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Abstract

:

A facile in situ and UV printing process was demonstrated to create self-cleaning synthetic replica of natural petals and leaves. The process relied on the spontaneous migration of a fluorinated acrylate surfactant (PFUA) within a low-shrinkage acrylated hyperbranched polymer (HBP) and its chemical immobilization at the polymer-air interface. Dilute concentrations of 1 wt. % PFUA saturated the polymer-air interface within 30 min, leading to a ten-fold increase of fluorine concentration at the surface compared with the initial bulk concentration and a water contact angle (WCA) of 108°. A 200 ms flash of UV light was used to chemically crosslink the PFUA at the HBP surface prior to UV printing with a polydimethylsiloxane (PDMS) negative template of red and yellow rose petals and lotus leaves. This flash immobilization hindered the reverse migration of PFUA within the bulk HBP upon contacting the PDMS template, and enabled to produce texturized surfaces with WCA well above 108°. The synthetic red rose petal was hydrophobic (WCA of 125°) and exhibited the adhesive petal effect. It was not superhydrophobic due to insufficient concentration of fluorine at its surface, a result of the very large increase of the surface of the printed texture. The synthetic yellow rose petal was quasi-superhydrophobic (WCA of 143°, roll-off angle of 10°) and its self-cleaning ability was not good also due to lack of fluorine. The synthetic lotus leaf did not accurately replicate the intricate nanotubular crystal structures of the plant. In spite of this, the fluorine concentration at the surface was high enough and the leaf was superhydrophobic (WCA of 151°, roll-off angle below 5°) and also featured self-cleaning properties.
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1. Introduction


Natural superhydrophobic self-cleaning surfaces such as the famous lotus leaf (Nelumbo nucifera [1]) consist of intrinsic hierarchical structures in the nanometer and micrometer ranges based on papillose epidermal cells covered with low surface energy substructures such as epicuticular wax tubules [2,3,4]. The combination of the peculiar sub-micron morphology and the low surface tension favors trapping of small air pockets at the interface with water droplets, which considerably reduces the contact area between the droplet and the surface, resulting in the reduction of contact angle hysteresis, sliding angle, and adhesive force. The self-cleaning effect is the removal of dirt particles by the (rain) water, which forms droplets that do not ‘stick’ on the surface and run away with the dirt. A surface is hydrophobic when its contact angle with water is larger than 90°. Beyond contact angles of 150° with sliding angles (SA) inferior to 10° [5] the surface is considered to be superhydrophobic [6]. Nakajima reported the maximum water contact angle (WCA) on a flat surface to be around 115°, corresponding to a surface energy in the range of 5–7 mJ/m2 [7]. Therefore, superhydrophobic surfaces are only attainable by the combination of low surface energy and a surface texturization [8,9]. The hierarchical surface texture of the lotus leaf is well known to be superhydrophobic, with a WCA in the range 162° to 168° [1,10]. For this reason, the hierarchical roughness of the lotus leaves has been widely mimicked or replicated using different technologies and materials [2,11,12,13,14,15] such as polydimethylsiloxane (PDMS) owing to its ability to replicate very small features or structures [16,17,18,19,20].



Bioinspired synthetic self-cleaning surfaces often rely on multiple-step and cost-intensive approaches based on conventional surface treatment of textured materials using hydrophobic moieties [21,22,23], or on texturization of inorganic materials using expensive and time-consuming etching processes [24]. A number of approaches have been reported to produce hierarchical dual-roughness structures such as electrodeposition from acidic copper sulfate solution onto flat copper and a patterning technique of coating with a fluorocarbon hydrophobic layer [10] and assembly from colloidal silica-based raspberry-like particles [25]. Record WCA values as high as 179.9° were reached using porous ORMOSIL aerogel thin films [26].



We report an alternative in situ approach based on the spontaneous migration of hydrophobic oligomers diluted into polymer precursors to the polymer-air interface and their immobilization through chemical crosslinking with the polymer. For instance, the surface segregation of perfluoropolyether moieties was reported by several authors [27,28,29,30]. Fluorine increases the molecular cross section of the base polymer and thus makes it more hydrophobic [31]. Then, when polymerization takes place, the fluorinated moieties are chemically crosslinked with the polymer network and the surface is permanently modified [27]. This migration effect was thus expected to replace the additional hydrophobization step commonly used to create self-cleaning surfaces.



The paper details the original combination of this spontaneous migration with a cost-effective, fast and low-pressure UV nano-imprint lithography (UVNIL) process [16,17]. Lotus leaves and rose petals were selected since these plants exhibit contrasted wetting properties, the latter being characterized by an adhesive behavior with large SA values [32,33,34]. An acrylated hyperbranched polymer (HBP) was used to benefit from its low shrinkage behavior and resulting very high replication fidelity in nano-printing processes [35,36,37,38] and a glass transition temperature well above room temperature. Transparent PDMS molds texturized with negative replica of the plant surfaces were used. Our single-step in situ process turned out to be challenging due to the reverse migration of the hydrophobic oligomers back into the bulk polymer when put in contact with the PDMS mold surface. The solution was found by applying a flash of UV light to immobilize the oligomers through superficial crosslinking, as detailed in the following. We first studied the segregation of a fluorinated oligomer at the polymer-air interface on flat HBP coatings. In a second step we replicated the hierarchical nanostructures of the plant surfaces using the PDMS casting technique. In a third step, UVNIL was performed using the PDMS templates and the HBP mixed with the fluorinated oligomer, without and with a UV flash prior to molding. The quality of the replicas was characterized using electron microscopy. The hydrophobic character of both flat and texturized surfaces, with or without fluorine was investigated using WCA measurements. The self-cleaning ability of the synthetic plant surfaces was finally investigated and demonstrated for the synthetic lotus leaves exposed to a flash of UV light prior to UVNIL.




