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A template-free approach to nanotube-decorated polymer surfaces using 3,4-phenylenedioxythiophene (PhEDOT) monomers

In this work, novel 3,4-phenylenedioxythiophene (PhEDOT) monomers with alkyl, branched, and aromatic substituents were synthesized and tested for their efficacy at forming surfaces with unique wetting properties and surface morphology without the aid of surfactants. Monomers with a naphthalene substituent clearly showed the highest capacity to stabilize gas bubbles (O2 or H2) formed in solution during electrodeposition from trace water, resulting in the formation of nanotubes. Variation in the resulting density, diameter, and height of nanotubes was demonstrated by varying the electropolymerization protocol, conditions, or electrolyte used. The wetting induced by the nanotube formation results in the surfaces formed having both high contact angles with water (W) and strong adhesion, despite all polymers being intrinsically hydrophilic. This one-step and easily tunable approach to nanotube formation has potential to advance applications in membrane design, water transport and harvesting, as well as sensor design.

Introduction

The design of surfaces with controlled morphology both in dimension and shape, and also with regards to overall surface energy, is very important towards the design of sensors, 1 catalysts, 2 biomimetics, [3][4][5] as well as for controlling surface wettability. [6][7][8] Towards this last aim, the design of both superhydrophobic surfaces characterized by a high apparent contact angles with water (W), (greater than 150°) and low water adhesion, and parahydrophobic surfaces characterized by a high W and high water adhesion [9][10][11] are highly desirable for textiles, 3,12 coatings, 13 membranes, 14 antiicing, 15,16 anti-fogging, 17 and anti-biofouling applications. 18 One engineering route towards this type of surface design is the electrodeposition of conducting polymers. 19 One of the greatest advantages of this technique, which can be classified as a "bottomup" approach to designing surfaces, is that it permits the formation of incredibly varied surface morphologies including: fibers, 20,21 sheets, 22 spheres 23 and tubes. 24,25 Furthermore, the resulting surface morphologies can be chosen and tuned to manipulate water adhesion on the fabricated surfaces.

While many monomer groups such as: anilines, pyrroles, pyrenes and phenylenes are suitable for electrodeposition -the thiophene moiety has been explored extensively and found to be a robust monomer for this process. In particular, the slightly modified 3,4ethylenedioxythiophene (EDOT) has exceptional conductivity, good solubility, and is also highly stable in the oxidized state and therefore polymerizes rapidly and efficiently. [26][27][28] When electropolymerized, films made of EDOT-based monomers are strongly adherent and can have dramatically varied morphologies. The surface morphology and solubility can be tuned by adjusting the electropolymerization protocol and conditions, but also by the addition of different functionalities and side-groups onto the EDOTmonomer structure.

For instance, fluoro-carbonated groups have been incorporated as substituents on electrodeposited EDOT polymer backbones. 29,30 As expected, the modification of the monomer with a low surface energy substituent often leads to the formation of surfaces with strongly anti-wetting character, specifically W >150°. 31 Since fluorinated chains have a high bioaccumulation potential, the use of different hydrophobic substituents has been explored to avoid this deleterious effect. For example, long alkyl chain substituents have been introduced onto EDOT-monomer structures via either carboxylic acid functionalities 32 or carbamate linkers 33 and can lead to the formation of structured, rough, and superhydrophobic surfaces. However, the direct incorporation of an alkyl substituent onto the EDOT monomer unit without the linkers just mentioned is detrimental to the resulting polymerization of the monomer. Most significantly, the addition of long alkyl chains typically results in various sterio-and regio-isomers. 34,35 To avoid this issue, Roncali et. al. propose substituting a benzyl ring instead of the ethylene bridge between the two dioxy units, forming a 3,4phenylenedioxythiophene (PhEDOT) monomer. 34 This way, instead of having different isomers that could hinder the degree of polymerization, the alkyl chain is attached to the monomer through an sp 2 carbon and should remain co-planar with the polythiophene backbone. [34][35][36][37][38][39] Moreover, even if the benzyl ring can reduce the polymerization capacity by the mesomeric effect, its high rigidity and the supplementary π-stacking interactions induced by its presence lead to highly conductive polymers. Additionally, it is possible to control the substitution of the phenyl ring to modify the resulting polymer properties. 34,40,41 While this successful modification of PhEDOT monomer has been demonstrated synthetically and it's electronic and physical properties have been characterized showing improved solubility and behavior as an electronic conductor compared to EDOT, no study has yet probed the efficacy of these molecules when forming coatings via electrodeposition nor characterized the resulting surface properties such as morphology and wettability.

Moreover, using molecules close to PhEDOT, the possibility to prepare porous nanostructures such as nanotubes has been demonstrated in one-step, in organic solvent, and without the use of a template. 24,25,42 For example, the formation of nanotubes during the electropolymerization of pyrrole in water and using a surfactant has been demonstrated many times. [43][44][45][46][47][48] In these examples, trace water allows for the formation of gas bubbles necessary to create porous nanostructures. The resulting nanostructures are highly sensitive to the deposition method because different gases (O2 and H2) can be formed depending on the potentials used. The monomer structure is also extremely important for stabilizing the gas bubbles produced during the process, and in particular naphtho [2,3-b]thieno [3,4-e][1,4]dioxine (NaphDOT) has yielded exceptional results with very well-defined, vertically aligned nanotubes with extremely high water adhesion. 24,25 Scheme 1 -Original monomers synthesized and studied in this work

In this work, we were interested in studying the effect of the presence of a substituent not only on the surface morphology and wettability of surfaces formed by electropolymerization, but also how these substituents influence the formation of nanotubes. Taking PhEDOT as an example molecule, 13 monomers were synthesized and studied with different linear and branched alkyl chains as well as aromatic substituents (Scheme 1). Here, we show that the substituent plays a major role in the stabilization of gas bubbles and as a consequence on the formation of nanotubes.

Materials and methods

Materials

All materials including 1,2-dimethoxy benzene, all acid chlorides, aluminum trichloride, hydrazine hydrate, boron tribromide, 3,4dimethoxythiophene, and p-toluenesulfonic acid were used as received from Aldrich and without further purification.

