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Directional growth of nanotube on micelles by soft-template electropolymerization with various hydrophobicity and strong water adhesion

Bioinspired by the strong water adhesion of gecko foot or rose 1 petals, surfaces with nanotubes are prepared by soft-template 2 electropolymerization. A solvent a low water-solubility 3 (dichloromethane) is used with water to form a micellar solution 4 stabilized by a surfactant. Fully-conjugated monomers are 5 prepared by grafting thiophene and carbazole-based molecules to 6 naphthalene for favoring deposition vs polymerization as 7 confirming here by electrochemical characterizations. The water 8 content is fundamental for the formation of nanotubes. The 9 monomer has a huge influence on the surface structures even if 10 just the position of the substituent changes (ortho, meta, para). 11 Extremely long nanotubes are obtained with carbazole in meta-12 position indicating the deposition is highly favored in one 13 direction. The surfaces with both nanotubes and nanoparticles 14 display the highest hydrophobicity, combined with strong water 15 adhesion. Such surfaces could be used in the future for instance in 16 water-harvesting systems, sensing platforms as well as opto-17 electronic devices. Controlling surface structures especially at the nanoscale is 21 fundamental for a huge number of applications such as sensing 22 devices, medical treatments, food packaging, energy collectors 1-4 23 and also for their surface wetting properties. 5-7 Since millenaries, 24 the nature has developed very innovative systems to survive in 25 hostile environments. 8-10 This is particularly true for the wetting 26 properties. For instance, the surface structures of lotus leaves or 27 gecko foot play a key role in the adhesion of these natural 28 surfaces. 11-13 Here, we wanted to reproduce gecko foot or rose 29 petals, which combine both high hydrophobicity and high-water 30 adhesion, 14 which could be used in the future in applications such 31 as water-harvesting systems, sensing platforms 15 or in opto-32 electronic devices. 16 33 Surface nanotubes are excellent candidates owing to their high 34 surface-area-to-volume ratio, which depends on the geometrical 35 parameters of the tubes and the number of tubes (pitch). 17,18 36 Electropolymerization of surface structures like nanotubes have 37 been reported but mainly using hard templates such as anodizing 38 aluminum oxide (AAO) membranes. 19 However, this process is 39 multi-step and a huge number of templates are necessary in order 40 to investigate the influence of the tube size. The templateless or 41 soft-template electropolymerizations allow preparing very quickly 42 and easily very well-defined open structures such as nanotubes and 43

 Hence, the monomers formi ng 55 long and insoluble polymer chains are not preferable.

56

Here, we chose a naphthalene platform for its strong -stacking 57 interactions but low polymerization potential (mainly oligomers). 30 58 Original monomers were prepared by grafting two thiophene or 59 carbazole-based substituents moieties (Scheme 1), which have ve ry 60 different polymerization capacity. Two other monomers were also 61 studied (Supporting Information) but gave too soluble polymers. In 62 order to increase the conjugation length as also the planarity, fully 63 conjugated monomers are studied. Particularly, various carbazole 64 derivatives have been synthesized in order to study even just the 65 position of carbazole (ortho, meta, para-position compared the 66 other substituent). This is expected because the position of a 67 substituent affects the steric hindrances during 68 electropolymerization, polymer chain length and the re sulting 69 polymer solubility. We study the influence of the monomer, water 70 content as well as the deposition method on the resulting 71 nanotubes.

 13C NMR (101 MHz, CDCl3) δC: 141. 16 Smooth surfaces were prepared using a two-step process: first a surface of ultra-low thickness and roughness was prepared at constant potential and with an ultra-low deposition charge (1 mC cm -2 ). However, the smooth polymer surfaces were also electrochemically reduced, by removing the perchlorate (ClO4 -) anions, in order to have the same polymers than by cyclic voltammetry.
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For the smooth surfaces, the surface free energy (SV) and its dispersive ( D SV) and polar ( P SV) parts were determined by the Owens-Wendt equation: 32 In our case, SV D SV and  P SV were directly obtained using the software "Drop Shape Analysis" of our goniometer.