2. Materials and Methods


A hyperbranched polyester acrylate oligomer (HBP CN2302, Sartomer, Verneuil-en-Halatte, France, Figure 1) with a functionality of 16, a density of 1.13 g·cm−3, a newtonian viscosity of 0.2 Pa·s at 25 °C and a glass transition temperature in the cured state of 74 °C was selected owing to its low viscosity and low shrinkage, which warrant improved replication fidelity [35,38]. The fluorinated surfactant was a tetrafunctional perfluoropolyether-urethane acrylate (PFUA, Fluorolink AD1700, Solvay Specialty Polymers, Bollate, Italy, Figure 1), with molecular weight equal to 4000 Da and fluorine content equal to 24 wt. %. PFUA was diluted at a concentration of 70 wt. % in a mixture of ethylacetate (14 wt. %) and n-butylacetate (16 wt. %). The photo-initiator was 2,4,6 trimethylbenzoyldiphenyl phosphine oxide (Esacure TPO, IGM Resins, Gerenzano, Italy). The TPO photo-initiator was first dissolved in the HBP at 75 °C and at a concentration of 6 wt. % and stirred for 15 min. In a second step, different concentrations of PFUA ranging from 0.5 to 5 wt. % were added. The mixtures were then stirred for 15 min at 40 °C. The solvents were evaporated during this process. The main issues to prepare the HBP-PFUA blends were the high viscosity of the PFUA and the polarity difference between the two constituents resulting in inhomogeneous solutions beyond 1 wt. % of PFUA as previously reported [39]. In all cases, the PFUA had a tendency to phase separate from HBP with time, so it was essential to remix the solutions prior to any measurement and further processing. The thermal and light stability of the cured HBP-PFUA blends were not investigated. However, the HBP was found to be stable under oxygen up to approximately 400 °C [38], and fluorine substitution is known to improve the thermal stability of polyacrylates [40], which warrants high thermal endurance of the synthesized coatings. Moreover, the addition of suitable stabilizers and perfluorinated moieties was also reported to further improve the long-term weathering [41], and yellowing resistance of similar materials [42].



Around 200 μm thick coatings were prepared on glass slides. To study the influence of air exposition time on the migration of the PFUA to the polymer-air interface [28,39], the samples were polymerized right after the coating step, or after 30 min, 2 h and 24 h of air exposure in a dark cabinet. A 200 W high-pressure mercury UV lamp (OmniCure 2000, Exfo, Quebec, QC, Canada) was used to cure the materials. The light intensity between 230 and 410 nm was measured using a calibrated radiometer (Silver Line, CON-TROL-CURE, Brachttal, Germany). All samples were irradiated during 3 min under a UV intensity of 75 mW·cm−2.



Three different plant surfaces were selected, namely leaves from Nelumbo Lutea (lotus) and petals from Rosa rosa (red rose) and Rosa hemisphaerica (yellow rose). Figure 2 shows the three surfaces with water droplets on the top. The plant surfaces were replicated into the polymer materials using an intermediate negative PDMS master (Sylgard 184, Dow Corning, Midland, MI, USA). This soft, vacuum-free and ambient molding technique preserved the delicate biological surfaces from damage, and enabled to accurately reproduce their nanometer scale features. Square samples (2 cm × 2 cm) cut from the lotus leaf and from the rose petals were fixed onto Petri dishes. PDMS mixed with hardener (10:1 ratio) was poured onto the samples and air bubbles were removed under a reduced pressure for 20 min. The PDMS was subsequently cured at room temperature for 48 h. The resulting PDMS template (which is the negative of the plant surfaces) was used to imprint HBP and HBP with PFUA with a UVNIL tool equipped with independent control of UV exposure and pressure as detailed in a previous work [43]. Samples were irradiated for 3 min under a pressure of 3 bars and a UV intensity of 75 mW·cm–2.



Water contact angles were measured using a contact angle meter (EasyDrop, Krüss GmbH, Hamburg, Germany) at room temperature using deionized water, enabling controlled dispensing of 9.3 µL water drops. This volume corresponds to a spherical drop diameter of approximately 2.6 mm, much larger than the micrometer features of the investigated surfaces and small enough to reach a Bond number as low as approximately 2 × 10−3 so that gravity effects were negligible. The sessile drop technique was selected and the advancing contact angle was measured. The WCA of three to five droplets was measured on each sample and the values were averaged.



X-Ray photoelectron spectroscopy (XPS) data of the surface of fluorinated HBP coatings were collected by Axis Ultra (Kratos analytical, Manchester, UK) under ultra-high vacuum condition (<10−8 Torr), using a monochromatic Al Ka X-ray source (1486.6 eV). The source power was maintained at 150 W (10 mA, 15 kV). The emitted photoelectrons were sampled from a square area of 750 µm × 350 µm. Gold (Au 4f7/2) and copper (Cu 2p3/2) lines at 84.0 eV and 932.6 eV, respectively, were used for calibration, and the adventitious carbon 1s peak at 285 eV was also used as an internal standard to compensate for any charging effects.



The topography of the replicated surfaces was examined using a scanning electron microscope (SEM, FEI XL30-SFEG, FEI, Hillsboro, OR, USA) operated in ultra-high resolution mode, using an acceleration voltage of 10 kV. The samples were coated with a carbon layer to avoid charging effects.




3. Results and Discussion


3.1. Migration of Fluorinated Oligomers Towards HBP-Air Interface


Figure 3 shows the WCA for pure HBP coatings and HBP coatings with different concentrations of PFUA that were polymerized after 0 min, 30 min, 2 h or 24 h of air exposure. The pure HBP polymerized right after the coating step had a WCA of 63.5°. When the HBP was exposed to air for 24 h prior to polymerization, the WCA increased to 69.3°, a likely result of structural reorganization of hydrophobic and hydrophilic segments of the molecules in order to become better segregated within the coating [44]. With 0.5 wt. % of PFUA the WCA immediately reached a value of 92.4° and further increased to 99.6° for 30 min of air exposition prior to polymerization and to 106.3° after 24 h. With concentrations of 1 wt. % of PFUA, the WCA immediately reached a value of 104°, and saturated to a value of 109° after 2 h. The hydrophobization behavior was the same within experimental scatter for all investigated concentrations of PFUA beyond 1 wt. %. The longer the sample was exposed to air, the higher was the contact angle, as previously reported by Bongiovanni et al. [45]. This result demonstrates a fluorine migration across the sample towards the polymer-air interface, where it accumulates and saturates. The reason is that the composition of coatings at the interface with polar substrates such as glass is different from their composition on the air side, as a consequence of the interfacial energy minimization [27,46].



