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Bioinspired by the strong water-adhesive forces of gecko foot or rose petals, here, nanotubular 

structures are prepared by soft-template electropolymerization. Water is mixed to a solvent of 

low water-solubility to form a micellar solution in the presence of tetrabutylammonium 

perchlorate as the electrolyte and surfactant. As the monomer, a benzene is trifunctionalized 

with various thiophene and carbazole moieties. The monomers are fully conjugated to favor 

the deposition compared to polymerization, as confirmed by cyclic voltammetry experiments. 

The surface nanostructures (nanotubes, nano-ribbons, coral-like structures) are highly 

dependent on the monomer and the water content but less on the deposition method. The 

maximum water contact angle is 158.1° accompanied with strong water adhesive force. These 

surfaces are highly interesting for applications in water-harvesting systems or in sensing 

platforms. 

 

Introduction 

The control of structures at the nanoscale is fundamental in various practical applications 

including the areas of optical technologies, electronics, structural materials, catalysts, 

energy/environment, information technology, detection science, medicine [1–4] but also for 

applications based on wetting properties.[5–8] In Nature, there are many species having very 
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different liquid-repellencies. The most famous example is the lotus leaf with 

superhydrophobic and self-cleaning properties along with extremely both high water contact 

angles and ultra-low adhesion water and dust.[9] By contrast, other species have ultra-strong 

water adhesion such as gecko foot or rose petal.[10–13] These last properties could be used in 

water-harvesting systems or in sensing platforms.[14,15] The key parameters for the control of 

liquid-repellency are the surface energy and the surface structures.[16,17]  

As surface structures, nanotubes are excellent candidates for their high surface-area-to-

volume ratio, and also as demonstrated by Jiang et al. by comparing the water adhesive force 

between nanotubes and surfaces structures without nanopores. The work is fundamental 

because they prepared aligned polystyrene (PS) nanopillars terminating in flat, concave tips or 

nanotubes and the obtained surfaces display both the contact angles larger than 150° 

(superhydrophobicity) but the water adhesion was highly dependent on the tip geometry.  

[18] Moreover, these forces are also highly dependent on the geometrical parameters of the 

tubes and the number of tubes.[18–20] One of the most used methods for elaborating well-

defined nanotubes on a substrate consists in the use of pre-formed hard templates such as 

anodized aluminum oxide (AAO) membranes.[21,22] However, this method is very hard to 

implement and especially one novel membrane is necessary for each change in the nanotube 

geometrical parameters.  

In soft-template electropolymerization or templateless electropolymerization, soft matter such 

as gas bubbles or micelles in solution can play a similar work than templates but there are 

extremely easy to form and remove.[23–29] If the monomer is soluble in water (H2O) such as 

pyrrole or aniline, gas bubbles can be produced in–situ if the electropolymerization is made in 

H2O due to H2O oxidation and/or reduction.[23–26] If the monomer is insoluble in H2O, the 

electropolymerization can be made in solvent of low water-solubility such as dichloromethane 

(CH2Cl2) or chloroform (CHCl3).[27–29] If H2O is present in CH2Cl2 or chloroform CHCl3, 

inverse micelles can be formed in solution acting as soft-template.[27] For forming nanofibers 

by electropolymerization or nanotubes by soft-template electropolymerization, it is necessary 

to induce a preferential growth in one direction.[30] It is well established in conjugated 

polymers that –stacking interactions can induce this effect in the direction perpendicular to 

the molecule, as already reported with 3,4-naphthalenedioxythiophene (NaphDOT).[27] 

Because the preferential growth needs time, the polymerization speed should not be too fast 

also, as already reported by designing monomers leading to only dimers during 

electropolymerization or by reducing the electropolymerization temperature.[31,32] Wang et al. 

reported 1,3,5-tri(thiophen-2-yl)benzene (Ph-2-Th) as an excellent monomer by soft-template 
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electropolymerization in similar conditions.[33] Here (Scheme 1), we study also a close 

monomer differing by the position of the thiophene groups (Ph-3-Th) as well as various 

original carbazole-based monomers (Ph-p-Cb, Ph-m-Cb, Ph-o-Cb, Ph-p-Ph-Cb, Ph-2-Cb-

Ph, Ph-3-Cb-Ph, Ph-3-Cb-Na). All these monomers are fully conjugated in order to facilitate 

the deposition compared to polymerization. We want to show and explain how even just the 

position of a substituent can highly modify the resulting surface structures by soft-template 

electropolymerization. Particularly, we characterize the composition of the electrodeposits by 

electrochemical methods to show the presence of both monomers and oligomers in the films. 