SL = SV + LV -2( D LV. D SV) 1/2 - 2( P LV. P SV) 1/2 .

Results and discussion

For determining the impact of water (H2O) in solution, in softtemplate electropolymerization, electrodeposits were performed in either anhydrous CH2Cl2 or CH2Cl2 + H2O sat. For better explaining the proposed process, in CH2Cl2 + H2O sat. are formed aqueous micelles. The micelles are stabilized by Bu4NClO4 acting as both an electrolyte and a surfactant. These monomers being soluble in CH2Cl2, they are present in this continuous phase. When the working electrode in gold is inserted, micelles wet the substrate and form a triphasic system: dichloromethane (liquid)/water (liquid)/gold (solid). During electropolymerization, the monomer being soluble only in CH2Cl2, the polymer grows from the substrate but only in the parts in contact to CH2Cl2 due to the absence of monomer in H2O. The parts with H2O are also oxidized and/or reduced and O2 and/or-H2 bubbles leave the substrate. If nanotubes are expected, it is necessary to induce the polymer growth in one direction.
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The monomer oxidation potentials (Eox) were obtained by cyclic voltammetry and were between 1.5 and 2.0 V vs SCE depending on the monomer. Then, the polymers were deposited first by cyclic voltammetry from -1 V to Eox with a scan rate of 20 mV/s and different numbers of scans (1, 3 and 5 scans) (Figure 1). By cyclic voltammetry, it is expected higher amounts of gas bubbles with thi s method because both O2 (2H2O -4e -→ O2 + 4H + ) and H2 (2H + + 2e -→ H2) bubbles can be formed from H2O if a large potential range is used. To better explained these results, supplementary electrochemical characterizations were realized with these polymer surfaces (Figure 2). The oxidation and reduction peaks of electrodeposits were determined after washing abundantly the substrates with CH2Cl2 and in solution containing only the electrolyte (without monomer).

The cyclic voltammetry curves of the electrodeposited films obtained after 5 scans are gathered in Figure 2. For all the electrodeposits, the signal of the monomer is clearly the most intense indicating its dominating presence. A signal at 1.92, 1.64, 1.70, 1.60 and 1.81 V is present in the films made with Na-3-Th, Nap-Cb, Na-m-Cb, Na-o-Cb, Na-2-Cb-Ph, respectively. This is surprising especially with Na-3-Th because the thiophene is an excellent polymerizing molecule, 32 but the fact the thiophene is fully conjugated with naphthalene highly increases the monomer planarity and as a consequence the -stacking interactions and the deposition speed. Other peaks at lower potentials (Figure 2) are also present, especially for carbazole-based monomers, indicating of short oligomers.

SEM images for 3 scans are available in Figure 3. First of all, in CH2Cl2, non-porous structures such as spherical particles are mainly observed. In CH2Cl2 + H2O sat., the monomer has a huge influence on the surface structures but tubular structures are observed for all of them. With Na-3-Th and Na-o-Cb, the polymer grows around gas bubbles of nano size, while with Na-2-Cb-Ph the gas bubbles are much larger (micron scale). However, with Na-p-Cb and Na-m-Cb, extremely long nanotubes are observed confirming that with these two monomers the polymer growth is preferential in one directi on. Moreover, with Na-m-Cb almost only nanotubes are formed while with Na-p-Cb, both nanotubes and spherical nanoparticles probabl y due to higher insolubility. Further studies (Figure 4) with Na-m-Cb show that extremely long nanotubes are obtained after just 1 scan while large spherical particles are also observed after 5 scans.

