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Abstract 

 

Hypothesis 

The formation of porous nanostructures on surfaces and the control of their size and 

shape is fundamental for various applications. The creation of nanotubes is particularly difficult 

to implement without the aid of hard and rigid templates. Recently, methods that form 

nanotubular structures in a straightforward manner and without direct templating, e.g. soft 

templating, have been highly sought after. Here we propose the use of “soft templating” via 

self-assembly of conducting monomers during electropolymerization in organic solvents as a 

mean to form porous, nanotubular features. 

 

Experiments 

Naphtho[2,3-b]thieno[3,4-e][1,4]dioxine (NaphDOT) is employed as monomer for 

electropolymerizations conducted in dichloromethane and chloroform containing varying 

amounts of water. SEM analyses of the resulting surfaces confirms the strong capacity of 

NaphDOT to form vertically aligned nanotubes. Polymerization solutions analyzed by DLS and 

TEM reveal the presence of micelles prior to electropolymerization, and the size of the micelles 

correlates with the inner diameter of the nanotubes formed.  

 

Findings 

We show that micelles in polymerization solutions are stabilized by both monomers and 

electrolytes. We propose a mechanism where reverse micelles are forming a soft-template 

responsible for the formation of porous nanostructures during electropolymerization in organic, 

non-polar solvents. In this mechanism, the monomer and electrolyte assume the role of 

surfactant in the reverse micelle system. 

 

Keywords: electropolymerization, soft-template, reverse micelles, porous nanostructures. 

 

1. Introduction  

The design of nanostructures such as nanotubes on surfaces is fundamental for several 

applications including sensors, photocatalysis, magnetism, energy storage, optical and 

electronic devices and also for tuning surface wettability [1–7]. In that last case, nanotubes often 



impart superhydrophobic properties to a surface. The amount of air trapped within the 

nanotubes acts directly on the adhesion of water droplets on the surface. Thereby their geometry 

can impart unique adhesive behaviors between water droplets and the surface, sometimes 

resulting in strong hydrophobicity and adhesion [7]. 

An efficient approach to build nanotubes is through polymerization on a hard template 

[8,9]. Previously, electropolymerization of conductive polymers (e.g., polypyrrole, poly(3,4-

ethylenedioxythiophene (PEDOT)) has been employed to form nanotubes with this approach 

[10,11]. Unfortunately, this strategy comes with disadvantages, most importantly that it is quite 

labor- and material-intensive; the templates are often single-use and therefore a totally new 

template is required to manipulate or adjust a single nanotube parameter (e.g., height, diameter, 

etc.). 

To avoid these limitations, nanotubes can also be obtained by employing templateless 

electropolymerization. For example, nanotubes are formed during the electropolymerization of 

pyrrole without any hard template. During electropolymerization, the water (H2O) used as 

solvent is oxidized or reduced into O2 or H2, creating gas bubbles that can be stabilized on the 

substrate by surfactants included in the aqueous monomer solution, such as camphorsulfonic 

acid [12] or beta-naphtalene sulfonic acid [13–17]. Being stabilized, the gas bubbles act as a 

soft template for electropolymerization. Another approach to develop polypyrrole nanotubes 

has been described, however instead of surfactant, weak acid anions (such as inorganic chlorate 

or phosphate salts) are employed [18–22]. In this case, the presence of weak acid anions inhibits 

the oxidation of pyrrole, enhancing water oxidation. This over-oxidizes the polypyrrole layer, 

making it insulating except for discrete sites that are protected by O2 bubbles. When pyrrole 

electropolymerization starts again, it proceeds on the protected, discrete sites and leads to the 

formation of nanotubes. With this mechanism, the over-oxidation of polypyrrole generates the 

soft template during electropolymerization. 

While the prior examples were isolated to aqueous systems, soft template 

electropolymerizations can also be performed in organic solvents, particularly dichloromethane 

(CH2Cl2), and with various conductive monomers including thiophene-based derivatives [23–

28]. The suggested mechanism for nanostructure formation in organic solvents relies on the 

generation of gas bubbles by trace water oxidation or reduction. The gas bubbles are then 

stabilized on electrode surfaces by monomers and/or electrolytes that act as surfactants. 

However, up to now, the only evidence of this mechanism is the presence of the water reduction 

peak observed on voltammograms, even in anhydrous solvents, as well as the resulting porous 

structures on the polymer surfaces [29,30]. 



