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Poly(3,4-propylenedioxypyrrole) Nanofibers with Branched Alkyl Chains by Electropolymerization to Obtain Sticky Surfaces with High Contact Angles

Inspired by natural species such as rose petals or

Echeveria pulvinata leaves with both high water contact angle w and high water adhesion (also called parahydrophobic), we have prepared poly(3,4-propylenedioxypyrrole) with branched alkyl chains on the 3-position by electropolymerization. The grafting at the 3-position keeps the NH group free, which is an important condition to obtain nanofibers. Different lengths of branched alkyl chains are studied are. Here, using extremely long branched alkyl chains (ProDOP-br-C10), it is possible to obtain extremely long and well defined nanofibers leading to porous surfaces (fiber mats) favoring the trapping of air between the surface and water droplets. Using a deposition charge of 200 mC cm -2 , extremely high w up to ≈ 140° while water droplets placed on this surface remained stuck even for a sliding angle of 90°. These materials could be used in the future in water harvesting systems.

Introduction

Nature has developed over millennia surfaces with unique wettability properties and the bioinspiration is a fascinating way to make progress in this field. [1][2][3] For example, many natural surfaces such as lotus leaves, [4] planthopper wings [5] or water strider legs [START_REF] Wang | Proc. Natl Acad. Sci. U S A[END_REF] have superhydrophobic properties with ultra-low water adhesion allowing them to have self-cleaning, anti-fogging and/or antibacterial properties. By contrast, other natural surfaces have extremely high w but extremely strong water adhesion also called parahydrophobic properties. [START_REF] Marmur | [END_REF] This is the case of rose petals, [8] Echeveria pulvinata leaves, [9] gecko skin, [9] peach skin, [10] cacti spines [11] or webspinner silks. [12] These properties are extremely important, for example, to capture water droplets even in hot and arid environments and could be used for water harvesting systems. [13,14] The Wenzel and the Cassie-Baxter equations are often used to predict the wettability of rough surfaces even if these equations cannot really predict the contact angle hysteresis and sliding angle. [15,16] The Cassie-Baxter equation can easily explain the possibility to reach superhydrophobic properties. The presence of air between the surface and water droplet can be important for example using surface micro and nanostructures and low surface energy materials. Intermediate states between the Wenzel and the Cassie-Baxter states also exist. For example, surfaces with extremely high contact angle and water adhesion also called parahydrophobic [START_REF] Marmur | [END_REF] can be obtained. Indeed, the presence of air can be reduced for example using surface structures of only one scale such as nanofibers and/or by using materials of higher surface energy. [17][18][19] Hence, the surface hydrophobicity and water adhesion can be tuned by adjusting the surface structures and the material surface energy. Various processes were employed to prepare surfaces with special wetting properties using nanofibers. These processes include the electropinning, [20,21] oxidation in alkaline media, [22] laser, [23] modification of textile [24] as well as hard [25] and soft [26] lithography. Conducting polymers are materials known for their capacity to form in certain conditions nanofibers. Especially, the presence of NH groups such as in polyaniline can lead, thanks to hydrogen bonds, to nanofibers by self-assembly. [27][28][29] The nanofibers can be produced in solution but also can directly grow on surface. The electropolymerization is a very versatile and fast process to induce the growth nanostructures such as nanofibers directly on a conductive substrate used as a working electrode. [30- 32] 3,4-ethylenedioxypyrrole (EDOP) and 3,4propylenedioxypyrrole (ProDOP) were found to be exceptional monomers for electropolymerization with an extremely low oxidation potential while the conducting polymers formed possess unique opto-electronic properties. [33][34][35][36][37][38][39] Merz et al. were the first to report the 3,4-ethylenedioxypyrrole (EDOP) and 3,4propylenedioxypyrrole (ProDOP) derivatives using an eight-step synthesis. [33] However, due to the extreme difficulty to synthesize them (usually in more than eight steps), their interest is underestimated in the literature. Various substituents can be grafted on either the nitrogen or/and on the bridge. Our group previously reported various EDOP and ProDOP derivatives by substitution on the nitrogen. [34][35][36] By contrast, Reynold et al. diversified the possibilities by introducing different substituents on the bridge. [37- 39] Here, in order to prepare highly hydrophobic nanofibers, it was preferable to graft the hydrophobic substituent on the bridge keeping the NH groups free. In the aim to have parahydrophobic properties, we have chosen to substitute the monomers with branched alkyl chains, known to their lower hydrophobicity than linear alkyl chains. [34] Usually, the central position (3-position) is expected to be the best position to lead to the longest polymer chains, because it reduces the steric hindrance during electropolymerization. [40] Here, we report the realization of parahydrophobic nanofibers by electrodepositing PProDOP with branched alkyl chains of different length on the 3-position. The monomers studied here are shown in Scheme 1.

Results and Discussion

First, the monomer was introduced in an electrochemical cell containing Bu4NClO4 in anhydrous acetonitrile as electrolyte. The monomer oxidation potential (E ox ) was determined by cyclic voltammetry. Their E ox was found to be around 1 V vs SCE. The cyclic voltammograms (Figure 1) show that the polymer growth of PProDOP-br-C4, PProDOP-br-C6 and PProDOP-br-C10 is highly homogeneous, as indicated by the superposition of the curves with the same increase in intensity after each scan. By contrast, for PProDOP-br-C5 and PProDOP-br-C8 it is observed that the substituent induces significant steric hindrances (especially for PProDOP-br-C5).