The saturation effect is exemplified in Figure 3b, where the contact angle after 30 min of air exposure is shown as a function of the concentration of PFUA. A steep increase in hydrophobicity with 40° increase in WCA is evident with the addition of 1 wt. % of PFUA. Further addition of PFUA had no more effect on the WCA, which remained equal to approximately 108°. This result is consistent with previous studies, which report comparable contact angle values with a similar fluorinated surfactant [28,29,30]. Notice that significant experimental scatter arose from two different effects depending on the concentration of PFUA in the sample, resulting in some degree of surface heterogeneity. For concentrations below 1 wt. %, there was not enough PFUA to saturate the whole sample surface, whereas, for concentrations above 1 wt. % samples were visually inhomogeneous due to segregation of the highly viscous PFUA. In both cases, heterogeneity in surface composition was on the same size range as the water droplets.



Figure 4 compares the chemical composition within a 5–10 nm thick superficial layer of the HBP and HBP + 1.2 wt. % of PFUA (i.e., 0.29 wt. % of fluorine according to the concentration of fluorine in PFUA of 24 wt. %) exposed to air for 30 min prior to polymerization, as determined through XPS. The presence of fluorine was detected only in the case of the fluorinated sample.



The corresponding surface composition of the two materials is detailed in Table 1. The analysis confirmed the absence of fluorine at the surface of the HBP. It also revealed a 2.5% mass concentration of fluorine at the surface of the HBP-PFUA sample, i.e., approximately 10 times more than the initial concentration of fluorine in the mixture, a clear demonstration of the migration of PFUA molecules to the surface. The saturated concentration of PFUA at the polymer surface would thus be 10 times the threshold concentration of 1 wt. % shown in Figure 3b, i.e., around 10 wt. %.




3.2. Replication of the Rose Petals and Lotus Leaf into HBP-F


Figure 5 shows the synthetic HBP replica of the three plant surfaces. The morphologies perfectly mimic the surfaces of the original plants. In particular, the closely packed array of micropapillae and nanofolds on each papilla top is apparent on the replicated petal structures [32]. The characteristic features of papillose epidermal cells of the lotus leaf, which are smaller and not as densely packed compared with the rose petal structures are also evident [16,17], although one may notice the absence of part of the well-defined epicuticular wax nanotubules. Different surface densities of micropapillae on these three surfaces are also evident, being the highest for the lotus (~3500 mm−2), followed by the yellow rose (~1600 mm−2) and the red rose (~1000 mm−2).




3.3. Dilution of the Fluorinated Oligomer on the Texturized Surface and Reverse Migration


The WCA of flat and texturized surfaces are reported in Table 2. Clearly, the WCA increased significantly upon texturization for the three investigated plants, from 69° for the flat HBP to 120° for the red rose HBP, 126° for the yellow rose HBP and 133° for the lotus HBP. Texturization changed the hydrophilic HBP (WCA < 90°) into a hydrophobic surface (WCA > 90°) more efficiently than through a reduction of the surface energy with the addition of PFUA (WCA of 108°, see also [7]). The impact of tailored hierarchical structures at micron and nanometer scales on large WCA increases is indeed significant [47], unless the texturized material is hydrophilic, such as alumina [48]. In this latter case, the addition of a hydrophobic surface treatment is essential to achieve the requested WCA increase beyond 150°. Interestingly, an opposite hydrophobic ranking was found for the negative PDMS replica, the negative red rose surface being the most hydrophobic one. However, and surprisingly, the addition of 5 wt. % of PFUA, without or with migration did not significantly change the WCA of the synthetic red rose and lotus surfaces, which was unexpected. WCA was increased by approximately 10° for the synthetic yellow rose, but 2 h of air exposure did not have much influence, in striking contrast with the results obtained on flat surfaces depicted in Figure 3. Two possible effects were considered to explain the observed puzzling results.



The first effect was a dilution of the superficial concentration of fluorine, as a result of the large increase of roughness of the texturized surfaces compared with the flat surfaces. The corresponding surface increase (also termed roughness factor) is 3.2 for lotus leaves [49] and as high as 9.2 for rose petals with respective contributions from the nanofolds and micropapillae of 7.87 and 1.32 [50]. In this latter work, the authors did not specify the type of roses, which were presumably red roses according to the electron micrograph shown in [50]. The roughness factor is likely to be even higher for the yellow rose petal with higher areal density of papillose cells with higher number of nanofolds as seen in Figure 5. The surface concentration of fluorine decreases in proportion with the roughness factor. The fluorine surface concentration of 2.5 wt. % (XPS data, Table 1) was thus diluted by a factor of 3.2 when the flat surface is imprinted with a lotus texture, and by 9 times or more in the case of rose petals. The resulting concentrations of fluorine at the surface would then be insufficient and the WCA would not increase. Additional tests, with increasing initial concentration of PFUA to compensate for this dilution effect and increasing air exposure to maximize surface segregation were carried out. These attempts were not successful: an initial 5 wt. % of PFUA and 2 h of air exposure led to no or marginal increases of WCA as reported in Table 2 for the three plant textures.



The second effect was the reverse migration of the PFUA into the bulk of the polymer coating upon contact with the PDMS mold surface. The following set of experiments confirmed that this was indeed the case. In these experiments, HBP coatings with 1.2 wt. % of PFUA were produced on a glass slide, exposed to air for 30 min to enable migration, and then coated with either a 1 mm thick glass slide or a 5 mm thick PDMS layer placed on the top, fluorine-rich surface of the coating and finally UV cured. The UV intensity was adjusted to compensate for the absorption through the top glass slide. The top glass slide or PDMS layer was removed after complete polymerization prior to contact angle measurement. Detachment of the cured polymer from these two surfaces turned out to be easy. In the case of the glass slide a coating area with reduced thickness was left in contact with the air in-between the two glass substrates for comparison. Figure 6 shows 2 water droplets, one on the coating surface in contact with air during UV cure, and the other in contact with glass during UV cure.