In this study we demonstrate, for the first time, that in electropolymerization solutions, 

reverse aqueous micelles stabilized by monomer and electrolytes form prior to the onset of 

polymerizations. Moreover, we also demonstrate that the size of these micelles correlates with 

the inner diameter of nanotubes that form via subsequent electropolymerization. For this study, 

naphtho[2,3-b]thieno[3,4-e][1,4]dioxine (NaphDOT) was chosen as monomer for all 

electropolymerizations, due to its previously demonstrated strong capacity to form nanotubular 

structures, even at very low H2O content (Scheme 1) [31, 32]. Dichloromethane (CH2Cl2) and 

chloroform (CHCl3) were chosen as organic solvents and were saturated with H2O to determine 

the influence of H2O content on the formation of micelles prior electropolymerization, as well 

as the resulting surface structures. 

 

Scheme 1. Monomer studied in this manuscript. 

2. Experimental Section 

2.1. Electropolymerization parameters 

The monomer, NaphDOT, was synthesized according to previous works [32,33] and 

polymerized via electrodeposition onto gold plates. Electrodepositions were performed with an 

Autolab potentiostat of Metrohm (Autolab) using a three-electrode system: a gold plate as 

working electrode, a carbon rod as counter-electrode and a saturated calomel electrode (SCE) 

as reference electrode. For all electropolymerizations, a solution of 0.1 M tetrabutylammonium 

perchlorate (Bu4NClO4) and 0.01 M of monomer was used. The solvents employed included 

anhydrous CH2Cl2 or CHCl3, as well as either of these saturated with water, (referred 

throughout the text as: CH2Cl2 + H2O sat. and CHCl3 + H2O sat.). Saturated solvents were 

prepared by mixing the organic solvent with a large amount of water and collecting the organic 

phase. An intermediate water content of the solvents (H2O 50% sat.) was prepared by diluting 

by half (in volume) CH2Cl2 + H2O sat. or CHCl3 + H2O sat. with anhydrous analogues. In order 

to release a large number of gas bubbles, electrodepositions were performed via cyclic 



voltammetry, from -1 V to the monomer oxidation potential (Eox = 1.80 V vs SCE for 

NaphDOT) and at a scan rate of 20 mV s-1. 

 

2.2. Micelle characterization 

Sizes of the micelles were determined via dynamic light scattering using a Vasco γ 

Particle Size Analyzer (Cordouan Technologies) and the software NanoQ V2.5.5.0. The sizes 

presented are the average of 3 different experiments of 6 measurements each. 

Electropolymerization solutions were observed by transmission electron microscopy 

(TEM) prior to electrodeposition and also after 5 cyclic voltammetry scans using a JEOL JEM-

1400 TEM. The solution compositions are the same as described above. For imaging, a drop of 

0.45 µm-filtered solution was deposited onto a 400 mesh TEM copper grid with a carbon 

support film and the exceeding liquid was absorbed with a paper filter to avoid excessive salt 

deposition onto the TEM grids. 

Size measurements on TEM and MEB pictures were performed using ImageJ. 

Population distributions were calculated with at least 170 subjects. The mean sizes and standard 

deviations were calculated fitting the distribution with a gaussian model using the least square 

method. 

 

2.3. Surface characterization 

Surface morphology was evaluated via scanning electron microscopy (SEM) using a 

JEOL 6700F SEM after platinum coating. Static water contact angles of the polymer films were 

measured using a DSA30 goniometer of Bruker and determined via the sessile-drop method 

with 2µL water droplets. 

 

3. Results and Discussion 

3.1. Micelle characterization 

Diffusion Light Scattering (DLS) measurements were performed with solutions of 

NaphDOT monomers and Bu4NClO4 containing CHCl3 or CHCl3 + H2O sat. as solvent. The 

DLS measurements revealed bimodal distributions of sizes for samples containing NaphDOT 

and Bu4NClO4 (C and C’), as well as those containing only Bu4NClO4 (B and B’). The mean 



size of each mode is reported in Table 1. The sizes of the objects do not depend on the water 

content of the solvent, as no significant difference is observed for the water saturated solvents. 

No objects were detected in the solutions containing only solvents (A and A’). Several size 

distributions were observed for solution D that underwent 5 cyclic voltammetry 

electropolymerizations. This different size distributions are likely suspended oligomers, which 

explains the difference compared to samples B and C. 

