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The bioinspiration is one of the best ways to make a breakthrough in a field, and particularly in the wetting properties. Bioinspired by natural species such as rose petals and gecko foot and previous researches, nanotubular structures are prepared here by soft-template electropolymerization in organic solvent and using an original benzotrithiophene with a hydrophilic carboxyl group, as the monomer. The best results are obtained by cyclic voltammetry because of a much higher amount of gas bubbles released with this deposition method. Both nanoparticles and nanotubes are observed while the water content has an influence on the number of nanotubes. Even if the monomer has hydrophilic carboxyl group, the best films have both high hydrophobicity (apparent water contact angle up to 130.7°) and strong water adhesion (petal effect). These surfaces could be used in the future in applications such as water harvesting systems.

Introduction

Nanostructured materials are one of the most studied research subject to date in Science. They are used, for example, in chemical synthesis, catalysis, drug delivery, sensors, optics, energy systems, mechanics and also in wetting properties [START_REF] Peigney | Tougher ceramics with nanotubes[END_REF][START_REF] Montjoy | Omnidispersible microscale colloids with nanoscale polymeric spikes[END_REF][START_REF] Su | Nanomaterials-based sensors for applications in environmental monitoring[END_REF][START_REF] Mitchell | Engineering precision nanoparticles for drug delivery[END_REF][START_REF] Pomerantseva | Energy storage: The future enabled by nanomaterials[END_REF][START_REF] Ai | Biomimetic polymeric superamphiphobic surfaces: Their fabrication and applications[END_REF] . In Nature, some species can have similar hydrophobic properties but with very different water adhesion [START_REF] Darmanin | Superhydrophobic and superoleophobic properties in nature[END_REF] . The most famous example is the superhydrophobic lotus leaf [START_REF] Ensikat | Superhydrophobicity in perfection: The outstanding properties of the lotus leaf[END_REF] with self-cleaning properties (lotus effect associated to Cassie-Baxter state [START_REF] Cassie | Wettability of porous surfaces[END_REF] ), which has ultra-low water adhesion compared to gecko foot or rose petals [START_REF] Ge | Carbon nanotube-based synthetic gecko tapes[END_REF][START_REF] Feng | Petal effect: A superhydrophobic state with high adhesive force[END_REF][START_REF] Bhushan | The rose petal effect and the modes of superhydrophobicity[END_REF] (petal effect associated to intermediate states between the Wenzel [START_REF] Wenzel | Resistance of solid surfaces to wetting by water[END_REF] and Cassie-Baxter state [START_REF] Cassie | Wettability of porous surfaces[END_REF] ) with their ultra-strong water adhesion. The control of both surface hydrophobicity and water adhesion is possible with the surface energy and surface structures [START_REF] Marmur | Hydro-hygro-oleo-omni-phobic? Terminology of wettability classification[END_REF][START_REF] Marmur | The lotus effect: Superhydrophobicity and metastability[END_REF] .

