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This work reports for the first time the use of electrodeposition to prepare platform mesh substrates with controlled wettability by post-functionalization. First, PEDOT nanofibers with azido (N3) groups are electrodeposited around the mesh wires. Then, the Huisgen reaction is used using various alkynes (alkyl, perfluoroalkyl and aryl) in order to graft different hydrophobic substituents on the surface. This work shows the huge impact of the post-treatment on both the surface morphology and wettability. This also shows the possibility to start from a unique platform mesh to prepare oleophilic ( < 5°)/superhydrophobic ( > 150°) or highly oleophobic ( > 120° with hexadecane)/superhydrophobic surfaces ( > 150°). Such kind of technology could be used as separation devices to oil and water, for example.

Introduction

Due to the wide range of possible applications, the control of the surface wettability is a topic of interest for both scientific and industrial communities. Surface with tunable wettability can be used for various applications, for example: to elaborate water-repellent textile, anti-fog, antisnow, anti-icing glasses, anti-corrosive surfaces, anti-bioadhesion [1][2][3][4][5]. Another example of applications is the preparation of separation devises by playing on the hydrophobic/philic and oleophobic/philic balances [6]. Such kind of technology can be very useful to remove organic wastes (like petroleum) from water.

The control of wettability has successfully been achieved in the nature. Numerous examples of surfaces with special wettability can be found in the nature [7][8]. In the animal reign, various examples exist such as insects and arachnids (Gerris, fishing spiders) able to walk on water [START_REF] Wang | Proc. Natl. Acad. Sci[END_REF], reptiles with high adhesion like gecko [START_REF] Liu | [END_REF]11] or even aquatic birds (ducks) that have nonwettable feathers [12]. Numerous examples can also be found in the vegetal reign. One of the most famous example is the lotus leaves [8]. Their superhydrophobic properties with low adhesion is known as lotus effect and is responsible of their self-cleaning properties. This ability is also observed on other plants like Taros [13] or Echeveria [14]. Other properties can be described for example the petals of Rosa montana present high hydrophobicity but with high adhesion [15]. This ability has been described as petal effect or more recently as parahydrophobic feature [16].

In order to better apprehend the wettability differences, equations were established. The Young-Dupré equation gives the apparent or static contact angle of a liquid droplet (water for example) on a smooth surface: cos  Y = (v-sl)/lv where  Y is the sv the solid/vapor surface tension, sl the solid/liquid surface tension and lv the liquid/vapor surface tension [17]. In the case of rough surfaces, two equations were developed to explain the influence of surface roughness on the surface hydrophobicity. In the of the Wenzel equation cos  = r.cos Y , where r is the roughness parameter (r = actual surface/planar surface), the surface hydrophobicity can increase only if  Y > 90° [18]. If the water does not penetrate in all the surface roughness, air remains present between the water droplet and the surface. In that case, the Cassie-Baxter equation has to be used [19]. The equation is cos  = rf.f.cos  Y + (f -1); with rf being the roughness ratio of the substrate wetted by the liquid, f the solid fraction and (1f) the air fraction. The presence of air between the surface and the droplet can increase the surface hydrophobicity whatever  Y and lead to superhydrophobic and parahydrophobic properties for example depending on rf , the air fraction and  Y .

Numerous methods can be used to control these parameters [20][21][22][23]. One of most promising methods is the electrodeposition of conducting polymers. This method has been reported as a fast, efficient and chip way to elaborate hydrophobic surfaces in one step. By playing on both monomer chemical structure and electrochemical parameters, it is possible to obtain rough surfaces with many surface structures (particles, fibers, sheets, tubes…) [1,[24][25]. One of the drawbacks of this strategy is the need to synthesize as many monomers to control the surface structures and hydrophobicity.

However, the post-functionalization is an interesting strategy to introduce many hydrophobic chains from one platform polymer [26,27]. Using conducting polymers, many reactions can be used such as the Huisgen reaction [START_REF] Huisgen | In 1,3-Dipolar Cycloaddition Chemistry[END_REF][START_REF] Rostovtsev | [END_REF][30]. This reaction has been successfully described in the literature to develop hydrophobic surface by post-functionalization [31,32]. This strategy has been reported as efficient on gold flat surfaces but can be extended to any conductive surfaces [33,34]. Here, we use for the first time that strategy to stainless steel mesh substrates to take advantage of the mesh structures as additional roughness and openings, and also to develop various separation devices starting on a platform azido mesh. 