 

 
Scheme 1. Investigated monomers based on 1,3,5-triphenyl common core.  

 

 

Results and Discussion 

Soft-Template Electropolymerization 

The monomer synthesis and the electrochemical parameters are available in Supporting 

Information. In order to investigate the effect of H2O in soft-template electropolymerization, 

two solvents were studied here: dichloromethane (CH2Cl2) and dichloromethane saturated 

with water (CH2Cl2 + H2O sat.). Tetrabutylammonium perchlorate (Bu4NClO4) was used as 

supporting electrolyte and also for stabilizing the micelles in solution. The monomer 

oxidation potentials (1.75 < Eox < 2.05 vs SCE) were determined by cyclic voltammetry (CV) 

in solution of CH2Cl2 with 0.1 M of Bu4NClO4 and 0.005 M of monomer (Figure 1). Here, the 

difficulty is due to the presence of several oxidation peaks for these monomers due to the 

Ph-2-Th Ph-3-Th Ph-p-Cb

Ph-m-Cb Ph-o-Cb

Ph-p-Ph-Cb Ph-2-Cb-Ph Ph-3-Cb-Ph Ph-3-Cb-Na
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several chemical parts (phenyl, thiophene, carbazole, naphthalene) but these peaks are above 

1.75 V. Here, Eox was chosen at the first intense peak.    

 

 

Figure 1. CV curves of each monomer. 1 scan from 0 V to 2.5 V with 0.1 M of Bu4NClO4 in 

CH2Cl2. The scan rate was 100 mV s-1. 
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Then, the electrodepositions were performed in the two solvents first by CV from -1 V to Eox, 

a scan rate 20 mV s-1 and with different numbers of scans (1, 3 and 5). The depositions started 

from -1 V in order to produce H2 bubbles in CH2Cl2 + H2O sat. (2H+ + 2e–   →   H2). The 

spectra are given in Figure 2. As expected, the peaks of water reduction are more intense in 

CH2Cl2 + H2O sat. However, the polymer oxidation and reduction peaks are particularly 

intense with Ph-p-Ph-Cb. This is surprising because carbazole gives only short oligomers 

compare to thiophene but the high intensity can be explained by a high deposition with this 

molecule and particularly by intermolecular -stacking interactions.  
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Figure 2. CV curves of each monomer. 5 scans from -1.0 V to Eox V with 0.1 M of Bu4NClO4 

in CH2Cl2 or CH2Cl2 + H2O sat. The scan rate was 20 mV s-1. 

 

After washing, the substrates were electrochemically characterized in solutions free of 

monomer. The CV curves of each polymer are available in Figure 3. First of all, this is the 

peak of the monomer which is the most intense in all CV curves indicating its majority 

presence in the electrodeposited films. This is surprising especially with thiophene moieties 

due to its high polymerization capacity compared to carbazole. Moreover, in the CV curves 

there is one peak for the monomer and another one for the oligomers with the thiophene-based 

monomers, and three peaks for the two for the carbazole-based monomers. For example, with 

Ph-3-Cb-Ph the peaks are relatively and well-separated, and are at 1.78, 2.02 and 2.22 V for 

the monomers and 0.92, 1.10 and 1.37 V for the oligomers. 
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Figure 3. CV curves of electrodeposited surfaces from each monomer. 1 scan from 0 V to 2.5 

V with 0.1 M of Bu4NClO4 in CH2Cl2. The scan rate was 20 mV s-1. 

 

Electrodeposition by cyclic voltammetry  

Scanning electron microscopy (SEM) images are available in Figure 4. First of all, both the 

monomer structure and H2O content play key role in the final surface structures. In CH2Cl2, 

the surfaces are either smooth or made of non-porous spherical particles. The formation of 

porous tubular structures is observed only with Ph-m-Cb but the number of structures on the 

surface is extremely low. The formation of porous structures by CV in CH2Cl2 can expected 

by the formation of H+ during electropolymerization (n∙Monomer - 2ne–   →   Polymer + 
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2nH+), which after are reduced to H2 bubbles during the back scans (H2 (2H+ + 2e–   →   H2) 

bubbles).  