 

Table 1. Micelle size measurements of solutions with concentrations used in the 

electropolymerization process. The first two columns highlight the DLS results (means of 

distribution modes) and the last columns contain the micelles mean sizes and standard 

deviations calculated by a gaussian fit on the diameter distributions measured on TEM images, 

as well as the surfaces structures diameter observed by MEB, respectively. 

 

 

TEM observations of solutions B, B’, C, C’, D, and D’ (Fig. 1) confirmed the presence 

of micelles, even in the solutions without any NaphDOT monomers (B, B’). The diameters of 

the micelles were measured on random TEM images. In samples containing water in the solvent 

(C’ and D’), the micellar distributions are mono-modal (Fig. 1) with a bigger mean size 

observed for sample D’ (237 ± 92 nm) than C’ (174 ± 66 nm). With D’, the reverse micelles grew 

Sample 

DLS  

First mode 

(nm) 

DLS 

Second 

mode (nm) 

TEM micellar 

size 

distribution 

MEB 

Nanostructures 

diameter (nm) 

A CHCl3     

A’ CHCl3 + H2O sat.     

B Bu4NClO4 +  CHCl3 34 ± 4 773 ± 354   

B’ Bu4NClO4 +  CHCl3 

+ H2O sat. 
25 ± 3 655 ± 347   

C NaphDOT + 

Bu4NClO4 +  CHCl3 
16 ± 3 151 ± 4 

84 ± 25 

291 ± 83 
Outer 334 ± 39 

C’ 
NaphDOT + 

Bu4NClO4 +  CHCl3 

+ H2O sat. 

32 ± 6 181 ± 51 166 ± 57 
Outer 399 ± 42 nm 

Inner 151 ± 46 nm 

D 
NaphDOT + 

Bu4NClO4 +  CHCl3 

(5 scans) 

10 ± 1 

30 ± 8 

184 ± 53 

521 ± 66 

89 ± 30 

201 ± 47 
 

D’ 
NaphDOT + 

Bu4NClO4 +  CHCl3  

+ H2O sat. (5 scans) 

12 ± 2 539 ± 103 220 ± 66  



during the electropolymerization of this solution, which is supported by the appearance of 

oligomers in solution. The first distribution mode detected by the DLS was not observed in the 

TEM images so its existence is not confirmed. The TEM images gives more precise sizes than 

DLS but objects smaller than 50 nm cannot be detected. 

Micellar distributions observed in TEM images were bimodal in samples containing 

anhydrous solvent (C and D), see Fig. 1. The size of their second mode is similar to the size of 

the reverse micelles measured on TEM images for samples C’ and D’ (200-300nm). Since 

anhydrous solvents still contain trace amounts of water, that are often visible on cyclic 

voltammetry curves [29,30], these larger micelles are surely reverse micelles and the smaller 

ones with approximate size of 80 nm are micelles formed by the electrolytes and monomers 

only. These results highlighting variations in number of reverse micelles but not their size as a 

function of water content correlate with a prior study focused on a different monomer, where it 

was demonstrated that increasing water content increases the overall number of nanotubes but 

not their size [29].  

TEM images of samples B and B’ also showed two populations of micelles, following 

the DLS results. Their nature is here different because of the absence of monomers, the smaller 

micelles being electrolytes aggregates and the bigger reverse micelles, and therefore their sizes 

are not reported in Table 1.  



 

 

Figure 1. Upper panel: TEM observations of monomer solutions in CHCl3 before and after 

polymerization. (scale bars are 2µm in each image). Lower panel: Micellar sizes distributions 
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of solutions D (red) and D’ (dark blue), C (orange) and C’(light blue) measured on TEM images 

and pores diameters distribution (green) of NaphDOT film (3 cyclic voltammetry scans in 

CHCl3 + H2O sat.) measured on SEM images. 

3.2. Characterization of the nanoporous polymer films 

In order to confirm that the reverse micelles lead to the formation of nanostructures 

during electropolymerization, all surfaces were characterized by SEM (with and without 

substrate inclination) to estimate the size of surface structures (Figure 2).  

 

Figure 2. SEM observations of NaphDOT after 3 cyclic voltammetry scans in CHCl3, with 

varying water content. Both horizontal images (top row) and inclined images (bottom row) are 

displayed. 

 

In anhydrous CHCl3, NaphDOT electropolymerization formed some nanotubules, 

however they are not very porous (Fig. 2, left column). However, with CHCl3 + H2O sat. as 

solvent, many nanorings are clearly observed on the surface (Fig. 2, right column). The increase 

in water content has two effects: (1) it increases the number of tubes, and (2) it slightly decreases 

their size, which is expected if the same amount of polymer is deposited. The hydrophobicity 

of the films also decreases with increasing the water content of the solvent (θw=124 ± 8°, 91 ± 

5° and 87 ± 7° respectively). 