Materials and methods

Synthesis

The EDOT-N3 monomer was prepared as a pure compound (100 % determined by NMR) following the procedure described in the literature. All the spectroscopic data agreed with the literature [33]. 1 H and 13 C NMR are reported in the supplementary data.

Electrochemical deposition

Stainless steel meshes with an opening of 100 m were purchased from Fisher. This opening was chosen according to previous works on the domain [35,36]. The electropolymerization experiments were performed using a potentiostat (Autolab from Metrohm) and a three-electrode system. Three electrodes were put inside the solution: a stainless steel mesh, a glassy carbon rod and a saturated calomel electrode (SCE) were used as working, counter, and reference electrodes, respectively. Before each experiment, the solution was degassed under argon. Here, two electrodeposition steps were performed to ensure a good deposition around the mesh substrates. First, a thin and smooth layer of polypyrrole is electrodeposited to enhance the adherence and to reduce the monomer oxidation potential of EDOT-N3. For that, 10 mL of an aqueous solution of oxalic acid (0.08 M) and 0.25 M of pyrrole. 10 % of ethanol was also added to the solution to increase its wetting inside the mesh openings. The thin polypyrrole films was electrodeposited at constant potential (E = 0.77 V vs SCE) and using a deposition charge (Qs)

of 5 mC•cm -2 .
For the second step, 10 mL of anhydrous acetonitrile containing 0.1 M of tetrabutylammonium perchlorate (Bu4NClO4) and 0.01 M of EDOT-N3 was inserted in the cell. Here, the polymer film was grown on the polypyrrole-coated stainless steel mesh by cyclic voltammetry from -1 V to 1.37 V and using three deposition scans.

General procedure for post-deposition mesh modification

The PEDOT-N3 mesh substrate was immerged in 50/50 water/THF solution (5 mL). 100 mg of CuSO4 (0.6 mmol), 100 mg of sodium ascorbate (0.5 mmol) and 100 mg of alkyne (from 0.16 to 0.27 mmol depending on the hydrocarbon, aryl or perfluorocarbon chain length) were then added. The mixture was shaken overnight. The polymer was then successively washed 3 times with water and 3 times with ethanol and dried.

Surface characterization

The static and dynamic contact angles were obtained with a DSA30 goniometer of Krüss. The static contact angles were measured using the sessile drop method using a 2 μL water droplet or 1 µL diiodomethane or hexadecane droplet and the dynamic one was obtained with the tilted drop method. In this last method, a surface, on which a 2 μL water droplet was placed, is inclined until the droplet rolls off. The maximum surface inclination is called sliding or tilting angle (α). Indeed, the droplet is deformed by the gravity when the surface is inclined. The angle in the moving direction is the advancing contact angle and the one in the opposite direction is the receding contact angle. The advancing and receding contact angles and, as a consequence, the hysteresis (H) are taken just before the droplet rolls off the surface. All measurements were performed 3 times on one mesh surface.

Results and discussion

Synthesis

Prior to the surface post-functionalization, it was needed to develop a monomer suitable for both electrodeposition and post-functionalization. Monomers with azido groups derived from 3,4-ethylenedioxythiophene (EDOT) and 3,4-propylenedioxythiophene (ProDOT) have been reported in the literature and are known to be suitable for the Huisgen reaction. Among them, we selected EDOT with a butyl spacer in order to decrease the stearic hindrance for the postfunctionalization. According to the literature, the monomer has been synthesized in three steps (Scheme 1) [33]. Scheme 1. EDOT-N3 synthesis: General procedure for monomers synthesis. i) 1,2,6-hexantriol (2 eq), Para-toluenesulfonic acid (0.1 eq), toluene reflux, 36h. ii) Methanesulfonyl chloride (1.5 eq), triethylamine (3 eq), dichloromethane, rt, 4h. iii) Sodium azide (5 eq), DMF, 95 °C, overnight.

First, 3,4-dimethoxythiophene reacted with hexan-1,2,6-triol in toluene. This transetherification was refluxed over 36 hr and catalyzed with para-toluenesulfonic acid. The formed EDOT derivative was then reacted with methanesulfonyl chloride and triethylamine in dichloromethane. This reaction was carried in 3 hr at room temperature. The third step was a nucleophilic substitution of the methanesulfonyl ester by sodium azide. The reaction was performed at 95°C in DMF. This final step gave the aimed EDOT-N3.

