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Templateless electropolymerization for controlled growth of polymeric nanotubes on micropatterned surfaces
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Controlling the growth of nanostructures onto surfaces is fundamental to develop new materials for various fields such as sensing or biomedical applications. Here, we study for the first time the influence of micropatterned substrates on the growth of nanotubes using a templateless electropolymerization approach. The influence of both the nature of the monomer and the deposition charge used in the polymerization process is assessed along with geometric parameters of the microstructured surfaces composed of bidimensionally distributed squared micropillars. First, we show that the formation of nanotubes is always favored at the basis of the microfeatures rather than on their top surface. As a consequence, it is preferable to avoid using monomers which lead to mono-directional (1D) nanotube growth which would be only generated at the basis of the micropillars. By contrast, monomers leading to extremely short nanotubes (nanocups) are preferred. Besides, we hereby demonstrate that the surface coverage with the nanotubes is highly dependent on the geometric parameters of micropatterned substrates. Indeed, the growth of the nanostructures over the micropillars requires a significant energy and thus micropillars of lower height give optimal results. We demonstrate that it is possible to obtain a complete coverage of the microstructured substrate at even very low deposition charge applied during the electropolymerization step.

Scheme 1. Monomers used for the formation of nanotubes.

Introduction

The fabrication of substrates with controlled wettability properties is extremely important for various potential applications such as in liquid transportation, water harvesting or oil/water separation membranes. A promising way to control such properties is to mimic phenomena observed in Nature. [1] For this purpose the understanding of the relationship between the surface properties of new materials and their micro-and nano-scale structural parameters is fundamental to ensure generation of well-controlled surface structures. Recent works show that high surface-area-to-volume ratio, densely packed nanotubes deposited on surfaces have shown exceptional properties for potential applications such as surface adhesion, sensors, optical devices, drug delivery, or cell growth. [1- 5] The most common method to prepare extremely ordered porous structures like vertically aligned nanotubes is based the use of hard templates such as anodized aluminum oxide (AAO) membranes. [6][7][8][9][10] However, the main drawback of such approach is that it needs a multi-step process to obtain nanotubes and each nanotube characteristics requires the use of different membrane which complicate the implementation. Alternatively, the templateless electropolymerization can be applied to generate well-ordered nanotubes over the surface. Such process has several advantages being a very fast and easy to implement. Gas bubbles (soft template) released during the process (in-situ) are the basis of the nanotube growth inducing the formation of porous structures. In literature, the electropolymerization of pyrrole directly in water (H2O) has been extensively studied. [11][12][13][14][15][16] Depending on the polymerization range, different gases can be released from H2O: O2 during the anodic scans and H2 during the cathodic scans, if the deposition is performed for example by cyclic voltammetry. Different structures such as ordered nanotubes and nanocups have been reported. Very recently, the templateless electropolymerization process in organic solvent such as dichloromethane (CH2Cl2) has been proposed as an effective method to prepare extremely wellcontrolled porous nanostructures such as vertically aligned nanotubes. [17][18][19][20][21] Trace H2O naturally present in solution seems to be responsible for the formation of gas bubbles. [20] Because the method does not require any surfactant the monomer itself has an important role in stabilization of gas bubbles during the electropolymerization. We hereby report on the use of rigid monomers such as 3,4-phenylenedixythiophene (PheDOT), naphthalenedioxythiophene (NaphDOT) and thienothiophene derivatives which give exceptional results in templateless electropolymerization (Scheme 1). In this study, we explore how the surface topography of the substrate can affect the growth of nanotubes made by templateless electropolymerization. Several parameters of the process are studied such as the type of monomer, the deposition charge as well as geometric parameters of substrates micropatterned with square micropillars with given edge and height (the pitch was kept constant at 50 m). We report on the influence of those factors on the uniformity of nanotube deposition over the substrate surface. 

Results and Discussion

The templateless electropolymerization was performed in dichloromethane and tetrabutylammonium perchlorate. As reported in literature, trace water naturally present in solution are sufficient to induce the formation of gas bubbles during the electropolymerization. [20] As a consequence, nanotubular structures can be formed as already reported on "ideal" smooth gold substrates using the three here tested monomers. Micropatterned substrates with square pillars of 30 m in edge, 15 m in height and 50 m in pitch were evaluated as growth substrate. First, the templateless electropolymerization was performed using PheDOT-Naph as monomer. Figure 1 shows that this monomer induces the formation of extremely long nanotube arrays. However, the growth of these long tubular structures is almost not observed on the top surface of the micropillars. This shows that the surface at the basis of the micropillars is much more energetically preferential for the nanotubes growth as compared to their top surface. Moreover, the formation of extremely long nanotubes with this monomer shows that the polymer growth is mono-directional (1D) making the growth on the micropillars even more difficult. This is due to the fact the growth of the tubes is preferential on the first seeds which are generated on the basis the micropillars, while the creation of new seeds is energetically disfavored in uppermost locations. [22] To summarize, PheDOT-Naph results to be not a suitable monomer if the growth on the micropillars is expected. This is not the case of the two other monomers NaphDOT and Thieno-Naph.

