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Abstract 

Here, templateless electropolymerization is employed to produce nanotubular structures from 

various thieno[3,4-b]thiophene-based monomers that differ in substituent structure and size, 

as well as the linker connecting the thieno[3,4-b]thiophene core and substituent. The 

formation densely packed vertically aligned are obtained from monomers with a pyrene 

substituent and when a significant amount of water (CH2Cl2 + H2O) is included in the solvent. 

The geometrical parameters of the nanotubes are highly dependent on the 

electopolymerization method. A significant amount of air is trapped within the structure of the 

densely packed open nanotubes obtained with Qs = 100 mC cm-2 causing an increase in water 

contact angle (w) up to 82.6° (intermediate state between the Wenzel and the Cassie-Baxter 

state), and w can become even more hydrophobic by further modifying the deposition 

method or the electrolyte. 
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1. Introduction 

The design of well-defined nanoporous surfaces such as vertically aligned nanotubes has 

many applications in encapsulation, drug delivery, biomedical imaging, catalysis, 

electrocatalysis, photocatalysis, batteries, supercapacitors, photovoltaics and sensors [1–7]. 

The control of their dimensions (diameter, height, porosity) and shape are fundamental to 

fully understand the relationship between geometrical parameters of the nanostructures and  

observed surface properties, such as surface wettability [8–13]. For example, any trapped air 

within nanotubes can significantly impact surface hydrophobicity, as predicted by the Cassie-

Baxter equation.  

One of the most commonly employed methods to produce ordered nanostructures is through 

hard membranes such as anodized aluminum oxide (AAO). With this approach, well ordered 

vertically aligned nanotubes can be prepared, however this method is difficult and time-

consuming, and furthermore different membranes are necessary for each modification of 

nanotube parameter (diameter, height, etc.) [14–18]. Templateless electropolymerization is an 

excellent alternative that allows rapid production of homogenous nanoporous structures on a 

substrate. The substrate used for electropolymerization has to be conductive and not easily 

oxidizable such as gold, platinum or stainless steel but also a thin conductive layer can be 

added on a non-conductive substrate. An example is transparent glass substrates covered by 

indium-tin oxide (ITO). Substrates of complex geometry such as meshes or micro-patterned 

substrates can be also used even if a textures can affect the polymer growth [19–22]. 

Moreover, it should also be worth-noting that other strategies were employed in the literature 

on conductive substrate to tune the surface roughness/wettability including chemical etching 

[23], surface oxidation [24], and anodization [25], but electropolymerization seems to be one 

of the more versatile process.   

With this process, tubular structures form around gas bubbles that are produced in-situ during 

electropolymerization. Templateless electropolymerization of pyrrole in water (H2O) has been 

extensively studied in the literature [26–35] and different gases (O2 and/or H2) are produced 

from H2O during this reaction. The extent to which this occurs depends on the 

electropolymerization process, and a surfactant is necessary to stabilize the gas bubbles and 

induce polymer growth around them. Two main strategies in this area have been reported. 

First, using sulfonic acids and conducting the electropolymerization via cyclic voltammetry, 

H2 bubbles formed from H+ (2 H+ + 2 e– → H2) released from sulfonic acids during the back 



 

 

scans [26–28]. With this mechanism, tubular structures and cups of very large porosity were 

reported as a function of the potential range as well as the scan rate. Margaritondo et al. 

investigated the microcontainer shape from the electropoymerization of pyrrole on H2 bubbles 

using real-time microradiography and observed the existence of a deformation force at the 

three-phase boundary changing from spherical to elliptical and then to cylindrical [29]. By 

contrast, the group of Debiemme-Chouvy observed the formation of polypyrrole nanowires 

without strong acid but in the presence of anions of weak acid such as 

monohydrogenophosphate and non-acidic anions (perchlorate) [31–35]. In this case, at 

constant potential, the authors noted the release of O2 bubbles from H2O (2 H2O → O2 + 4 H+ 

+ 4 e–). 