Synthesis

The majority of the alkyl-and phenyl-substituted 3,4phenylenedioxythiophene (PhEDOT) monomers (Scheme 1) were synthesized using a four-step method displayed in Scheme 2, which was modified from synthetic procedures reported in the literature. 34,40,41 Scheme 2 -Synthetic route to PhEDOT monomers Briefly, catechol derivatives are formed by reaction of 1,2 dimethoxybenzene (1) with acid chlorides via a Friedel-Craft acylation with various side groups to form the modified catechol (1a). In the subsequent step the carbonyl group from the acid Synthesis of 2a-2j. 1 eq. of 1a (1-(3,4-dimethoxyphenyl)-butan-1one) is dissolved in 130 mL of diethylene glycol, and 13.9 g hydrazine hydrate (82.6 mmol, 2.15 eq) is added. The solution is left stirring at ambient conditions for 30 min. After this time, 10.7 g of KOH (173 mmol, 4.5 eq) is added and the solution is brought to reflux for 1 h 30 min at 120 °C. The temperature is then gradually increased to distil all low boiling point materials (especially water) until the solution temperature reaches 215 °C, and is left under reflux for 3 hours. After this period, the solution is cooled to room temperature. The solution is then acidified with HCl until it reaches a pH of ~2. The aqueous phase is extracted 5 times with diethyl ether (160 mL), after which all the organic phases are recombined and washed twice with water (65 mL). The solvent is evaporated, and the resulting product is purified on silica gel with dichloromethane as eluent to yield 2a-2j. During this step, it was observed that a part of the methoxy groups became deprotected but it was not a problem because the final reaction involved the complete deprotection of these groups.

Synthesis of 3a-3j. 1 eq of 2a (4-butyl-benzene-1,2-dimethoxy) is dissolved in 300 mL of anhydrous dichloromethane and brought to -20°C. 11 mL of BBr3 (115 mmol, 4 eq) in anhydrous dichloromethane is dropped into the solution, which is then brought to ambient temperature. The mixture is stirred for 3 hours, after which 900 g of cold water is added to the solution. After 45 min of stirring, the solution is saturated with NaCl. The aqueous phase is extracted 4 times with 440 ml of dichloromethane. The resulting organic phases are then combined and washed 2 times with 660 ml of a saturated solution of NaCl. The solvent is evaporated from the product 3a-3j which are then purified on silica gel with dichloromethane as eluent for monomers substituted with linear compounds and cyclohexane/diethyl ether (1:3) as eluent for monomers substituted with aromatic compounds. This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins Synthesis of the monomers. 1 eq of 3a-3j and 2.5 g of 3,4dimethoxy thiophene (117 mmol, 4 eq) are dissolved in 120 mL of toluene. 0.5 g of p-toluenesulfonic acid (2.9 mmol, ~1 eq) is added to the solution, which is then refluxed at 120°C for 24 h. After 24 h, 0.5 g of p-toluenesulfonic acid is added again and the solution is refluxed again at 120°C for 24 h. The resulting product is purified first on silica gel with dichloromethane/cyclohexane (1:1) as eluent and then on silica gel with cyclohexane as eluent. 
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Electropolymerization

Polymer films were formed by electrodeposition using a Metrohm potentiostat (Autolab). In all experiments, a 2 cm 2 gold plate was used as the working electrode, a carbon-rod was used as the counter electrode and a saturated calomel electrode (SCE) was used as the reference. The electrolyte was varied for different depositions between: a solution of 0.1 M tetrabutylammonium (Bu4NClO4) in anhydrous dichloromethane, a solution of 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) in anhydrous dichloromethane, and a solution of 0.1 M tetrabutylammonium tetrafluoroborate (Bu4NBF4) in anhydrous dichloromethane. 10 mM of PheDOT monomers were added to the chosen electrolyte solution prior to electropolymerization. Two different deposition methods were utilized. In some cases, films were formed using cyclic voltammetry to allow the formation of homogeneous and adherent films. For these experiments, a scan rate of 20 mV s -1 was used with scans being done between -1.0 V and a value that is slightly less than that of the monomer oxidation potential. To study the influence of polymer growth on film formation, surfaces of 1, 3, and 5 deposition scans were made. Films were also formed with an imposed potential and different deposition charges: 12.5 mC/cm 2 , 25 mC/cm 2 , 50 mC/cm 2 , 100 mC/cm 2 , 200 mC/cm 2 , 400 mC/cm 2 .

For surface characterization and to obtain the Young's angle (θ Y ), analogous "smooth" surfaces were formed by electropolymerization. For these surfaces an imposed potential (~1.2 V vs. SCE) and low deposition charge (1 mC cm -2 ) was used.

Surface Characterization

Apparent contact angles (θW) were measured using a DSA30 goniometer (Krüss), using the sessile method with 2 μL droplets. Three different probe liquids with varying surface tensions (ϒLV) were used for contact angle measurements: water (72.8 mN/m), diiodomethane (50.0 mN/m), and hexadecane (27.6 mN/m). Surface roughness was measured with optical profilometry (Wyko NT 1100, Bruker). Measurements were done using High Mag Phase Shift Interference (PSI), 50X objective and a 0.5X field of view to determine mean arithmetic roughness (Ra) and mean quadratic roughness (Rq). For the smooth surfaces, the surface free energy (SV) and its dispersive ( D SV) and polar ( P SV) parts were determined using the Owens-Wendt equation: LV(1+ cos ) = 2( D LV. D SV) 1/2 + 2( P LV. P SV) 1/2 . 49 Using three different liquids (water, diiodomethane, hexadecane), for which LV,  D LV and  P LV are known,  D SV and  P SV can be calculated by drawing the function y = ax + b where y = LV(1+ cos )/2( D LV) 1/2 and x = ( P LV) 1/2 /( D LV) 1/2 . Then,  D SV = b 2 and  P SV = a 2 are determined. In our case,  D SV and  P SV were directly obtained using the software "Drop Shape Analysis" of our goniometer. Surface morphology was characterized with scanning electron microscopy (SEM, 6700F microscope JEOL). Please do not adjust margins
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Results and discussion

After synthesis, each monomer was first polymerized by cyclic voltammetry in anhydrous dichloromethane containing 0.1 M Bu4NClO4 at a scan rate of 20 mV s -1 to probe the polymerization efficiency and evaluate the differences in surface properties. Here, dichloromethane was chosen because the formation of nanotubes has been highly favorable with this solvent. 25 To probe the polymer growth of each monomer, different deposition scans were utilized These observed differences in surface structure are further supported by the characterization of the surface contact angle with water (θW) and roughness (Ra, Rq), all of which are presented in Table 1. For the linear alkyl substituents, the surface roughness is very high for the shortest alkyl chains (C1 and C2) but becomes relatively smooth for the longer alkyl chains. Only PheDOT-C12 has a slightly more significant surface roughness after polymerization. It is not surprising that monomers PheDOT-C1 and PheDOT-C2 yield
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Please do not adjust margins rougher surfaces as it has been shown previously that the surface roughness of electrodeposited conducting polymers is highly dependent on the solubility of the oligomers formed in the first instance. 50 Hence, PheDOT-C1 and PheDOT-C2 yield rougher surfaces because steric hindrance during electropolymerization increases with the alkyl chain length. Therefore, the polymer chain lengths formed during electrodeposition are higher with the shortest alkyl chains. This is also why with these monomers the highest θW (up to 135°) were measured. Moreover, for PheDOT-C1 (Figure 2) the existence of very large gas bubbles is clearly present on the surface, however the surface morphology is not very homogeneous.