The droplet on the left exhibits a WCA of 103°, similar to the experiments shown in Figure 3 while the droplet on the right presents a WCA of only 38.5°. The WCA of the bare glass substrate was measured for comparison and was found to be equal to 32°. This value presumably indicates the presence of residual contamination since the WCA on hydrophilic silanol surface should be 0°. An exposition of 30 min to air was enough to accumulate enough PFUA on the coating-air interface to obtain a hydrophobic behavior. However, the WCA value of 38.5° implied that the presence of a glass substrate disrupted the migration of the PFUA in the coating and caused a steep decrease in hydrophobicity. The same experience was carried out using a PDMS flat layer (acting as non-polar material) instead of glass. After removal of the PDMS top layer, WCA of 71.6° and 97.5° were found for the HBP and HBP + 1 wt. % of PFUA and 2 h of air exposure, respectively. This result further demonstrates that the type of material in contact with the polymer prior to UV curing has indeed an influence on the surface energy of the cured polymer. Curing the HBP without PFUA in contact with glass rather than with air led to a WCA of 37.3°. A tentative explanation of this behavior is found when considering the interfacial interactions between glass and the HBP. The surface of glass, prior to the application of the HBP coating, is composed of silanol (Si–OH) groups, with density depending on glass composition and ambient relative humidity [51]. The acrylate groups of the HBP form H–bonds with the silanol groups [37], which immobilize the acrylate and may prevent further reaction. Upon release from the glass after polymerization, these rather weak bonds break and the unreacted acrylates would explain the easy separation of the cured HBP from glass, and its increased hydrophilicity on the glass side.




3.4. UV Flash Immobilization of Fluorinated Oligomer at the HBP-Air Interface


In order to suppress the reverse migration effect of the PFUA upon contacting the PDMS mold, the HBP-PFUA mixture was exposed to air for 30 min to enable migration and then irradiated under UV light for a short time to crosslink the superficial layers of the coating. The duration of this UV flash was short enough to prevent gelation of the bulk coating [52], which would compromise the subsequent low-pressure UVNIL process. Experiments were performed with HBP coatings containing 5 wt. % PFUA, first exposed to air for 2 h to maximize surface concentration of fluorine. The coatings were then irradiated under UV light with an intensity of 75 mW/cm2 for durations ranging from 0.2 to 2 s. The flashed coatings were loaded into the UVNIL tool and their surface was printed with the three types of plant textures, using the same illumination time and pressure as for the previous experiments. It turned out that the replication fidelity was as good as that obtained without UV flash for the two rose petal surfaces with densely packed micropapillae, but not for the lotus surface. In that case, parts of the surface were not properly printed, leaving flat areas between papillose cells. This was solved by maintaining the polymer sample under a pressure of 4 bars for 5 min for viscous flow to occur, prior to UV exposure.



Figure 7 shows the WCA of the synthetic replica of the three plants vs. duration of the UV flash, and vs. concentration of PFUA for a 200 ms UV flash. The highest WCA was on a lotus leaf replica, with a value of 151°. This value was significantly lower than that of the natural plant and is likely due to the absence of nanotubules on the polymer replica, which has been shown to reduce the superhydrophobic behavior of such surfaces [13]. The highest WCA value on the red rose surface was 123°, much lower than the value of 153° reported for the natural red rose petal [53]. This is a probable result of the large decrease of fluorine concentration at the surface resulting from the large increase of the roughness upon printing as detailed in the following.



As shown in Figure 7a, a 200 ms UV flash was sufficient to increase the WCA, by approximately 5° for the yellow rose and by more than 10° for the lotus. For these two plants longer flashes led a decrease of the WCA and an increased experimental scatter, which was particularly pronounced in case of lotus. Such reduction of the WCA was due to degraded replication fidelity, a result of the increased viscosity of the polymer, and points out the importance of careful process control in such UV printing processes. An increase of the WCA on the synthetic red rose surface also occurred with a flash of UV light, but the increase was less than 3°, and longer flashes were needed. It is moreover evident from Figure 7b that the WCA increased with increasing concentration of PFUA for both lotus and yellow rose, the trend being not clear for the red rose. This suggests that the dilution effect upon surface texturization was present and was quite significant for concentrations below 2 wt. %, which is in fact consistent with the threshold concentration of 1 wt. % (Figure 3) considering a roughness factor close to 3 for lotus. As discussed previously, the much higher roughness factor of the yellow rose petals would explain the systematic lower WCA on the yellow rose compared with that on the lotus.



The considerably different wetting behavior of the investigated surfaces reflect the complex interplay between hierarchical surface morphologies, surface energy and trapping of air pockets at the liquid-solid interface, a critical factor for superhydrophobicity. It is generally recognized that micropapillae with higher aspect ratio and higher areal density present increased WCA and reduced SA [34]. In the present case, the red rose petals had the lowest areal density and the concentration of PFUA at their surface was probably below the saturation value of 10 wt. % due to a large dilution effect. In addition, the nanofolds on the red rose papillose cells form directional grooves, which favors anchoring of water droplets [50,53]. The density of micropapillae was higher for the yellow rose, and the nanofold morphology resembled the nanotubular structure of the lotus wax crystals. This presumably explains the large increase of hydrophobicity of this type of rose petal compared with the red rose petal. However, the roughness ratio was probably too high, and the resulting surface concentration of PFUA upon texturization was again insufficient for superhydrophobicity. Finally, the synthetic lotus surface combined a high density of micropapillae and a high enough concentration of fluorine due to a relatively small roughness ratio and, in spite of incomplete replication of the nanotubules, it was superhydrophobic.




3.5. Self-cleaning Synthetic Plant Surfaces


The self-cleaning ability of the three plant replicas was tested against water, milk and tea. Figure 8 shows droplets of these three liquids on the three synthetic plant surfaces found to exhibit the highest WCA (i.e., with an initial bulk concentration of PFUA of 5 wt. %, an air exposure of 2 h and a UV flash of 200 ms, see Figure 7), and a sequence of three pictures which exemplify the effective cleaning with water of a synthetic lotus surface contaminated by pepper grains. Removal of hydrophobic contaminants such as pepper grains with water droplets is more challenging than model hydrophilic contaminants such as MnO powder [54] and SiC powder [55], because these grains would adhere well to the hydrophobic surface. In that case, the weak adhesive forces between the hydrophobic particles and water overcome the adhesive forces between the particles and the texturized surface, because these are very low due to very small contact area between the particles and the top of the textures, and the particles are captured by the droplets. Water droplets on control surfaces (flat HBP, flat fluorinated HBP and HBP lotus replica without fluorine) are also shown. The latter three surfaces were not self-cleaning. Interestingly, neither were the two fluorinated lotus replica, for which no air exposure nor UV flash were used.