Hence, Na-m-Cb has the stronger capacity to form extremely long nanotubes by growth in one preferential direction. This capacity is a combination of the molecule planarity and extremely strong stacking interactions. Moreover, its solubility in CH2Cl2 is also increased by the main presence of monomer in the electrodeposits. The surfaces were also characterized by measuring the apparent contact angles () with probe liquids of different surface tensions (LV) (Table 1). In order to determine the effect of surface structures, smooth surfaces were also prepared. However, the smooth polymer surfaces were also electrochemically reduced in order to compare the same reduced polymers that by cyclic voltammetry. The apparent contact angles of the smooth surfaces are also called Young' angles ( Y ) 34 and are given in Table 2. Please do not adjust margins
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Na-p-Cb ( Y w = 103.1°), which may explain the presence also of nanoparticles in the films by the increase of insolubility in solution.

For the rough surfaces, most of the time it is observed an increase of w when  Y w > 90°, and vice versa (Wenzel equation). 35 In CH2Cl2, extremely high w are obtained with each monomer but as a function of the number of scans. The highest w = 138.3° is reached with Na-o-Cb and 5 scans, that means with nanotubular structures.

In CH2Cl2 + H2O sat., the highest w = 142.0° is reached with Na-p-Cb, that means with the films containing both nanotubes and spherical nanoparticles. Moreover, when water droplets touch these surfaces, they remain completely stuck on them whatever the tilting angles because the water adhesion is extremely strong. These surface properties are comparable to rose petals or gecko foot. 9,11,13 Hence, the highest contact angles (w = 142.0°) show that, with this surface, the amount of air trapped inside the rough surface is the highest even if all these surfaces have high water adhesion.

All the rough surfaces are also superoleophilic especially with hexadecane (Table 1). Another electropolymerization method was also tested: The deposition at constant potential and using different deposition charges (mC cm -2 ). It is expected lower amount of gas bubbles because only O2 (2H2O -4e -→ O2 + 4H + ) bubbles can be formed from H2O at E ox . First all, the surfaces structures are relatively similar (Figure 5) indicating that the main parameter is here the monomer structure. However, the surfaces are more hydrophilic (Table 3), which can be expected by the fact that the polymers and also their surface energy are not exactly the same. Indeed, at constant potential, the conducting polymers are formed in their doped that means here with perchlorate (ClO4 -) dopants, which are highly hydrophilic.

Conclusions

To conclude, surfaces with nanotubes were prepared by softtemplate electropolymerization by synthesizing and studying difunctional-naphthalene with thiophene and carbazole-based molecules. Electrochemical characterizations concluded that electrodeposits were mainly composed of monomer. The formation of nanotubes was highly depending on the monomer structure and the water content. The surfaces with both nanotubes and nanoparticles exhibited both the highest hydrophobicity and stro ng water adhesion, which is comparable to gecko foot or rose petals. The surfaces could be employed in the future in different applications such as in water-harvesting systems or in sensing platforms.

  solid, 1 H NMR (400 MHz, CDCl3) δH: 7.99 (d, J = 7.7 Hz, 119 4H), 7.67 (dd, J = 7.6, 1.6 Hz, 2H), 7.55 (m, 4H), 7.42 (m, 4H), 7.15 120 (m, 8H), 7.05 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.0 Hz, 4H), 6.82 (d, J = 121 8.5 Hz, 2H).