 

 

Figure 4. SEM images of electrodeposited surfaces from each monomer. 3 scans from -1 V to 

Eox V with 0.1 M of Bu4NClO4 in CH2Cl2 or CH2Cl2 + H2O sat. The scan rate was 20 mV s-1. 

 

Cyclic Voltammetry

CH2Cl2 + H2O sat.CH2Cl2



  

10 

 

In CH2Cl2 + H2O sat., the films made with the thiophene derivatives (Ph-2-Th and Ph-3-Th) 

are extremely porous resembling to corals. The size of the structures is extremely different  

500 nm for Ph-3-Th and several m for Ph-2-Th. Moreover, inside the huge structures of 

Ph-2-Th there are also clearly pores of lower size (1 m) (Figure 5 and Figure 6). We 

already demonstrated that during electropolymerization in CH2Cl2 + H2O sat. there is the 

formation of inverse micelles[27] and here the formation of these coral like-structures can be 

accepted by the presence of H2O inside the micelles while during electropolymerization, the 

polymer grows around the bubbles due to the presence of CH2Cl2 and monomer but not inside 

the micelles. The size difference of the structures obtained with Ph-2-Th and Ph-3-Th can be 

also explained by the formation of micelles of smaller size with Ph-3-Th. Further analyses 

(Figure 5) show that the structures are formed after just 1 scan. 

With carbazole-derivatives, it is observed sometimes the formation of tubules or ribbon-like 

structures that means there is a preferential growth in one or two directions with these 

monomers (Figure 4). This is the case with Ph-m-Cb and Ph-o-Cb. Further analyses with Ph-

m-Cb (Figure 5) show that the ribbon-like structures are formed after just 3 scans. With 

carbazole at the para–position (Ph-p-Cb), this is both the formation of both long nanotubes 

and spherical particles, which can be explained by a higher insolubility in solution. This is 

confirmed also with Ph-p-Ph-Cb, for which the nanotubes become extremely long but with 

spherical particles.  

 

 
Figure 5. SEM images with an inclination angle of 45° of electrodeposited surfaces from Ph-

2-Th and Ph-m-Cb. 1, 3 and 5 scans from -1 V to Eox V with 0.1 M of Bu4NClO4 in CH2Cl2 

+ H2O sat. The scan rate was 20 mV s-1. 

Cyclic Voltammetry
CH2Cl2 + H2O sat.

1 scan 3 scans 5 scans

1 m

1 m
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Figure 6. Supplementary SEM images with an inclination angle of 45° of electrodeposited 

surfaces from Ph-2-Th. 5 scans from -1 V to Eox V with 0.1 M of Bu4NClO4 in CH2Cl2 + 

H2O sat. The scan rate was 20 mV s-1. 

 

The apparent contact angles () were realized with probe liquids differing by their surface 

tension (LV) (Table 1).  

 

Table 1. Apparent contact angles for the rough and dedoped conducting polymer films prepared 

by cyclic voltammetry. 

Monomer  Cyclic 

Voltammetry 

Solvent: CH2Cl2   Solvent: CH2Cl2 + H2O sat.  

w (°) Diiod (°) Hexa (°) w (°) Diiod (°) Hexa (°) 

Ph-2-Th 1 54.1 31.5 <10 63.3 <10 <10 

 3 87.3 <10 <10 43.0 <10 <10 

 5 63.8 <10 <10 71.9 <10 <10 

Ph-3-Th 1 84.4 28.4 <10 58.8 28.5 <10 

 3 78.9 13.1 <10 73.8 26.9 <10 

 5 81.0 24.2 <10 86.6 <10 <10 

Ph-p-Cb 1 85.5 <10 <10 70.8 <10 <10 

 3 92.2 <10 <10 69.6 <10 <10 

 5 91.0 <10 <10 87.4 <10 <10 

Ph-m-Cb 1 85.6 40.6 <10 90.8 13.0 <10 

 3 93.1 <10 <10 116.4 <10 <10 

 5 97.9 <10 <10 135.9 19.7 <10 

Ph-o-Cb 1 81.6 26.6 <10 70.0 <10 <10 

 3 78.4 18.2 <10 119.0 <10 <10 

 5 84.7 16.6 <10 133.0 <10 <10 

Ph-p-Ph-Cb 1 141.3 <10 <10 147.0 <10 <10 

 3 143.3 <10 <10 150.8 <10 <10 

 5 132.9 <10 <10 105 <10 <10 

Ph-3-Cb-Ph 1 99.3 26.1 <10 116.2 <10 <10 

 3 106.0 <10 <10 122.6 <10 <10 
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 5 125.6 <10 <10 128.6 <10 <10 

