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Nanotubular surfaces obtained by soft-template electropolymerization of highly conjugated carbazole-based monomers.

Introduction

The biomimetic approach has opened new strategies for the design of innovative material. The wetting phenomena in particular has been studied through the observation of plants or insects presenting amazing nonwetting properties [1,2]. The researchers have been fascinated trying to mimic natural surfaces to obtain similar properties for potentials applications, for instance in adhesive materials, anti-corrosion, anti-bacterial or anti-icing materials [3]. Superhydrophobic surfaces are characterized by a high static contact angle (θw > 150°) and a low contact angle hysteresis (H) / sliding angle (). However, other intermediate states exist with a high H / , such as surfaces of rose petals or gecko foot. On these parahydrophobic [6] surfaces, water droplets remain stuck whatever . These properties are extremely interesting for water-harvesting systems, liquid transportation or separation membranes.

They can be reached combining low surface energy materials and surface structures at a micro/nanoscale [4][5][6][7][8][START_REF]Non wettable surfaces: Theory, preparation, and applications, Chapter 3, RSC Soft Matter[END_REF].

Particularly, a focus has been made on vertically aligned nanotubes because the amount of air trapped within the nanotubes can act directly on the adhesion of water droplets on the surface, sometimes resulting in strong hydrophobicity and water adhesion [START_REF] Cheng | [END_REF].

Many methods have been used to produce nanostructured surfaces, such as electrospinning, plasma etching, lithography, self-assemblies, etc. [11,12]. Electropolymerization is a fast and low-cost method that guarantees the electrosynthesis, deposition and structuration of a film in only one-step. Several nanostructure morphologies and thus water adhesion can be obtained depending on the electrolyte, solvent and conducting monomer [13,14]. This technique doesn't require the creation of a hard template since a soft template is formed directly during the process. When water (H2O) is present in the solvent, gas bubbles (O2 and/or H2) are generated in-situ by its oxidation or reduction and form a soft-template directly on the substrate, resulting in the formation of porous structures such as nanotubes [15][16][17]. Water reverse micelles stabilized by monomers and electrolytes are behind these gas bubbles and can be observed prior to electropolymerization [18].

Recently, conjugated carbazole-based monomers have been successfully electropolymerized to obtain superhydrophobic surfaces presenting different nanostructures from fibers to vertically aligned nanotubes and even porous membranes [19]. It was shown that when the carbazole monomer is substituted by aromatic groups favoring -stacking interactions, nanostructured conducting polymer films can be obtained if these interactions sufficiently decrease the polymer solubility.

Highly conjugated carbazole-based molecules are already known for their applications in phosphorescent organic light emitting diodes (OLED) as hole transporters and hosts for phosphorescent dopants [20][21][22], and in 3 electrochromic devices [23][24][25][26][27][28][29]. In this work, we study for the first time the soft template electropolymerization of some of these molecules used as monomers and the wetting properties after electrodeposition. In order to determine the role of the molecular structure on the morphologies of the nanostructured polymer films, various monomers were investigated (Scheme 1). Scheme 1. Monomers studied in this manuscript.

Materials and Method

Monomers were purchased from Sigma Aldrich Merck and TCI Chemicals and used as received.
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Electropolymerization parameters

The polymers were electrodeposited on gold plates with an Autolab potentiostat of Metrohm and a three-electrodes system: the gold plate as working electrode, a carbon rod as counter-electrode and a saturated calomel electrode (SCE) as reference electrode. The monomer was dissolved (0.005 M) in a solution of 0.1 M tetrabutylammonium perchlorate (Bu4NClO4). Two different solvents were tested: anhydrous dichloromethane (CH2Cl2) and dichloromethane saturated with water (CH2Cl2 + H2O), which was prepared mixing anhydrous dichloromethane and a huge amount of water and collecting the organic phase. The solvent CH2Cl2 + H2O is known to release a much higher amount of O2 and H2 bubbles, depending on the polymerization method as reported in the literature [18,17,30].

