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Abstract 

Controlling the shape of surface nanostructures is fundamental for various potential applications for example, in 

water harvesting systems, liquid transportation or oil/water separation membranes. Here, the creation of porous 

surface structures is made by a process called templateless electropolymerization, in which water (H2O) is oxi-

dized/reduced to form gas (O2/H2) bubbles onto the surfaces and acting as soft template for the polymer growth. 

Keeping the monomer (thieno[3,4-b]thiophene) and the substituent (pyrene) constant, we demonstrate how a 

flexible PEG spacer can affect the structure shape. Here, when the PEG spacer increases, the structures change 

from nanotubes (1D growth), to nanoribbons (2D) and after to hollow nanospheres (3D), which also affects the 

wetting properties. 

 

Keywords: Nanostructures, Wettability, Hydrophobicity, Electrochemistry, Bioinspiration. 

1 Introduction 

Due to their large surface area, nanotube arrays have gathered significant interest over recent years 

for their potential applications in electronic and optical devices, sensors, and for the control surface 

wetting properties [1−8]. Beyond these applications, well-controlled surface structures are also ob-

served and studied in natural surfaces (gecko pads, plants or wings) [9−12].    In order to develop 

well-ordered surface structures, many researches in the literature were performed but their preparation 

often required long and difficult processes such as the use of hard templates, with anodized aluminum 

oxide (AAO) membranes for example [13,14]. For each desired in the nanotube parameter (diameter, 

height…) it is necessary to employ another membrane.  



 

 

2 To avoid the need of templates, researchers have recently become interested in using tem-

plateless electropolymerization as an alternative and rapid approach to obtain easily and quicker con-

trollable porous nanostructures [15−20]. In this alternative method, gas bubbles released in-situ directly 

on the surface as soft templates for the polymer growth and are responsible of their porosity. In the 

literature, the electropolymerization of pyrrole in water (H2O) has been extensively studied [21−29]. 

H2O is necessary for the released of gas bubbles (O2 and/or H2 depending on experimental parameters) 

but a surfactant is necessary to stabilize the gas bubbles.  

In organic solvent such as dichloromethane (CH2Cl2), recent studies have identified approaches that 

eliminate the need for surfactants and thus permit the formation of tubular features by electropoly-

merization such as vertically aligned nanotubes with even extremely strong water adhesion. Exceptional 

results were obtained for example with very aromatic and rigid monomers favoring -stacking inter-

actions such as 3,4-phenylenedioxythiophene (PheDOT), 3,4-naphthlenedioxythiophene (NaphDOT) 

and thienothiophene derivative [30−33]. However, in organic solvent it is important to study the in-

fluence of H2O content because it has often a high influence for example on the number of nanotubes 

[34]. 

Among the available monomers, thieno[3,4-b]thiophene not only has exceptional polymerization 

capacity but it can lead also to various porous structures and is easy to functionalize [35−37]. More 

precisely, unique results were reported when both thieno[3,4-b]thiophene is  used as the monomer and 

pyrene because the last one participates to electropolymerization and also induces high π-sticking in-

teractions [38−41]. In this work, we study how the presence of a poly(ethylene glycol) (PEG) spacer 

between thieno[3,4-b]thiophene and pyrene can affect the polymer growth by templateless electro-

polymerization. Moreover, for future works it was reported in the literature [42−45] that the PEG can be 

used as an inert spacer in a wide range of biotechnological applications such as to display peptides and 

proteins on surfaces for diagnostic purposes, to adsorb or link to various biomolecules, or to immobilize 



 

 

bacteria and antibodies. Here monomers with various PEG spacers from 1 to 4 as shown in Figure 1. In 

order to better characterize the influence of H2O in the templateless electropolymerization process, we 

compare results obtained in CH2Cl2 and CH2Cl2 saturated with H2O (called here CH2Cl2 + H2O). 

   

Fig. 1. Monomers investigated in this work (n = 1, 2, 3 and 4). 

2 Materials and methods 

2.1 Monomer synthesis 

   

Fig. 2. Synthesis way to the monomers. 

