

  electrochem-03-00022




electrochem-03-00022







Electrochem 2022, 3(2), 322-336; doi:10.3390/electrochem3020022




Article



Electrodeposition and Characterization of Conducting Polymer Films Obtained from Carbazole and 2-(9H-carbazol-9-yl)acetic Acid



Sophie Lakard 1, Emmanuel Contal 1[image: Orcid], Karine Mougin 2 and Boris Lakard 1,*[image: Orcid]





1



Institut UTINAM UMR CNRS 6213, University Bourgogne Franche-Comté, 16 Route de Gray, 25030 Besançon, France






2



Institut de Science des Matériaux, Université de Haute Alsace, IS2M-CNRS-UMR 7361, 15 Rue Jean Starcky, 68057 Mulhouse, France









*



Correspondence: boris.lakard@univ-fcomte.fr; Tel.: +33-381-662-046







Academic Editor: M’hamed Chahma



Received: 19 May 2022 / Accepted: 16 June 2022 / Published: 17 June 2022



Abstract

:

Electrochemical oxidation of electrolyte solutions containing carbazole (Cz) and 2-(9H-carbazol-9-yl)acetic acid (CzA) monomers was performed in acetonitrile solutions. Different Cz and CzA feed ratios were used to electrodeposit solid polymer films of various compositions, and to study the influence of the monomer ratio on the physicochemical properties (electroactivity, topography, adhesion, stiffness, wettability) of the polymer films. Thus, electrochemical oxidation led to the deposition of a solid film of micrometric thickness, but only for the solutions containing at least 30% of Cz. The proportion of Cz and CzA in the electrodeposited polymer films has little impact on the adhesion strength values measured by AFM. On the contrary, this proportion significantly modifies the stiffness of the films. Indeed, the stiffness of the polymer films varies from 9 to 24 GPa depending on the monomer ratio, which is much lower than the value obtained for unmodified polycarbazole (64 GPa). This leads to the absence of cracks in the films, which all have a fairly homogeneous globular structure. Moreover, among the different polymer films obtained, those prepared from 70:30 and 50:50 ratios in Cz:CzA monomer solutions seem to be the most interesting because these green films are conductive, thick, low in stiffness, do not show cracks and are resistant to prolonged immersion in water.
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1. Introduction


Conducting polymers are a class of materials whose conductive properties were first demonstrated in 1977 with the discovery of electrically conducting polyacetylene by Shirakawa, MacDiarmid, and Heeger [1]. Although polyacetylene is a very highly conductive (up to 105 S/cm) polymer, its high instability in air due to oxidative degradation by oxygen [2] and at elevated temperatures [3] has limited its commercial potential. Therefore, other intrinsically conducting polymers, including polypyrrole [4,5], polyaniline [6,7], polythiophene [8,9], polyfuran [10,11], polycarbazole [12,13], and others, have been prepared and are widely used due to their remarkable electrical and optical properties as well as good stability. Thus, these polymers are used for a large number of applications such as: supercapacitors and energy storage [14,15], (bio) fuel cells [16,17], anticorrosion [18,19], gas sensors [20,21], biosensors [22,23], or tissue engineering [24,25].



In particular, carbazole and its derivatives are a class of heterocyclic conducting polymers that has attracted attention due to their excellent charge transport capacity, photoconductivity and electrochromic properties, their versatility in functionalization, and their good chemical and environmental stability [26], which has led to much work in the fields of photovoltaic devices [27,28,29], electrochromic devices [30,31], organic transistors [32,33], and biomedical applications [34,35].



Polycarbazoles can be prepared by chemical polymerization of carbazole derivatives in the presence of oxidizing agents such as ferric chloride, ammonium persulphate, and potassium dichromate. The structure and properties of the resulting polymers are dependent on the concentration, oxidizing agent, and solvent [36]. Polycarbazoles can also be obtained by electropolymerization, which consists of depositing a polymer film by anodic oxidation on a conductive surface such as a noble metal (gold, platinum), glassy carbon, ITO or FTO (indium or fluorine tin oxide) [37,38]. To improve the solubility of the monomers and the electrical and optical properties of the polymers, carbazole monomers are often functionalized by grafting chemical groups leading to soluble carbazole derivatives that can be polymerized by (electro)chemical oxidation. Oxidation of carbazoles can occur at different positions since carbazoles have several active positions (3,6-, 2,7-, and 1,8-positions). Among them, the 3,6 carbazole derivatives are the most studied, since these positions are the easiest to oxidize [36]. Oxidation of 2,7-carbazoles can also lead to polymers with extended conjugation and low band gap [39]. On the contrary, poly(1,8-carbazole) derivatives are the least studied because these polymers are less planar than 3,6 and 2,7, which limits their applicability [40].