Because the Cassie-Baxter equation and previous researches show the importance to have surface structures able to trap a high amount of air between water droplets and the surface [START_REF] Cassie | Wettability of porous surfaces[END_REF][START_REF] Marmur | Hydro-hygro-oleo-omni-phobic? Terminology of wettability classification[END_REF][START_REF] Marmur | The lotus effect: Superhydrophobicity and metastability[END_REF] , the nanotubes have unique wetting properties. Due to their specific aspect ratio, nanotubes were found to be excellent candidates to tune surface hydrophobicity and water adhesion [START_REF] Cheng | Tip geometry controls adhesive states of superhydrophobic surfaces[END_REF][START_REF] Huang | Fabrication, modification, and emerging applications of TiO2 nanotube arrays by electrochemical synthesis: A review[END_REF][START_REF] Lau | Superhydrophobic carbon nanotube forests[END_REF][START_REF] Lai | In situ surface-modificationinduced superhydrophobic patterns with reversible wettability and adhesion[END_REF][START_REF] Lai | Designing superhydrophobic porous nanostructures with tunable water adhesion[END_REF][START_REF] Zhang | Understanding the role of dynamic wettability for condensate microdrop self-propelling based on designed superhydrophobic TiO2 nanostructures[END_REF] , as demonstrated by Jiang et al. by changing the tip geometry from flat to concave [START_REF] Cheng | Tip geometry controls adhesive states of superhydrophobic surfaces[END_REF] . To produce very-homogenous nanotubes on a substrate, hard templates such as Anodized Aluminium Oxide (AAO) are very often used even if multiple steps are necessary to produce nanotubes [START_REF] Lin | Molecular or nanoscale structures? The deciding factor of surface properties on functionalized poly(3,4-ethylenedioxythiophene) nanorod arrays[END_REF][START_REF] Ai | Highly flexible polyelectrolyte nanotubes[END_REF][START_REF] Kawamura | Hard template synthesis of metal nanowires[END_REF] . Moreover, one membrane is necessary for each change in nanotube dimensions (diameter, height, spacing). The templateless electropolymerization, also called soft-template electropolymerization, is a unique method to prepare ordered and very quickly porous nanostructures such as vertically aligned nanotubes directly on a conductive substrate [START_REF] Fakhry | Mechanism of formation of templateless electrogenerated polypyrrole nanostructures[END_REF][START_REF] Gupta | Hydrogen bubble-assisted syntheses of polypyrrole micro/nanostructures using electrochemistry: Structural and physical property characterization[END_REF][START_REF] Kim | The microcontainer shape in electropolymerization on bubbles[END_REF][START_REF] Qu | Electrochemical growth of polypyrrole microcontainers[END_REF] . The electropolymerization is used to prepare conductive polymer films by oxidizing monomers. Most of the time, an unreactive solvent is used but if we want to produce porous structures, one of the strategies is to use a reactive solvent such water (H2O), which will oxidize during electropolymerization and form gas bubbles (O2) on the substrate. If the polymer grows around the gas bubbles, nanotubes can be formed. When the depositions are performed directly in H2O, surfactants are often used to stabilize the gas bubbles.

This process is also possible in organic solvent such as dichloromethane (CH2Cl2) as soon as trace H2O are present in solution, and even without surfactant [START_REF] Sane | Coral-like nanostructures[END_REF][START_REF] Sathanikan | A bioinspired approach to fabricate fluorescent nanotubes with strong water adhesion by soft template electropolymerization and post-grafting[END_REF][START_REF] Fradin | A soft template approach to various porous nanostructures from conjugated carbazole-based monomers[END_REF][START_REF] Fradin | Micellar formation by soft template electropolymerization in organic solvents[END_REF] . In organic solvent, H2O plays the most important role because the number of nanotubes depends on its concentration, as reported by studying the surface structures obtained in CH2Cl2 and CH2Cl2 saturated with water (called CH2Cl2 + H2O) [START_REF] Fradin | Micellar formation by soft template electropolymerization in organic solvents[END_REF] . For the monomer, it was demonstrated that rigid monomers favoring - stacking interactions are key parameters for the unidirectional (1D) growth of nanotubes [START_REF] Sane | Coral-like nanostructures[END_REF][START_REF] Sathanikan | A bioinspired approach to fabricate fluorescent nanotubes with strong water adhesion by soft template electropolymerization and post-grafting[END_REF][START_REF] Fradin | A soft template approach to various porous nanostructures from conjugated carbazole-based monomers[END_REF][START_REF] Fradin | Micellar formation by soft template electropolymerization in organic solvents[END_REF] . Monomers such as 3,4-naphtalenedioxythiophene or thienothiophene gave exceptional results alone but especially with highly -conjugated substituents such naphthalene and pyrene. In order to both highly increase the - stacking and to decrease the electropolymerization speed because the preferential growth in one or two-dimensions needs time, benzotrithiophene, a planar and fully conjugated molecule with three thiophene moieties, [START_REF] Fradin | A soft template approach to various porous nanostructures from conjugated carbazole-based monomers[END_REF] was selected as the monomer.