Unfortunately, electropolymerization in H2O often requires high monomer concentration and 

most of the monomers employed have limited solubility in H2O. Fortunately, the possibility to 

use organic solvent such as dichloromethane (CH2Cl2) with trace H2O present in solution was 

recently reported [36–42]. By designing monomers that can also play the role of the 

surfactant, it is possible to obtain homogeneous porous structures without a separate 

surfactant. Exceptional results such as vertically aligned nanotubes with strong water 

adhesion were reported with monomers derived from 3,4-phenylenedioxythiophene 

(PheDOT), 3,4-naphtalenedioxythiophene (NaphDOT) and thienothiophene [36–39]. 

Moreover, it was determined that the rigidity of the polymer is a key parameter for this self-

assembly. For example, exceptionally strong effect of small structural variations (2-

naphtylmethyl-, 1-naphtylmethyl-) in functionalized PheDOT was observed from uni-

directional growth (1D) of vertically aligned nanotubes for 2Na-PheDOT to ribbon-like 

nanostructures (2D) for 1Na-PheDOT [36]. 

Among these promising monomers, thieno[3,4-b]thiophene derivatives combine both 

exceptional opto-electronic properties and exceptional capacity to form nanoporous structures 

including nanotubes, nanocups and hollow spheres [40–42]. Here, we study a series of 

original thieno[3,4-b]thiophene monomers with ester and thioester groups directly bound on 

the 2-position. As shown on Scheme 1, different substituents including fluorinated chains, 

alkyl chains and very different aromatic groups are tested. In order to better determine the 

influence of H2O content on the formation of nanoporous structures, two different solvents are 

investigated: CH2Cl2 and CH2Cl2 saturated with H2O (CH2Cl2 + H2O). 



 

 

 

Scheme 1. Original monomers investigated in this work. 

 

 

2. Materials and method 

2.1 Monomer synthesis 

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

dibromothiophene using a procedure reported in the literature [43–45]. 

 

 

Scheme 2. Synthesis strategy for the monomers. 

 

Thieno[3,4-b]thiophene-2-carboxylic acid. Yield 64%; White powder; δH (400 MHz, 

DMSO-d6): 7.99 (dd, J = 2.9 Hz, J = 0.5 Hz, 1H), 7.74 (m, 2H); δC (400 MHz, DMSO-d6): 

163.96, 145.65, 140.28, 138.54, 123.56, 118.36, 112.72. 

For the monomer synthesis, 1 eq. of thieno[3,4-b]thiophene-2-carboxylic acid was mixed with 

1.5 eq. of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and a 

catalytic amount of 4-(dimethylamino)pyridine (DMAP) in 20 mL of absolute acetonitrile. 

After stirring for 30 min, 1.5 eq. of the corresponding alcohol or thiol was added to the 



 

 

mixture. After one day, the crude product was purified by column chromatography on silica 

gel (eluent: cyclohexane/diethyl ether 50:10). The monomer characterization data can be 

found in ESI. 

 

2.2 Electropolymerization  

 

All electropolymerizations 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 counter-electrode (from Metrohm) and a saturated calomel electrode 

(SCE) as the reference electrode (from Hach Lange). 10 mL of a solution containing 0.1 M of 

tetrabutylammonium perchlorate (Bu4NClO4) as supporting electrolyte and 0.01 M of 

monomer was inserted into an electrochemical cell. In order to study the influence of H2O 

content on the formation of H2/O2 gas bubbles, two solvents were used: dichloromethane 

(CH2Cl2) or CH2Cl2 saturated with H2O (CH2Cl2 + H2O). CH2Cl2 + H2O was prepared by 

mixing CH2Cl2 with a high amount of H2O and removing any excess H2O by extraction after 

decantation. Templateless electropolymerizations were performed via cyclic voltammetry 

from -1 V to the monomer oxidation potential (here, Eox ≈ 1.65–1.75 V vs SCE), at a scan rate 

of 20 mV s-1, for 1, 3 or 5 scans. 