Looking towards the monomers subtituted with branched alkyl chains similar conclusions can be made. The branched substituents (PhEDOT-tBu, PhEDOT-dMeBu, PhEDOT-tMeHex) behave very similarly to the mid-length alkyl chains in that there are very little observable changes in surface properties as a function of number of deposition scans (Table 1 and Figure 3). Not surprisingly, the voltammagram of PhEDOT-tBu electropolymerization is similar to that of PhEDOT-C12 in that there are very small oxidation and reduction peaks, indicating limited polymer growth on the surface (Figure 1). For PhEDOT-tBu and PhEDOT-dMeBu there is a slight increase in roughness as the number of scans is increased from 1 to 3, but this manifests as a very small change in the contact angle with water and minimal differences in the overall surface morphology. Even after 5 deposition scans, the surfaces formed from the branched substituents are relatively smooth and with sparse surface structures (Figure 3). Some rings, indicating the presence of large gas bubbles were also observed after electropolymerization of PhEDOT-dMeBu, but their presence is very slight.

Regarding the aromatic-substituted monomers, surfaces formed by PhEDOT-Ph and PhEDOT-BiPh are realtively smooth (Figure 4). However, the polymerization of PhEDOT-Na provides very interesting results (Figure 5). While the relative roughness and wetting behavior of PPhEDOT-Na does not change significantly with number of deposition scans, the surface structure is different than any other monomer in this study. The voltammagram of PhEDOT-Na (Figure 1) does show slightly more significant oxidation and reduction peaks, especially when compared to the longer alkyl or branched substituents, indicating more significant polymer growth.

There is also a small and isolated peak observed at -0.4 V vs SCE, which may indicate the formation of H2 gas bubbles. Figure 5 shows the evolution of the surface morphology of PPhEDOT-Na surfaces after 1, 3, and 5 deposition scans from two different perspectives (flat and inclined surface). In these images very clear and welldefined nanotube structures form during the electrodeposition process. While the number of deposition scans does not influence the density or number of nanotubes on the surface, it does seem to influence the thickness of the shell structure. After 1 deposition scan, very few "open" tubes are observed on the surface, and they

Please do not adjust margins Please do not adjust margins The wettability of all the surfaces formed from cyclic voltammetry can be better understood when considering the inherent hydrophobicity/hydrophilicity of each polymer. To probe this, analogous smooth surfaces for each monomer were formed at a constant potential and using a low Qs of 1 mC cm -2 followed by a reduction step using cyclic voltammetry. The characterization of the smooth surfaces is shown in Table 2. With this procedure, all monomers form very smooth surfaces (as indicated by the low Ra and Rq for each entry). With this finding, the measured water contact angle on these surfaces is taken as the Young's angle (θ Y ). Since all monomers have θ Y < 90°, the polymers are considered intrinsically hydrophilic. It is not surprising, that the PhEDOT monomers with alkyl chain substituents show an increase in θ Y with alkyl chain length. It should also be noted that all of the monomers are intrinsically oleophilic, as θ Y diiodo< 90° and θ Y hexadecane ~ 0° for all monomers.

Please do not adjust margins Please do not adjust margins Table 2 Wettability and roughness parameters for the smooth polymers (Qs = 1 mC cm -²) performed in Bu4NClO4.

The polymerization of PhEDOT-C1 yields the most dramatic increase in θW from the inherent θ Y . After 5 depositions scans, the contact angle increases by ~80° from 57.5° on the smooth surface to 135°. Not surprisingly the only other monomer that shows formation of nanotubes, PhEDOT-Na, has the second most dramatic increase in contact angle, going from 57.5° as a smooth surface to 110° after 3 depositions scans, an increase in 50°. Since in both cases the density of nanotube structures on the surface is not very high, the wetting on the surface most likely follows a combination of both Wenzel and Cassie-Baxter regimes. When wetted, water partially penetrates between the nanotube features, but not into the actual structures as the small pore size of the nanotubes creates negative pressure, preventing water penetration into these features. This is how these intrinsically hydrophilic polymers can have a significant increase in overall contact angle.

With these findings, the rest of this report will focus on the electropolymerization of PhEDOT-C1 and PhEDOT-Na, which have shown potential to form interesting nanotube structures based on the cyclic voltammetry results presented thus far. Next we will vary the electropolymerization protocol and electrolyte to observe changes in overall surface structure. As demonstrated in the literature, 42 using cyclic voltammetry both O2 and H2 gas bubbles

Polymer Ra [nm] Rq [nm] θ Y w [deg] θ Y diiodo [deg] θ Y hexadecane [deg] ΥSV [mN m -1 ] Υ D SV [mN m -1 ]
Please do not adjust margins Please do not adjust margins can be formed since a large range in potential is applied. In contrast, at a constant potential the characteristics of the porous structures formed can be significantly different since only O2 gas bubbles are formed since the monomer oxidation potential and the water oxidation potential are in the same potential range.

To evaluate the process of nanotube formation, PhEDOT-C1 was polymerized at constant potential. The evolution of the surface at increasing deposition charges is shown in Figure 6 and the resulting surface characterization in Table 3. As seen by the SEM images, it is not until a charge of 50 mC cm -2 that the seeds for nanotube structures are formed with diameter of ~100 nm. With a deposition charge lower than 50 mC cm -2 , the surface appears relatively smooth. Above 50 mC cm -2 the surface structures grow in height, and coalesce together forming an inter-connected structure that appears like a mesh membrane with very large pore diameters of 1 μm or greater at 200 mC cm -2 . The structure formed by PPhEDOT-C1 is much different than other nanotube structures formed from electropolymerization in that individual tubes do not form readily. Instead, the growth proceeds by connecting the structures together, resulting in large pore structures. This difference in tube growth explains the wetting behaviour observed with increasing deposition charge (Table 3). With low deposition charges (12.5 and 50 mC cm -2 ) the contact angle with water and roughness increase as the tube seeds are placed on the surface and grow. However, beyond this point the increases in roughness are coupled with a decrease in contact angle beyond that of the Young's angle for PhEDOT-C1 (57.5°). As the pore size of the tubular structures increases, the wetting transitions from being that where Cassie-Baxter behaviour dominates to a strictly Wenzel wetting state. At higher deposition charges, the large pore size allows water to easily penetrate into all surface structures. Wetting by the Wenzel regime follows the equation:

cosq = r cosq Y
With this equation, increases in surface roughness will either increase or decrease the contact angle if the surface is intrinsically hydrophobic or hydrophilic, respectively. Since PhEDOT-C1 is intrinsically hydrophilic, the contact angle with water decreases.
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Please do not adjust margins The same modification to electropolymerization protocol (from cyclic voltammetry to constant potential) was applied to the electropolymerization of PhEDOT-Na. The surface morphology at varying deposition charges in the flat and inclined states are displayed in Figure 7 and the corresponding surface characterization is included in Table 4. Unlike PPhEDOT-C1, PPhEDOT-Na forms seeds for tubular structures at very low deposition charges (12.5 mC cm -2 ) with diameters of less than 100 nm and height of a similar scale. However, as the deposition charge increases (50 mC cm -2 ), many tubes with larger diameters and heights (~200 nm for both) appear. This trend continues at 100 mC cm -2 as the tube diameters reach ~300 nm and 1 μm in height.