The electrodepositions were performed by cyclic voltammetry from -1 V to the oxidation wave of the monomers (Eox) reported in Table 1 and at a scan rate of 20 mV s -1 . Different number of scans were performed (1, 3 and 5) in order to better investigate the polymer growth. Electrodepositions at constant potential (Eox) were also realized using depositions charges between 12.5 and 400 mC.cm -2 . Smooth polymer surfaces were also prepared in order to estimate the effect of surface roughness and determine their surface energy (S) using the Wu equation [31]. The smooth polymer surfaces were prepared at constant potential, using an ultra-short deposition charge (2 mC cm -2 ) and one reduction scan from Eox to -1V in order to reduce the polymer. 

Surface characterization

The contact angle measurements were performed using a DSA30 goniometer of Bruker. The static contact angles (w) were determined with the sessile method using 2 µL droplets of distilled water. The dynamic contact angles were determined using the tilted-drop method. In this method, a 6 L 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 calculated using the  D SV and  P SV were directly obtained using the software "Drop Shape Analysis" of our goniometer.

The morphology was evaluated by the scanning electron microscopy (SEM) using a 276 JEOL 6700F microscope.

The arithmetic (Ra) and quadratic (Rq) surface roughness were obtained with a WYKO NT1100 optical profiling system from Bruker. For these measurements, the working mode Vertical Scanning Interferometry (VSI), the objective 20x, and the field of view 0.5x were used.

Results and Discussion

Electrochemical characterization

All the monomers except TCB presented several oxidation waves between 1.0 and 2.5 V vs SCE (Fig. 1 A and 2 A) which are attributed to the different conjugated groups of the monomer. The monomers are indeed not fully conjugated because of the non-planarity that limits the electrons conjugation, and each conjugated part gives a different oxidation potential [32]. Therefore, TCB is either enough conjugated to present a unique oxidation wave, else the potentials are too close to be distinguished. In this study, cyclic voltammetry (CV) scans were limited to the oxidation peak attributed to the carbazole polymerization. The carbazole moiety is known to have a lower oxidation potential than the benzene ring [33], but higher than the triphenylamine [34].

Every CV curves except TCTA (Fig. 1 and2) present two oxidation peaks corresponding to the monomers and the oligomers. The oligomers oxidation is not observed on the first scan (red) and occurs at the lowest potential because the oligomer is more conjugated. On the contrary, the first scan curve for TCTA presented well two oxidation waves. This first wave is here attributed to the triphenylamine group, which stabilizes the 6 radical cation before dimerization. [23]. The two reduction peaks between 0.5 and 1.5 V vs SCE are attributed to the monomer reduction (for the higher voltage) and the dimerization reaction which produces oligomers [34].

The reduction wave around -0.5 V/SCE that is quite always visible on the CV curves and especially in solvent CH2Cl2+H2O corresponds to the water traces reduction [35]. The water oxidation is not as much visible because it occurs at higher voltage around 2.5 V/SCE. The water reduction emits H2 gas, and the oxidation O2, which take part in the formation of nanoporous structures on the polymer surfaces [18].

TCB, TCPB and TCTA monomers are tri-carbazoles together N-substituted via various aromatic groups (Scheme 1). They polymerized forming 3,3'-dicarbazoles units, because the amine is occupied. TCB and TCTA had higher intensities on the CV curves, meaning that a higher quantity of polymer was deposited on the electrode. via the free nitrogen or sulfur atom on the centered carbazole [32].

The electrochemical behavior of the electrodeposited polymer films was also investigated by CV in a monomer free solution of Bu4NClO4 as electrolyte in CH2Cl2 (Fig. 1 In particular, A: CV until 3 V/SCE in CH2Cl2, B: CV of polymers films on gold slide in monomer-free solution of Bu4NClO4 in CH2Cl2.

Surfaces morphology

TCB, TCPB and TCTA presented very different surface morphologies (Fig. 3). TCB SEM observations showed smooth nanoparticles in CH2Cl2 and vertically aligned nanotubes in solvent CH2Cl2+H2O demonstrating the importance to have H2O in solution for the formation of porous structures. The unidimensional growth (1D growth) of the tubes in CH2Cl2+H2O was driven by strong -stacking interactions resulting of the high conjugation and planarity of the molecule favoring preferential packing in one direction [36]. It is also worth noting that here the diameter of the nanotubes is especially high and increases with the number of deposition scans. Moreover, the number of open nanotubes become scarce as they go away from each other with further depositions scans.

