optical Profiler, Bruker Nano GmbH, Berlin, Germany) with SPIPTM 6.6.5 image processing software (Image Metrology A/S, Hørsholm, Denmark).




2.2. Electrode Cleaning


The optimized cleaning procedure for polythiophene removal was as follows: polythiophene-coated electrodes were incubated in 2 M sodium perchlorate in acetonitrile, and a constant potential of 2.4 V was applied for one minute. The films were removed by rinsing or wiping. The clean working electrodes were then characterized by electrochemical impedance spectroscopy. Before the next electropolymerization, the silver reference electrodes were regenerated by treatment with a Q-tip that was immersed in 30 mg/mL aqueous thiourea until the shiny silver surface was restored.




2.3. Electropolymerization


For investigation of film properties, 100 mM thiophene was electropolymerized in acetonitrile with 500 mM KPF6 as a supporting electrolyte/counter ion in the current range of 1–5 mA (=8 to 40 mA/cm2) for 1 min. The concentration of the catalyst ZnF2—if added—was 6.4 mM (saturated solution).





3. Results and Discussion


3.1. Choice of Solvent and Drying of Working Solution for Efficient and Reproducible Film Synthesis


For the electropolymerization of thiophene, a variety of solvents can be utilized that include acetonitrile, benzonitrile, nitrobenzene, propylene carbonate, dimethyl sulphate, diethyl sulphate, and dichloromethane [9,10,11,12]. In order for the medium to conduct an electric current, a supporting electrolyte has to be added. Typically, perchlorates, hexafluorophosphates, and tetrafluoroborates are utilized. They additionally act as counter anions that diffuse into the forming films to compensate for the positive charges in the polymer backbone.



The above-listed salts are quite hygroscopic, which we found to be problematic, since even minor amounts of water in the working solution negatively affect the electropolymerization of thiophene. We investigated thiophene polymerization in acetonitrile with KPF6 as a supporting electrolyte and found that films decreased in thickness and conductivity when water was added to the dried working solution. The charge transfer resistance of the films increased with increasing water content to values >1000 Ω for the addition of 500 mM water, as can be seen in Figure 1A. Furthermore, as the EDX of the obtained films showed, they not only decreased in thickness—demonstrated by the decreasing amounts of carbon and sulfur and the increasing amount of gold—but also showed an increasing oxygen content (see Figure 1B). This points at the incorporation of carbonyl groups [10], which would interrupt the movement of charge carriers, which accounts for the polymers’ conductivity. We found that drying the solution of the counter ion/solvent over a molecular sieve for at least a week constitutes a simple yet effective method to remove water and allow for successful electropolymerization.



The above-listed solvents eligible for thiophene electropolymerization have multiple properties in common: aprotic character, high dielectric constant, low nucleophilicity, and, unfortunately, a high initial oxidation potential of ≥1.6 V. At this potential, polythiophene, however, already over-oxidizes, which reduces the film conductivity. This issue, suitably termed the “polythiophene paradox”, therefore describes the fact that polythiophene is damaged at potentials where it is formed [13,14]. The solvent boron trifluoride diethyl etherate (BFEE) seems to provide a remedy for this issue, since it grants milder polymerization conditions so that thiophene already oxidizes at 1.0 V [15]. However, film qualities cannot easily be reproduced when polymerized in BFEE, due to the multiple decomposition reactions of the solvent under ambient conditions.




3.2. Electropolymerization of High-Quality Polythiophene Films by Lewis Acid Catalysts


We recently discovered that the mild polymerization conditions in BFEE are granted by the catalytic effect of boron trifluoride—a strong Lewis acid—that facilitates monomer oxidation [16]. We were able to identify fluorine-based Lewis acids as a suitable class of catalysts that allow the synthesis of high-quality polythiophene films from stable solvents in a reproducible manner. Fluorine-based acids combine high acidic strength with electrochemical stability at the potentials that are necessary for thiophene oxidation.



By exemplarily utilizing zinc fluoride in acetonitrile, we were able to synthesize polythiophene films under milder conditions with improved properties. Films were electropolymerized at currents ranging from 1 to 5 mA, which equal current densities of 8–40 mA/cm2 for electrodes of 4 mm diameter. When the catalyst ZnF2 was utilized, the potential measured during electropolymerization was lower, emphasizing the milder polymerization conditions. The films were deposited in triplicate and subsequently characterized by electrochemical impedance spectroscopy. The obtained RCT are pictured in Figure 1C. In a broad range of deposition currents, films of reproducible and low charge transfer resistance could be obtained. Such films enhance the electron transfer, since their RCT is lower than the RCT of a typical uncoated electrode (pictured by a grey line), which is beneficial for the analytic performance of the biosensor.



From catalyzed electropolymerization, resulting RCT values were marginally higher compared to films from non-catalyzed polymerization. RCT characterizes the conductivity perpendicular to the film, which is known to be 10.000-times lower than along the polymer backbone in the film plane [17]. Due to the milder polymerization conditions, the polymers deposit in a more ordered manner on the electrode, which plausibly increases the RCT. This observation points at the improved conductivity in the film plane, which is desirable for applications other than electrode coatings.