Throughout the increases in deposition charge, the density of tube like structures decreases as more and more of them appear to be closed on the top. The remaining "opened-top" structures do increase in height, standing at almost 2 μm. The change in nanotube size and structure influences the resulting surface properties.

As expected and observed the roughness increases with deposition charge. This does not correlate uniformly with increases in contact angle. At lower deposition charges (12.5 -50 mC cm -2 ), the growth of nanotubes from the seed structures results in an increase in the contact angle with water up to 100-120° yielding hydrophobic behaviour. This change is quite significant compared to the Young's angle that indicates intrinsic hydrophilicity (θ Y -57.5°). These trends are similar to what is expected of the Cassie-Baxter regime where the contact angle develops as follows:

cosq = r f f cosq Y + f -1
Where rf is again a roughness factor, and f is the fraction of the surface wetted by the fluid that is solid (and thus 1-f is the vapor fraction). With this equation increases in roughness, even of an intrinsically hydrophilic surface, results in an increase in contact angle. However, the surfaces fabricated here cannot be directly applied to the Cassie-Baxter model as it assumes pillar-like roughness with flat tops where the vapour fraction contained within the features is open to the atmosphere. 51 In the surfaces developed here, the isolated vapour pockets contained within the nanotube features present an interesting contribution to the surface behaviour that has not been evaluated in detail with theoretical models of wetting. It is assumed that the inner Please do not adjust margins Please do not adjust margins structures of the nanotubes are not imbibed with water as previous studies into natural surfaces such as rose petals 52 and gecko feet 53 have cited that the negative pressure induced from isolated pockets of vapour trapped within nanoscale features (whether those features are papillae or tubular in nature) prevents water penetration and increases overall adhesion.

Therefore, combining these influences the following interpretation of the surface properties is presented. With a larger number of open nanotube structures that increase the surface roughness, the contact angle observed on the surface increases significantly especially when compared to the Young's angle, following qualitatively with Cassie-Baxter behaviour. At the same time, the increased density of nanotubes on the surface creates strong adhesion on the surface resulting in sticky behaviour. This is demonstrated in Figure 8, where a droplet of water on a PPhEDOT-Na surface formed by constant potential remains adhered to the surface even when inclined 90°. However, above a deposition charge of 100 mC cm -2 , the contact angle with water decreases with increasing roughness yielding a superhydrophilic surface at 400 mC cm -2 . In this case, the wetting follows the Wenzel regime as increases in roughness enhance the intrinsically hydrophilic nature of the polymer. This is similar to the behaviour observed with

Please do not adjust margins Please do not adjust margins Please do not adjust margins Please do not adjust margins PPhEDOT-C1. One of the main contributing factors to this change in wetting is the decrease in tubes with "open-tops" observed at the higher deposition charges. As more and more features are "closedoff" the negative pressure found within nanotubes, preventing water penetration, is avoided and complete wetting around these structures is possible. These findings support the conclusion that in the areas in between the nanotube features, wetting more closely follows that of the Wenzel regime. However, the wetting on top of the open nanotubes follows much more closely with the Cassie-Baxter regime, although the trapped air pockets present within the tube structures increases the adhesion in these areas which is something that is not accounted for in the Cassie-Baxter theory.

To explore further the mechanism of nanotube formation and the influence of electrolyte, the monomer PhEDOT-Na was polymerized in solutions of 0.1 M Bu4NBF4 and 0.1 M Bu4NPF6. When polymerized by cyclic voltammetry in 0.1 M Bu4NBF4 (Figure 9), "collapsed" nanotubes form on the PPhEDOT-Na surfaces, but with increasing density after each deposition scan. On these surfaces, the presence of wrinkles is also observed and it is assumed that the nanotubes are collapsed because their formation is preferential on the wrinkles instead of flat areas. 10), similar behaviour is observed. The contact angle with water first increases with increasing deposition charge (up to 100 mC cm -2 ) and then steadily decreases up to a charge of 400 mC cm -2 . With this polymerization protocol, higher contact angles are obtained with θW up to 138° for Qs = 50 mC/cm 2 . Looking at the SEM images (Figure 10) it can be seen that at 50 and 100 mC cm -2 there is a large density of open, short tubular structures (~100 nm in height) on the surfaces, accounting for the high contact angle. However, once the deposition charge is increased above this level neither the density nor the height of the nanotubes change and instead there are largescale surface features in the form of large bumps and ridges that form that prefer wetting by the Wenzel regime.

The same PhEDOT-Na polymerizations were conducted with Bu4NPF6 as electrolyte. The surface characterization (Table 6) is similar to that observed with Bu4NBF4. With varying number of deposition scans (Figure 11) the roughness consistently increases and the contact angle reaches a maximum after 3 scans (148°). The maximum in contact angle corresponds to a morphology that has the most open tube structures with about ~100 nm in diameter (Figure 11). With further deposition scans, the tubes disappear and the contact angle decreases as wetting more closely resembles the Wenzel state and the morphology transitions to a coral-like morphology. Similarly, when forming surfaces by imposed potential with PhEDOT-Na in 0.1 M Bu4NPF6 (Figure 12) there is again a maximum observed in contact angle at an intermediate value of imposed potential (50 mC cm -2 ). 

Conclusions

This work demonstrates a facile, one-step, surfactant-less and template-free approach to designing polymeric surfaces with nanotubular morphology. Novel 3,4-phenylenedioxythiophene (PhEDOT) monomers with linear, branched, and aromatic substituents were successfully synthesized and their efficiency at creating unique surface structures, specifically nanotubes was assessed.