As for TCPB, SEM observations showed cauliflower morphologies made of spherical particles in both solvents, but some long nanotubes were growing vertically on the cauliflowers in solvent CH2Cl2+H2O (Fig. 3B).

SEM pictures at constant potential (Fig. 4) allow to observe the polymer growth. Nanoparticles were formed at 9 low deposition charges, following a three-dimensional growth (3D growth) and then some of them were growing into tubes. Here, the length of the tubes even became micrometric from 200mC/cm 2 , even if the number of tubes is not extremely important.

TCTA oligomers grew up into a fibers network in both solvents, which became smoother with the number of scans in CH2Cl2+H2O. This molecule is not interesting by soft templateless. BCdBT, TC and BCC-36 show really different morphologies depending on the solvent (Fig. 5). The surfaces were rather smooth in CH2Cl2. BCdBT and TC led in solvent CH2Cl2+H2O to horizontal tubes with more or less nanoparticles on them. These morphologies make us believe to the existence of a competition between unidimensional growth with the tubes and 3D-growth with the nanoparticles. Since these two monomers can polymerize into two different ways, the resulting oligomers organization could favor into a particular growth. For TC in particular, a huge number of extremely long nanotubes is observed at constant potential and their diameter increases with the deposition charge (Fig. 6). The nanotubes are even collapsed at high deposition charges because their weight becomes important. For BCC-36, surfaces showed in solvent CH2Cl2+H2O a porous nanoparticles network. The growth here is only 3D. 

Wetting properties

The highly different morphologies of TCB, TCPB and TCTA led to really different wetting properties (Table 2). The polymer surfaces obtained with TCB in CH2Cl2 were slightly hydrophilic (w  80°). On the contrary the surfaces with a huge number of open nanotubes (1 scan in CH2Cl2+H2O) were extremely hydrophobic (w = 127°) and became more hydrophilic when the tubes begin to close. These results are similar to the results obtained with NaphDOT. [37] Moreover, every surface had extremely strong water adhesion. Water droplets remain stuck even if the surfaces are inclined at 90° (parahydrophobic) (Fig. 7), as observed in Nature on rose petals for example.

TCPB cauliflower morphologies induced highly hydrophobic properties, with static contact angles reaching 151° ± 5. Furthermore, the adhesion of the droplets was relatively weak, especially on 5 scans deposition samples where it was impossible to deposit 2 µL droplets, the sliding angles were 36° ± 23 for CH2Cl2 and 75° ± 21 for CH2Cl2 + H2O. However, the dynamic contact angle measurement didn't allow to report this property for 1 and 3 scans. The droplet was indeed difficult to drop off because of the weak adhesion, but once deposited on the surface, the droplet was stuck to it. These exceptional superhydrophobic properties are rare to obtain without fluorinated or hydrocarbon chains.

Despite their relatively smooth surfaces in both solvents, TCTA depositions were hydrophobic with higher static contact angles reaching 136 ± 2° and a parahydrophobic behavior. 

Conclusion

In this study, we showed the ability of highly conjugated carbazole-based monomers to form nanotubular surfaces by soft template and surfactant-free electropolymerization in organic solvent. Rougher surfaces were obtained when the solvent was saturated with water, since reverse micelles and subsequent gas bubbles due to water oxidation or reduction form a soft-template for the polymer deposition. The molecular nature of the monomer was the main factor determining the morphologies of the nanostructures. For N-substituted tri-carbazole monomers, the various conjugated linkers lead to different surfaces morphologies and thus hydrophobic properties.