The carboxyl group is certainly one of the most interesting chemical groups to add to carbazole to make it sensitive to the pH of the medium, to give it complexing properties, to modify its wettability, electrochemical and optical properties, or to promote its interaction with biological media. For example, a complex, based on a novel organotin(IV) complex with 9-hexyl-9H-carbazole-3-carboxylic acid was tested in vitro for its cytotoxic activity, using a hepatocellular carcinoma cell line, and showed greater cytotoxicity than that of 5-fluorouracil which was used as a positive control substance [41]. In addition, the electrodeposition of poly(4-methyl carbazole-3-carboxylic acid) was successfully performed on stainless steel surfaces by Düdükcü et al. [42]. The corrosion tests indicated that this polymer provided effective anodic protection of steel surfaces in a corrosion test solution. Additionally, Elkhidr et al. successfully performed the electropolymerization of carbazol-9-yl-carboxylic acid in acetonitrile. The electro-generated polycarbazole films exhibited remarkable redox activity and electrochromic properties with increasing potential, which were explained in detail using spectroelectrochemical studies [43]. Kuo et al. electrodeposited three copolymers based on carbazole and indole-6-carboxylic acid (In) on an ITO surface [44]. These films were used as electrochromic materials in electrochromic devices and the polymer with a Cz/In feed molar ratio of 4:1 showed the highest contrast and coloring efficiency. The latter example is also interesting since it combines functionalization and copolymerization of carbazole and indole. Indeed, one way to improve the properties of polycarbazoles is to prepare copolymer films combining carbazole units with other units. Similarly, copolymers have been synthesized by polymerization of indolo [3,2-b]carbazole, isoindigo and thiophene units [45]. The incorporation of different alkyl-branched units facilitated the improvement of optical properties, solubility, conjugate structure, and electrochromic performance (fast bleaching/coloration response time, high coloration efficiency, and stable optical contrast). Recently, the electrochemical synthesis of copolymers from a carbazole–thiophene unit was reported by Aristizabal et al. [46]. This work highlighted the dependence of the structure of the generated polymer on the applied potential since a low potential facilitated the connection between the carbazole rings, and a high potential favors the incorporation of the thiophene rings. The same authors recently reported the electrochemical polymerization of an original carbazole-thiophene unit substituted with an alkyl chain in position 3, which sterically inhibited one of the processes that occur due to a high potential and resulted in the formation of a material with a more regular structure [47]. In another study, electrochemical copolymerization of carbazole derivatives and ethylenedioxythiophene (EDOT) led to the formation of original materials with electrochromic properties between black and transparent [48]. Similarly, Aydin et al. electropolymerized copolymers of carbazoles with thiophene, EDOT and pyrrole [49]. The obtained compounds showed sufficiently interesting spectroelectrochemical and electrochromic properties to be considered as potential organic solar cell materials. In a previous study, our group also electrodeposited polymer films from carbazole and N-((methoxycarbonyl)methyl)carbazole monomers. Depending on the ratio of the feed monomers, these films showed very different morphological features and stiffness [50].



Considering this literature, it appears that if polycarbazoles possess remarkable electrical and optical properties, it is, however, sometimes necessary to functionalize them or to combine several monomers to introduce additional chemical groups allowing to improve their chemical reactivity, their mechanical resistance, or other physicochemical properties. Thus, in this work, we sought to electrodeposit polymer films by oxidation of carbazole and 2-(9H-carbazol-9-yl)acetic acid monomers (Figure 1) in order to: (i) prepare solid films with improved mechanical stability, (ii) integrate carboxyl functions inside the films. Indeed, the presence of carboxyl groups is likely to allow the formation of peptide bonds with biological cells or enzymes thanks to the presence of amine groups in these compounds, which opens prospects for the development of biosensors or biomaterials. Similarly, the presence of carboxyl groups can promote the formation of hydrogen bonds or generate electrostatic interactions (if ionized) within the film, thus causing changes in the structure or rigidity of the films.