 

 

 



 

 

4 Pyren-1-ylmethyl thieno[3,4-b]thiophene-2-carboxylate (Thieno-Pyr) was synthesized using 

a previously reported procedure [35−37]. For the original monomers (Figure 2), 

thieno[3,4-b]thiophene-2-carboxylic acid (Thieno-COOH) was synthesized in three steps from 

3,4-dibromothiophene [46−48]. Then, 1 eq of Thieno-COOH was dissolved in 20 mL of anhydrous 

acetonitrile and mixed with 1 eq of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC) and 20 mg of 4-(dimethylamino)pyridine (DMAP). After stirring for 30 min, 1.2 eq of the cor-

responding diol (spacer) dissolved in acetonitrile was added to the mixture. After one day, the products 

were purified by column chromatography on silica gel (eluent: diethyl ether / petroleum 70:30) to obtain 

Thieno-EGn-OH. 

Thieno-EG1-OH: 2-hydroxyethyl thieno[3,4-b]thiophene-2-carboxylate. Yield 58%; Yellow oil; 

δH(400 MHz, CDCl3): 7.74 (s, 1H), 7.61 (d, J = 2.4 Hz, 1H), 7.30 (dd, J = 2.7 Hz, J = 0.8 Hz, 1H), 4.47 

(t, J = 4.4 Hz, 2H), 3.95 (m, 2H), 2.05 (s, 1H); δC(400 MHz, CDCl3): 163.36, 145.77, 139.72, 138.92, 

124.08, 116.96, 111.47, 65.14, 61.21; MS (70 eV): m/z 228 (M+, 50), 184 (C7H4O2S2
+, 100), 167 

(C7H3OS2
+, 70). 

Thieno-EG2-OH: 2-(2-hydroxyethoxy)ethyl thieno[3,4-b]thiophene-2-carboxylate. Yield 37%; 

Yellow oil; δH(400 MHz, CDCl3):  7.73 (s, 1H), 7.61 (d, J = 2.7 Hz, 1H), 7.29 (dd,         J = 2.7 Hz, J = 0.8 

Hz, 1H), 4.48 (t, J = 4.7 Hz, 2H), 3.83 (t, J = 4.7 Hz, 2H), 3.76 (t, J = 4.1 Hz, 2H), 3.66 (t, J = 4.9 Hz, 

2H); δC(400 MHz, CDCl3): 163.07, 145.85, 139.76, 139.13, 123.96, 116.90, 111.45, 72.46, 69.03, 65.86, 

64.58, 31.79. 

Thieno-EG3-OH: 2-(2-(2-hydroxyethoxy)-ethoxy)ethyl thieno[3,4-b]thiophene-2-carboxylate. 

Yield 22%; Yellow oil; δH(400 MHz, CDCl3): 7.77 (s, 1H), 7.64 (d, J = 2.7 Hz, 1H), 7.32 (dd, J = 2.7 Hz, 

J = 0.8 Hz, 1H), 4.5 (t, J = 4.7 Hz, 2H), 3.86 (t, J = 4.8 Hz, 2H), 3.73 (m, 6H), 3.64 (t, J = 4.9 Hz, 2H); 



 

 

δC(400 MHz, CDCl3): 135.78, 125.52, 116.85, 72.51, 70.82, 70.45, 69.09, 61.85, 49.18, 34.23, 33.95, 

30.33, 25.62, 24.94. 

Thieno-EG4-OH: 2-(2-(2-(2-hydroxyethoxy)-ethoxy)ethyl thieno[3,4-b]thiophene-2-carboxylate. 

Yield 30%; Yellow oil; δH(400 MHz, CDCl3): 7.73 (s,1H), 7.61 (d, J = 2.7Hz, 1H), 7.29 (dd, J = 2.7 Hz, 

J = 0.8 Hz, 1H), 4.47 (t, J = 4.7 Hz, 2H), 3.82 (t, J = 4.9 Hz, 2H), 3.66 (m, 10H), 3.59 (t, J = 2.7 Hz, 2H); 

δC(400 MHz, CDCl3): 134.91, 135.78, 125.52, 123.90, 116.83, 111.40, 72.52, 69.08, 67.97, 64.69, 

61.76, 33.96, 30.32, 25.62, 24.95. 