 

2.3 Surface characterization 

 

The surface structures were characterized by scanning electron microscopy (SEM) with a 

6700F microscope (JEOL). For the surface wettability, a DSA30 goniometer (from Bruker) 

was used with 2 L liquid droplets. The apparent contact angles () were taken at the triple 

point. Three liquids were used: water (γL = 72.8 mN/m), diiodomethane (γL = 50.0 mN/m) and 

hexadecane (γL = 27.6 mN/m). Five measurements were performed for each data point. 

3. Result and Discussion 

3.1. Templateless electropolymerization 

Here, in order to determine the influence of H2O content, templateless electropolymerizations 

were performed with two solvents: neat dichloromethane (CH2Cl2) and dichloromethane 

saturated with water (CH2Cl2 + H2O). The cyclic voltammograms of the two solvents with 0.1 

M of Bu4NClO4 and without any monomer are clearly quite different (Figure 1). First, a large 



 

 

peak at  -0.5 V vs SCE is present during the back scan in CH2Cl2 + H2O, confirming the 

reaction 2 H2O + 2 e– → H2 (bubbles) + 2 OH-. The peak starts at  0.0 V extends to  -0.85 

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

scan but rather from  2.0 V vs SCE.  

 

Figure 1. Cyclic voltammograms of CH2Cl2 (on the left) and CH2Cl2 + H2O (on the right) 

with Bu4NClO4 (0.1 M) as supporting electrolyte. 1 scan at 20 mV s-1. 

 

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

be Eox = 1.65-1.75 V vs SCE depending on the substituent structure. Therefore, in the 

potential range explored here, the formation of H2 bubbles is expected for electrodepositions 

via cyclic voltammetry. Therefore, electrodepositions via cyclic voltammetry were performed 

with each monomer from -1 V to Eox, and different numbers of scans (1, 3, 5) were explored 

to investigate polymer growth. Examples of cyclic voltammograms after 5 scans are given in 

Figure 2. The oxidation and reduction of the electrodeposited conducting polymers is evident 

on all these voltammograms. With CH2Cl2 + H2O as solvent, a large peak at  -0.5 V vs SCE 

is also often observed, corresponding to the reaction 2 H2O + 2 e– → H2 (bubbles) + 2 OH-. In 

these cases, the polymer films were removed from the substrate by these gas bubbles. 

 

 

 



 

 

 

Figure 2. Cyclic voltammograms of O-Thieno-C2H5, O-Thieno-Ph and O-Thieno-Pyr in 

CH2Cl2 (on the left) and CH2Cl2 + H2O (on the right) with Bu4NClO4 (0.1 M) as supporting 

electrolyte. 5 scans at 20 mV s-1. 

 

 

3.2. Formation of nanoporous structures 

Initially, CH2Cl2 was tested as electropolymerization solvent because it has been shown that 

by using well-designed monomers it is possible to obtain nanoporous structures, even with 

trace H2O. Example SEM images after 3 deposition scans are highlighted in Figures 3-6. 

Using the fluorinated monomers O-Thieno-CnF2n+1, it was observed that the surface 



 

 

morphology transitioned from nanofibrous structures to spherical structures as the fluorinated 

chain length increased (Figure 3). This is due to an increase in polymer insolubility. With very 

long fluorinated chains (O-Thieno-C8F17), the surface is relatively smooth because the steric 

hindrance induced by these long chain substituents becomes very significant. The same 

tendency is observed with the sulfur analogues (S-Thieno-CnF2n+1) even though an increase in 

polymer solubility in CH2Cl2 is expected with the presence of sulfur atoms (ESI, Figure S1). 

The influence of side change length is more sensitive with alkyl chains, as spherical 

nanoparticles are obtained but only from very short alkyl chains (O-Thieno-C2H5 and S-

Thieno-C2H5) (ESI, Figure 2). For the same reason, the polymers formed with S-Thieno-C4H9 

and S-Thieno-C6H13 were completely soluble in CH2Cl2 and polymer films could not be 

electrodeposited using these monomers. For the monomers with aromatic substituents, 

relatively smooth surfaces are obtained except with Thieno-Pyr which leads to spherical 

particles (ESI, Figure 3). Hence, for all the monomers tested here in CH2Cl2, the presence of 

porous structures was not clearly observed. 