Electropolymerization

Stainless steel meshes substrates with an opening of 100 m were chosen for the experiments, according to previous works in the domain [35,36]. Then, the monomer was then electropolymerized. The oxidation potential of EDOT-N3 being high on stainless steel substrates, first, a thin and smooth polypyrrole film monomer was electrodeposited at constant potential (E = 0.77 V vs SCE) and using a low Qs of 5 mC•cm -2 .

For the electropolymerization of EDOT-N3, the polypyrrole-coated mesh was inserted in anhydrous acetonitrile solution containing the monomer (0.01 M) and Bu4NClO4 as supporting electrolyte. PEDOT-N3 films were electrodeposited using a cyclic voltammetry (1.00 V to 1.37 V at a scan rate of 20 mV/s) procedure in order to obtain highly homogeneous and adherent films. Here, three deposition scans were enough to induce the growth of well-defined nanofibers.

We observe that the monomer polymerizes perfectly and gives an extremely well-defined cyclic voltammogram classical for PEDOT polymers. For example, the peak at about 0 V vs SCE during the forward scan corresponds to the oxidation of PEDOT polymer. The increase of this peak allows to follow the polymer growth because the monomer polymerizes during each scan then the potential is close to its oxidation potential. The polymer homogeneity can be observed using scanning electronic microscopy (SEM) (Figure 3). The observation made at low magnification show a highly homogeneous deposition on all the mesh substrate (Figure 3 A). Moreover, the polymer does not cover the mesh openings, which is an important point to have the best properties and benefit of the increased surface offered by the mesh structure. At higher magnification, it is possible to observe the polymer morphology (Figure 3 B). As expected, the surface morphology observed is similar to the morphology observed for PEDOT-N3 surfaces deposed on gold substrate and reported in the literature and consists in a dense network of nanofibers [33,34]. 

Surface post-functionalization

After, the mesh substrates were post-functionalized using the Huisgen reaction and using various alkynes (Scheme 2) in order to control the surface wettability. The alkyne side chains have been selected as intrinsically hydrophobic alkynes (alkyl, aryl and perfluoroalkyl).

Different alkyl or perfluoroalkyl chain length were studied and aryl side chains were selected with different number of aromatic rings. This post-functionalization method has been reported as efficient and leads to the corresponding surface bearing the grafted chain [33]. For example, if the used alkyne is a phenyl acetylene, the formed surface is covered by phenyl groups. 

Post-functionalized surface wettability

The modified mesh substrates have been investigated for their wettability (Figure 4). Due to the mesh textures, the apparent contact angle are more difficult to observe and several measurements were need. The starting PEDOT-N3 surface presents high hydrophobic feature with apparent contact angle  = 125 ° ± 2 °. As expected, after modification with alkyl side chain, the hydrophobic feature significantly increases (Figure 4). After reaction with hexyne, the formed surface reported as PEDOT-C6 presents higher apparent contact angle  = 135 ° ± 4 °. After modification with longer alkyl alkyne like octyne and decyne, the formed PEDOT-C8 and PEDOT-C10 the hydrophobic feature increase with respectively  = 145 ° ± 0.6 ° and  = 152 ° ± 2 °. It is here possible to observe that the hydrophobic feature increases with the alkyl chain length from hexyne to decyne and decreases a little after (PEDOT-C12,  = 149 ° ± 0.5 °). If PEDOT-C8, C10 and C12 present very high hydrophobic feature, it is noted that a water drop roll-off the surface if the surface is tilted with a high sliding angle () superior to 45 ° (Figure 5). Compared to results previously described in the literature for flat PEDOT-N3 surface postfunctionalized with alkyl chains [33,34] it is possible to observe a little impact of the mesh on the wettability. This impact can be explained by the mesh structure that give a double scale structuration (µm/nm). Compared to the post-functionalized flat surfaces, the apparent contact angles slightly increase from 3 to 8 ° depending on the alkyl chains. For example, PEDOT-C8, PEDOT-C10 and PEDOT-C12 on gold plate show respective apparent contact angle of  = 138 ° ± 0.5 °,  = 143 ° ± 5 ° and  = 146 ° ± 4 °. Moreover, the flat post-functionalized surfaces are reported in the literature as sticky. The decrease of the adhesion parameter can also be linked to the mesh wires and openings that reduce the contact between the water droplet and the substrate.