Then, in order to study the surface properties, polymer films were electrodeposited on large gold plates. This time, the films were obtained at constant potential (E = E ox ) and using various deposition charges (Qs). The apparent contact angles (w) for the different polymers and as a function of the deposition charge (Qs) are given in Figure 2.

First of all, the highest w are obtained with PProDOP-br-C10. With this polymer, w is above 140° but a Qs of 200 mC cm -2 is necessary to reach this value. With PProDOP-br-C8, w is lower but obtained with a Qs of 100 mC cm -2 . With the shortest alkyl chain (PProDOP-br-C4), the polymer is hydrophilic (w < 90°) at the beginning but becomes hydrophobic (w ≈ 100°) for a high Qs of 400 mC cm -2 . Moreover, PProDOP-br-C10 is also completely sticky. Water droplets (6 L) placed on this surface remained stuck whatever the surface inclination, even for a surface inclination of 90° or 180°. To better explain these results, it was necessary to investigate the surface morphology. SEM images of these polymers are given in Figure 3 and Figure 4. Fibrous structures are observed in PProDOP-br-C4, PProDOP-br-C5 and PProDOP-br-C6 but the films are not extremely rough. By contrast, PProDOP-br-C8 is much rougher which explains the high w ≈ 130° obtained for a low Qs (100 mC cm -2 ). Surprisingly, extremely long and well defined nanofibers are obtained in PProDOP-br-C10 films. These long fibers are not smooth but are composed of fibers of the same length but much smaller in diameter. The presence of plaits was also observed. The spacing between the fibers being large, the films can also be considered as porous which could favor the Cassie-Baxter state. The presence of these fibers induces a high increase in w up to about 140°. ).

In the aim to better explain the wettability results, it is first very important to prepare "smooth" surfaces with each polymer and to determine their intrinsic hydrophobicity ( Y w) and surface energy (SV). Indeed, the equations describing the wettability of rough surfaces are relating to  Y w also called Young angles. [42] Here, smooth polymer surfaces are obtained using an ultra-low Qs of 1 mC cm -2 . Their low roughness (Ra < 10 nm) was confirmed by optical profilometry. Their wettability measurements show that PProDOP-br-C4 and PProDOP-br-C5 are intrinsically hydrophilic ( Y w < 90°) while PProDOP-br-C6, PProDOP-br-C8 and PProDOPbr-C10 are intrinsically hydrophobic. Hence, even if PProDOP-br-C4 and PProDOP-br-C5 are intrinsically hydrophilic, it was possible to obtain hydrophobic surface by controlling the surface morphology and roughness. In the case of PProDOP-br-C10, extremely high contact angle and water adhesion are obtained because of both the presence of extremely long nanofibers forming polymer mats and their intrinsic hydrophobicity.

Moreover, the Young equation (cos  Y = (SV -SL)/ LV, where SV, SL and LV (72.8 mN m -1 for water) are the surface tensions at the solid-vapor, solid-liquid and liquid-vapor interfaces) being dependent of the surface energy (SV), the SV was determined using the Owens-Wendt equation. [41] Three liquid probes (water, diiodomethane and hexadecane) were used for these measurements (Table 1). Table 1. Wettability and roughness parameters for the smooth polymer (Qs = 1 mC cm²).

Here, SV was found to be between 30 and 40 mN m -1 . SV is not extremely low because the polymers are also highly oleophilic ( Y hexadecane < 20 mN m -1 ).

Conclusions

Here, we reported bioinspired parahydrophobic properties (both high w and water adhesion) through electropolymerization of poly(3,4-propylenedioxypyrrole) with branched alkyl chains. The branched alkyl chains were placed in the 3-position keeping the NH groups free, which is an important condition to obtain nanofibers. Studying different branched alkyl chains, we found the possibility to induce the growth of extremely long and well defined nanofibers using extremely long branched alkyl chains (ProDOP-br-C10). The resulting surfaces was porous and it was possible to reach extremely high w up to ≈ 140° while water droplets placed on this surface remained stuck revealing parahydrophobic properties even for a sliding angle of 90°. Such materials could be extremely interesting to be used in water harvesting systems.

Supporting Information Summary: All the monomer synthesis and characterization can be found in Supporting Information. 
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 1 Scheme 1. Roughness parameter and wettability for analogous smooth polymers for mol% of Py-OF6 vs. Py-COOH. Polymerization at 0.1 M Bu4NClO4/acetonitrile solution after 3 deposition scans.

Figure 1 .

 1 Figure 1. Cyclic voltammetry curves of the different monomers recorded in anhydrous acetonitrile with 0.1 M of Bu4NClO4 and 0.01 M of monomer (scan rate: 20 mV s -1 ).

Figure 2 .

 2 Figure 2. Water apparent contact angle (w) as a function of the deposition charge (Qs) for the different polymer films.

Figure 3 .

 3 Figure 3. SEM images at two magnifications (5000x and 10000x) for PProDOPbr-C4, PProDOP-br-C5, PProDOP-br-C6 and PProDOP-br-C8 (Qs = 400 mC cm -2

Figure 4 .

 4 Figure 4. SEM images at two magnifications (5000x and 10000x) for PProDOP-br-C10 (Qs = 200 and 400 mC cm-2).
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This work reports the preparation of parahydrophobic (high water contact angle and high water adhesion) nanofibers by electropolymerization of ProDOP monomers with various branched alkyl chains. Extremely long and well-defined nanofibers are obtained with long branched alkyl chains. This intermediate state between the Wenzel and the Cassie-Baxter state as already been observed in Nature, for example on rose petals and is also known as petal effect.