2. Materials and Methods


2.1. Materials and Reagents


Carbazole (>95%, Cz) and lithium perchlorate (>95%, LiClO4) were purchased from Sigma Aldrich when acetonitrile (>99.5%, ACN) was purchased from Fisher Scientific. The electrolytic solution was composed of carbazole and 2-(9H-carbazol-9-yl)acetic acid (CzA) used as co-monomers, LiClO4 as supporting salt, and ACN as solvent. CzA was synthesized in the lab following a procedure that has already been reported in detail [50,51]. All the chemical reagents used to synthesize the CzA product were from Sigma-Aldrich.




2.2. Electrodeposition of Polymer Films


Electrochemical experiments were performed in a standard three-compartment electrochemical cell using either a platinum wire (0.785 mm2) or a fluorine-doped tin oxide (FTO) substrate (10 mm × 30 mm, thickness: 1.1 mm, R = 80 Ω/square, from Solems) as the working electrode, a saturated calomel electrode (SCE) as the reference electrode, and a Pt sheet as the counter-electrode.



Electrolytic solutions were prepared from a Cz solution, a solution CzA, or a mixture of Cz and CzA with the following molar ratios of Cz:CzA: 95:5, 90:10, 70:30, 50:50, 30:70, 10:90 and 5:95. For example, the polymer film denoted Cz70-CzA30 was prepared by electrochemical oxidation of an electrolytic solution obtained by adding 14 mL of a solution of acetonitrile with 0.1 M lithium perchlorate and Cz (10−2 M) to 6 mL of a solution of acetonitrile with 0.1 M lithium perchlorate and CzA (10−2 M). All electrochemical experiments were performed at room temperature with a VersaSTAT MC potentiostat/galvanostat from Princeton Applied Research. Polymer films were electropolymerized either by cyclic voltammetry on a platinum working electrode in a potential range of 0.0 to +2.0 V/SCE and a scan rate of 50 mV/s, or by chronoamperometry on a FTO electrode at a potential of +1.5 V/SCE for 3 min.




2.3. Characterization Techniques


AFM microscopy. The analysis of electrodeposited polymer films was performed with a Bruker Multimode 8 AFM equipped with the Peakforce Quantitative Nanomechanics (PeakForce QNM) mode [52]. This mode is a recent advancement in AFM technique that provides a quantitative nanomechanical mapping mode with simultaneous measurement of tip-to-surface adhesion, Young’s modulus (according to the DMT or Sneddon model), and surface topography. Etched silicon QNM probes RTESPA-300 (from Bruker), with a nominal spring constant k ≈ 40 N/m, were used for all AFM experiments. Nanoscope analysis 1.9 and Gwyddion softwares were used to determine the DMT modulus and average adhesion of samples from at least three representative AFM images from different areas of each sample.



SEM microscopy. The topography of the polymer films was studied, without prior metallization, using a FEI Quanta 450 W high resolution SEM microscope. The electron beam energy used was 12.5 keV and the working distance used was between 9 and 12 mm.




2.4. Theoretical Calculations


The solvent free energy of the Cz and CzA monomers was calculated using the open-source software package GAMESS (General Atomic and Molecular Electronic Structure System) developed at Iowa State University. After an initial optimization of the starting geometries using the semi-empirical PM3 approach [53], calculations were performed using the B3LYP method (combined with a 6-31G* basis set), which is a DFT (Density Functional Theory) method involving the gradient correction of the Becke exchange functional [54] and the Lee-Yang-Parr correction functional [55] and is appropriate for modeling π-conjugation systems due to the inclusion of electron correlation effects [56,57,58]. Moreover, the Polarizable Continuum Model (PCM) can be used in combination with the previous methods in order to calculate the total free energy of monomers in acetonitrile because this solvation model provides a realistic description of the molecular shape by constructing the solute cavity from a union of atom-centered spheres. Thus, the solvent free energy of the monomers and their corresponding radical cations was calculated using the DFT method and the PCM model, and the Gibbs free energy of activation of the oxidation reactions leading from the monomers to the radical cations was deduced from these calculations. A Gibbs free energy of activation of +5.443 eV was obtained for the oxidation of Cz to its radical cations (∆GCz≠ = GCz+ − GCz = −14,066.933 − (−14,072.376) = +5.443 eV) when a value of +5.633 eV was obtained for the oxidation of CzA (∆GCzA≠ = GCzA+ − GCzA = −20,264.384 − (−20,270.017) = +5.633 eV).