 



 

 

 

Figure 3. SEM images of O-Thieno-C4F9, O-Thieno-C6F13 and O-Thieno-C8F17 

electropolymerized in CH2Cl2 (on the left) and CH2Cl2 + H2O (on the right) with Bu4NClO4 

(0.1 M) as supporting electrolyte. Cyclic voltammetry with 3 scans at 20 mV s-1. 

 

 



 

 

 

 

 

Moreover, the study of their surface wettability (ESI, Table S1) reveals the higher 

hydrophobicity with w up to 157.9° for the surface obtained from S-Thieno-C6F13 and S-

Thieno-C4F9 due to the low surface energy (fluorinated chains) and surface structures 

(spherical particles or nanofibers). Films obtained from monomers with short alkyl chains (O-

Thieno-C2H5 and S-Thieno-C2H5) are also highly hydrophobic due to the presence of 

spherical particles and large wrinkles. 

 

Films were also prepared in CH2Cl2 + H2O to determine the influence of H2O content (ESI, 

Table S2). For the fluorinated monomers, the films are similar to than obtained in CH2Cl2 

except than the films are slightly less structured. Nanoporosity is clearly observed, but only 

with O-Thieno-C6F13 as monomer indicating than the presence of nanoporosity is highly 

dependent on the substituent nature. This confirms previous works showing that the polymer 

needs to be very rigid in order to stabilize gas bubbles released during electropolymerization 

(perfluorinated chains are more rigid than hydrocarbon chains and their rigidity increases with 

chain length). Moreover, with all the very short fluorinated chains (CF3) and all the studied 

hydrocarbon chains (C2H5, C4H9 and C6H13), it is observed that the polymer films are 

removed from the substrate by gas bubbles as the release of such a significant amount of gas 

imposes significant pressure on the polymer coating. This is also the case for all the aromatic-

substituted monomers, except Thieno-Pyr for which this phenomenon was much less drastic. 

With these aromatic groups, we also attempted deposition with a 50% reduction in H2O 

content. With this strategy, polymer films were only obtained from O-Thieno-Ph and O-

Thieno-2Naph (Figure 4), but the films display small nanotubular structures. 



 

 

 

Figure 4. SEM images of O-Thieno-Ph and O-Thieno-2-Naph electropolymerized in CH2Cl2 

+ H2O (50%) with Bu4NClO4 (0.1 M) as supporting electrolyte. Cyclic voltammetry with 3 

scans at 20 mV s-1. 

 

In the case of Thieno-Pyr, pyrene participates readily with the polymerization (it has an 

oxidation potential close to that of thieno[3,4-b]thiophene) while also simultaneously 

inducing high -stacking interactions. As shown in Figure 5, the capacity of Thieno-Pyr to 

form very large tubular structures in CH2Cl2 + H2O is impressive, especially compared to all 

the other monomers, demonstrating also the importance of H2O content. After just 1 scan, 

densely packed, vertically aligned nanotubes with a diameter of roughly 500 nm and height > 

1 m are observed on the surface (Figure 6). This indicates that the polymer growth around 

the gas bubbles is uni-dimensional (1D-growth). However, as the number of scans increases a 

significant increase in both nanotube diameter and length is observed. 

 

 

 

  

 

 

 

 

 



 

 

 

 

 

        

 



 

 

Figure 5. SEM images of O-Thieno-Pyr electropolymerized in CH2Cl2 + H2O with Bu4NClO4 

(0.1 M) as supporting electrolyte. Cyclic voltammetry with 1, 3 and 5 scans at 20 mV s-1. The 

pictures are taken without (on the left) and with surface inclination of 45°. 

 

 

Figure 6. SEM images of O-Thieno-Pyr electropolymerized in CH2Cl2 + H2O with Bu4NClO4 

(0.1 M) as supporting electrolyte. Cyclic voltammetry with 1 scan at 20 mV s-1. The pictures 

are taken with high magnification and with surface inclination of 45°. 