Ph-3-Cb-Na 1 118.8 25.4 <10 105.4 41.2 11.0 

 3 85.5 14.9 <10 144.7 <10 13.9 

 5 151.1 <10 <10 158.1 <10 <10 

 
 

 

In order to better explain these results, smooth surfaces with each monomer were also 

prepared for determining the Young’s angles (Y)[34] and the surface energy with the Owens-

Wendt equation (Table 2).[35] The films prepared with thiophene-based monomers (Ph-2-Th, 

Ph-3-Th) are intrinsically hydrophilic with Y
w < 90° while some of the films prepared with 

carbazole-based monomers (Ph-p-Cb, Ph-m-Cb, Ph-3-Cb-Ph) are intrinsically hydrophobic.  

 

Table 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 

Ph-2-Th 71.0 43.7 14.7 39.1 28.2 10.9 

Ph-3-Th 77.6 54.0 16.9 34.3 26.2 8.1 

Ph-p-Cb 97.2 47.7 13.0 31.0 30.2 0.8 

Ph-m-Cb 94.1 56.6 19.5 28.8 27.0 1.8 

Ph-o-Cb 83.5 55.5 18.1 31.8 26.5 5.3 

Ph-p-Ph-Cb 89.8 48.8 16.2 31.5 28.9 2.6 

Ph-3-Cb-Ph 96.6 58.1 17.5 28.3 27.1 1.2 

Ph-3-Cb-Na 65.9 41.8 12.7 42.1 28.3 13.8 

 

 

 

All the < Y
w when Y

w < 90°, and reversely can be explained with the Wenzel equation 

(full wetting).[36] All the > 90° when Y
w < 90° can be explained only with the Cassie-

Baxter equation indicating the presence of air between the droplet and the rough surface. [37] 

Here, these is no relationship between the water apparent contact angles and the 

electrochemical parameters because, as shown by Cassie-Baxter, the main parameter affecting 

the apparent contact angles is the air fraction trapped between water droplet and the rough 

surface.  Moreover, all the surfaces with high hydrophobicity, have also a sticking behavior 

comparable to rose petals or gecko foot.[10–13] Indeed, water droplets remained stuck on the 

surface even with an inclination of 90° as shown in Figure 7. The advancing and receding 

contact angles and as a consequence the hysteresis can not be measured because water 

droplets do not move whatever the sliding angle. 
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Figure 7. Example of water droplet on our surfaces with an inclination angle of 90°. 

 

 

Electrodeposition at constant potential 

In order to confirm these results, another deposition method was tested with the same 

conditions: at constant potential (E = Eox) and with different deposition charges. With this 

method, it is expected lower released gas bubbles because also oxygen O2 bubbles can be 

formed from H2O (2H2O - 4e–   →   O2 + 4H+). This also possible in anhydrous CH2Cl2 if 

trace H2O are present in solution. First of all, the surface structures (Figure 8) are very close 

to that obtained by CV confirming that the main parameters are the monomer structure and 

H2O content. With Ph-p-Ph-Cb, extremely long tubes are also observed but especially at high 

deposition charge (400 mC cm-2). Their surface hydrophobicity (w) is a little lower (Table 3) 

which can be explained by the fact the conjugated polymers formed at imposed potentials are 

in their doped state and with hydrophilic perchlorate (ClO4
-) anions. This doping has also an 

influence on the surface energy (LV). 
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CH2Cl2 CH2Cl2 + H2O sat.

Imposed Potential
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Figure 8. SEM images of electrodeposited surfaces from each monomer. At Eox with 0.1 M of 

Bu4NClO4 in CH2Cl2 or CH2Cl2 + H2O sat. The deposition charge was 100 mC cm-2. 

 

Table 3. Apparent contact angles for the rough and doped conducting polymer films prepared 

at imposed potential. 