The investigated monomers were synthesized via a simple esterification reaction (scheme 2). 1.3 eq 

of 1-pyreneacetic acid was dissolved in 20 mL of anhydrous acetonitrile in the presence of 1.2 eq of 

(EDC) and 20 mg of DMAP. After stirring for 30 min, Thieno-EGn-OH dissolved in acetonitrile was 

added. After one day, the products were purified by chromatography on silica gel (eluent: diethyl ether 

/ petroleum 70:30). 

Thieno-EG1-Pyr: 2-(2-(5,9-dihydropyren-1-yl)acetoxy)ethyl 

thieno[3,4-b]thiophene-2-carboxylate. Yield 58%; Orange oil; δH(400 MHz, CDCl3): 8.25 (d, J = 9.2 Hz, 

1H), 8.09 (m, 4H), 7.95 (m, 4H), 7.28 (d, J = 2.7 Hz, 1H), 7.22 (s, 1H), 7.12 (dd, J = 2.7 Hz, J = 0.7 Hz, 

1H), 4.49 (m, 4H), 4.41 (s, 2H); δC(400 MHz, CDCl3): 171.28, 162.62, 145.57, 139.60, 138.52, 131.15, 

130.79, 130.65, 129.37, 128.38, 127.94, 127.24, 125.85, 125.18, 125.05, 124.94, 124.81, 124.58, 

123.68, 123.09, 116.73, 111.10,  62.92, 62.21, 39.43. 

Thieno-EG2-Pyr: 2-(2-(2-(5,9-dihydropyren-1-yl)acetoxy)ethoxy)ethyl 

thieno[3,4-b]thiophene-2-carboxylate. Yield 40%; Orange oil; δH(400 MHz, CDCl3): 8.02 (m, 9H), 

7.64 (s, 1H), 7.53 (d, J = 2.7 Hz, 1H), 7.24 (dd, J = 2.7 Hz, J = 0.8 Hz, 1H), 4.37 (s, 2H), 4.29 (m, 4H), 

3.69 (t, J = 4.7 Hz, 2H), 3.61 (t, J = 4.8 Hz, 2H); δC(400 MHz, CDCl3): 171.53, 162.94, 145.83, 131.27, 



 

 

6 128.37, 128.08, 127.94, 127.36, 127.31, 126, 125.03, 124.99, 124.84, 124.68, 123.85, 123.24, 

123.03, 116.83, 111.39, 69.11, 68.87, 64.55, 64.26, 39.38. 

Thieno-EG3-Pyr: 2-(2-(2-(2-(6,10-dihydropyren-1-yl)acetoxy)ethoxy)ethoxy)ethyl 

thieno[3,4-b]thiophene-2-carboxylate. Yield 30%; Orange oil; δH(400 MHz, CDCl3): 8.03 (m, 9H), 

7.66 (s, 1H), 7.53 (d, J = 2.7 Hz, 1H), 7.23 (dd, J = 2.7 Hz, J = 0.6 Hz, 1H), 4.36 (m, 4H), 4.27 (t, J = 4.6 

Hz, 2H), 3.63 (m, 4H), 3.43 (s, 4H); δC(400 MHz, CDCl3): 169.63, 137.84, 137.37, 133.89, 128.92, 

126.53, 126.18, 126.03, 125.50, 125.41, 124.12, 123.63, 123.39, 123.24, 122.95, 121.94, 121.42, 

114.90, 109.49, 68.72, 68.58, 67.19, 62.69, 62.41, 47.27, 45.81, 37.55, 32.06, 29.09, 28.43. 