 

 

Table 1. Roughness (Ra and Rq) and wettability data for the polymer films obtained from 

Thieno-Pyr in Bu4NClO4/ CH2Cl2 + H2O and as a function of the deposition method. 

Deposition 

method 

Ra 

[nm] 

Rq 

[nm] 
w 

[deg] 

diiodo 

[deg] 

hexa 

[deg] 

CV (1 scan) 244 ± 25 316 ± 33 109.0 ± 4.4 24.5 ± 0.3 0 

CV (3 scans) * * 104.0 ± 7.2 31.1 ± 0.9 0 

CV (5 scans) * *    103.0 ± 6.0 25.4 ± 5.5 0 

CP (12.5 mC cm-2) 38 ± 4 48 ± 5 79.7 ± 4.2 0 0 

CP (25 mC cm-2) 36 ± 4 42 ± 6 68.2 ± 3.7 0 0 

CP (50 mC cm-2) 32 ± 6 42 ± 7 59.4 ± 3.8 0 0 

CP (100 mC cm-2) 89 ± 8 122 ± 9 82.6 ± 5.9 0 0 

CP (200 mC cm-2) * * 55.2 ± 2.8 0 0 

CP (400 mC cm-2) * * 49.6 ± 7.9 0 0 



 

 

*too rough for the apparatus 

 

Thieno-Pyr was also electropolymerized at constant potential and using different deposition 

charges (Qs from 12.5 to 400 mC cm-2). At low Qs, densely packed nanotubes of very low 

diameter and height ( 50 nm) formed (Figure 7). However, as Qs increased the nanotube 

height increases in size much more than the diameter. This is expected because at constant 

potential only O2 gas is formed while by cyclic voltammetry both O2 and H2 are released. 

Here, the formation of extremely long nanotubes is possible because the polymer growth is 

only 1D. For example, the nanotube diameter and length are  500 nm and 5 m for Qs = 200 

mC cm-2 and  1 m and 10 m for Qs = 400 mC cm-2. The surface hydrophobicity can 

increase or decrease as a function of Qs, and higher surface hydrophobicity with w = 82.6° is 

obtained for Qs = 100 mC cm-2 (Table 1). Even if the polymer is intrinsically hydrophilic, 

these results can be explained using the Cassie-Baxter equation if air is trapped inside the 

surface roughness [46]. The densely packed open nanotubes obtained for Qs = 100 mC cm-2 

permit trapping of a significant quantity of air, increasing w to 82.6°. 

 



 

 

 



 

 

Figure 7. SEM images of O-Thieno-Pyr electropolymerized in CH2Cl2 + H2O with Bu4NClO4 

(0.1 M) as supporting electrolyte. Constant potential with Qs = 50, 100, 200 and 400 mC cm-

2. The pictures are taken without (on the left) and with surface inclination of 45°. 

 

Two additional classical electrolytes were also tested: Bu4NBF4 and Bu4NPF6. Relatively 

similar structures are obtained from these electrolytes as shown in ESI, Figures S4-S5 and 

Table S3. It is noted that the surfaces obtained with Bu4NBF4 are more hydrophobic (w up to 

130.8°). 

 

4. Conclusion 

The templateless electropolymerization [26] is a unique method to rapidly form ordered 

nanotubular structures with unique wetting properties. In this work, we have shown that 

combining thieno[3,4-b]thiophene monomer with pyrene substituent allows producing 

densely packed vertically aligned nanotubes if a significant amount of water (CH2Cl2 + H2O) 

is present is the solvent. For example, densely packed, open nanotubes obtained for Qs = 100 

mC cm-2 allowed trapping of a high amount of air and thus increased the water contact angle 

(w) up to 82.6° (intermediate state between the Wenzel and the Cassie-Baxter state) and 

could become even more hydrophobic by further modifying the deposition method or the 

electrolyte. Such materials could be used in the future in many applications and especially in 

water-harvesting systems with a bioinspiration from cactus spines [47], systems with high 

adhesion forces such as gecko pads [48,49], as well as applications in oil/water separation 

membranes [50,51]. 
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