PhEDOT monomers with naphthalene (PhEDOT-Na) substituent readily formed nanotubes after electropolymerization by cyclic voltammetry in anhydrous dicholoromethane. The nanotubes arise as H2 and O2 bubbles formed from trace water during the polymerization are readily stabilized by the polymer formed on the surface. While these monomers are intrinsically hydrophilic, the presence of nanotubes on the surfaces result in a significant increase in the contact angle with water, well into the hydrophobic domain, due to the increased surface roughness. These surfaces follow a unique wetting regime, as the negative pressure found Please do not adjust margins Please do not adjust margins within the nanotubes prevents water penetration and leads to contact angle behaviour qualitatively similar to that posed by the Cassie-Baxter theory. However, the negative pressure resulting from the trapped vapour within the nanotubes leads to strong water adhesion, which is not expected from the Cassie-Baxter theory. At the same time and on the same surface the intrinsic hydrophilicity of the polymers permits total wetting in the areas between the nanotubes, which is similar to the behaviour expected from the Wenzel, state of wetting.

The overall density, height, and size of nanotubes was varied by changing the electropolymerization protocol (cyclic voltammetry vs. constant potential) and electropolymerization conditions (electrolyte used, deposition charge applied, etc.). In general, for PhEDOT-Na electropolymerization by cyclic voltammetry for 3 scans or at a constant potential of 50 mC cm -2 produced surfaces with the highest contact angle with water, as the largest density of well formed and 'open' nanotubes would remain after electrodeposition These findings are very important for advances where strong adhesion and contact angles with water are necessary, such as water transport and harvesting.
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 1 Figure 1 -Cyclic Voltammogram (5 scans) of PhEDOT-C1, PhEDOT-C12, PhEDOT-tBu, and PhEDOT-Na in 0.1M Bu4NClO4 / anhydrous dichloromethane; scan rate 20 mV s -1 .
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 1 3 and 5). The voltammagrams after 5 deposition scans for PhEDOT monomers with linear, branched, and aromatic substituents: PhEDOT-C1, PhEDOT-C12, PhEDOT-tBu, and PhEDOT-Na are shown in Figure1. Here, the voltammagram for the short alkyl substituent (PhEDOT-C1) shows clear oxidation and reduction peaks indicating polymer growth throughout the electropolymerization. However, as the alkyl substituent increases in length these peaks are reduced significantly and are almost imperceptible on the voltammagram indicating minimal polymer growth. Only after the alkyl chain is increased further (PhEDOT-C12) are very small peaks visible again, albeit significantly smaller in overall magnitude than the short alkyl analogues. This behavior is supported by SEM images collected of these surfaces (Figure2). The polymer surfaces formed from PhEDOT-C1 and PhEDOT-C2 are significantly rougher and more structured than that of PhEDOT-C8, which is essentially flat after polymerization. When the alkyl chain length is increased to PhEDOT-C12 some rough polymeric features reappear. Between PhEDOT-C1 and PhEDOT-C2, the structure formed on the surface is quite different. While PhEDOT-C2 has clusters of spherical agglomerates, PhEDOT-C1 displays large tube-like structures. Upon closer inspection of the voltammagram for PhEDOT-C1, there appears to be a very slight peak at -0.4 V vs. SCE that is not seen in the voltammogram of PhEDOT-C12, which may indicate the formation of H2 from H + during the back scan, which has been shown to lead to nanotube formation. This point will be explored further for this monomer later in the study.
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 2 Figure 2 -SEM Images of PPhEDOT-C1, PPhEDOT-C2, PPhEDOT-C8, PPhEDOT-C12 after 5 deposition scans in 0.1M Bu4NClO4 / anhydrous dichloromethane; scan rate 20 mV s -1

Figure 3 -

 3 Figure 3 -SEM Images of PPhEDOT-tBu, PPhEDOT-dMeBu, and PPhEDOT-tMeHex after 5 deposition scans in 0.1M Bu4NClO4 / anhydrous dichloromethane; scan rate 20 mV s -1 .

Figure 4 -

 4 Figure 4 -SEM Images of PPhEDOT-Ph and PPhEDOT-BiPh after 5 deposition scans in 0.1M Bu4NClO4 / anhydrous dichloromethane; scan rate 20 mV s -1 .

Figure 5 SEM

 5 Figure 5 SEM Images of PPhEDOT-Na after 1, 3, and 5 deposition scans in 0.1M Bu4NClO4 / anhydrous dichloromethane; scan rate 20 mV s -1 (left column: flat perspective, right column: inclined view).

Figure 6 SEM

 6 Figure 6 SEM Images of PPhEDOT-C1 after electropolymerization by constant potential in 0.1M Bu4NClO4 / anhydrous dichloromethane at varying deposition charges.

Figure 7 SEM

 7 Figure 7 SEM Images of PPhEDOT-Na after electropolymerization by constant potential at various deposition charges in 0.1M Bu4NClO4 / anhydrous dichloromethane (left column: flat perspective, right column: inclined view).

Figure 8

 8 Figure 8 Water droplet on PPhEDOT-Na surface formed by constant potential (12.5 mC cm -2 ), in anhydrous dichloromethane, 0.1 M Bu4NClO4, at an inclination of 90°.

Figure 9 SEM

 9 Figure 9 SEM Images of PPhEDOT-Na after electropolymerization by cyclic volatmmetry with 1, 3, and 5 deposition scans in 0.1M Bu4NBF4 / anhydrous dichloromethane; scan rate 20 mV s -1 (left column: flat perspective, right column: inclined view).

Figure 10 SEM

 10 Figure 10 SEM Images of PPhEDOT-Na after electropolymerization by constant potential at various deposition charges in 0.1M Bu4NBF4 / anhydrous dichloromethane. (For the middle and bottom row -left column: flat perspective, right column: inclined view).

Figure 11 SEM

 11 Figure 11 SEM Images of PPhEDOT-Na after electropolymerization by cyclic volatmmetry with 1, 3, and 5 deposition scans 0.1 M Bu4NPF6 / anhydrous dichloromethane; scan rate 20 mV s -1 .

Figure 12

 12 Figure 12 Images of PPhEDOT-Na after electropolymerization by constant potential at various deposition charges in 0.1M Bu4NPF6/ anhydrous dichloromethane.

  

  

1-(3,4-dimethoxyphenyl)-3,5,5-trimethylhexan-1-one (1g).

  Yield 82%; light brown powder; δH(200 MHz, CDCl3): 7.55 (2 H, m), 6.88 (1 H, d, J 8.2), 3.94 (6 H, s), 2.82 (2 H, m), 2.25 (1 H, br), 1.24 (2 H, m), 0.98 (3 H, d, J 6.6), 0.90 (9 H, s).