The sizes of the surface nanostructures were measured in the SEM images taken of 

surfaces after 3 cyclic voltammetry scans. In CHCl3, the mean outer diameter of the 

nanostructures was 334 ± 39 nm, which is slightly larger than the micelle size observed in TEM 

images or measured via DLS (sample C, Table 1). This makes sense since the size measured 

via SEM is the outer diameter of the structure. In CHCl3 + H2O sat., the mean outer-diameter 

of the nanorings was similar (399 ± 42 nm). However, in this case it was also feasible to 

measure the inner-diameter of the different nanorings, revealing an average size of 151 ± 46 

nm. This corresponds perfectly with the reverse micelle size of sample C’ (Fig. 1).  

This last result proves that the observed micelles, once adsorbed onto the electrode 

surface, can serve as a soft template for NaphDOT polymerization (Scheme 2). Once adsorbed, 

the water contained in the micelles is either oxidized or reduced to O2 or H2 gas, and the gas is 

eventually released leading to porous nanostructures. If the polymer growth proceeds in a 

unidimensional fashion, depending on the molecular interactions, nanotubes are formed. 

 

Scheme 2. Proposed mechanism. A. Reverse micelles are adsorbed on the substrate. B. Micelles 

act as a soft-template for polymer deposition and water is oxidized or reduced inside the 

micelles. C. Gas bubbles are released and polymer growth continues. 

3.3. Role of the monomer in the micelle stabilization 

Since micelles are also present in solutions without NaphDOT monomer (B and B’), we 

tried to determine the role of the monomer in the formation of such micelles. DLS experiments 

were performed with different NaphDOT concentrations in the solutions, yet fixed electrolyte 

concentration of 100 mM (Figure 3). The size of the micelles appears to increase with the 

quantity of NaphDOT in solution, showing that the monomer takes part in the formation of 

reverse micelles. Therefore, the electrolytes and monomers are acting as co-surfactants. At the 

electropolymerization concentration (10mM) (which corresponds to samples C and C’), a 

second group of smaller micelles are also detected, which are likely aggregates of NaphDOT 

monomers and electrolytes. Samples in anhydrous CHCl3 showed exactly same results as those 

in CHCl3 + H2O sat, revealing that water content does not significantly alter micelle size. 



Figure 3 shows SEM images of surfaces after NaphDOT electrodeposition in CHCl3 

with varying water content, and monomer concentrations of 5 and 10 mM. The overall 

morphology of the structures does not change significantly, however the diameter of the 

nanorings decreases with decreasing monomer concentration. This result is in agreement with 

the DLS experiments which indicated that micelle size decreased with monomer concentration. 
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Figure 3. Upper panel: DLS results for solutions with 100mM Bu4NClO4 and two different 

NaphDOT concentrations. Blue: CHCl3 + H2O sat. and green: anhydrous CHCl3. Lower panel: 

SEM observations (x25000) of NaphDOT 3 cyclic voltammetry scans depositions in 

chloroform with different amount of water and monomers concentration.  

With the existence of micelles stabilized by NaphDOT monomers and electrolytes being 

demonstrated in chloroform, and the role of these micelles as soft-templates for porous 

electrodeposited films, we also wonder if this mechanism is possible in other solvents. 

3.4. Generalization to electropolymerization in others organic solvents 

In addition to CHCl3, the NaphDOT monomer is well known for its strong capacity to 

form vertically aligned nanotubes when electropolymerized in CH2Cl2 [31,32]. To determine 

the influence of H2O content on the surface structures when polymerized in CH2Cl2, NaphDOT 

was electropolymerized in CH2Cl2 + H2O sat. and CH2Cl2 + H2O 50% sat. The SEM images 

(Figure 4) from these experiments reveal that the number of tubes formed from 

electrodeposition again increases with water content. This is consistent with the proposed 

mechanism (Scheme 2). Furthermore, the tubes are more open with increased water content, 

and with CH2Cl2 + H2O sat., the tubes are larger and shorter, with walls folded up. As in CHCl3, 

the structures become more porous with increasing water content, but the tubes have visibly 

smaller diameters with electropolymerization in CHCl3 than in CH2Cl2, leading to a higher 

hydrophobicity of the films (θw=121 ± 5°, 144 ± 2° and 93 ± 6° for surfaces polymerized in 

CH2Cl2 with increasing water content). TEM observations of NaphDOT solutions with 

Bu4NClO4 in CH2Cl2 confirmed the presence of micelles, however of a larger size (around 500 

nm). This difference in micelle size between the two solvents can be related to the higher 

solubility of H2O in CH2Cl2 (123mM) [34] than in CHCl3 (73mM) [35]. If more water is 

solubilized in CH2Cl2 than compared to CHCl3, the micelle size should be bigger, and thus the 

gas bubbles and resulting nanotubes. 