  for soft-template electropolymerization was 132 either dichloromethane (CH2Cl2) or dichloromethane saturated wi th 133 water (CH2Cl2 + H2O sat.). CH2Cl2 + H2O sat. was very easily prepared 134 by mixing CH2Cl2 and H2O, and by keeping the organic phase after 135 decantation. 0.005 M of monomer and 0.1 M of 136 tetrabutylammonium perchlorate (Bu4NClO4) as the electrolyte and 137 surfactant, were added to the solvent. Gold-coated silicon wafer 138 was used as the working electrode, carbon-rod as the counter 139 electrode, and saturated calomel as the reference electrode (SCE). 140 The monomer oxidation potentials (E ox ) were determined by cyclic 141 voltammetry. Then, the depositions were performed either by cyclic 142 voltammetry or at constant potential. 143 Surface characterization 144 The surface structures were observed with a JEOL JSM-6700F 145 scanning electron microscopy (SEM). The apparent contact angles 146 () were obtained using a KRÜSS DSA30 goniometer. Each value is a 147 mean of five measurements. Three liquids of different surface 148 tensions were used: water (γLV = 72.8 mN/m), diiodomethane (γLV = 149 50.0 mN/m) and n-hexadecane (γLV = 27.6 mN/m). For the water 150 adhesion, a water droplet was placed on the substrate and the 151 substrate was inclined until the droplet moves. If the droplet did Please do not adjust margins Please do not adjust margins

Figure 1 -

 1 Figure 1 -Cyclic voltammogram of each monomer (0.005 M) in CH2Cl2 or CH2Cl2 + H2O sat. with 0.1 M of Bu4NClO4. 5 scans from -1 V to Eox at 20 mV s -1 .

Figure 2 -

 2 Figure 2 -Cyclic voltammogram of each electrodeposited polymer surface in CH2Cl2 solution with 0.1 M of Bu4NClO4. 1 scan from 0 V to 2.5 V at 20 mV s -1 .

  Electrodeposited films were obtained with each monomer and in the two solvents excepted with Na-3-Cb-Ph and Na-3-Cb-Na, which were too soluble. With Na-3-Th only in CH2Cl2 + H2O sat. Surprisingly, the polymer oxidation and reduction peaks are very low with thiophene (Na-3-Th) but extremely intense with carbazole (Na-p-Cb, Na-m-Cb, Na-o-Cb, Na-2-Cb-Ph) (Figure 1). This is surprising because thiophene is known to have high polymerization capacity compared to carbazole. These results may be explained if the deposition is extremely favored compared to polymerization with Na-p-Cb, Na-m-Cb, Na-o-Cb and Na-2-Cb-Ph. With these molecules, the deposition speed is increased by intermolecular -stacking interactions.

Figure 3 -

 3 Figure 3 -SEM images of each electrodeposited surface in CH2Cl2 or CH2Cl2 + H2O sat. solution with 0.1 M of Bu4NClO4. 3 scans from -1V to Eox at 20 mV s -1 .
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 6 Surprisingly, the smooth films made from Na-3-Th have water Young' angles ( Y w) close to 90° while all the other films are intrinsically hydrophobic with  Y w > 90°. The more hydrophobic is PAPER Journal J. Na me., 2 0 1 2 , 00, 1 -3 This journal is © The Royal Society of Chemistry 20xx

Figure 4 -

 4 Figure 4 -SEM images with an inclination angle of 45° of electrodeposited surfaces from Na-m-Cb in CH2Cl2 + H2O sat. solution with 0.1 M of Bu4NClO4. 1, 3 and 5 scans from -1V to Eox at 20 mV s -1 .
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Table 1

 1 Apparent contact angles for the rough and dedoped conducting polymer films prepared by cyclic voltammetry.

	Monomer	Cyclic	Solvent: CH2Cl2		Solvent: CH2Cl2 + H2O sat.	
		Voltammetry						
			w (°)	Diiod (°)	Hexa (°)	w (°)	Diiod (°)	Hexa (°)
	Na-3-Th	1 scan	*	*	*	71.5	33.8	˂10
		3 scans	*	*	*	72.4	21.4	˂10
		5 scans	*	*	*	75.5	21.7	˂10
	Na-p-Cb	1 scan	130.1	˂10	˂10	92.4	˂10	˂10
		3 scans	132.5	˂10	˂10	113.6	˂10	˂10
		5 scans	134.5	˂10	˂10	142.0	˂10	˂10
	Na-m-Cb	1 scan	104.2	˂10	˂10	112.7	˂10	˂10
		3 scans	103.8	˂10	˂10	119.2	˂10	˂10
		5 scans	126.4	40	˂10	131.7	˂10	˂10
	Na-o-Cb	1 scans	102.0	27.5	˂10	110.5	24.8	˂10
		3 scans	113.2	˂10	˂10	121.9	˂10	˂10
		5 scans	138.3	˂10	˂10	131.7	˂10	˂10
	Na-2-Cb-Ph	1 scan	90.0	36.5	10.9	111.1	39.1	˂10
		3 scans	91.9	33	˂10	62.3	˂10	˂10
		5 scans	121.1	˂10	˂10	87.1	˂10	˂10