The sliding angle of water on the synthetic red rose surface was measured and found to be equal to approximately 60°, and several water droplets remained attached to the surface when the sample was turned upside-down. This confirmed the adhesive, Cassie impregnating wetting state also termed ‘petal-effect’ of this surface [32,33,34], which did not show any self-cleaning behavior with the selected liquids. The value of the SA of water on the synthetic yellow rose was approximately 10°, at the limit for superhydrophobic surfaces, as previously noticed from its WCA of 143°. Water and milk droplets rolled on the synthetic yellow rose petal. However, its self-cleaning ability was not very good, which might be improved with increasing concentration levels of PFUA to overcome the strong dilution effect discussed above. The SA of water on the synthetic lotus surface was equal to 5° (at an angle of 3°, most but not all water droplets did roll on the surface), thus confirming its superhydrophobic character. This surface was self-cleaning with water, but not with milk.





4. Conclusions


Bioinspired self-cleaning surfaces based on synthetic replica of plant surfaces were developed using an acrylated hyperbranched polymer (HBP) and a fluorinated acrylate surfactant (PFUA). A PDMS negative template of red and yellow rose petals and lotus leaves and a UVNIL process were used. The degree of hydrophobicity of the synthetic replica was investigated with attention paid to the concentration of PFUA and segregation of PFUA at the polymer-air interface. The analysis of the experimental results led to the following conclusions.



Dilute concentrations of 1 wt. % PFUA in 200 µm thick HBP coatings migrated to the polymer-air interface within 30 min, leading to a ten-fold increase of the amount of fluorine at the surface and a mass concentration equal to 2.5%. This migration process was found to be reversible when the polymer-air interface was changed to polymer-glass and polymer-PDMS interfaces, but became irreversible through photo-crosslinking of the superficial layers with a 200 ms flash of UV light. The hydrophilic HBP surface (WCA of 69°) became hydrophobic (WCA of 108°) with an initial concentration as low as 1 wt. % of PFUA followed by a 30 min air exposure. Increasing the concentration of PFUA beyond 1 wt. % did not further increase the WCA.



The rapid, low-pressure UVNIL process based on the low-shrinkage HBP precursor enabled a very high replication fidelity of the surfaces of the original plants, with well resolved arrays of papillose cells and their sub-micron cuticular features. Using the spontaneous migration and UV flash crosslinking processes, the surface textures of the three plants were successfully printed into the HBP coatings with fluorinated surface. However, for the rose petals based on HBP with a bulk concentration of 5 wt. % of PFUA, the surface concentration of fluorine was below the saturation value for superhydrophobicity, due to a dilution effect upon printing the petal textures with very high roughness. The synthetic red rose petal was hydrophobic (WCA of 125°) and adhesive and the synthetic yellow rose petal was quasi-superhydrophobic (WCA of 143°, roll-off angle of 10°). The surface concentration of fluorine on the synthetic lotus leaf reached the saturation value and the leaf was superhydrophobic (WCA of 151°, roll-off angle of 5°) and featured self-cleaning properties with water.







Acknowledgments


The authors are indebted to the botanical garden of Lausanne for the supply of fresh plants, the Laboratory of Chemical Metallurgy at EPFL for XPS analyses and to Martin Hofmann and Rajasundar Chandran for technical support for WCA and SEM analyses, respectively.




Author Contributions


Marina A. González Lazo and Yves Leterrier conceived and designed the experiments; Marina A. González Lazo, Ioannis Katrantzis and Feyza Karasu selected the lotus and roses, produced the texturized surfaces and performed the experiments; Marina A. González Lazo, Ioannis Katrantzis, Feyza Karasu and Yves Leterrier analyzed the WCA data; Marina A. González Lazo, Ioannis Katrantzis, Sara Dalle Vacche and Yves Leterrier wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Neinhuis, C.; Barthlott, W. Characterization and Distribution of Water-repellent, Self-cleaning Plant Surfaces. Ann. Bot. 1997, 79, 667–677. [Google Scholar] [CrossRef]

	



Bhushan, B.; Jung, Y.C. Natural and biomimetic artificial surfaces for superhydrophobicity, self-cleaning, low adhesion, and drag reduction. Prog. Mater. Sci. 2011, 56, 1–108. [Google Scholar] [CrossRef]

	



Ma, M.; Hill, R.M. Superhydrophobic surfaces. Curr. Opin. Coll. Interf. Sci. 2006, 11, 193–202. [Google Scholar] [CrossRef]

	



Roach, P.; Shirtcliffe, N.J.; Newton, M.I. Progress in superhydrophobic surface development. Soft Matter 2008, 4, 224–240. [Google Scholar] [CrossRef]

	



Li, X.-M.; Reinhoudt, D.; Crego-Calama, M. What do we need for a superhydrophobic surface? A review on the recent progress in the preparation of superhydrophobic surfaces. Chem. Soc. Rev. 2007, 36, 1350–1368. [Google Scholar] [CrossRef] [PubMed]

	



Ganesh, V.A.; Raut, H.K.; Sreekumaran, A.; Ramakrishna, S. A review on self-cleaning coatings. J. Mater. Chem. 2011, 21, 16304–16322. [Google Scholar] [CrossRef]

	



Nakajima, A. Design of hydrophobic surfaces for liquid droplet control. NPG Asia Mater. 2011, 3, 49–56. [Google Scholar] [CrossRef]

	



Yao, L.; He, J. Recent progress in antireflection and self-cleaning technology: From surface engineering to functional surfaces. Prog. Mater. Sci. 2014, 61, 94–143. [Google Scholar] [CrossRef]

	



Celia, E.; Darmanin, T.; Taffin de Givenchy, E.; Amigoni, S.; Guittard, F. Recent advances in designing superhydrophobic surfaces. J. Colloid. Interf. Sci. 2013, 402, 1–18. [Google Scholar] [CrossRef] [PubMed]

	



Shirtcliffe, N.J.; McHale, G.; Newton, M.I.; Chabrol, G.; Perry, C.C. Dual-scale roughness produces unusually water-repellent surfaces. Adv. Mater. 2004, 16, 1929–1932. [Google Scholar] [CrossRef]

	



Koch, K.; Bhushan, B.; Barthlott, W. Multifunctional surface structures of plants: An inspiration for biomimetics. Prog. Mater. Sci. 2009, 54, 137–178. [Google Scholar] [CrossRef]

	



