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In nature, wetting phenomena are present nearly everywhere and are a source of inspiration for liquid transportation. A good understanding of the underlying dynamic phenomena that governs wettability is therefore extremely important for researchers involved in bio-inspired surfaces. Here, we study the adhesive behavior with water of mesh substrates modified with structured copolymers in order to tune the surfaces between parahydrophobic states (high water adhesion) to superhydrophobic states (low water adhesion). Using the ejection test method (ETM), a new technique that consists of the ejection of water droplets deposited onto a substrate with the aid of a catapult system, we experimentally demonstrate that the elasticity of the mesh substrate can be exploited for efficient vertical actuation of droplets.

Introduction

Nature is full of many examples of superhydrophobic surfaces that remain repellent to water even during heavy rainfalls and also have self-cleaning behavior, such as the lotus leaf, water strider legs as well as certain moth and fly eyes. [1][2][3][4][5] Superhydrophobicity is characterized by an apparent contact angle with water (w) greater than 150° and also extremely low water adhesion (i.e., low both sliding angle  and hysteresis H), and is typically obtained by a combination of proper surface structures and low surface energy materials. [6][7][8][9] However, other species such as the gecko, red roses, peaches and some flying insects have extremely high w but with an associated high water adhesion. [10,11] This property, also called parahydrophobicity, [12,13] can be obtained via engineering of surface structures of only one dimension (nanoscale, for example) or by using constituent materials of a high surface energy.

Knowing these examples, it is evident that water adhesion can be controlled via adjustment of surface structures and relative roughness as well as through manipulation of the surface energy. [14,15] Different adhesive states can be engineered using a variety of fabrication procedures and similarly there are numerous methods to characterize these states. [16][17][18][19] The most commonly used technique for characterization is the tilted-droplet method which measures the sliding angle the angle of inclination just prior to droplet rolls-off. However, recently researchers have expressed concerns about the tilted-droplet method due to the numerous failures during the experimental procedures since dynamical behaviors of water droplets vary quite significantly. [20,21] Moreover, when a surface is sticky (parahydrophobic), [10] the droplet does not move even if the substrate is inclined to 90°. Consequently, H cannot be determined via the tilted-drop method on parahydrophobic interfaces and thus it cannot be employed to distinguish between several parahydrophobic surfaces. While there has been a lack of new procedures to quantify water adhesion between a liquid droplet and a substrate, very recently a new method, the ejection test method (ETM), was reported to better characterize the water adhesion on different substrates. [22] ETM consists of ejecting water droplets placed on a substrate using a catapult system with a controlled amplitude and, consequently, also controlled acceleration. The great advantage with this method is that it can probe dynamic contact angles using a quantitative measure and it works over a broader range of adhesive behaviors between the water droplet and the surface studied: under certain conditions, both sticky and non-sticky surfaces are able to repel water using the catapult system. [23] Moreover, droplet fragmentation can also be observed: depending on the surface wettability and initial catapult acceleration, the droplet can take off from the surface with or without fragmentation. This method was validated for the first time in our previous works which highlighted the new phenomena of Superpropulsion, by using soft balls and liquid droplets, and by showing the fragmentation effect on parahydrophobic surfaces. [22,23] Here, we report the characterization using ETM of more complex substrates: modified stainless steel meshes. Indeed, we show the effect of the substrate elasticity on the water adhesion and ejection phenomena. We use pyrene copolymers with various water adhesive behaviors by adjusting the ratio of each comonomer: a comonomer containing a perfluorohexyl chain (Pyrene-F6) is employed to reduce water adhesion (superhydrophobic) and a comonomer containing an adamantyl chain (Pyrene-Adam) is employed to increase water adhesion (Scheme 1). Mesh substrates are extremely important for various materials applications, particularly for oil/water separation. 