Table 2 .

 2 Apparent contact angles and surface energy for the smooth and dedoped conducting polymer films.

	Monomer	 Y w (°)	 Y Diiod (°)	 Y Hexa (°)	SV	SV,D	SV,P
	Na-3-Th	86.2	46.2	15.2	33.2	29.1	4.1
	Na-p-Cb	103.1	42.5	12.2	32.3	32.1	0.2
	Na-m-Cb	94.2	44.1	16.4	32.0	30.4	1.6
	Na-o-Cb	91.5	45.3	14.1	32.3	30.0	2.3
	Na-2-Cb-Ph	92.4	52.8	21.9	30.0	27.6	2.4

Table 3

 3 Apparent contact angles for the rough and doped conducting polymer films prepared at constant potential .

	Monomer	Imposed	Solvent: CH2Cl2		Solvent: CH2Cl2 + H2O sat.	
		potential						
		(mC cm -2 )	w (°)	Diiod (°)	Hexa (°)	w (°)	Diiod (°)	Hexa (°)
	Na-3-Th	12.5	79.3	31.4	˂10	67.2	38.9	20.9
		25	74.8	21.3	˂10	60.8	35.4	16.1
		50	78.0	24.5	˂10	45.7	30.1	˂10
		100	72.2	29.7	˂10	48.8	24.7	˂10
		200	73.6	19.9	˂10	40.9	30.5	˂10
		400	73.3	˂10	˂10	40.0	29.7	˂10
	Na-p-Cb	12.5	80.6	˂10	˂10	64.2	˂10	˂10
		25	87.7	˂10	˂10	70.7	˂10	˂10
		50	60.6	˂10	˂10	60.7	˂10	˂10
		100	129.7	˂10	˂10	60.4	˂10	˂10
		200	˂10	˂10	˂10	˂10	˂10	˂10
		400	˂10	˂10	˂10	˂10	˂10	˂10
	Na-m-Cb	12.5	83.1	24.7	˂10	94.4	30.1	˂10
		25	83.6	˂10	˂10	75.5	˂10	˂10
		50	89.6	˂10	˂10	85.2	˂10	˂10
		100	76.1	˂10	˂10	76.3	˂10	˂10
		200	94.2	˂10	˂10	81.2	˂10	˂10
		400	64.2	˂10	˂10	108.2	˂10	˂10
	Na-o-Cb	12.5	81.3	˂10	˂10	59.1	23.2	˂10
		25	76.9	13.5	˂10	65.3	28.8	˂10
		50	76.1	10.6	˂10	82.3	15.0	˂10
		100	90.3	˂10	˂10	81.7	22.2	˂10
		200	96.7	˂10	˂10	71.5	16.5	˂10
		400	91.0	˂10	˂10	94.9	˂10	˂10
	Na-2-Cb-Ph	12.5	82.8	26.2	˂10	59.9	30.6	˂10
		25	68.0	25.4	˂10	69.0	˂10	˂10
		50	69.9	˂10	˂10	72.3	10.9	˂10
		100	73.5	˂10	˂10	71.1	25.9	˂10
		200	61.5	19.4	˂10	72.1	˂10	˂10
		400	56.5	21.4	˂10	76.4	24.8	˂10

not move that confirms extremely strong water adhesion.
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