	(3,4-dimethoxyphenyl)(phenyl)methanone (1h). Yield 28%; off-
	white powder; δH(200 MHz, CDCl3): 7.76 (2 H, d, J 6.8), 7.48 (5 H,
	m), 6.89 (1 H, d, J 8.4), 3.95 (6 H, d, J 2.8).
	[1,1'-biphenyl]-4-yl(3,4-dimethoxyphenyl)methanone (1i). Yield
	34%; off-white powder; δH(200 MHz, CDCl3): 7.86 (2 H, d, J 8.2), 7.68
	(4 H, t, J 8.3), 7.46 (4 H, m), 7.26 (1 H, s), 7.10 (1 H, d, J 8.2), 3.97 (6
	H, d, J 2.6).
	(3,4-dimethoxyphenyl)(naphthalen-2-yl)methanone (1j). Yield
	84%; light brown powder; δH(200 MHz, CDCl3): 8.24 (1 H, s), 7.91 (4
	H, m), 7.58 (3 H, m), 7.45 (1 H, d, J 8.2), 6.91 (1 H, d, J 8.2), 3.96 (6
	H, d, J 4.4).

4-butylbenzene-1,2-diol (3a). Yield

  

	91%; white solid; δH(200 MHz,
	MeOD): 6.63 (2 H, m), 6.47 (1 H, d, J 8.0), 2.45 (2 H, t, J 7.5), 1.53 (2
	H, quin, J 7.6), 1.32 (2 H, q, J 7.4), 0.92 (3 H, t, J 7.2).

4-hexylbenzene-1,2-diol (3b). Yield

  

	82%; yellow oil; δH(200 MHz,
	MeOD): 6.62 (2 H, m), 6.46 (1 H, d, J 8.0), 2.43 (2 H, t, J 7.6), 1.54 (2
	H, br), 1.30 (6 H, s), 0.89 (3 H, m).

4-octylbenzene-1,2-diol (3c). Yield

  

	83%; light yellow solid; δH(200
	MHz, MeOD): 6.62 (2 H, m), 6.46 (1 H, m), 2.44 (2 H, t, J 7.5), 1.54 (2
	H, br), 1.29 (10 H, s), 0.89 (3 H, m).

4-decylbenzene-1,2-diol (3d). Yield

  

	65%; white solid; δH(200 MHz,
	MeOD): 6.62 (2 H, m), 6.46 (1 H, d, J 8.0), 2.46 (2 H, t, J 3.7), 1.53 (2
	H, br), 1.28 (14 H, s), 0.90 (3 H, m)

4-dodecylbenzene-1,2-diol (3e). Yield

  

	97%; light brown powder;
	δH(200 MHz, MeOD): 6.62 (2 H, t, J 7.4), 6.46 (1 H, dd, J 8.0 2.0),
	2.43 (2 H, t, J 7.5), 1.53 (2 H, br), 1.28 (19 H, s), 0.89 (3 H, m).

4-(3,3-dimethylbutyl)benzene-1,2-diol (3f). Yield

  

	82%; White
	crystalline solid; δH(200 MHz, MeOD): 6.63 (2 H, t, J 8.0), 6.46 (1 H,
	d, J 7.8), 2.41 (2 H, m), 1.43 (2 H, m), 0.95 (9 H, s).

4-(3,5,5-trimethylhexyl)benzene-1,2-diol (3g). Yield

  

	80%; light
	yellow crystal; δH(200 MHz, MeOD): 6.63 (2 H, m), 6.47 (1 H, d, J
	7.4), 2.47 (2 H, br), 1.38 (5 H, m), 0.96 (3 H, d, J 6.0), 0.88 (9 H, s).

4-benzylbenzene-1,2-diol (3h). Yield

  

	98%; off-white powder; δH(200
	MHz, MeOD): 7.17 (5 H, m), 6.58 (3 H, m), 3.78 (2 H, s).

4-(naphthalen-2-ylmethyl)benzene-1,2-diol (3j). Yield

  

	). Yield 83%;
	colorless powder; δH(200 MHz, MeOD): 7.54 (4 H, m), 7.32 (5 H, m),
	6.62 (3 H, m), 3.84 (2 H, s).
	88%; white
	powder; δH(200 MHz, MeOD): 7.75 (3 H, m), 7.60 (1 H, s), 7.35 (3 H,
	m), 6.64 (3 H, m), 3.96 (2 H, s).

ethylbenzo[b]thieno[3,4-e][1,4]dioxine (PhEDOT-C2).

  Yield 9%; colorless liquid; δH(200 MHz, CDCl3): 6.79 (3 H, m), 6.42 (2 H, s), 2.56 (2 H, q, J 7.4), 1.21 (3 H, t, J 7.5); δC(200 MHz, CDCl3): 140.45, 140.04, 139.27, 138.68, 122.84, 116.39, 115.94, 100.76, 100.64, 28.02, 15.46; FTIR (KBr): νmax/cm -1 3114, 2963, 2928, 2870, 1600, 1491, 1433, 1274, 760 cm -1 ; MS (70 eV): m/z 218 (M + 65), 203 (C11H8O2S + 100).

	6-6-
	). Yield 9%;
	colorless crystalline solid; m.p. 77.5°C; δH(200 MHz, CDCl3): 6.76 (3
	H, m), 6.42 (2 H, s), 2.27 (3 H, s); δC(200 MHz, CDCl3): 140.34,
	139.26, 139.14, 138.55, 124.03, 117.13, 116.32, 100.78, 100.63,
	20.63; FTIR (KBr): νmax/cm -1 3106, 2955, 2916, 2854, 1600, 1495,
	1433, 1276, 764 cm -1 ; MS (70 eV): m/z 204 (M + 100), 203 (C11H8O2S +
	33).

butylbenzo[b]thieno[3,4-e][1,4]dioxine (PhEDOT-C4).

  Yield 9%; Colorless crystalline solid; m.p. 27.0°C; δH(200 MHz, CDCl3): 6.84 (1 H, m), 6.73 (2 H, m), 6.41 (2 H, s), 2.52 (2 H, t, J 7.5), 1.56 (2 H, m), 1.34 (2 H, sex, J 7.2), 0.92 (3 H, t, J 7.2); δC(200 MHz, CDCl3): 140.38, 139.28, 139.18, 138.69, 123.41, 116.45, 116.31, 100.74, 100.63, 34.74, 33.43, 22.18, 13.91; FTIR (KBr): νmax/cm -1 3115, 2955, 2928, 2854, 1600, 1491, 1433, 1274, 760 cm -1 ; MS (70 eV): m/z 246 (M + , 52), 203 (C11H8O2S + 100).

	6-

hexylbenzo[b]thieno[3,4-e][1,4]dioxine (PhEDOT-C6).