In addition to enhanced electron transfer, a smooth surface is advantageous for the construction of electrochemical biosensors. We observed that this could be achieved by the utilization of ZnF2. The calculated surface area ratio from white light interferometry is pictured in Figure 2D. With the help of the catalyst, films resulting from synthesis at 1–3 mA were only marginally rougher (11.6–18.9%) than the uncoated electrode (5.2%), while films from non-catalyzed synthesis were significantly rougher (65.0–96.7%). A visualization of the surface topography of films deposited with 3 mA is presented in Figure 2A. The 3D white light images are accompanied by corresponding SEM images (see Figure 2B,C). Without the use of the catalyst, films were produced whose surface was of hyphae or root-like structure, while films from catalyzed polymerization showed a globular surface structure. Such smooth film surfaces minimize the steric hindrance of subsequently immobilized bioreceptors and therefore should grant improved target binding.




3.3. Removal of Strongly Adhering Conductive Polymer Films from Gold Electrodes


Our developed protocol for polymer film removal alters the internal tension profile of the compound material CP/gold to flake the films off the electrode [6]. By the application of a high potential, the films are significantly oxidized, which introduces new positive charges into the polymer backbone. Oxidation can be investigated by cyclic voltammetry (see Figure 3A): if polythiophene films are scanned to an increasingly high potential, two oxidation peaks can be measured. The first corresponds to reversible oxidation (doping), while the second is caused by irreversible over-oxidation.



Driven by the newly formed positive charges in the polymer, counter ions from the cleaning solution diffuse into the film. This is reported to lead to film swelling [18,19]. The film expansion introduces a shear stress to the interphase CP/gold, which breaks the bonds that account for the highly stable absorption of the polymer films. As a result, the films can easily be washed or wiped off the electrodes.



For the removal of polythiophene, we found the optimum potential to be 2.4 V. By the application of lower potentials, the films did not come off as easily, while higher potentials damaged the utilized electrodes. Applying the potential for 1 min is sufficient. Since the procedure is based on a physical process, various solvents and counter ions can be used. They need to be electrochemically stable at the applied potential. The utilization of solvents in which the monomers are soluble should be beneficial for the swelling process due to superior film wettability. We successfully removed polythiophene films with various solvents and counter ions and characterized the electrodes by electrochemical impedance spectroscopy (see Figure 3B). Sodium perchlorate in acetonitrile was found to be the best cleaning solution, as the cleaned electrodes showed the lowest RCT. By increasing the NaClO4 concentration from 500 mM to 2 M, we could further decrease the RCT. In total, 26 films were removed with each solution: with 500 mM NaClO4, the resulting RCT was 13.8–91.8 Ω, while it could be decreased to 15.4–47.8 Ω by utilizing 2 M NaClO4.



The presented protocol can also be employed for the removal of other conductive polymers, which we exemplarily investigated with polypyrrole. Here, a potential of 1.7 V can be applied to still allow for easy and efficient film removal. Pyrrole oxidizes at significantly lower potentials than thiophene (≈1.2 V [20]), which supposedly is the reason for the lower potential necessary for cleaning. At potentials not greater than 1.7 V, water can be used as a solvent. By employing aqueous 500 mM NaSO4, an even lower RCT resulted compared to the employment of 500 mM NaClO4 in acetonitrile.



The presented protocol therefore offers the great advantage of using inexpensive and harmless aqueous solutions of sulfates, and presumably nitrates and phosphates, to remove polypyrrole from electrodes. Similarly, other conductive polymers that can be electropolymerized at low potentials, such as aniline (≈0.9 V [21]), azulene (≈1.0 V [20]), or carbazole (≈1.2 V [22]), should also be easily removed. Following the presented procedure, the utilized electrode chips could easily be reused up to fifteen times.





4. Conclusions


With this communication, we wish to equip the reader with all the information we perceive necessary for the electropolymerization of high-quality polythiophene films. We found that the working solutions have to be water-free to allow for efficient electropolymerization, which can effortlessly be achieved by storage over a molecular sieve. We furthermore communicate our recently discovered Lewis acid catalysis, which allows for mild polymerization conditions and reproducible film synthesis from stable solvents. Fluorine-based catalysts, such as AlF3, TiF4, ZnF2, ZrF4, InF3, LaF3, CeF3, NdF3, and GdF3, represent ideal candidates, since they possess the required acidic strength and are electrochemically stable. The obtained films enhance the electron transfer and are of smooth surface topography, which are both beneficial for the analytic performance of the biosensor.



For electrode regeneration, we developed a fast but gentle method with which the films can be easily removed from the electrodes. The protocol is versatile, can be applied to a series of solvents, counter ions, and other conductive polymers, and furthermore allows the electrodes to be reused up to fifteen times.
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Figure 1. (A) Charge transfer resistance RCT from EIS of polythiophene films synthesized with different concentrations of water added to the dried working solution. (B) Elemental composition of the same films. (C) Charge transfer resistance RCT of films deposited at different currents from dried working solutions. Here, 100 mM thiophene was polymerized in acetonitrile for 1 min with 500 mM KPF6 as the supporting electrolyte/counter ion. Experiments were performed in triplicate. 
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Figure 2. Surface topography of electropolymerized polythiophene films. (A) Three-dimensional white light images of films deposited with 3 mA with and without the catalyst ZnF2. (B,C) Complementary SEM images of the same films. (D) Surface area ratio of films deposited with currents ranging from 1 to 5 mA. (E) SEM image of a clean, uncoated electrode. 
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Figure 3. (A) Oxidation of polythiophene and polypyrrole during cyclic voltammetry in 2 M NaClO4 in acetonitrile with a scan rate of 500 mV/s. In black, CV of cleaning solution. (B) Removal of polymer films with different counter ions (500 mM) and solvents (MeCN: acetonitrile, PC: propylene carbonate). Three films were removed with each cleaning solution for 1 min. The distribution of RCT of five new electrodes is included. Reprinted from [6], Copyright (2021), with permission from Elsevier. 
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