Previously, in order to increase the - stacking interactions, we reported the study especially of hydrophobic substituents (fluorinated chains, hydrocarbon chains and aromatic groups) of Benzo[1,2-b:3,4-b':6,5-b'']TriThiophene (BTT) [START_REF] Levieux-Souid | Densely packed open microspheres by soft template electropolymerization of benzotrithiophene-based monomers[END_REF][START_REF] Sow | Tunable nanotubular structures with rose petal effect by soft-template electropolymerization of benzotrithiophene monomers[END_REF] , a planar and fully conjugated molecules with three thiophene moieties [START_REF] Ringk | Electropolymerized star-shaped benzotrithiophenes yield π-conjugated hierarchical networks with high areal capacitance[END_REF][START_REF] Patra | Solution-processed benzotrithiophene-based donor molecules for efficient bulk heterojunction solar cells[END_REF] . Unique results were obtained such as the formation of densely packed hollow spheres [START_REF] Levieux-Souid | Densely packed open microspheres by soft template electropolymerization of benzotrithiophene-based monomers[END_REF] . Hydrophobic substituents were first tested to decrease the surface energy and increase the surface hydrophobicity. Here, we report an innovative strategy to prepare BTT but with a polar carboxylic acid group (BTT-COOH) (Fig. 1). Due to the presence of BTT, this monomer is sufficiently soluble in CH2Cl2 for the templateless electropolymerization in this solvent. The effect of H2O content on the resulting surface structures and wettability is reported. We show that even if the polymer has polar groups, it is possible to reach strong hydrophobicity and also water adhesion, close to petal effect. 4) was synthesized in four steps from 2,3dibromothiophene following a procedure reported in literature [START_REF] Sow | Tunable nanotubular structures with rose petal effect by soft-template electropolymerization of benzotrithiophene monomers[END_REF] . Then, BTT-COOH was obtained by simple saponification. 0.7 g (1 eq) of 4 was introduced with 0.26 g of NaOH (3 eq) dissolved in water and ethanol (25 mL). The solution was heated to reflux at 70°C for 48 h. The aqueous phase was washed with diethyl ether. Finally, the aqueous phase was acidified with concentrated HCl. A yellow powder of BTT-COOH was collected by filtration, then crystallized (0.49 g). 

Materials and Methods

Monomer Synthesis

BTT-COOH was synthesized in five steps as shown in

Electropolymerization

The experiments of electropolymerization were realized with a potentiostat (Autolab, Metrohm). Gold-coated silicon substrates were used for the depositions. A carbon rod was used as the counter-electrode and a Saturated Calomel Electrode (SCE) as the reference electrode. For the solutions, two different solvents were chosen in order to determine the influence of H2O content in the formation of nanotubular structures: either CH2Cl2 or CH2Cl2 saturated with H2O called here CH2Cl2 + H2O. CH2Cl2 + H2O was prepared very easily by mixing CH2Cl2 and H2O, and after decantation the aqueous phase was discarded. Then, the monomer BTT-COOH (0.01 M) and the electrolyte tetrabutylammonium perchlorate (0.1 M) were added. The monomer oxidation potential (E ox ) was determined by cyclic voltammetry and was found to be 2.0 V vs SCE. The cyclic voltammetry was also chosen for the deposition but starting from -1 V to E ox because, in this potential range it was demonstrated that H2 bubbles can be formed on the substrate. Here, in order to study the polymer growth, the depositions were performed with a scan rate of 20 mV s -1 and different number of scans (1, 3 and 5).

Surface Characterization

Each measurement is a mean of five measurements. The surface properties were analysed as following: The apparent contact angles (w) were recorded by goniometry. A water droplet of 2 L was gently placed on the substrate and w were taken at the triple point. To determine if the water adhesion is low of high, the substrate was inclined until the droplet moves (sliding angle ). If the droplet moves, the contact angle hysteresis is taken just before this ; otherwise, the water adhesion is extremely strong. The arithmetic (Ra) and quadratic (Rq) surface roughness were determined with an optical profilometer with Vertical Scanning Interferometry (VSI).