TCB depositions showed extremely ordered vertically aligned nanotubes and parahydrophobic properties whereas TCPB had a slippery behavior. BCdBT, TC and BCC-36 depositions presented either tubes or nanoparticles depending on the polymerization ways of the monomers and reached highly hydrophobic properties. In particular, TC depositions lead to very long nanotubes. Their number was higher at constant potential and collapsed tubes at higher deposition charge induced a strong increase of surface hydrophobicity with apparent contact angle up to 143° and strong water adhesion comparable to rose petals or gecko foot. In the future, a better control of the organization of the oligomers into nanostructures could be achieved by controlling the polymerization of the monomers. Many applications could be envisaged for these surfaces in water harvesting, opto-electronic devices or sensors. 
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 182 Fig. 1. Cyclic voltammograms at scan rate 20 mV/s of TCB, TCPB and TCTA in CH2Cl2 and CH2Cl2+H2O, with Bu4NClO4 as electrolyte and 5 mM monomer. Red line represents the first cycle and black lines subsequent scans. In particular, A: CV until 3 V/SCE in CH2Cl2, B: CV of polymers films on gold slide in monomer-free solution of Bu4NClO4 in CH2Cl2.
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 3104 Fig. 3. SEM pictures of TCB (row A), TCPB (row B) and TCTA (row C) depositions in CH2Cl2 and CH2Cl2 + H2O with Bu4NClO4 as electrolyte. Insets show inclined pictures of the surfaces.
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 5126 Fig. 5. SEM pictures of row A: BCdBT, row B: TC and row C: BCC-36 3 scans surfaces in CH2Cl2 and CH2Cl2+H2O with electrolyte Bu4NClO4.
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 7 Fig. 7. Dynamic contact angles measurements (left TCB and right TCPB).

  

  

  

  

Table 1 .

 1 Peak potentials of electrochemically reversible processes obtained by cyclic voltammetry (CV) with the monomers and the polymers films.

		Monomers properties			Polymers properties	
		nomenclature	Eox (V/SCE)	Eox 1 (V/SCE)	Eox 2 (V/SCE)	Ered 1 (V/SCE)	Ered 2 (V/SCE)
	TCB	1,3,5-tris(N-carbazolyl)benzene	2.00	1.93	1.41	-0.30
	TCPB	1,3,5-tris[4-(9-carbazolyl)-phenyl]benzene	2.22	1.49	1.89	1.37	-0.98
	TCTA	Tris(4-carbazolyl-9-yl-phenyl)amine	2.06	1.57	2.14	0.51	-0.32
	TC	9,3':6',9"-tercarbazole	1.57	2.05		-0.46	
	BCdBT	2,8-bis(9H-carbazol-9-yl)dibenzothiophene	1.65	1.66	2.02	1.31	-0.28
	BCC-36	3,6-bis(N-carbazolyl)-N-phenylcarbazole	1.62	1.48	2.30	0,64	-0.10

  Wu model with contact angles of water (surface tension 72.8 mN/m) and diiodomethane (50.8 mN/m) on smooth surfaces. The Wu model [31] is derived from Owens-Wendt one, where the surface energies are separated into a polar part  P and a dispersive part  D . The following Wu equation 𝛾 𝐿𝑉 (1 + cos 𝜃) = 4

	𝛾 𝐿𝑉 𝐷 𝛾 𝑆𝑉 𝐷 𝛾 𝐿𝑉 𝐷 +𝛾 𝑆𝑉 𝐷 + 4	𝛾 𝐿𝑉 𝑃 𝛾 𝑆𝑉 𝑃 𝛾 𝐿𝑉 𝑃 +𝛾 𝑆𝑉

𝑃 . is applied to the 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,

  TC, BCC-36 and BCdBT monomers had relatively similar CV curves (Fig 2) even they do not polymerize the same way, since TC and BCdBT can form two different dimers and only one for BCC-36. All three can polymerize via the third carbon on the sided carbazole moieties, but TC and BCdBT form predominantly dimers

Table 2 .