Koch, K.; Bhushan, B.; Jung, Y.C.; Barthlott, W. Fabrication of artificial Lotus leaves and significance of hierarchical structure for superhydrophobicity and low adhesion. Soft Matter 2009, 5, 1386–1393. [Google Scholar] [CrossRef]

	



Lepore, E.; Pugno, N. Superhydrophobic Polystyrene by Direct Copy of a Lotus Leaf. BioNanoScience 2011, 1, 136–143. [Google Scholar] [CrossRef]

	



Park, S.; van Rijn, P.; Böker, A. Artificial leaves via reproduction of hierarchical structures by a fast molding and curing process. Macromol. Rapid Commun. 2012, 33, 1300–1303. [Google Scholar] [CrossRef] [PubMed]

	



Rasilainen, T.; Suvanto, M.; Pakkanen, T.A. Anisotropically microstructured and micro/nanostructured polypropylene surfaces. Surf. Sci. 2009, 603, 2240–2247. [Google Scholar] [CrossRef]

	



Lee, S.; Kwon, T.H. Effects of intrinsic hydrophobicity on wettability of polymer replicas of a superhydrophobic lotus leaf. J. Micromech. Microeng. 2007, 17, 687–692. [Google Scholar] [CrossRef]

	



Sun, M.H.; Luo, C.X.; Xu, L.P.; Ji, H.; Qi, O.Y.; Yu, D.P.; Chen, Y. Artificial lotus leaf by nanocasting. Langmuir 2005, 21, 8978–8981. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Hao, X.; Wang, C.; Zhang, B.; Wang, W. Rapid and low cost replication of complex microfluidic structures with PDMS double casting technology. Microsyst. Technol. 2014, 20, 1933–1940. [Google Scholar] [CrossRef]

	



Liu, B.; Wang, W.; Jiang, G.; Mei, X.; Wang, Z.; Wang, K.; Cui, J. Study on hierarchical structured PDMS for surface super-hydrophobicity using imprinting with ultrafast laser structured models. Appl. Surf. Sci. 2016, 364, 528–538. [Google Scholar] [CrossRef]

	



Migliaccio, C.P.; Lazarus, N. Fabrication of hierarchically structured superhydrophobic PDMS surfaces by Cu and CuO casting. Appl. Surf. Sci. 2015, 353, 269–274. [Google Scholar] [CrossRef]

	



Shin, J.-H.; Han, K.-S.; Lee, H. Anti-reflection and hydrophobic characteristics of M-PDMS based moth-eye nano-patterns on protection glass of photovoltaic systems. Prog. Photovolt. Res. Appl. 2011, 19, 339–344. [Google Scholar] [CrossRef]

	



Shang, H.M.; Wang, Y.; Limmer, S.J.; Chou, T.P.; Takahashi, K.; Cao, G.Z. Optically transparent superhydrophobic silica-based films. Thin Solid Films 2005, 472, 37–43. [Google Scholar] [CrossRef]

	



Vourdas, N.; Tserepi, A.; Gogolides, E. Nanotextured super-hydrophobic transparent poly(methyl methacrylate) surfaces using high-density plasma processing. Nanotechnology 2007, 18, 125304. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, J.; Yang, B. Antireflective surfaces based on biomimetic nanopillared arrays. Nano Today 2010, 5, 117–127. [Google Scholar] [CrossRef]

	



Ming, W.; Wu, D.; van Benthem, R.; de With, G. Superhydrophobic Films from Raspberry-like Particles. Nano Lett. 2005, 5, 2298–2301. [Google Scholar] [CrossRef] [PubMed]

	



Budunoglu, H.; Yildirim, A.; Guler, M.O.; Bayindir, M. Highly transparent, flexible and thermally stable superhydrophobic ORMOSIL aerogel thin films. ACS Appl. Mater. Interfaces 2011, 3, 539–545. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bongiovanni, R.; Beamson, G.; Mamo, A.; Priola, A.; Recca, A.; Tonelli, C. High resolution XPS investigation of photocured films containing perfluoropolyether acrylates. Polymer 2000, 41, 409–414. [Google Scholar] [CrossRef]

	



Bongiovanni, R.; Lombardi, V.; Priola, A.; Tonelli, C.; Di Meo, A. Surface properties of acrylic coatings containing perfluoropolyether chains. Surf. Coat. Int. Part B Coat. Trans. 2003, 86, 1–90. [Google Scholar] [CrossRef]

	



Fabbri, P.; Messori, M.; Montecchi, M.; Nannarone, S.; Pasquali, L.; Pilati, F.; Tonelli, C.; Toselli, M. Perfluoropolyether-based organic-inorganic hybrid coatings. Polymer 2006, 47, 1055–1062. [Google Scholar] [CrossRef]

	



Messori, M.; Toselli, M.; Pilati, F.; Fabbri, P.; Pasquali, L.; Montecchi, M.; Nannarone, S.; Tonelli, C. Perfluoropolyether-based organic-inorganic hybrid coatings: Preparation and surface characterisation. Surf. Coat. Int. Part B Coat. Trans. 2005, 88, 243–249. [Google Scholar] [CrossRef]

	



Dalvi, V.H.; Rossky, P.J. Molecular origins of fluorocarbon hydrophobicity. Proc. Natl. Acad. Sci. USA 2010, 107, 13603–13607. [Google Scholar] [CrossRef] [PubMed]

	



Feng, L.; Zhang, Y.; Xi, J.; Zhu, Y.; Wang, N.; Xia, F.; Jiang, L. Petal Effect: A Superhydrophobic State with High Adhesive Force. Langmuir 2008, 24, 4114–4119. [Google Scholar] [CrossRef] [PubMed]

	



Schulte, A.J.; Droste, D.M.; Koch, K.; Barthlott, W. Hierarchically structured superhydrophobic flowers with low hysteresis of the wild pansy (Viola tricolor)—New design principles for biomimetic materials. Beilstein J. Nanotechnol. 2011, 2, 228–236. [Google Scholar] [CrossRef] [PubMed]

	



Bhushan, B.; Her, E.K. Fabrication of Superhydrophobic Surfaces with High and Low Adhesion Inspired from Rose Petal. Langmuir 2010, 26, 8207–8217. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, L.E.; Schmäh, D.; Leterrier, Y.; Månson, J.-A.E. Time-intensity transformation and internal stress in UV-curable hyperbranched acrylates. Rheol. Acta 2007, 46, 693–701. [Google Scholar] [CrossRef]