3. Results


3.1. Electropolymerization of Carbazole and 2-(9H-carbazol-9-yl)acetic Acid


The oxidation of carbazole (10−2 M) and 2-(9H-carbazol-9-yl)acetic acid (10−2 M) is performed by cyclic voltammetry at a platinum electrode by applying five potential sweeps between 0 and +2 V/SCE, with a scan rate of 50 mV/s, in an acetonitrile solution containing 0.1 M LiClO4. The potential of the oxidation peak of Cz monomers, leading to radical cations, appears at +1.1 V/SCE (Figure 2a), while that of CzA monomers appears at a higher potential value of +1.5 V/SCE (Figure 2b). Thus, the cyclic voltammograms demonstrate that the oxidation of Cz monomers is easier than the one of CzA monomers, which is confirmed by the calculated values of the Gibbs free energy of activation of the monomer oxidation. Indeed, the Gibbs free energy of activation of the oxidation of CzA into its radical cation (+5.633 eV) is higher than the one of Cz (+5.443 eV) by 0.190 eV, which confirms that the oxidation of CzA is energetically less favorable that the oxidation of Cz.



Moreover, for both monomers, the current density of the monomer oxidation peak reaches about 6 mA/cm2 during the first potential scan. During the following cycles, the current density of the oxidation peak of Cz increases progressively to reach 20 mA/cm2 during the 5th cycle, whereas the current density of the oxidation peak of CzA increases very slightly to reach only 8 mA/cm2 during the 5th cycle. In addition, two smaller peaks are visible from the second scan at +0.8 and +0.75 V/SCE, which correspond to the oxidation and reduction peaks of the electrodeposited polycarbazole film, respectively (PCz, Figure 2a). Similarly, these small peaks are visible from the second scan at +1.0 and +0.9 V/SCE in Figure 2b, showing that the substituted polycarbazole film (polyCzA) is also electroactive. Indeed, these redox peaks are the evidence of the electroactivity of the polymer films since the oxidation peak can be associated with both the polymer oxidation and the insertion of counter-anions into the polymer film, and the reduction peak with the polymer reduction and the ejection of counter-anions from the polymer film. The current increases with the cycles in the case of Cz, showing that it is a conductive polymer, easier to oxidize as the polymer chain grows due to the strong conjugation in the polymer backbone. The current also increases in the case of CzA, but less markedly due to the presence of carboxyl groups that can partially break the conjugation within the polymer film.



After that, a potential of + 1.5V/SCE is applied during 3 min in the monomer solutions to electrogenerate a thick polymer film by potentiostatic electrodeposition onto a transparent FTO electrode. The PCz film resulting from this electrodeposition process is thick and dark green-colored to the eye. On the contrary, the PCzA film appears as a very thin film and is difficult to observe with the eye (Figure 3). The morphology of the PCz film consists in micrometric globules as demonstrated by the AFM image (Figure 2c). The morphology of the PCzA film is also composed of globules that are a little smaller (Figure 2d), but the PCzA film is greatly thinner than the PCz one since the maximum peak-to-valley height observed in the AFM image is ≈50 nm for the PCzA and ≈1 µm for the PCz one.



The Young modulus of the polymer film was also measured through AFM measurements as well as the AFM force adhesion measured between the polymer film and the AFM tip. The average force adhesion value is 20 ± 5 nN for PCz film, while it is 34 ± 5 nN for PCzA film. More interestingly, the Young modulus of both polymer films are very high since it reaches 64 GPa for PCz and 30 GPa for PCzA. These high values of the Young modulus evidence that these electrodeposited PCz and PCzA films have a high stiffness, which is certainly responsible from the cracks observed in the SEM images (Figure 2c,f, respectively). Consequently, it is important to find a solution allowing us to electrogenerate polycarbazole films with less cracks and enhance their mechanical properties. A possible strategy to obtain polymer films with such properties is to perform the simultaneous polymerization of Cz and CzA monomers on the same working electrode.