With these two thiophene derivatives (Figure 2 and Figure 3), the formation of arrays of vertically aligned nanotubes of short length (nanocups) is clearly observed. These results are similar than that observed on smooth gold substrates (without micropattern) except that with NaphDOT, the nanostructures are smaller in size.

Here, depending on the deposition charge (Qs), the nanotube growth is also observed on the micropillar top surfaces (Figure 3 and Figure 4). To obtain an acceptable nanotube density, a deposition charge (Qs) of 200 mC cm -2 is necessary with NaphDOT while a Qs of 400 mC cm -2 is required with Thieno-Naph. More precisely, using NaphDOT, at Qs = 25 mC cm -2 an extremely high concentration of nanotubes is observed on the gold substrate beside the micropillars. A much higher concentration is observed around the pillars meaning that the geometrical shape of the microfeatures induces a local pressure around the pillars that drives to extensive growth of nanotubes. Indeed, at Qs = 25 mC cm -2 the nanotubes can be only generated on around 25% of the surface area of the micropillars. Then, when the nanotubes start their growth over the micropillar upper surface (higher deposition charges), the local pressure around the micropillars is reduced and nanotube surface concentration decreases. Because the edges of the pillars are sharp, a significant energy is necessary to generate gas bubbles on the top surface of the microfeatures which is essential for the nanotube growth. The generation of nanotubes can reach 50%, 100% and 200% of the micropillar surface area for a Qs of 50, 100 and 200 mC cm -2 , respectively. However, when the Qs is too high, the formation of wavy surface artifacts is observed and the nanotube geometry is altered. The arrangement of the nanotubes is also different on the substrate as compared to the surface with micropillars. The final hydrophobicity of the surfaces prepared with different monomers was assessed by measurements of the contact angle (Table 1). The results show that contact angles w varies drastically with the deposition charge Qs as a result of large variation of the nanocups growth over the micropatterned substrate. It should also be noticed that the surfaces obtained with Thieno-Naph are more hydrophobic due to a higher intrinsic polymer hydrophobicity and/or the presence of long vertically aligned nanofibers. The influence of geometric parameters of the micropatterned substrates and especially of the height of the micropillars on the growth of nanotubes was also studied in order to obtain the best geometrical parameters (Table 2). Micropatterned substrates with higher pillar height (50 m) were tested but the nanocups growth on the pillar was not observed. Tests were also performed on micropatterned substrates with pillar height of 5 m. As shown in Figure 5, a homogeneous growth of nanocups is obtained at a low Qs ≈ 50 mC cm -2 . The diameter and the height of the nanocups is roughly 200-300 nm.

The same results are obtained with pillar edge of 30 m and 40 m. With these parameters, the measurements of the water contact angle show the surface is hydrophilic with w ≈ 50° independently of Qs.

Conclusions

Here, using a templateless electropolymerization, we have shown how the presence of micropatterns on a substrate can affect the growth of nanotubes. We reported on the influence of the monomer nature, the deposition charge as well as geometric parameters (edge and height) of micropatterned substrates with square pillars. We clearly demonstrated that the formation of nanotubes is always energically favored at the basis the micropillars rather than over the top surface of the microfeatures. However, with a judicious choice in the monomer and the geometric parameters of micropatterned substrates, it was possible to homogeneously cover the substrate with the same type of nanotubes even at very low deposition charge. Monomers leading to extremely short nanotubes (nanocups) were found to be more suitable.

Experimental Section

The monomers were synthesized according to the previous publications. [17,18,21] Fabrication of the micropatterned substrates: The micropatterned substrates were fabricated by using a photolithography process (Figure 6). First, a negative photoresist SU-8 3025 (MicroChem, USA) was spin coated onto a silicon wafer (Institute of Electronics Material Technology, Poland) for 1 min at 4000 rpm.