The surface post-functionalized with aromatic side chain also show important change in wettability compared to the starting PEDOT-N3 surface (Figure 6). The surfaces modified with one aromatic ring (PEDOT-Ph) show high hydrophobic feature with apparent contact angle  = 138 ° ± 1 °. The highest contact angles are obtained with diphenyl (144 ° ± 2 °) and phenanthryl (143 ° ± 3 °) substituent. Interestingly, the functionalized meshes present significantly different wettability compared to post-functionalized flat surfaces [33,34]. Particularly, more important increase of the hydrophobic feature can be observed for PEDOT-Ph and PEDOT-Phenan where the apparent contact angle respectively increases from 98 ° ± 2 ° for flat surface to 138 ° ± 1 ° for mesh and from 125 ° ± 1.7 ° to 143 ° ± 3 °, respectively.

As expected surfaces post-functionalized with perfluorinated side chains present very high hydrophobic features (Figure 7). The apparent contact angles with water for PEDOT-F4, PEDOT-F6 and PEDOT-F8 are respectively  = 152 ° ± 0.5 °,  = 155 ° ± 2.5 ° and  = 146 ° ± 3.5 °. Even if the apparent contact angle is very high for PEDOT-F4, the tilt angle remains high ( =40 °), only PEDOT-F6 can be reported as superhydrophobic surface with  = 8 ° and H = 0.4 ° (Figure 8) Compared to results observed for equivalent flat surfaces [33,34], it is possible to observe that the mesh structure gives slightly lower hydrophobic feature with apparent contact angles  = 147 ° ± 5 °,  = 151 ° ± 2 ° and  = 144 °± 1.2 ° respectively for PEDOT-F4, F6 and F8. However, it is interesting to note that on flat surface all perfluorinated post-modification give surface highly adherent with water with parahydrophobic feature.

In order to investigate also the oleophobic features of the surfaces, other probe liquids were used. The wettability with diiodomethane and hexadecane were measured. The apparent contact angle with diiodomethane for PEDOT-F4, PEDOT-F6 and PEDOT-F8 surfaces are respectively for PEDOT-F4, PEDOT-F6 and PEDOT-F8 surface. Here, also the contact angles are higher on mesh than on flat surface.

 = 129 ° ± 0.8 °.  = 138 ° ± 1.

Post-functionalized surface morphology

In order to complete this study, the post-functionalized surface morphologies were investigated using the scanning electronic microscopy (SEM). The starting PEDOT-N3 morphology is a network of nanofibers (Figure 3B). After post-functionalization, it is possible to observe important changes in surface morphology and following the alkyne used (Figure 9). This observation is consistent with the literature [33]. PEDOT-C6 surface presents long fiber structures (Figure 9A). PEDOT-C8 presents also a dense fibrous network but with crossed structure (Figure 9B). PEDOT-C10 surface shows short aggregated fibers (Figure 9C). For PEDOT-C12 the morphology become more aggregated surface without apparent fibers (Figure 9D). Interestingly, after post-functionalization with aromatic side chains, the surface morphology presents less changes (Figure 10) and all post-modified surface present highly structured fibrous network. PEDOT-Ph presents a dense network with very thin fibers (Figure 10 A) while PEDOT-Diphen is more rough with important increase in porosity (Figure 10 B). PEDOT-Napht and PEDOT-Phenan (Figure 10C and Figure 10D respectively) are also rough surface with high porosity but present well-defined fibrous networks. This similar evolution of the surfaces after modifications with various aromatic chains can be linked with the similar possible interaction with - stacking of the aromatics. PEDOT-F4 has also a very well defined fibrous network with thin porosity (Figure 11A).

PEDOT-F6 and PEDOT-F8 are highly structured rough surface (Figure 11B and Figure 11C respectively). Interestingly it is possible to remark that the fibrous morphology is less and less defined when the perfluorinated chain length increases as observed also with long dodecyl (C12H24) chains.

Conclusion

Here, we report for the first time the preparation of platform mesh to prepare surface with controlled wettability. The use of the Huisgen reaction allow to prepare mesh with various properties starting from one single platform surface. This strategy has been used successfully with various alkyl, aryl and perfluoroalkyl chains preparing highly hydrophobic, super hydrophobic, oleophilic or oleophobic mesh. The investigation on the post-functionalization mesh wettabilities have been investigated on various probe liquids for different hydrophobic chains. The wettability of the meshes was compared to equivalent post-functionalized flat surfaces and show the impact of the mesh structuration. Here, we showed that the post-treatment has a huge impact on both the surface morphology and wettability. Based on a unique mesh platform and depending on the grafted alkyne chain, it is fully possible to finely tune the surface affinity and as a consequence the separation ability of the mesh. These platform meshes and post-functionalization strategy could be used as an efficient pathway to elaborate separation devices for oil and water, for example [37].
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