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Designing tunable omniphobic surfaces by controlling the electropolymerization sites of carbazole-based monomers

Introduction

Surface micro and nanostructures have been extensively developed in the past decade for applications in various fields such as optics, [1] electronics [2] or bio-medicine. [3] They are also essential to achieve non-wetting properties, with applications in sensors, [4] water-harvesting, [5] depolluting membranes [6] or coatings. [7] Biomimetic studies have indeed demonstrated the role of roughness in non-wetting behaviors and shown the spectacular hydrophobic performances of nanostructured surfaces with reentrant geometries and without any polyfluoroalkyl substances (PFAS). [8][9][10] Nevertheless, oleophobic properties are artificially hard to stabilize without reducing the surface energy of the materials with PFAS. [11][START_REF] Tuteja | Proc. Natl. Acad. Sci[END_REF][START_REF] Leo" Liu | [END_REF] The control of the nanostructure shape is all the more of high interest that recent regulations prohibit the use of all PFAS containing perfluorinated chains of 8 and more carbons. [START_REF]Summary of the Meetings of the Conferences of the Parties to the Basel, Rotterdam and Stockholm Conventions[END_REF][START_REF]Summary of the 15th Meeting of the Persistent Organic Pollutants Review Committee of the Stockholm Convention on Persistent Organic Pollutants[END_REF] Many techniques are used to create controlled surface nanostructures but they are in majority hard to implement on large scales. [START_REF] Kong | [END_REF]17] The electropolymerization is a polymerization method that takes place at the surface of an electrode, generating nanostructures by the deposition and growth of conducting polymer chains. [18,19] The nanostructure morphologies are mostly determined by the molecular structure of the monomer, inducing interactions such as πstacking that control the nanostructure growth. [20,21] Therefore, monomers with highly conjugated aromatic substituents such as 3,4-phenylenedioxythiophenes and 3,4naphtalenedioxythiophenes led to ordered nanostructures like nanotubes. [22][23][24] Recently, electropolymerization of highly conjugated carbazole derivatives have also shown ordered nanostructures, despite of their known high solubility and multiple polymerization sites. [25,26] These monomers have already been widely studied for their electronic, optic and electrochromic properties for sensors, OLED or photovoltaic applications. [27][28][29][30][31][32] Their electropolymerization lead to various nanostructures from fibers and nanoparticles networks to even vertically aligned nanotubes. [33] The water content of the polymerization solvent also plays a huge part in the morphology of the resulting nanostructures, increasing their porosity. [34,35] The water indeed reacts during electropolymerization forming gas bubbles that can act as a soft-template for the polymer deposition. It has been recently demonstrated that reverse micelles are formed in the electropolymerization solvent, and that these micelles also participate to the formation of a soft template, leading to porous nanostructures. [36] This opens new perspectives for the control of the nanostructures shape by electropolymerization.

Here, we study the nanostructure morphologies of electrodeposited monomers containing carbazole moieties with free amine groups (Scheme 1). For the first time, the water content and above all the water pH of the electropolymerization solvent are tuned in order to control the nanostructures shape. Monomers are also modified by organic synthesis to favor a given nanostructure growth. The resulting surfaces showed superhydrophobic behaviors and were then post-grafted with short perfluorinated chains (C ≤ 8) to reach oleophobic properties. Scheme 1. Monomers studied in this manuscript.

Results and Discussion

Electrochemical behaviors

Monomers were first electrodeposited in anhydrous dichloromethane (CH2Cl2). Cyclic voltammetry (CV) curves presented Figure 1 allow to follow the electrochemical polymerization through the oxidation and reduction waves. The intensities of the curves are related to the precipitation of the formed oligomers and the formation of a polymer film. Monomers 5,11-ind-3,2-carb and 10,15-diind-3,2-carb did not lead to a polymer film on the electrode. Curves of 5,11-ind-3,2-carb have indeed a very low intensity without any polymer peak, indicating that the monomer did not polymerize. On the contrary 10,15-diind-3,2-carb curves show high intensities, meaning that the polymerization occurred but the polymers were too soluble to precipitate on the electrode. The three free amine functions make indeed the molecules very polar and thus more soluble in dichloromethane, preventing their precipitation. [37] The other monomers formed homogeneous films, even if most of the CV curves are overlapping, leading to thin films. Only 3,9'bC shows CV curves with increasing intensities between scans, which assures a good precipitation of the polymers. The roughness parameters of the deposit are indeed higher for this monomer (Figure S1). The reason of this better polymerization can be explained by the several polymerization sites available for this monomer, leading to longer and less soluble polymer chains. [37] Polymer films were characterized by CV scans in a monomer-free solution of Bu4NClO4 in anhydrous dichloromethane. Quantitative data are presented in Table 1. They all show similar behaviors with two oxidation waves that are often difficult to distinguish, except for TC with a unique wave. Table 1. Electrochemical data of the polymer films. 