The resist was submitted to soft-baking process (95°C, 30 min) and left to cool down for 30 min (relaxation time). The prepared surface was subsequently processed in photolithography using MA150 Mask Aligner (SUSS MicroTec, Germany). Samples with desired micropattern were generated upon the exposure to UV light (365nm, 251W, 30-60 sec) through a physical mask placed above. The substrate was then placed at 95° for 5-min post-exposure baking step and the UV-non exposed areas were subsequently dissolved in 1-methoxy-2-propyl acetate (5-10 min gently mixing). The microstructured sample was washed in isopropanol and Milli-Q water followed by drying under the nitrogen stream.

The micropattern was stabilized within 150°C hard baking step over 90 min. The microfabrication process resulted in squared micropillars of 30µm edge, 15 m height and 50 µm spacing (pitch). The substrate was finally coated with 200-nm layer of gold obtained by physical vapor deposition. Templateless electropolymerization: For the templateless electropolymerization, each monomer (concentration 0.01 M) was separately dissolved in dichloromethane containing tetrabutylammonium perchlorate (0.1 M). The solution was placed in an electrochemical cell connected to a potentiostat (Autolab from Metrohm, Switzerland). 2 cm 2 surface of previously prepared micropatterned substrates was used as a working electrode. A carbon rod was applied as counter-electrode while a saturated calomel electrode (SCE) was used as reference. The electrodeposition steps were performed at constant potential with a potential of 1.80, 1.70 and 2.00 V vs SCE for NaphDOT, PheDOT-Naph and Thieno-Naph, respectively. The growth of conducting polymer nanotubes was controlled by varying the deposition charge (Qs) from 12.5 to 400 mC cm -2 . Qs is directly given by the software GPES and depends on the intensity and the deposition time.

Surface characterization: Scanning electron microscopy (SEM) was performed to visualize the nanotube growth (6700F microscope from JEOL). The images pictures were recorded with a substrate inclination angle of 0° and 45° to better characterize the nanotube growth on the edge of micropillars The surface hydrophobicity was recorded by contact angle measurements using DSA30 goniometer (Bruker, 2 L water droplets were used for determining the water apparent contact angles (w) at the triple point and each reported data value is a mean of five measurements.
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The templateless electropolymerization approach is investigated on micropatterned surfaces. Both the monomer nature, the deposition charge as well as geometric parameters of substrates micropatterned are studied 

Figure 1 .

 1 Figure 1. SEM polymer surfaces obtained from PheDOT-Naph at constant potential with different deposition charges on micropatterned substrates (30 m edge, 15 m height, 50 m pitch).

Figure 2 .

 2 Figure 2. SEM polymer surfaces obtained from Thieno-Naph at constant potential with different deposition charges on micropatterned substrates (30 m edge, 15 m height, 50 m pitch).

Figure 3 .

 3 Figure 3. SEM polymer surfaces obtained from NaphDOT at constant potential with different deposition charges on micropatterned substrates (30 m edge15 m height, 50 m pitch).

Figure 4 .

 4 Figure 4. In-depth SEM polymer surfaces obtained from NaphDOT at constant potential with different deposition charges on micropatterned substrates (30 m edge 15 m height, 50 m pitch). The surfaces are inclined at 45°.

Figure 5 .

 5 Figure 5. SEM polymer surfaces obtained from NaphDOT at constant potential with different deposition charges on micropatterned substrates (30 m edge15 m height, 50 m pitch).

Figure 6 .

 6 Figure 6. Schematic representation of the microfabrication process by photolithography (left). SEM image of the microstructured substrate composed of 40x40µm pillars coated with gold (right).
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Table 1 .

 1 Wettability data for the polymers films obtained by cyclic voltammetry in CH2Cl (pitch = 50 m).

	Monomer

Geometric parameters of the micropatterned substrates Deposition charge [mC cm -2 ] w [deg] edge [m] height [m] NaphDOT 30 15 12.5 57.1 ± 1.5 25 58.8 ± 1.8 50 58.7 ± 2.8 100 40.7 ± 3.3 200 80.9 ± 4.2 400 70.9 ± 3.6 PheDOT-Naph 30 15 12.5 58.0 ± 5.5 25 75.1 ± 5.3 50 61.7 ± 4.5 100 86.8 ± 5.8 200 38.2 ± 6.0 400 36.7 ± 6.2 Thieno-Naph 30 15 12.5 89.1 ± 5.5 25 92.1 ± 6.9 50 98.3 ± 6.6 100

  

105.9 ± 3.5 200 106.3 ± 5.0 400 117.4 ± 5.5

Table 2 .

 2 Wettability data for the polymers films obtained by cyclic voltammetry in CH2Cl with other geometrical parameters (pitch = 50 m).
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