This can also explain why NaphDOT electropolymerization in acetonitrile [32] did not 

form porous structures. Acetonitrile is indeed a polar solvent (µ= 3,45 D) that is miscible with 

water, and its non-dissociating properties (εr = 37,5) prevent electrolytes from stabilizing 

potential micelles. DLS measurements of Bu4NClO4 solutions in acetonitrile confirmed the 

non-existence of such reverse micelles. 

 



 

Figure 4. SEM observations of NaphDOT cyclic voltammetry scans depositions in CH2Cl2 

with various water content, flat (first row) and inclined (second row) pictures at a tiny scale and 

at a larger scale (bottom row). 

 

4. Conclusion 

Electropolymerization is a very convenient technique to obtain surfaces with porous 

nanostructures like nanotubes that are used in many applications such as water harvesting, 

sensors, catalysis and water/oil separation [1-7]. A better knowledge of the mechanism leading 

to porous nanostructures will enable a finer control of the nanostructures and a focus on relevant 

monomers for this surface design. In this study, we demonstrated for the first time that the 

formation of porous nanostructures by electropolymerization in organic solvents of low polarity 

such as chloroform and dichloromethane is due to the presence of reverse micelles in solution 

prior to the onset of polymerization. 

Based on previous works on electropolymerization in water using a surfactant [12-17], 

this work demonstrated that the micelles observed in organic solvent are stabilized by 

monomers and electrolytes playing the role of a surfactant. Once adsorbed onto the electrode, 



they act as a soft template for polymer electrodeposition. The water inside the micelle is 

oxidized or reduced, forming gases that are released during the electrodeposition. With an 

increasing amount of water in a solvent, the number of micelles increases but not their size, 

leading to a surface with more densely packed nanostructures. This corresponds with 

observations previously reported in the literature [29, 30].  

Further investigations are necessary to determine the role of the electrolytes on the 

stabilization of the reverse micelles and how to extend this behavior to other monomers.  
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Figures captions 

 

Scheme 1. Monomer studied in this manuscript. 



Scheme 2. Proposed mechanism. A. Reverse micelles are adsorbed on the substrate. B. Micelles 

act as a soft-template for polymer deposition and water is oxidized or reduced inside the 

micelles. C. Gas bubbles are released and polymer growth continues. 

 

Figure 1. Upper panel: TEM observations of monomer solutions in CHCl3 before and after 

polymerization. (scale bars are 2µm in each image). Lower panel: Micellar sizes distributions 

of solutions D (red) and D’ (dark blue), C (orange) and C’(light blue) measured on TEM images 

and pores diameters distribution (green) of NaphDOT film (3 cyclic voltammetry scans in 

CHCl3 + H2O sat.) measured on SEM images. 

 

Figure 2. SEM observations of NaphDOT after 3 cyclic voltammetry scans in CHCl3, with 

varying water content. Both horizontal images (top row) and inclined images (bottom row) are 

displayed. 

 

Figure 3. Upper panel: DLS results for solutions with 100mM Bu4NClO4 and two different 

NaphDOT concentrations. Blue: CHCl3 + H2O sat. and green: anhydrous CHCl3. Lower panel: 

SEM observations (x25000) of NaphDOT 3 cyclic voltammetry scans depositions in 

chloroform with different amount of water and monomers concentration. 

 

Figure 4. SEM observations of NaphDOT cyclic voltammetry scans depositions in CH2Cl2 

with various water content, flat (first row) and inclined (second row) pictures at a tiny scale and 

at a larger scale (bottom row). 

 

Table 1. Micelle size measurements of solutions with concentrations used in the 

electropolymerization process. The first two columns highlight the DLS results (means of 

distribution modes) and the last columns contain the micelles mean sizes and standard 

deviations calculated by a gaussian fit on the diameter distributions measured on TEM images, 

as well as the surfaces structures diameter observed by MEB, respectively. 