Thieno-EG4-Pyr: 2-(2-(3-(2-(2-(6,10-dihydropyren-1-yl)acetoxt)ethoxy)propoxy)ethoxy)ethyl 

thieno[3,4-b]thiophene-2-carboxylate. Yield 17%; Orange oil; δH(400 MHz, CDCl3): 8.04 (m, 9H), 

7.67 (s, 1H), 7.54 (d, J = 2.7 Hz, 1H), 7.24 (dd, J = 2.7 Hz, J = 0.8 Hz, 1H), 4.43 (t, J = 4.7 Hz, 2H), 4.37 

(s, 2H), 4.25 (t, J = 4.6 Hz, 2H), 3.75 (t, J = 4.9 Hz, 2H), 3.61 (m, 4H), 3.51 (t, J = 2.9 Hz, 2H), 3.43 (s, 

4H); δC(400 MHz, CDCl3):171.52, 163.03, 145.85, 131.30, 130.82, 130.79, 128.42, 128.08, 127.93, 

127.41, 127.30, 126.01, 125.53, 125.28, 125.13, 124.86, 123.32, 116.77, 111.38, 70.70, 70.50, 69.00, 

64.69, 64.27, 39.43, 34.24, 30.33.  

2.2 Electropolymerization 

All electropolymerisation experiments were performed with an Autolab potentiostat (from Metrohm). 

Three electrodes were used: a 2 cm2 gold-coated silicon wafer as working electrode (from Neyco), a 

carbon rod as a counter-electrode (from Metrohm) and a saturated calomel electrode (SCE) as a ref-

erence electrode (from Hach Lange). The electrolyte used was tetrabutylammonium perchlorate 

(Bu4NCl4) (0.1 M). Two different solvents were used: either dichloromethane (CH2Cl2) or dichloro-

methane saturated with water (CH2Cl2 + H2O). The latter was prepared by mixing CH2Cl2 with a high 

amount of H2O and removing any excess H2O by extraction after decantation. 



 

 

For each synthesized monomer, the oxidation potential (Eox) was first determined and the templateless 

electrodepositions were performed by cyclic voltammetry from -1 V to Eox at a scan rate of 20 mVs-1 

and using different number of scans (1, 3 and 5). After each deposition, the substrates were washed three 

times in dichloromethane to remove any unreacted monomer or residual electrolyte. 

 

2.3 Surface characterization 

The surface structures were characterized by scanning electron microscopy (SEM) with a 6700F mi-

croscope of JEOL. For the surface wettability, a DSA30 goniometer (from Bruker) was used with 2 µL 

water droplets and the apparent contact angles with water (w) were taken at the triple point (n = 5). 

 

3 Results and discussion 

3.1 Formation of porous structures by templateless electropolymerization 

In agreement with previous works [34], in order to determine the influence of H2O content on the re-

lease of O2/H2 bubble and the resulting surface structures, templateless electropolymerizations were 

performed with two solvents; first, CH2Cl2 because this solvent show that porous structures can be 

formed with this solvent that means at very low H2O content. Then, CH2Cl2 was also saturated with 

water solvent called here CH2Cl2 + H2O) in order to release a much higher amount of O2/H2 bubbles. 

The cyclic voltammogram of the two solvents with 0.1 M of Bu4NClO4 and without any monomer are 

clearly different (Figure 3). A large peak at ≈ -0.5 V vs SCE is present during the back scan in CH2Cl2 + 

H2O, confirming the reaction 2 H2O + 2e- → H2 (bubbles) + 2 OH-. The peak starts at ≈ 0.0 V extends to 

≈ -0.85 V. For the reaction 2 H2O → O2 (bubbles) + 4H+ + 4e-, a peak is present during the forward scan 

but starts rather from roughly 2.0 V vs SCE.  

 



 

 

8  

   

Fig. 3. Cyclic voltammograms (1 scan) of the two solvents (CH2Cl2 (on the left) and CH2Cl2 + H2O (on the right)) with Bu4NClO4 as 

supporting electrolyte. Scan rate: 20 mVs-1. The curves are given in intensity (i in mA) vs potential (E in V). 

After adding the monomers to the electrochemical cell, their oxidation potential was found to be Eox = 

1.55 – 1.75 V vs SCE that means lower than the potential of water oxidation. Then, electrodepositions 

were performed from -1 V to Eox at scan rate of 20 mV s-1. In this potential range, it is especially ex-

pected the released of H2 bubbles during the back scans. In order to observe the polymer growth, the 

number of scans was varied (1, 3 and 5). 