Results and Discussion

Cyclic Voltammetry (CV) curves of BTT-COOH in two investigated solvents (CH2Cl2 and CH2Cl2 + H2O) are gathered in Fig. 3. In the CV of BTT-COOH in CH2Cl2, there is already a significant peak during the back scans between -0.5 and 0 V and it was demonstrated [START_REF] Fradin | Micellar formation by soft template electropolymerization in organic solvents[END_REF] that this peak is due to the reaction: 2 H2O + 2 e -→ H2 (bubbles) + 2 OH -. Hence, with this monomer there is already trace water even in CH2Cl2. In CH2Cl2 + H2O, as expected, the main difference if that the peak of the formation of H2 bubbles is much higher, confirming that in this solution more H2 bubbles are produced by cyclic voltammetry.

In order to better see the peaks of the polymer PBTT-COOH, supplementary CV curves were also performed but without monomer and just between 0 and 2.5 V (Fig. 4). During the forward scans, a large oxidation peak is present with a maximum at  2 V with a shoulder just before. Hence, the polymer films are probably composed of especially the monomer, as already reported in the literature for polypyrene films [START_REF] Ramos Chagas | Electrodeposition of polypyrenes with tunable hydrophobicity, water adhesion and fluorescence properties[END_REF] . There are also peaks of ultra-low intensity at  1 V, which may be due to oligomers. During the back scans there is especially a peak much less large at 1.35 V for the polymer reduction.

Scanning Electron Microscopy (SEM) images on the surfaces with the two used solvents and the three numbers of scan are given in Fig. 5. After 1 scan in CH2Cl2, it is observed the deposition of extremely small nanoparticles, with also the presence of nanoparticle agglomerates. Surface roughness measurements also show their extremely high surface roughness, which increases also often with the number of scans. Contact angle measurements (Table 1) on this substrate show that this surface is highly hydrophobic with w = 130.7°. This is extremely surprising because of the presence of polar and hydrophilic carboxylic groups but their surface structures highly participate to this very high increase. To better evaluate the intrinsic hydrophilicity of this polymer, smooth BTT-COOH surfaces were prepared using a two-step process: a deposition at constant potential and using an ultra-short deposition charge of 1 mC cm -2 , and the electrochemical reduction of the polymer films by cyclic voltammetry (1 back scan from 2 to -1 V). It was determined that smooth BTT-COOH surfaces are hydrophilic and highly oleophilic with Young's angles [START_REF] Raufaste | Superpropulsion of droplets and soft elastic solids[END_REF]  Y w = 63.9° ± 3.7,  Y diido = 15.8° ± 2.6 and  Y hexa = 0° with water, diiodomethane and hexadecane, respectively. We also calculated the surface energy and their polar and apolar parts using the Owens-Wendt [START_REF] Young | An essay on the cohesion of fluids[END_REF] and found SV = 55.27 mN/m with SV,P = 27.81 mN/m and SV,D = 27.47 mN/m. Hence,  Y w < 90°, the high increase in hydrophobicity can not be explained with the Wenzel equation [START_REF] Wenzel | Resistance of solid surfaces to wetting by water[END_REF] , but only with the Cassie-Baxter equation [START_REF] Cassie | Wettability of porous surfaces[END_REF] indicating the presence of air trapped between the water droplet and these rough surfaces. Moreover, dynamic contact angle measurements with the tilted-dop method demonstrated that the water adhesion on with these surfaces is extremely high similar to petal effect [START_REF] Ge | Carbon nanotube-based synthetic gecko tapes[END_REF][START_REF] Feng | Petal effect: A superhydrophobic state with high adhesive force[END_REF][START_REF] Bhushan | The rose petal effect and the modes of superhydrophobicity[END_REF] . Indeed, as shown in Fig. 6, water droplets placed on these surfaces remained stuck even if the surface is inclined at 90°. Indeed, as described by Marmur, [START_REF] Marmur | Hydro-hygro-oleo-omni-phobic? Terminology of wettability classification[END_REF][START_REF] Marmur | The lotus effect: Superhydrophobicity and metastability[END_REF] superhydrophobic surfaces are non-wetting surfaces with water characterized dynamically with ultra-low sliding angles and hysteresis [START_REF] Raufaste | Superpropulsion of droplets and soft elastic solids[END_REF] . However, other surfaces, with both high water contact angles and high sliding angles and hysteresis, exist.