3.2. Theoretical and Electrochemical Study of the Oxidation of Mixtures of Cz and CzA


3.2.1. Coupling between Oxidized Monomers


As demonstrated by Ambrose et al. the electropolymerization of carbazole begins with the oxidation of carbazole to an unstable cationic radical that couples with another cationic radical to form the most stable dimer, which is 3,3′-bicarbazyl [59]. Then, the oxidation of this dimer takes place and the polymer chain gradually grows to form a solid film on the electrode surface. The electrochemical oxidation of 9-substituted carbazoles, such as CzA, occurs similarly to that of carbazole and leads to the formation of 3,3’-bicarbazyl all the more easily since the 9-position is already occupied and cannot give rise to coupling [60,61].



Therefore, the polymerization of the Cz and CzA mixtures can be expected to occur by 3-3’ coupling of the monomers. In order to support this hypothesis, the free energy in the solvent of the dimer obtained by 3,3’ coupling was calculated and compared to that of other dimers that could be obtained by coupling of Cz and CzA (Table 1). The results obtained indeed confirm that the most stable dimer corresponds to the 3-3’ coupling (G3-3’ = −34,116.538 eV). It is also likely that the subsequent growth of the polymer film is carried out according to successive 3-3′ couplings. The optimized chemical structure of the dimer coupled at the 3 and 3′ positions is given in Figure 4.




3.2.2. Electrochemical Polymerization of Mixtures of Cz and CzA


Polymers with a High Portion of Cz Monomers


Oxidation of monomer solutions containing Cz:CzA ratios of 95:5 and 90:10 is carried out at a platinum electrode in a 0.1 M LiClO4/acetonitrile solution. The CVs obtained are similar to those obtained by oxidation of Cz monomers. Indeed, a pronounced anodic peak is visible at +1.1 V/SCE (Figure 5a,b) in the first scan that can be mainly attributed to the oxidation of Cz monomers rather than to the CzA monomers which are less numerous and whose oxidation peak is located at higher potential (Figure 2d). In subsequent scans, the electropolymerization reaction continues as demonstrated by the gradual increase of the current density with repeated potential scans. Furthermore, both resulting polymer films are electroactive since an anodic and a cathodic peak due to the redox process and the insertion and de-insertion of counter-anions taking place in the polymer film are visible at +0.7–0.8 V/SCE. At the end of the CV, a thick dark green solid film can be observed on the surface of the Pt electrode. A similar green coating is also visible after potentiostatic deposition of the polymer film on the FTO substrate (Figure 3). Therefore, the electrochemical behavior obtained with these ratios is very similar to that obtained with Cz. The AFM topography (Figure 5c,d) confirms the similarity between these polymer films since they all have the same granular structure and comparable thickness (since the maximum peak-to-valley height is between 1.2 and 1.6 µm), and the force adhesion between the film and the AFM tip are almost equals (19–22 nN). On the contrary, it is really interesting to note the absence of cracks on the polymer films in the SEM images (Figure 6) when the polymer film contains both Cz and CzA monomers. This absence of cracks is certainly due to a lower internal stress, which leads to a lower Young’s modulus (13–18 GPa) compared to those of the PCz film (64 GPa) and the PCzA film (30 GPa).




Polymers with a Balanced Portion of Cz and CzA Monomers


Oxidation of monomer solutions containing Cz:CzA ratios of 70:30, 50:50 and 30:70 is then performed under the same conditions as before. The oxidation peak that was present for high carbazole ratios is still visible at +1.2–1.3 V/SCE (Figure 7a–c). In the first scan, the current density of the oxidation peak is between 5 and 6 mA/cm2 for all three ratios as it was for the two monomers alone. On the contrary, in the following scans, the current density of this oxidation peak differs from one ratio to another since it increases up to 12 mA/cm2 for the 70–30 Cz:CzA ratio while it does not exceed 8 mA/cm2 for the 50:50 and 30:70 Cz:CzA ratios. Potentiodynamic or potentiostatic electro-oxidation of 70:30 and 50:50 Cz:CzA ratios leads to the formation of green films as dark as those previously deposited. On the contrary, the green film electrodeposited from the 30:70 ratio is light green and it does not seem to be as homogeneous as the other films (Figure 3).