 2 BCdBT, TC and BCC-36 surfaces presented highly hydrophobic properties in both solvents, with higher 222 contact angles reaching 147° ± 11 for TC, 158 ± 7 for BCdBT and 136 ± 3 for BCC-36. BCdBT and BCC-36 223 surfaces were parahydrophobic whereas TC ones were slippery, with high sliding angles of 70° ± 28. The surface Wettability data with water: static contact angle w, advancing and receding contact angles (adv and 228 rec respectively), contact angle hysteresis H and sliding angle . (*: impossible measurement because the drop

	224							
	225	energy was more polar for Tri-C than BisC-dBT, due to the difference between the nitrogen and sulfur atoms
	226	(Table 3).						
	227							
	229							
	230	doesn't stay on the substrate) (**: stripes on the substrate disrupt the measurement) (>90*: the droplet volume
	231	needed to be increased to perform the measurement)			
	232							
		Polymer	Number of CV scans	Solvent	w [deg]	adv [deg] rec [deg] deg]  [deg]
		TCB	1	CH2Cl2	81 ± 5	108 ± 5	72 ± 4	36	> 90
			3	CH2Cl2	77 ± 9	79 ± 15	70 ± 12	9	> 90
			5	CH2Cl2	95 ± 3	89 ± 1	89 ± 2	1	> 90
			1	CH2Cl2 + H2O 127 ± 10	115 ± 12	107 ± 5	8	> 90
			3	CH2Cl2 + H2O	79 ± 6	67 ± 15	58 ± 3	10	> 90
			5	CH2Cl2 + H2O	54 ± 9	56 ± 9	47 ± 2	9	> 90
		TCPB	1	CH2Cl2	139 ± 2	154 ± 2	132 ± 26	23	> 90*
			3	CH2Cl2	141 ± 3	124 ± 2	133 ± 16	-9	> 90*
			5	CH2Cl2	*	166 ± 6	118 ± 4	47	36 ± 23
			1	CH2Cl2 + H2O	142 ± 4	146 ± 18	108 ± 10	38	> 90
			3	CH2Cl2 + H2O	151 ± 5	153 ± 10	107 ± 8	46	> 90
			5	CH2Cl2 + H2O	*	160 ± 1	105 ± 21	55	75 ± 21
		TCTA	1	CH2Cl2	94 ± 11	91 ± 9	78 ± 11	13	> 90
			3	CH2Cl2	124 ± 15	93 ± 4	80 ± 6	13	> 90
			5	CH2Cl2	136 ± 2	139 ± 17	109 ± 9	30	> 90
			1	CH2Cl2 + H2O	118 ± 5	122 ± 1	106 ± 4	17	> 90
			3	CH2Cl2 + H2O	112 ± 8	99 ± 5	86 ± 4	13	> 90
			5	CH2Cl2 + H2O 108 ± 13	121 ± 21	103 ± 17	18	> 90
		TC	1	CH2Cl2	114 ± 3	107 ± 2	94 ± 5	12	> 90
			3	CH2Cl2	135 ± 5	140 ± 1	121 ± 1	19	> 90
			5	CH2Cl2	141 ± 3	150 ± 4	119 ± 5	31	> 90*
			1	CH2Cl2 + H2O 106 ± 18	98 ± 14	83 ± 27	15	> 90
			3	CH2Cl2 + H2O	133 ± 8	113 ± 27	90 ± 21	23	> 90
			5	CH2Cl2 + H2O 147 ± 11	145 ± 18	106 ± 21	39	70 ± 28
		BCdBT	1	CH2Cl2	107 ± 1	106 ± 4	94 ± 1	12	> 90
			3	CH2Cl2	121 ± 2	110 ± 11	95 ± 7	14	> 90
			5	CH2Cl2	140 ± 8	135 ± 2	116 ± 4	19	> 90
			1	CH2Cl2 + H2O	122 ± 5	104 ± 30	90 ± 19	14	> 90
			3	CH2Cl2 + H2O	93 ± 5	93 ± 5	82 ± 1	11	> 90
			5	CH2Cl2 + H2O	158 ± 7	160 ± 6	112 ± 2	48	> 90
		BCC-36	1	CH2Cl2	115 ± 4	112 ± 3	94 ± 6	18	> 90
			3	CH2Cl2	136 ± 3	143 ± 3	121 ± 3	22	> 90
			5	CH2Cl2	133 ± 1	136 ± 5	115 ± 5	21	> 90
			1	CH2Cl2 + H2O	76 ± 11	62 ± 2	56 ± 6	6	> 90
			3	CH2Cl2 + H2O	116 ± 1	107 ± 6	95 ± 8	12	> 90

Table 3 .

 3 Surface energy calculations.
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