  Yield 7%; Colorless liquid; m.p. 34.3°C; δH(200 MHz, CDCl3): 6.82 (1 H, m), 6.77 (2 H, m), 6.41 (2 H, s), 2.51 (2 H, t, J 7.5), 1.57 (2 H, br), 1.30 (6 H, s), 0.88 (3 H, m); δC(200 MHz, CDCl3): 140.38, 139.28, 139.19, 138.74, 138.67, 123.40, 116.44, 116.31, 100.74, 100.63, 35.06, 31.67, 31.25, 28.80, 22.58, 14.08; FTIR (KBr): νmax/cm -1 3114, 2955, 2920, 2850, 1594, 1493, 1433, 1274, 758 cm -1 ; MS (70 eV): m/z 274 (M + 64), 203 (C11H8O2S + 100).

  MHz, CDCl3): 140.39, 139.29, 139.19, 138.75, 138.67, 123.40, 116.44, 116.31, 100.74, 100.63, 35.07, 31.86, 31.30, 29.43, 29.24, 29.14, 22.66, 14.10; FTIR (KBr): νmax/cm -1 3115, 2955, 2920, 2850, 1594, 1492, 1429, 1268, 756 cm -1 ; MS (70 eV): m/z 302 (M + 86), 203 (C11H8O2S + 100).

). Yield 9%; white crystalline solid; m.p. 47.3°C; δH(200 MHz, CDCl3): 6.77 (3 H, m), 6.41 (2 H, s), 2.51 (2 H, t, J 7.5), 1.56 (2 H, br), 1.27 (10 H, s), 0.88 (3 H, m); δC(200

  ). Yield 8%; colorless crystalline solid; m.p. 50.0°C; δH(200 MHz, CDCl3): 6.77 (3 H, m), 6.41 (2 H, s), 2.51 (2 H, t, J 7.6), 1.57 (2 H, br), 1.26 (15 H, s), 0.88 (3 H, t, J 6.0); δC(200 MHz, CDCl3): 140.38, 139.29, 139.19, 138.75, 138.67, 123.41, 116.44, 116.31, 100.74, 100.63, 35.06, 31.89, 31.29, 29.60, 29.57, 29.47, 29.32, 29.13, 22.68, 14.11; FTIR (KBr): νmax/cm -1 3110, 2955, 2920, 2850, 1598, 1497, 1437, 1282, 760 cm -1 ; MS (70 eV): m/z 331 (M + 85), 203 (C11H8O2S + 100).

  ). Yield 6%; light green powder; m.p. 55.8°C; δH(200 MHz, CDCl3): 6.77 (3 H, m), 6.41 (2 H, m), 2.51 (2 H, t, J 7.6), 1.26 (20 H, s), 0.88 (3 H, m); δC(200 MHz, CDCl3): 140.38, 139.29, 139.19, 138.75, 138.67, 123.40, 116.44, 116.31, 100.74, 100.63, 35.07, 31.92, 31.29, 29.64, 29.57, 29.47, 29.35, 29.13, 22.69, 14.12; FTIR (KBr): νmax/cm -1 3111, 2955, 2916, 2850, 1598, 1496, 1437, 1282, 762 cm -1 ; MS (70 eV): m/z 358 (M + 100), 203 (C11H8O2S + 94).

3,3-dimethylbutyl)benzo[b]thieno[3,4-e][1,4]dioxine (PhEDOT- dMeBu).

  .92 (2 H, m),6.84 (1 H, d, J 9.0),6.41 (2 H, s), 1.28(9 H, s); δC(200 MHz, CDCl3): 156.77, 147.24, 140.15, 139.29, 139.26, 138.42, 120.40, 116.04, 113.90, 100.70, 100.69, 34.33, 31.28; FTIR (KBr): νmax/cm -1 3103, 2959, 2908, 2862, 1596, 1490, 1433, 1274, 770 cm -1 ; MS (70 eV): m/z 246 (M + , 57), 231 (C13H11O2S + ), 203 (C11H8O2S + 70). Yield 8%; Colorless crystalline solid; m.p. 48.2°C; δH(200 MHz, CDCl3): 6.82 (1 H, m), 6.73 (2 H, m), 6.41 (2 H, s), 2.48 (2 H, m), 1.46 (2 H, m), 0.95 (9 H, s); δC(200 MHz, CDCl3): 140.43, 139.39, 139.28, 139.19, 138.62, 123.27, 116.37, 100.75, 100.63, 46.16, 30.50, 30.40, 29.30; FTIR (KBr): νmax/cm -1 3110, 2951, 2900, 2862, 1600, 1501, 1435, 1276, 756 cm -1 ; MS (70 eV): m/z 275 (M + , 59), 203 (C11H8O2S + 100).

	6-(6-(3,5,5-trimethylhexyl)benzo[b]thieno[3,4-e][1,4]dioxine
	(PhEDOT-tMeHex). Yield 12%; Colorless liquid; δH(200 MHz, CDCl3):
	6.82 (1 H, m), 6.73 (2 H, m), 6.41 (2 H, s), 2.51 (2 H, br), 1.50 (3 H,
	br), 1.19 (2 H, m), 0.96 (3 H, d, J 5.8), 0.89 (9 H, s); δC(200 MHz,
	CDCl3): 140.40, 139.28, 139.19, 138.93, 138.63, 123.34, 116.41,
	116.34, 100.75, 100.63, 51.15, 41.19, 32.78, 31.11, 30.03, 28.94,
	22.54; FTIR (KBr): νmax/cm -1 3115, 2955, 2909, 2866, 1600, 1490,
	1433, 1274, 760 cm -1 ; MS (70 eV): m/z 316 (M + , 61), 204 (C11H9O2S +
	100).
	6-

). Yield 7%; white crystalline solid; m.p. 91.4°C; δH(200 MHz, CDCl3): Please do not adjust margins Please do not adjust margins 6

benzylbenzo[b]thieno[3,4-e][1,4]dioxine (PhEDOT-Ph).

  

	Yield 7%;
	white crystalline solid; m.p. 75.2°C; δH(200 MHz, CDCl3): 7.16 (5 H,
	m), 6.70 (3 H, m), 6.34 (2 H, s), 3.82 (2 H, s); δC(200 MHz, CDCl3):
	140.63, 140.62, 139.16, 139.15, 136.98, 128.83, 128.55, 126.25,
	123.93, 117.09, 116.59, 100.86, 100.79, 41.04; FTIR (KBr): νmax/cm -1
	3110, 3033, 2963, 2924, 2842, 1598, 1497, 1437, 1280, 760 cm -1 ;
	MS (70 eV): m/z 280 (M + 100).

Table 1

 1 Wettability and roughness parameters for surfaces formed by cyclic voltammetry, in anhydrous dichloromethane, 0.1 M Bu4NClO4, 20 mV s -1 .