 

Representative cyclic voltammograms after 5 scans for all the monomers are presented in Figure 4. In 

CH2Cl2, the presence of the polymer oxidation and reduction peaks are clearly present at roughly 0.5 – 

1.0 V. The peak intensity is important for all the monomers. In CH2Cl2 + H2O, a large peak at ≈ -0.5 V is 

observed corresponding to water reduction as explained above. The presence of H2O also clearly affects 

the polymer growth because the polymer oxidation and reduction peaks change. These changes are 

dependent on the monomers that means here on the PEG spacer. 



 

 

 

Fig. 4. Cyclic voltammograms (5 scans) of monomers in CH2Cl2 and CH2Cl2 + H2O with 0.1 M of Bu4NClO4 as electrolyte. Scan rate: 20 



 

 

10 mV s-1. The curves are given in intensity (i in mA) vs potential (E in V). 

3.2 Morphological study of the surface structures 

The surface morphologies after electrodeposition by cyclic voltammetry (3 scans) of all monomers in 

the two solvents CH2Cl2 and CH2Cl2 + H2O are highlighted in Figure 5 and 6. From these images, it is 

clear that the presence of H2O has a huge influence of the surface structures. In CH2Cl2, expected with 

Thieno-Pyr, the surfaces are not porous and only spherical structures or cauliflower-like structures are 

observed. Some huge porous structures are observed with Thieno-Pyr indicating its higher capacity to 

form porous structures. This is expected because it was shown that the polymer rigidity seems to be a 

very significant parameter on the formation of porous structures by templateless electropolymerization. 



 

 

   

Fig. 5. SEM images of polymer surfaces obtained from different monomers in CH2Cl2 by cyclic voltammetry. Number of scans 3. 

The SEM images of the polymer surfaces electrodeposited in CH2Cl2 + H2O are gathered in Figure 6. 

SEM images were also done after substrate inclination in order to better see the structures (Figure 7). In 

this solvent, a very nice change in surface structures is observed. Without spacer (Thieno-Pyr), a huge 

number of tubular structures is formed. The polymer growth is mainly mono-dimensional (1D). Then, 

when the length of the PEG spacer increases, the polymer growth become two-dimensional (2D) with 

nano-ribbons and then three-dimensional (3D) with hollow spheres. These results are in agreement with 



 

 

12 the literature data [46]. Thieno-Pyr is highly rigid and highly favors -stacking interactions. As a 

consequence, the polymer growth is induced especially in one direction and nanotubes are formed. 

When a PEG spacer is used, the polymer becomes more flexible, which decreases the preferential in-

teractions. The polymer films become even completely smooth when the PEG spacer is long because 

the polymer solubility also increases. 

Finally, in order to better measure the polymer thickness and to better see the changes in surface 

morphology, cross-sectional SEM images were also performed with each surface (Figure 8). Only with 

Thieno-Pyr, it is clearly observed the presence of vertically aligned nanotubes of  2 m in height and 

0.3 m in diameter. Indeed, we have previously demonstrated the importance to saturate CH2Cl2 with 

H2O to form a huge number of nanotubes [34]. Moreover, the vertically aligned nanotubes are capped 

by other tubular structures of slightly larger diameter and  0.6 m in height. It is also confirmed the 

presence of nano-ribbons with Thieno-EG1-Pyr, hollow spheres with Thieno-EG2-Pyr and relatively 

smooth surfaces with Thieno-EG4-Pyr. The polymer thickness remains relatively the same ( 1 m) 

excepted with Thieno-EG3-Pyr, which leads to much lower thickness ( 0.1 m). 

 

 

  



 

 

   

Fig. 6. SEM images of polymer surfaces obtained from different monomers in CH2Cl2 + H2O by cyclic voltammetry. Number of scans 3. 
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Fig. 7. SEM images of polymer surfaces obtained from different monomers in CH2Cl2+ H2O by cyclic voltammetry. Number of scans 3. 