The term "parahydrophobic" was proposed by Marmur [START_REF] Marmur | Hydro-hygro-oleo-omni-phobic? Terminology of wettability classification[END_REF] to described these states such as rose petal effect. These cases are intermediate states between the Wenzel and the Cassie-Baxter state [START_REF] Bhushan | The rose petal effect and the modes of superhydrophobicity[END_REF] . The applications are also completely different because superhydrophobic surfaces are water-repellent while parahydrophobic surfaces are water-adhesive.

Then, when the number of scans increases we observed especially an increase of the size of the nanoparticles but a decrease in surface hydrophobicity, which indicates lower air fraction.

After 5 scans, some nanotubular structures are also present on the surface. Using CH2Cl2 + H2O, a much higher number of nanotubes is observed and after just 1 scan confirming that the formation of these nanotubes comes from H2O. Indeed, H2O was especially added in solution to release gas bubbles during electropolymerization, which are responsible of the formation of these nanotubular structures. This surface is a little less hydrophobic than the surfaces obtained in CH2Cl2 but the decrease is surface hydrophobicity with the number of scans is much less important in CH2Cl2 + H2O.

Polymer films were also produced at constant potential (E = E ox ) and using various deposition charges (0 to 400 mC cm -2 ) (Fig. 7). The surfaces obtained were much less structured in the two solvents. Trace of tubular structures are observed but these structures are much less present than by cyclic voltammetry. Their surface roughness is also very low (Table 2) and a slight increase is observed in CH2Cl2 + H2O and at high deposition charge. This is expected because at constant potential only the formation of O2 bubbles is possible while by cyclic voltammetry both O2 and H2 bubbles. For the surface wettability (Table 2), all the surfaces are highly hydrophilic and superoleophilic with hexadecane. Interestingly, some surfaces are more oleophobic with diiodomethane than hydrophilic. This is possible because the presence of carboxylic groups are both hydrophilic and oleophobic. This difference is not visible with hexadecane because hexadecane has a too low surface tension.

Compared to literature data on conducting polymer films with hydrophilic groups (Table 3), first of all, the highest w were obtained with this original monomer [START_REF] Sathanikan | A bioinspired approach to fabricate fluorescent nanotubes with strong water adhesion by soft template electropolymerization and post-grafting[END_REF][START_REF] Owens | Estimation of the surface free energy of polymers[END_REF][START_REF] Darmanin | pH-and voltage-switchable superhydrophobic surfaces by electro-copolymerization of EDOT derivatives containing carboxylic acids and long alkyl chains[END_REF][START_REF] Ramos Chagas | pH-driven wetting switchability of electrodeposited superhydrophobic copolymers of pyrene bearing acid functions and fluorinated chains[END_REF] . Nanotubes were obtained in CH2Cl2 with non-substituted and substituted 3,4-ethylenedioxythiophene (EDOT) and 3,4-propylenedioxythiophene (ProDOT) [START_REF] Ramos Chagas | pH-driven wetting switchability of electrodeposited superhydrophobic copolymers of pyrene bearing acid functions and fluorinated chains[END_REF] , but only at 0°C in order to reduce the electropolymerization speed and to favor mono-dimensional (1D) growth [START_REF] Luo | Polydioxythiophene nanodots, nonowires, nano-networks, and tubular structures: The effect of functional groups and temperature in template-free electropolymerization[END_REF] leading to nanotubes. Nanotubes were obtained also with thieno [3,4-b]thiophene substituted with hydroxyl groups but only with the solvent CH2Cl2 + H2O [START_REF] Sathanikan | A bioinspired approach to fabricate fluorescent nanotubes with strong water adhesion by soft template electropolymerization and post-grafting[END_REF] . Here, nanotubes were obtained even with CH2Cl2 because short polymer chains are obtained with benzotrithiophene, which highly increase the polymer solubility. Moreover, other substrates [START_REF] Darmanin | The major influence of the substrate nature on the formation of nanotubes with high water adhesion using a templateless electropolymerization process[END_REF][START_REF] Darmanin | Bioinspired rose petal-like substrates generated by electropolymerization on micropatterned gold substrates[END_REF][START_REF] Darmanin | Templateless electrodeposition of conducting polymer nanotubes on mesh substrates for high water adhesion[END_REF][START_REF] Fradin | Templateless electrodeposition of conducting polymer nanotubes on mesh substrates[END_REF] could also be used to control the surface structures.