	



Schmidt, L.E.; Yi, S.; Jin, Y.-H.; Leterrier, Y.; Cho, Y.-H.; Månson, J.-A.E. Acrylated hyperbranched polymer photoresist for ultra-thick and low-stress high aspect ratio micropatterns. J. Micromech. Microeng. 2008, 18, 045022. [Google Scholar] [CrossRef]

	



Geiser, V.; Leterrier, Y.; Månson, J.-A.E. Rheological Behavior of Concentrated Hyperbranched Polymer/Silica Nanocomposite Suspensions. Macromolecules 2010, 43, 7705–7712. [Google Scholar] [CrossRef]

	



Geiser, V.; Leterrier, Y.; Månson, J.-A.E. Low-Stress Hyperbranched Polymer/Silica Nanostructures Produced by UV Curing, Sol/Gel Processing and Nanoimprint Lithography. Macromol. Mater. Eng. 2012, 297, 155–166. [Google Scholar] [CrossRef]

	



Bongiovanni, R.; Malucelli, G.; Sangermano, M.; Priola, A. Fluorinated networks through photopolymerisation processes: Synthesis, characterisation and properties. J. Fluorine Chem. 2004, 125, 345–351. [Google Scholar] [CrossRef]

	



Guo, X.; Hunter, A.; Chen, J. Preparation and Characterization of Acrylates and Polyacrylates Having Variable Fluorine Contents and Distributions. J. Polym. Sci. Pol. Chem. 1994, 32, 47–56. [Google Scholar] [CrossRef]

	



Decker, C.; Zahouily, K.; Valet, A. Weathering performance of thermoset and photoset acrylate coatings. J. Coat. Technol. 2002, 74, 87–92. [Google Scholar] [CrossRef]

	



Ping, T.; Zhou, Y.; He, Y.; Tang, Y.; Yang, J.; Akram, M.Y.; Nie, J. Preparation and characterization of yellowing resistance and low volume shrinkage of fluorinated polysiloxane urethane acrylate. Prog. Org. Coat. 2016, 97, 74–81. [Google Scholar] [CrossRef]

	



González Lazo, M.A.; Teuscher, R.; Leterrier, Y.; Månson, J.-A.E.; Calderone, C.; Hessler-Wyser, A.; Couty, P.; Ziegler, Y.; Fischer, D. UV-nanoimprint lithography and large area roll-to-roll texturization with hyperbranched polymer nanocomposites for light-trapping applications. Sol. Energy Mater. Sol. Cells 2012, 103, 147–156. [Google Scholar] [CrossRef]

	



Mikhaylova, Y.; Adam, G.; Haussler, L.; Eichhorn, K.J.; Voit, B. Temperature-dependent FTIR spectroscopic and thermoanalytic studies of hydrogen bonding of hydroxyl (phenolic group) terminated hyperbranched aromatic polyesters. J. Mol. Struct. 2006, 788, 80–88. [Google Scholar] [CrossRef]

	



Bongiovanni, R.; Di Meo, A.; Pollicino, A.; Priola, A.; Tonelli, C. New perfluoropolyether urethane methacrylates as surface modifiers: Effect of molecular weight and end group structure. React. Funct. Polym. 2008, 68, 189–200. [Google Scholar] [CrossRef]

	



Krupers, M.; Slangen, P.-J.; Moller, M. Synthesis and properties of polymers based on oligo(hexafluoropropene oxide) containing methacrylates and copolymers with methyl methacrylate. Macromolecules 1998, 31, 2552–2558. [Google Scholar] [CrossRef]

	



Dhillon, P.K.; Brown, P.S.; Bain, C.D.; Badyal, J.P.S.; Sarkar, S. Topographical length scales of hierarchical superhydrophobic surfaces. Appl. Surf. Sci. 2014, 317, 1068–1074. [Google Scholar] [CrossRef][Green Version]

	



Gong, X.; Bartlett, A.; Kozbial, A.; Li, L. A Cost-Effective Approach to Fabricate Superhydrophobic Coatings Using Hydrophilic Materials. Adv. Eng. Mater. 2016, 18, 567–571. [Google Scholar] [CrossRef]

	



Jung, Y.C.; Bhushan, B. Contact angle, adhesion and friction properties of micro-and nanopatterned polymers for superhydrophobicity. Nanotechnology 2006, 17, 4970–4980. [Google Scholar] [CrossRef]

	



Wang, J.; Yang, Q.; Wang, M.; Wang, C.; Jiang, L. Rose petals with a novel and steady air bubble pinning effect in aqueous media. Soft Matter 2012, 8, 2261–2266. [Google Scholar] [CrossRef]

	



Varshneya, A.K.; Schaeffer, H.A.; Richardson, K.R.; Wightman, M.; Pye, L.D. Processing, Properties, and Applications of Glass and Optical Materials: Ceramic Transactions; Wiley: Hoboken, NJ, USA, 2012. [Google Scholar]

	



Geiser, V.; Leterrier, Y.; Månson, J.A.E. Conversion and Shrinkage Analysis of Acrylated Hyperbranched Polymer Nanocomposites. J. Appl. Polym. Sci. 2009, 114, 1954–1963. [Google Scholar] [CrossRef]

	



Teisala, H.; Tuominen, M.; Kuusipalo, J. Adhesion Mechanism of Water Droplets on Hierarchically Rough Superhydrophobic Rose Petal Surface. J. Nanomater. 2011, 2011, 818707. [Google Scholar] [CrossRef]

	



Lu, Y.; Sathasivam, S.; Song, J.; Crick, C.R.; Carmalt, C.J.; Parkin, I.P. Robust self-cleaning surfaces that function when exposed to either air or oil. Science 2015, 347, 1132–1135. [Google Scholar] [CrossRef] [PubMed]

	



Tamesue, S.; Takahashi, E.; Kosugi, S.; Fukami, K.; Mitsumata, T.; Tsubokawa, N.; Sakka, T.; Yamauchi, T. Fabrication of a poly(dimethylsiloxane) microstructured surface imprinted from patterned silicon wafer with a self-cleaning property. Polym. J. 2016, 48, 835–838. [Google Scholar] [CrossRef]