The films obtained from the 70:30 (Figure 6b) and 50:50 Cz:CzA (Figure 6c) ratios are particularly interesting since they have a lower Young modulus (9 GPa) than the other polymer films (Figure 6a,d) so that their structure does not show cracks as shown by the SEM images. Moreover, the polymers obtained from the 70:30 and 50:50 Cz:CzA ratios look like island structures achieved by a macromolecular nucleation mechanism. These results are similar to other studies that provide evidence of nucleation and three-dimensional growth for some electronically conducting polymers [62,63,64]. In addition, the 3D morphology AFM images show a globular structure. Furthermore, the adhesion force (25–26 nN) of these films is comparable to that of the previous films studied as well as their thickness since their maximum peak-to-valley height is between 1 and 2 µm. On the contrary, while the film obtained from 30:70 Cz:CzA has a low Young modulus (13 GPa), the inhomogeneity of the film and the lower maximum height (0.9 µm) make it less interesting.




Polymers with a Low Portion of Cz Monomers


Finally, oxidation of monomer solutions containing Cz:CzA ratios of 10:90 and 5:95 is carried out in a 0.1 M LiClO4/acetonitrile solution. A pronounced oxidation peak with a current density of 6 mA/cm2 is visible at +1.1–1.2 V/SCE (Figure 8a,b). During subsequent scans, no increase in current density with repeated potential scans is observed indicating that the electropolymerization reaction is more difficult with these Cz:CzA ratios due to the low proportion of Cz monomers. Potentiodynamic or potentiostatic electro-oxidation of these mixtures leads to an extremely thin deposit since their maximum peak-to-valley height is 200 nm for the 90:10 Cz:CzA ratio and 30 nm for the 95:5 Cz:CzA ratio. Thus, the electrodeposited film is almost invisible to the naked eye on the surface of the FTO electrodes whereas previous mixtures led to thicker green deposits (Figure 3). AFM images confirm that these films are different from the previous ones (Figure 8c,d). Indeed, if these films also have a granular structure, the size of the grains is much smaller (less than 0.1 µm, except some rare aggregates) for these deposits than for the previous ones where some grains exceeded the micrometer. In addition, the Young’s moduli of the films obtained from the Cz:CzA ratios of 10:90 and 5:95 are higher (17–24 GPa) than those obtained from the other mixtures. As shown previously, these high values indicate a film stiffness that is not desired, as it may lead to the formation of cracks. Moreover, the SEM image of the coating obtained from a Cz:CzA ratio of 5:95 contains some features that could be incipient cracks (Figure 6d).



Table 2 summarizes and compares the physico-chemical properties of the films obtained from the different Cz and CzA mixtures as well as PCz and PCzA films. It appears in this table that the most interesting mixtures correspond to the Cz:CzA ratios of 70:30 and 50:50 because they allow to obtain thick green films which are electroactive, globular but without cracks thanks to a low Young’s modulus, a high adhesion force, and allow the insertion of carboxylic functions in the polymer films. Therefore, due to their electrical and mechanical properties, but also to the presence of carboxyl groups, these films could be used in the future as sensitive layers of (electro)chemical biosensors, as biomaterials or for other applications.







4. Conclusions


Electrochemical oxidation of mixtures of carbazole and 2-(9H-carbazol-9-yl)acetic acid enabled the preparation of polymer films by both cyclic voltammetry and chronoamperometry. The ratio of Cz:CzA monomers had a significant impact on the electroactivity, thickness, morphology, and stiffness of the electrodeposited polymer films. In particular, the polymer films with high Young’s modulus showed cracks in their structure, while the polymer films with low Young’s modulus exhibited an uncracked structure. Among all the Cz:CzA ratios studied, the 70:30 and 50:50 ratios are the most interesting because they are not cracked, have high electroactivity, and can easily form thick films while showing good adhesion to the substrate. Films with a higher proportion of Cz monomers are also interesting because they are very electroactive, even if their rigidity remains quite high. On the contrary, films obtained from mixtures containing more CzA monomers are difficult to electropolymerize, which does not allow us to obtain films of sufficient thickness to make them interesting for an application. In future studies, we hope to take advantage of the presence of carboxyl groups and the electrical and mechanical properties of the most promising polymer films to develop applications in the biomedical field. Indeed, the presence of these carboxyl groups should allow the fixation of biological compounds (cells, proteins, enzymes, amino acids) by the formation peptide bonds, making possible applications of these films as biomaterials or active layer of electrochemical biosensors.
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Figure 1. Structure of carbazole (a) and 2-(9H-carbazol-9-yl)acetic acid (b). 






Figure 1. Structure of carbazole (a) and 2-(9H-carbazol-9-yl)acetic acid (b).