Monomer  Imposed 

Potential 

Solvent: CH2Cl2  Solvent: CH2Cl2 + H2O sat.  

w (°) Diiod (°) Hexa (°) w (°) Diiod (°) Hexa (°) 

Ph-2-Th 12.5 75.4 20.4 <10 54.5 16.7 <10 

 25 89.7 <10 <10 47.5 14.1 <10 

 50 76.0 20.5 <10 32.3 22.1 <10 

 100 64.0 <10 <10 33.5 28.6 <10 

 200 68.1 <10 <10 40.3 42.5 <10 

 400 68.3 <10 <10 <10 43.6 <10 

Ph-3-Th 12.5 61.6 22.6 <10 51.8 34.6 <10 

 25 64.7 26.7 <10 46.1 43.2 <10 

 50 62.8 23.1 <10 54.2 47.1 <10 

 100 84.1 <10 <10 35.9 51.8 <10 

 200 85.2 25.2 <10 48.1 52.1 <10 

 400 57.2 15.3 <10 <10 37.8 <10 

Ph-p-Cb 12.5 75.4 <10 <10 71.7 <10 <10 

 25 75.1 <10 <10 74.8 <10 <10 

 50 74.5 <10 <10 76.0 <10 <10 

 100 76.8 <10 <10 75.9 <10 <10 

 200 68.7 <10 <10 69.6 <10 <10 

 400 43.5 <10 <10 77.9 <10 <10 

Ph-m-Cb 12.5 66.3 27.8 <10 64.6 32.6 <10 

 25 60.9 32.9 <10 63.4 34.8 <10 

 50 70.4 22.5 <10 67.6 34.3 <10 

 100 50.6 16.3 <10 70.3 42.2 <10 

 200 44.7 25.2 <10 64.8 27.9 <10 

 400 45.4 31.0 <10 62.6 34.5 <10 

Ph-o-Cb 12.5 65.5 23.7 <10 68.0 30.7 <10 

 25 57.9 21.1 <10 61.0 31.1 <10 

 50 58.3 27.5 <10 78.0 <10 <10 

 100 50.7 22.1 <10 64.2 12.8 <10 

 200 57.0 21.1 <10 71.1 23.4 <10 

 400 59.1 23.0 <10 60.6 31.9 <10 

Ph-p-Ph-Cb 12.5 101.6 24.0 <10 91.5 16.2 <10 

 25 90.6 12.6 <10 95.4 <10 <10 

 50 101.8 <10 <10 102.1 <10 <10 

 100 105.1 <10 <10 102.6 <10 <10 

 200 118.0 <10 <10 99.3 <10 <10 

 400 113.1 <10 <10 95.8 <10 <10 

Ph-3-Cb-Ph 12.5 74.2 14.4 <10 78.0 18.6 <10 

 25 77.0 <10 <10 79.7 16.1 <10 

 50 83.8 13.8 <10 76.5 14.4 <10 

 100 92.5 22.1 <10 81.7 24.7 <10 

 200 100.4 <10 <10 73.0 10.7 <10 
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 400 112.2 <10 <10 88.0 21.3 <10 

Ph-3-Cb-Na 12.5 86.5 21.3 14.8 84.4 18.8 <10 

 25 87.3 25.2 <10 88.6 24.2 <10 

 50 79.4 <10 <10 84.7 21.8 <10 

 100 84.6 <10 <10 80.8 <10 <10 

 200 86.8 <10 <10 82.4 <10 <10 

 400 110.7 <10 <10 61.5 <10 <10 

 

 

Conclusion 

To conclude, a soft-template electropolymerization was used by mixing H2O is mixed to a 

solvent of low water-solubility (CH2Cl2) to form a micellar solution in the presence of 

Bu4NClO4 as electrolyte and surfactant. The monomers consisting in a benzene 

trifunctionalized with various thiophene and carbazole moieties were synthesized and used. 

As confirmed by cyclic voltammetry experiments, the monomers were fully conjugated to 

favor the deposition compared to polymerization. Tunable nanotubular structures (nanotubes, 

nano-ribbons, coral-like structures) were obtained and were dependent on the monomer and 

H2O content but less on the deposition method. The maximum  was 158.1° accompanied 

with strong water adhesive force comparable to gecko foot or rose petals. These surfaces 

could be used in the future in different applications such as in water-harvesting systems or in 

sensing platforms. 

 

Supporting Information Summary  

Supporting Information contains the monomer synthesis and experimental information. 
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A soft-template electropolymerization is used with a solvent of low-water solubility in the 

presence of water to form a micellar solution. Monomers consisting in a benzene 

trifunctionalized various thiophene and carbazole moieties are investigated. The monomers 

are fully conjugated to favor the deposition compared to polymerization. Nanotubes are 

observed with some of the monomers indicating a preferential growth in one-direction. 
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