The substrates are inclined at 45°. 



 

 

 

Fig. 8. Cross-sectional SEM images of polymer surfaces obtained from different monomers in CH2Cl2+ H2O by cyclic voltammetry. 

Number of scans 3. 
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3.3 Wetting properties of the resulting surfaces 

Surface hydrophobicity of all surfaces after electrodeposition has also been investigated by measuring 

water contact angles (Table1 and 2). In CH2Cl2, the water contact angle is around 90° because these 

surfaces are not very structured even if the contact angle can increase or decrease as a function of the 

number of deposition scans (Table 1).  

In CH2Cl2 + H2O, the surfaces with hollow spheres are relatively hydrophilic but the structures are not 

very porous (Table 2). As a consequence, water droplets enter in almost all the surface structures 

(Wenzel equation), as schematized in Figure 9 [47]. By contrast, the surfaces with nanotubes and es-

pecially nano-ribbons are highly hydrophobic because a certain amount of air can be trapped inside the 

surface structures (Cassie-Baxter equation) [48]. More precisely, here this is an intermediate state be-

tween the Wenzel and the Cassie-Baxter state [11,49,50]. Indeed, here the water adhesion is extremely 

high and water droplets do not move even if the substrate inclination is above 90°. 

Fig. 9. Schematic representation of a water droplet on a smooth surface following the Young equation, on a rough surface following the 

Wenzel and the Cassie-Baxter equation, for an intrinsically hydrophilic material (Young angle < 90°). 



 

 

 

 

 

Table 1. Wettability data for the polymer films obtained by cyclic voltammetry in CH2Cl2. 
Polymer Number of deposition scan w [deg] 

Thieno-Pyr 1 

3 

5 

82.3 ± 7.8 

79.7 ± 8.7 

82.0 ± 10.1 

Thieno-EG1-Pyr 1 

3 

5 

89.2 ± 2.4 

98.4 ± 5.1 

95.9 ± 4.6 

Thieno-EG2-Pyr 1 

3 
5 

78.7 ± 1.9 

93.0 ± 6.4 
18.3 ± 6.4 

Thieno-EG3-Pyr 1 

3 

5 

42.4 ± 3.8 

99.3 ± 4.4 

121.8 ± 6.4 

Thieno-EG4-Pyr 1 

3 

5 

78.7 ± 4.1 

90.8 ± 4.8 

106.2 ± 5.0 

 

Table 2. Wettability data for the polymer films obtained by cyclic voltammetry in CH2Cl2 +H2O. 
Polymer Number of deposition scan w [deg] 

Thieno-Pyr 1 

3 

5 

96.2 ± 5.8 

80.2 ± 4.5 

104.2 ± 8.1 

Thieno-EG1-Pyr 1 

3 

5 

82.1 ± 4.9 

115.1 ± 1.9 

131.0 ± 4.5 

Thieno-EG2-Pyr 1 
3 

5 

43.4 ± 5.9 
35.0 ± 17.9 

36.9 ± 5.9 

Thieno-EG3-Pyr 1 

3 

5 

64.2 ± 10.7 

55.9 ± 1.9 

75.4 ± 2.1 

Thieno-EG4-Pyr 1 

3 

5 

58.9 ± 6.6 

60.3 ± 7.6 

73.2 ± 8.5 

 

 

4 Conclusions 

 

 



 

 

18 In this original work, using a model approach, we wanted to demonstrate how it is possible to 

tune the shape of porous nanostructures, created by templateless electropolymerization then gas bubbles 

are formed from H2O onto the substrate. Here, thieno[3,4-b]thiophene and pyrene were chosen as the 

monomer  and the substituent, respectively, for their strong capacity to form nanotubular structures, 

while PEG spacers of different length were used to give some flexibility. Here, for example, we ob-

served that when the PEG spacer increases, the structures change from nanotubes (1D), to nanoribbons 

(2D) and after to hollow nanospheres (3D), affecting also the wetting properties. This work has huge 

potentials applications for example as in water harvesting systems, liquid transportation or oil/water 

separation membranes. 
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