[image: Electrochem 03 00022 g001]







[image: Electrochem 03 00022 g002 550] 





Figure 2. Cyclic voltammetry of 10−2 M Cz (a) or CzA (d) in 0.1 M LiClO4/ACN at a Pt electrode with a scan rate of 50 mV/s. Three-dimensional morphology AFM (b,e) and SEM (c,f) images of the PCz and PCzA films electrodeposited on a FTO substrate (chronoamperometry at +1.5 V/SCE, 3 min). 
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Figure 3. Pictures of polymer films obtained by electro-oxidation of Cz and CzA monomers. 
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Figure 4. Representation of the chemical structure of 3,3′-CzCzA dimer (deduced from DFT calculations at the B3LYP/6-31G* level of theory). 
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Figure 5. Cyclic voltammograms obtained by oxidation of: 95:5 Cz:CzA (a) or 90:10 Cz:CzA (b) in an acetonitrile + 0.1 M LiClO4 solution (WE: Pt. Scan rate: 50 mV/s) and 3D morphology AFM pictures of the polymer films resulting from the electro-oxidation of 95:5 Cz:CzA (c) and 90:10 Cz:CzA (d) solutions. 
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Figure 6. SEM pictures of the polymer films resulting from the electro-oxidation of 95:5 Cz:CzA (a), 70:30 Cz:CzA (b), 50:50 Cz:CzA (c), and 5:95 Cz:CzA (d) solutions. 
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Figure 7. Cyclic voltammograms obtained by oxidation of: 70:30 Cz:CzA (a), 50:50 Cz:CzA (b) and 30:70 Cz:CzA (c) in an acetonitrile +0.1 M LiClO4 solution (WE: Pt. Scan rate: 50 mV/s) and 3D morphology AFM pictures of the polymer films resulting from the electro-oxidation of 70:30 Cz:CzA (d), 50:50 Cz:CzA (e) and 30:70 Cz:CzA (f) solutions. 
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Figure 8. Cyclic voltammograms obtained by oxidation of: 10:90 Cz:CzA (a) or 5:95 Cz:CzA (b) in an acetonitrile + 0.1 M LiClO4 solution (WE: Pt. Scan rate: 50 mV/s) and 3D morphology AFM pictures of the polymer films resulting from the electro-oxidation of 10:90 Cz:CzA (c) or 5:95 Cz:CzA (d) solutions. 
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Table 1. Total free energy in solvent (in eV) of the different dimers that can be formed by coupling between Cz and CzA monomers. Calculations performed using the B3LYP DFT method with the 6-31G* basis set and the PCM model that includes solvent effects.
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	Coupling Leading to a Dimer (Cz-CzA Coupling)
	GCz-CzA (in eV)





	9-1′ coupling
	−34,115.830



	9-3′ coupling
	−34,116.021



	3-1′ coupling
	−34,116.374



	1-1′ coupling
	−34,116.402



	1-3′ coupling
	−34,116.483



	3-3′ coupling
	−34,116.538
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Table 2. Comparison of the physico-chemical properties of the films obtained by oxidation of Cz, CzA and Cz:CzA mixtures (in green: beneficial properties, in red: adverse properties, in black: neutral properties).
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	Aspect (Naked-Eye)
	Young Modulus (AFM)
	Topography (AFM, SEM)
	Intensity (CV)
	Insertion of Carboxyl Groups





	Cz
	Green, Thick
	High
	Globular, cracks
	High
	No



	Cz95-CzA5
	Green, very thick
	Medium/High
	Globular, no crack
	High
	Yes



	Cz90-CzA10
	Green, very thick
	Medium/Low
	Globular, no crack
	High
	Yes



	Cz70-CzA30
	Green, very thick
	Low
	Globular, no crack
	High
	Yes



	Cz50-CzA50
	Green, very thick
	Low
	Globular, no crack
	Medium
	Yes



	Cz30-CzA70
	Light green, thick
	Medium/Low
	Globular, no crack
	Medium
	Yes



	Cz10-CzA90
	Colourless, very thin
	Medium/High
	Globular
	Low
	Yes



	Cz5-CzA95
	Colourless, very thin
	Medium/High
	Globular
	Low
	Yes



	CzA
	Colourless, very thin
	High
	Globular, cracks
	Medium
	Yes
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