Polymer Eonset [V/SCE] Eox 1 [V/SCE] Eox 2 [V/SCE] Ered 1 [V/SCE] Ered 2 [V/SCE]

Morphologies of depositions in different solvents

The monomers were electrodeposited in 3 different solvents: anhydrous dichloromethane (CH2Cl2), dichloromethane saturated with distilled water (CH2Cl2 + H2O) and dichloromethane saturated with acidic water (CH2Cl2 + H2O/H2SO4). the polymer films were observed by SEM (Figure 2). 

Depositions in CH2Cl2 and

Wettability

The water repellency of every surface was measured (Figure 3A). Depositions in CH2Cl2 and CH2Cl2 + H2O were barely hydrophobic except for monomers 5,7-ind-2,3-carb and 3,9'bC which show very high water contact angles of 148 ± 2° and 143 ± 6°, respectively. These surfaces are parahydrophobic with a high adhesion of water droplets (Figure S2). Water static contact angles of smooth electrodepositions in different solvents.

Smooth depositions (Figure 3B) of the monomers allowed to measure the surface energy of the polymer films. The water contact angle decreases when deposed with CH2Cl2 + H2O/H2SO4. Protonation of the monomers leads to an increase of the surface energy and particularly its polar part (Figure S3). The 3 scans depositions are thus more hydrophilic in CH2Cl2 + H2O/H2SO4. This tendency was nevertheless not observed for TC, which means that the protonation could have been only partial, even if the structures morphologies were clearly different.

A B

These surfaces were then treated with distilled water in order to eliminate hydrogen ions of the polymer films. The comparison with surfaces obtained in CH2Cl2 + H2O focuses therefore on the impact on the structure morphologies on the wettability properties. Smooth depositions showed an increased water contact angle after the treatment, confirming the deprotonation.

Hydrophobic properties of 5,7-ind-2,3-carb, 11,12-ind-2,3-carb and TC surfaces did not change significantly, indicating that these structures morphologies lead to the same properties.

On the contrary, 3,9'bC surfaces obtained in CH2Cl2 + H2O/H2SO4 and treated with distilled water are far more hydrophobic, with water contact angles up to 137°. In that case the structures allow to entrap more air and thus the surfaces are more hydrophobic according to Cassie-Baxter.

Application to oleophobic surfaces

The secondary amine of monomers TC, 3,9'bC and 3,6-diPC was modified into a tertiary amine with an ethanol substituent. The TC-OH, 3,9'bC-OH and diPC-OH synthetized monomers are then electrodeposited in CH2Cl2 and CH2Cl2 + H2O.

The observed morphologies are similar to the surfaces of monomers with protonated amine (Figure 4). Monomer DiPC-OH leads also to a smooth film, whereas TC-OH and 3,9'bC-OH form nanoparticles networks in both solvents CH2Cl2 and CH2Cl2 + H2O. The nanoparticles obtained with TC-OH are really tiny and connected between them by filaments.

The electrodepositions of TC-OH at constant potential in CH2Cl2 + H2O show fibers at low deposition charges which evolve into spherical globule at high deposition charge, indicating the coexistence of uni-and tri-dimensional growth of the structures. TC-OH and 3,9'-bC-OH surfaces are slightly rougher when deposed in CH2Cl2 + H2O than CH2Cl2. As water contact angle of smooth films are below 90° due to the polar alcohol substituent, the increasing roughness of 3,9'bC-OH surfaces lead to a decreasing water contact angle, as predicted by Cassie-Baxter. These surfaces are parahydrophobic, whereas TC-OH films show very little adhesion for water droplets (Figure S4). The very porous structures induce here a Cassie-Baxter state, with sliding angle of 39° and 14° for depositions in CH2Cl2 and CH2Cl2 + H2O respectively. Static water contact angles are also very high for a monomer with a polar alcohol group, up to 157°.

Surfaces with TC-OH and 3,9'-bC-OH deposited in CH2Cl2 + H2O were post-grafted with perfluorinated chains of 4, 6 and 8 carbons via an esterification reaction. The polymer films were immersed in the reactive medium to perform the post-grafting. The fluorinated surfaces are still highly hydrophobic and even highly oleophobic with diiodomethane static contact angle up to 137° for TC and 155° for 3,9'bC (Figure 5). Very high static contact angles are obtained also with shorter perfluorinated chains, but superhydrophobic properties with low sliding angles are only obtained for the C8F17 post-grafting (Figure S5). 