	Polymer	# of Scans	θw [deg]	Ra [nm]	Rq [nm]
		1	93.1  0.6	9.75  0.35	15  1.4
	PhEDOT-C1	3	117  1.8	230  28	400  335
		5	135  1.0	411  150	655  200
		1	93.6  1.6	13.5 2.1	22  7.0
	PhEDOT -C2	3	116  3.7	150  28	333  60
		5	134  2.5	703  30	948  50
		1	92.7  2.2	13.5  5.8	26.5  14
	PhEDOT -C4	3	101  0.8	35.0  10	77.3  23
		5	96.7  1.4	27.6  4.9	47.3  7.2
		1	97.6  0.9	16.4  0.8	34.6  1.7
	PhEDOT -C6	3	97.2  1.4	20.9  5.5	48.0  14
		5	97.1  2.3	24.9  9.3	35.6  11
		1	104  1.5	18.7  4.6	47.5  19
	PhEDOT -C8	3	106  0.4	39.6  9.7	79.8  20
		5	109  1.2	21.8  1.5	34.1  1.3
		1	101  2.9	14.1  2.4	23.0  4.2
	PhEDOT -C10	3	118  0.8	34.7  6.3	65.6  7.3
		5	120  1.3	53. 3  4.6	84.5  2.4
		1	82.0  2.8	37  5.7	63.5  6.4
	PhEDOT -C12	3	109  3.5	84.0 10	171  7.1
		5	108  0.9	17.0  4.2	40.0  27
		1	93.2  2.4	11.0  2.8	26.4  12
	PhEDOT -tBu	3	97.0  2.7	39.1  6.9	93.6  18
		5	92.5  3.2	20.7  4.4	34.6  9.3
		1	100  1.1	13.4  5.0	27.8  18
	PhEDOT-dMeBu	3	108  2.0	55.1  13	114  33
		5	107  1.8	46.6  15	133  32
		1	99.6  1.7	9.98  1.7	18.0  6.9
	PhEDOT-tMeHex	3	101  2.3	12.3  1.2	19.9  2.7
		5	99.6  1.0	15.0  5.0	25.6  10
		1	79.1  0.7	19.0  9.2	38.7  14
	PhEDOT-Ph	3	87  1.4	55.5  21	132  13
		5	102  2.0	15.5  0.71	29.0  5.7
		1	79.1  9.1	13.1  4.8	20.9  9.8
	PhEDOT-BiPh	3	79.0  0.6	10.5  1.1	14.7  1.6
		5	81.3  2.9	14.4  2.9	21.1  2.0
		1	104  3.9	47.1  8.1	61.6  11
	PhEDOT -Na	3	110  4.0	52.8  16	95.5  40
		5	103  1.6	56.7  7.9	83.9  12
	are very narrow in diameter (~200 nm) and are less than 1 μm in		
	height. However, when the number of scans is increased to 3, more		
	tubes are open and are also slightly larger in diameter (~300 nm)		
	and seem to be just about 1 μm tall. Finally, after five deposition		
	scans, the majority of the tubes formed are open, about 500 nm in		
	diameter, and remain 1 μm tall.				

Table 3

 3 Wettability and roughness parameters for PPhEDOT-C1

	surfaces	formed	by	constant	potential,	anhydrous
	dichloromethane, 0.1 M Bu4NClO4.		
	Deposition				
	Charge		θwater [deg]		Ra [nm]	Rq [nm]
	[mC cm -2 ]				
	12.5		71.1  0.50	9.00  1.9	16.8  10
	25		73.7  1.2	11.7  2.4	21.8  11
	50		44.2  2.4	31.5  6.6	58.8  16
	100		46.1  4.9		109  15	157  15
	200		24.1  0.14		237  48	352  80
	400		31.0  3.1	433  150	584  190

Table 4

 4 Wettability and roughness parameters for PPhEDOT-Na

	surfaces	formed	by	constant	potential,	anhydrous
	dichloromethane, 0.1 M Bu4NClO4.		
	Deposition Charge [mC cm -2 ]	θwater [deg]		Ra [nm]	Rq [nm]
	12.5		119.0  2.2	10.4  2.9	19.3  6.2
	25		97.1  6.7	9.10  1.6	13.3  2.4
	50		113.0  3.4	19.2  10	33.4  21
	100		51.8  15.0	388  260	488  314
	200		28.2  5.7	494  349	631  450
	400		<10			613  94	825  110

  While the density of nanotubes increases with each deposition scan, it is at the intermediate value (3 deposition scans) where the highest density of upright "open" nanotubes remains. The high number of "open" nanotubes accounts for the larger contact angle with water, as the wetting regime more likely follows the Cassie-Baxter state, whereas once a larger fraction of the tubes are collapsed the wetting follows more strongly to the Wenzel state and increases in roughness lead to increased hydrophilicity.

Table 5

 5 

	Wettability and roughness parameters for PPhEDOT-Na
	surfaces formed by cyclic voltammetry (1, 3, and 5 scans) and
	constant potential approaches, in anhydrous dichloromethane, 0.1
	M Bu4NBF4			
	Protocol Variation	θwater [deg]	Ra [nm]	Rq [nm]
	1 scan	110  7.0	42.2  7.1	74.0  20
	3 scans	119  2.6	117  42	154  57
	5 scans	98.3  9.1	227  16	303  22
	12.5 mC cm -2	115  8.8	7.10  0.74	9.10  1.2
	25 mC cm -2	131  4.8	12.2  2.0	18.5  8.2
	50 mC cm -2	138  1.7	51.0  18	64.6  22
	100 mC cm -2	127  3.8	53.6  13	80.4  26
	200 mC cm -2	106  1.7	243  54	359  99
	400 mC cm -2	102  0.071	212  39	324  110
	Considering the PPhEDOT-Na surfaces formed by imposed potential
	in 0.1 M Bu4NBF4 (Table 5 & Figure	

Table 6

 6 Wettability and roughness parameters for PPhEDOT-Na surfaces formed by cyclic voltammetry (1, 3 and 5 scans) and constant potential approaches, anhydrous dichloromethane, 0.1 M

	Bu4NPF6			
	Protocol Variation	θwater [deg]	Ra [nm]	Rq [nm]
	1 scan	122  2.5	22.1  7.6	41.4  20.8
	3 scans	148  11	2340  1030	5230  1300
	5 scans	122  19	2600  1300	6440  1800
	12.5 mC cm -2	103  3.3	18.2  12	38.4  24
	25 mC cm -2	68.0  3.0	22.6  4.0	41.5  9.4
	50 mC cm -2	130  1.6	33.2  3.9	53.2  6.7
	100 mC cm -2	105  5.9	226  100	723  440
	200 mC cm -2	99.6  12	2130  930	5320  1200
	400 mC cm -2	82.1  9.5	6910  1600	10000  630
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