[image: Materials 09 00738 g001 1024] 





Figure 1. Chemical structure of HBP and PFUA. 
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Figure 2. Photographs of (a) red rose petal; (b) yellow rose petal; and (c) lotus leaf with water droplets on them. 
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Figure 3. Water contact angle vs. (a) air exposition time for pure HBP and fluorinated flat surfaces for different concentrations of PFUA as indicated; and (b) PFUA concentration for HBP coatings polymerized after 30 min of air exposure. 
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Figure 4. XPS analyses of non-fluorinated HBP (HBP, black spectrum) and fluorinated HBP (HBP + 1.2 wt. % of PFUA and 30 min of air exposure, HBP-F, red spectrum) surfaces. 
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Figure 5. Electron micrographs at three different magnifications of HBP replica of a red rose petal (a–c); a yellow rose petal (d–f) and a lotus leaf (g–i). The insets show the pictures of the three plants used in this work. 
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Figure 6. Morphology of water droplets on HBP with surface segregated PFUA in contact with air (left droplet) and with glass (right droplet) during UV curing. 






Figure 6. Morphology of water droplets on HBP with surface segregated PFUA in contact with air (left droplet) and with glass (right droplet) during UV curing.



[image: Materials 09 00738 g006]







[image: Materials 09 00738 g007 1024] 





Figure 7. WCA of synthetic plant surfaces based on HBP + PFUA with 2 h of air exposure vs. (a) duration of UV flash prior to UVNIL for a 5 wt. % concentration of PFUA and (b) concentration of PFUA in HBP for a 0.2 s UV flash prior to UVNIL. 
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Figure 8. Behavior of milk, water and tea on the surfaces of flat and printed HBP and fluorinated HBP (HBP + F) coatings on glass slides (liquid droplets on HBP + 5 wt. % PFUA with 2 h air exposure and 0.2 s UV flash replica of (a) red rose; (b) yellow rose and (c) lotus; water droplets on (d) flat HBP; (e) flat HBP + 5 wt. % PFUA with 24 h air exposure; (f) lotus replica of pure HBP) and demonstration of the self-cleaning properties of a lotus replica (HBP + 5 wt. % PFUA with 2 h air exposure and 0.2 s UV flash) using water and pepper grains; (g) before cleaning with water; (h) with a water droplet (highlighted with a blue circle) running on the pepper contaminated surface and (i) after cleaning, with water droplet loaded with pepper particles and immobilized on the non-printed, flat area, leaving a clean trace on the printed surface. 
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Table 1. XPS analysis of the surface of HBP and HBP + 1.2 wt. % of PFUA with 30 min of air exposure.
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Sample

	
Peak

	
Position Beam Energy (eV)

	
Full Width at Half Maximum (eV)

	
Raw Area (CPS)

	
Relative Sensitivity Factor

	
Atomic Mass

	
Atomic Conc. * (%)

	
Mass Conc. * (%)






	
HBP

	
F 1s

	
687.3

	
0.000

	
0.0

	
1.000

	
18.998

	
0.00

	
0.00




	
O 1s

	
528.6

	
2.363

	
26,010.7

	
0.780

	
15.999

	
16.60

	
20.95




	
C 1s

	
280.8

	
2.366

	
42,133.2

	
0.278

	
12.011

	
83.40

	
79.05




	
HBP-PFUA

	
F 1s

	
685.3

	
2.363

	
3317.5

	
1.000

	
18.998

	
1.70

	
2.46




	
O 1s

	
528.7

	
2.431

	
35,280.0

	
0.780

	
15.999

	
24.19

	
29.56




	
C 1s

	
281.9

	
2.773

	
34,850.6

	
0.278

	
12.011

	
74.11

	
67.98








* Conc. = concentration.
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Table 2. Influences of air exposure prior to UV polymerization and concentration of PFUA on WCA of flat and texturized HBP and fluorinated HBP coatings. The WCA of flat HBP and fluorinated HBP polymerized in contact with glass and PDMS, of glass and of PDMS, and of PDMS negative replica of the plants are also reported.







Table 2. Influences of air exposure prior to UV polymerization and concentration of PFUA on WCA of flat and texturized HBP and fluorinated HBP coatings. The WCA of flat HBP and fluorinated HBP polymerized in contact with glass and PDMS, of glass and of PDMS, and of PDMS negative replica of the plants are also reported.







	
Surface

	
Material

	
Air Exposure (min)

	
Template Material

	
WCA (°)






	
Flat

	
HBP

	
–

	
–

	
68.7 ± 1.2




	
HBP + 1 wt. % PFUA

	
30

	
–

	
107.6 ± 2.6




	
Glass *

	
–

	
–

	
32.0




	
PDMS *

	
–

	
–

	
108.7




	
HBP *

	
–

	
Glass

	
37.3




	
HBP

	
–

	
PDMS

	
71.6 ± 1.7




	
HBP + 1 wt. % PFUA *

	
0

	
Glass

	
38.5




	
HBP + 1 wt. % PFUA

	
120

	
PDMS

	
97.5 ± 1.1




	
Red rose petal texture

	
HBP

	
–

	
PDMS

	
120.4 ± 0.9




	
HBP + 5 wt. % PFUA

	
0

	
PDMS

	
117.8 ± 2.3




	
HBP + 5 wt. % PFUA

	
120

	
PDMS

	
121.9 ± 1.1




	
Yellow rose petal texture

	
HBP

	
–

	
PDMS

	
126.2 ± 1.5




	
HBP + 5 wt. % PFUA

	
0

	
PDMS

	
136.5 ± 2.0




	
HBP + 5 wt. % PFUA

	
120

	
PDMS

	
137.6 ± 0.9




	
Lotus leaf texture

	
HBP

	
–

	
PDMS

	
139.1 ± 1.8




	
HBP + 5 wt. % PFUA

	
0

	
PDMS

	
141.7 ± 2.0




	
HBP + 5 wt. % PFUA

	
120

	
PDMS

	
140.1 ± 1.1




	
Negative red rose

	
PDMS

	
–

	
Red rose

	
134.3 ± 5.3




	
Negative yellow rose

	
PDMS

	
–

	
Yellow rose

	
131.3 ± 4.1




	
Negative lotus

	
PDMS

	
–

	
Lotus

	
117.3 ± 2.6








* Only one measurement available.
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