Conclusion

In this study we controlled the nanostructure morphology of conducted polymer surfaces realized by electropolymerization of carbazole-based monomers with free amine groups by changing the electropolymerization solvent. The depositions in dichloromethane saturated with distilled water led either to porous nanostructures, due to the formation of a micellar soft template, [36] or to two coexisting structure morphologies, consequences of the several polymerization sites of the monomers. The electropolymerization in dichloromethane saturated with acidic water favored one nanostructures shape by limiting the polymerization sites of the monomers by protonation of the free amine function. The hydrophobicity of the different nanostructure morphologies was evaluated and the most hydrophobic surfaces were realized this time with monomers modified with an alcohol substituent by organic synthesis. The obtained superhydrophobic surfaces were post-grafted with short perfluorinated chains to reach oleophobic properties.

The control of the nanostructure shape is essential to create functional surfaces with non-wetting properties. Many applications could be envisaged for these surfaces in water harvesting, opto-electronic devices or sensors.

Experimental Section/Methods

Monomers synthesis

Monomers were purchased from TCI chemicals and used as received.

TC-OH, diPC-OH and 3,9'bC-OH (Scheme 2) were synthetized as followed from TC, diPC and 3,9'bC respectively. [38] The corresponding reactant (1 eq) was added to a solution of potassium hydroxide (2 eq) dispersed in DMSO (5 mL) and stirred for 1h at room temperature.

Then, the mixture was cooled and 2-chloroethanol (1 eq) was added drop by drop. After 1 day stirring at room temperature, another equivalent of 2-chloroethanol was added to the mixture.

After another day, the product was purified by chromatography (eluent: chloroform).

Scheme 2. Synthetized monomers.

TC-OH: 2-(9'H-[9,3':6',9"-tercarbazol]-9'-yl)ethanol Yield 30%, beige solid. 

Electropolymerization parameters

Monomers were electropolymerized using an Autolab Potentiostat from Metrohm. The system is composed of three electrodes: a gold plate as working electrode, a carbon counter electrode and a saturated calomel electrode (SCE) for reference. The polymerization solutions contained monomers (0.05 M) and tetrabutylammonium perchlorate as electrolyte (0.1 M) dissolved in different solvents: anhydrous dichloromethane (CH2Cl2), dichloromethane saturated with water at pH 4.8 (CH2Cl2 + H2O) and dichloromethane saturated with water at pH < 0 (CH2Cl2 + H2O/H2SO4). For the last two solvents, anhydrous dichloromethane was mixed with water, either distilled water (pH 4.8) or a 50/50 (v) mix of distilled water and sulfuric acid (pH < 0), and the organic phase was collected.

The electrodepositions were performed by cyclic voltammetry form -1 V to the working potential (Table 2) and at a scan rate of 20 mV s -1 . Smooth depositions were prepared at the working potential with an ultra-short deposition charge (2 mC cm -2 ) and one reduction scan from the working potential to -0.5 V in order to reduce the polymer. The polymer films electrodeposited in dichloromethane saturated with acid water were treated in distilled water for 1 h and dried at room temperature during a day.

TC-OH, diPC-OH and 3,9'bC-OH polymers films were post-grafted with fluorinated alkyl chains. Fluorinated carboxylic acid (nonafluoroheptanoic acid, tridecafluorononanoic acid or heptadecafluoroundecanoic acid) (1 eq.) was added with DCC (1.9 eq.) and DMAP (catalytic amount) in 10 mL of dichloromethane and gently stirred for 30 min. The polymer films were then immersed for 5 days, before washing with dichloromethane and drying in the open air.

Surface characterization

Contact angles were measured with a DSA30 goniometer of Bruker and the software DS4. Static contact angles were determined with the sessile method using 2 µL droplets of probe liquids. Dynamic contact angles were determined using the tilted-drop method. In this method, a 6 µL droplet is placed on the surface and the surface is inclined until the droplet moves. Just before the droplet moving, the advanced (θadv) and receding (θrec) contact angles are taken and therefore the hysteresis H=θadv -θrec. The maximum inclination angle is called sliding angle (α).

The surface energy of the polymer films was determined according to the Wu model.

The Wu model is derived from Owens-Wendt theory, where the surface energies are separated into a polar part  P and a dispersive part  D . [39] The following Wu equation 𝛾 𝐿𝑉 (1 + The surface roughness was measured with a WYKO NT1100 optical profiling system from Bruker. The arithmetic (Ra) and quadratic (Rq) surface roughness were obtained with the working mode Vertical Scanning Interferometry (VSI), the objective x20, and the field of view x0.5. 
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 1 Figure 1. CV curves for every monomer (5 consecutive scans, 20 mV/s) electropolymerized in