Conclusion

In this original work, we used an original benzotrithiophene with a carboxyl group, as the monomer, by soft-template electropolymerization in organic solvent. The resulting polymer films were composed both nanoparticles and nanotubes and the water content had an influence on the number of nanotubes. Even with the presence of hydrophilic carboxyl groups, the films were highly hydrophobic and had strong water adhesion, as observed in Nature on rose petals or gecko foot. Such materials could be used in the future in water harvesting systems, anti-bioadhesion of cell or bacteria, stimuli-responsive surfaces. 
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 627 Fig. 6 Picture of 4 L water droplet on polymer films obtained from BTT-COOH in CH2Cl2 and after 1 deposition scan by cyclic voltammetry.

  

  

Table 1

 1 Wettability data and roughness for the polymer films obtained from BTT-COOH by CV as a function of solvent and the number of scans.

	Solvent	Number of deposition scans Ra [nm]	Rq [nm]	w [deg]	diiodo [deg]	hexa [deg]
	CH2Cl2	1	56 ± 7	79 ± 10	130.7 ± 7.5	0	0
		3	575 ± 90	925 ± 150	85.4 ± 3.1	0	0
		5	too rough/dark		88.1 ± 2.2	0	0
	CH2Cl2 + H2O	1	300 ± 85	520 ± 100	124.4 ± 5.6	0	0
		3	405 ± 60	700 ± 120	114.2 ± 2.6	0	0
		5	too rough/dark		104.6 ± 2.3	0	0

Table 2

 2 Wettability data and roughness for the polymer films obtained from BTT-COOH at constant potential as a function of solvent and the number of deposition charge.

	Solvent	Deposition charge [mC cm -2 ]	Ra [nm]	Rq [nm]	w [deg]	diiodo [deg]	hexa [deg]
	CH2Cl2	12.5	18 ± 4	24 ± 6	36.8 ± 4.7	43.9 ± 1.9	0
		25	28 ± 4	38 ± 7	45.1 ± 0.4	47.2 ± 1.4	0
		50	53 ± 7	70 ± 8	44.4 ± 5.3	44.4 ± 1.9	0
		100	25 ± 6	33 ± 5	52.8 ± 1.5	43.6 ± 1.2	0
		200	33 ± 8	58 ± 12	50.7 ± 2.3	46.0 ± 3.9	0
		400	32 ± 6	50 ± 10	0	48.8 ± 4.0	0
	CH2Cl2 + H2O 12.5	18 ± 3	24 ± 5	15.4 ± 0.7	46.8 ± 4.3	0
		25	18 ± 2	27 ± 4	0	66.7 ± 8.9	0
		50	30 ± 4	40 ± 6	0	46.8 ± 2.5	0
		100	53 ± 7	70 ± 8	0	44.9 ± 3.0	0
		200	72 ± 7	100 ± 10	0	50 ± 3.1	0
		400	76 ± 8	98 ± 9	0	69.6 ± 10.1	0

Table 3

 3 Literature data for the polymer films obtained with monomers with hydrophilic groups.

	Monomer	Electropolymerization solvent	Surface morphology	w	reference
		MeCN	Short nanofibers 20°	[42]
		MeCN	Nanostructured	65°	[43]
			microparticles		
		CH2Cl2	Nanodots	not given	[44]
		CH2Cl2 at 0°C	Nanotubes	not given
		CH2Cl2	Nanodots	not given	[44]
		CH2Cl2 at 0°C	Nanotubes	not given
		CH2Cl2	Nanodots	not given	[44]
		CH2Cl2 at 0°C	Nanotubes	not given
		CH2Cl2 + H2O	Nanotubes		92°	[32]
		CH2Cl2 or	Nanotubes	and	130°	This work
		CH2Cl2 + H2O	nanoparticles		
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