  CH2Cl2 + H2O show polymers structuration with similar morphologies. Monomers TC, 3,3'bC and 3,9'bC lead to the roughest surfaces, with cauliflower structures or nanoparticles networks. In CH2Cl2 + H2O, horizontal tubes are also formed for TC and 3,9'bC, which indicates a second possible organization of the polymers with a unidimensional growth of the structures. The different structure shapes can be related to the multiple polymerization ways of the monomers, inducing thus different interactions between the polymer chains. Monomer 5,7-ind-2,3-carb also leads to horizontal nanotubes, but less welldefined in CH2Cl2. Monomers 11,12-ind-2,3-carb and 3,6-diPC are deposited forming nanopores in both solvents. Surfaces with 11,12-ind-2,3-carb are quite smooth whereas 3,6-diPC leads to nanomembranes in CH2Cl2 + H2O. Depositions in solvent CH2Cl2 + H2O/H2SO4 showed very different morphologies. Monomers 3,6-diPC, 11,12-ind-2,3-carb and 3,3'bC lead to smoother films than in the two other solvents. The protonation of the monomers in the acid solvent makes the polymers more polar and soluble, slowing down their precipitation. The acidity of the water present in the dichloromethane has a real impact on the film morphology. Monomers TC, 5,7-ind-2,3-carb and 3,9'bC lead to rougher depositions with nanoparticles networks without horizontal tubes observed in the two other solvents. Protonation of the monomers seems to favor the tri-dimensional growth of the structures. The polymerization via the third carbon on the sided carbazole moieties is indeed enhanced, limiting the interactions between the polymer to a unique growth of the structures.

Figure 2 .

 2 Figure 2. SEM images of 3 scans CV depositions in different solvent.

Figure 3 .

 3 Figure 3. (A) Water static contact angles of electrodepositions by 3 scans cyclic voltammetry

Figure 4 .

 4 Figure 4. SEM images of (Top): 3 scans CV depositions of synthetized monomers in solvents

Figure 5 .

 5 Figure 5. Static contact angles of water, diiodomethane and hexadecane droplets on 3 CV scans

  Controlled electropolymerization of highly conjugated carbazole-based monomers results in superhydrophobic and oleophobic surfaces. The nanostructures morphology and the resulting wetting properties are tuned by different bias : the use of a micellar soft-template and the control of the monomer structure and its polymerization ways through protonation and fluorination. C. Fradin, F. Guittard, T. Darmanin* Designing tunable omniphobic surfaces by controlling the electropolymerization sites of carbazole-based monomers ToC figure

  

  J=4Hz, 1H);[START_REF] Leo" Liu | [END_REF] C NMR (50 MHz, CDCl3): 142.07, 140.79, 133.12, 128.95, 127.45, 126.70, 125.74, 123.83, 119.13, 109.35,

	61.77, 45.48.
	3,9'bC-OH: 2-(9'H-[3,9'-bicarbazol]-9-yl)ethanol
	Beige solid.
	1 H NMR (400 MHz, CDCl3): 8.27-8.22 (m, 3H), 8.08 (d, J=4Hz, 2H), 7.66-7.60 (m, 2H),
	7.54-7.53 (m, 2H), 7.46-7.40 (m, 4H), 7.35-7.27 (m, 3H), 4.53 (t, J=8Hz, 2H), 4.10 (t, J=8Hz,
	2H); 13 C NMR (50 MHz, CDCl3): 142.02, 141.42, 139.96, 129.35, 126.66, 125.96, 125.51,
	123.20, 120.76, 120.39, 119.81, 119.71, 119.66, 110.00, 109.91, 109.28, 61.61, 45.78.
	4,57
	(t, J=10Hz, 2H), 4.14 (t, J=10Hz, 2H); 13 C NMR (50 MHz, CDCl3): 141.96, 140.63, 129.93,
	126.31, 126.02, 123.76, 123.28, 120.44, 119.99, 119.81, 110.50, 109.83, 61.78, 46.14.
	diPC-OH: 2-(3,6-diphenyl-9H-carbazol-9-yl)ethanol
	Yield 43%, beige solid.

1 H NMR (200 MHz, CDCl3): 8.12-8.03 (m, 6H), 7.66-7.53 (m, 4H), 7.33-7.13 (m, 22H), 1 H NMR (400 MHz, CDCl3): 8.37 (d, 2H), 7.76-7.72 (m, 6H), 7.56-7.47 (m, 6H), 7.37-7.33

(m, 6H), 4.54 (t, J=8Hz, 2H), 4.13 (q, J=4Hz 2H), 1.59 (t,
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 2 Electrochemical data of the monomers
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  cos 𝜃) = is applied to two different liquids, and the solid surface energy 𝛾 𝑆𝑉 = 𝛾 𝑆𝑉 𝐷 + 𝛾 𝑆𝑉 𝑃 is calculated resolving a system of the 2 preceding equations. In our case, contact angles of water (surface tension 72.8 mN/m) and diiodomethane (50.8 mN/m) were measured on smooth surfaces, and  D SV and  P SV were directly obtained using the software "Drop ShapeAnalysis" of the goniometer.The polymer films were observed by scanning electron microscopy (SEM) with a 276 JEOL 6700F microscope.
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