Results and Discussion

Experimental data is provided in the Supporting Information. In this work, stainless steel meshes with 100 m openings were chosen due to their ultra-low water adhesion behaviors highlighted in a previous publication. [25] Pyrene copolymers were electrodeposited onto these mesh substrates in order to form nanostructrured microspheres (Figure 1). [26,27] By adjusting the molar percentage of each comonomer, we were able to adjust the surface hydrophobicity and water adhesive behavior from parahydrophobic (high water adhesion) to superhydrophobic (low water adhesion), thus expanding the potential applications of these materials. [28] Figure 1. SEM image of the mesh substrate deposited with copolymer of pyrene by electropolymerization method (left) and the nanostructured microspheres (right). . Table 1 presents the contact angles obtained with the sessile and tilted-drop method. The surface is completely sticky for a mol% Pyrene-F6 less than or equal to 50% and becomes truly superhydrophobic with 100% Pyrene-F6. However, according to the dynamic angles displayed in Table 1, we have no real information to discriminate these surfaces beyond the qualitative observations of sticky and non-sticky behaviors. Since the surface morphology is quite similar for all the copolymers studied here, the variations in the wetting properties must be due to differences in overall chemistry and surface energy (SV). FTIR spectra is presented in Figure 2 to evaluate the surface chemistry of the polymers. The characteristic peak from carbonyl function is shown around 1740 cm -1 for both homopolymers as well as for the C-H bending around 850 cm -1 and for C-O stretching around 1000-1200 cm -1 . For the non-fluorinated polymer, PPy-Adam, peaks around 2800-3000 cm -1 attributed to the C-H stretching and for the fluorinated PPy-F6, peaks around 1100-1300 cm -1 are attributed to the C-F stretching in the fluorinated pyrenes. The FTIR spectra confirm the well deposition of pyrene films on meshes substrates. Concerning the surface energy, the results can be better explained using the Wenzel and Cassie-Baxter [28,29] equations often used to describe the wettability of rough substrates. To employ these relationships, it is first necessary to determine the Young's angles ( Y ), which is the contact angle on an analogous, smooth interface of the same polymer. [30] Here, smooth polymer films were successfully prepared by changing the electropolymerization method in order to better control the polymer growth. These  Y are provided in Table 2, as well as their surface energy determined with the Owens-Wendt equation (described in the Support Information). [31] The homopolymer PPyrene-F6 is at the limit between hydrophilic and hydrophobic behavior ( Y water ≈ 90°), while the other copolymers are intrinsically hydrophilic ( Y water < 90°). They are also highly intrinsically oleophilic regardless of the mol% of Pyrene-F6 and the oil. The increase in molar fraction of each monomer corresponds to changes in the surface energy over the range of 42.2 to 33.9 mN m -1 .

With these measured  Y water, all the water apparent contact angles (w) obtained from the structured substrates cannot be explained with the Wenzel equation: cos  = rcos  Y (r being a roughness parameter), since with this equation it is possible to have w>  Y w only if  Y w > 90°. Hence, only the Cassie-Baxter equation can explain most of these results proving the presence of air between the substrate and the water droplet. The Cassie-Baxter equation is written as: cos  = rffcos Y + f -1 (rf being the roughness ratio of the substrate wetted by the liquid, f the solid fraction and (1f) the air fraction). Using the Cassie-Baxter equation, it is possible to obtain superhydrophobic properties with very low hysteresis if the air fraction is extremely significant (or the solid fraction extremely low). This is the case for the homopolymer PPyrene-F6 electrodeposited on mesh substrate, as represented in Figure 3. The Cassie-Baxter equation can also predict parahydrophobic behavior with high water adhesion if the air fraction is less significant (Figure 3), as previously described by Marmur. [12] Indeed, the maximum pressure that the mesh can support, Pbreakthrough, is highly dependent on the characteristics of the meshes such as the mesh opening and the diameter of the mesh wires. This maximum pressure also corresponds to the energy for the Cassie-Baxter-Wenzel transition. Moreover, the presence of surface micro-and/or nanostructures around the meshes can increase the maximum pressure by increasing the air volume trapped beneath the water droplet, as observed here. We have demonstrated that the surface properties of the mesh substrates can be adjusted from parahydrophobic (high adhesion) to superhydrophobic (low adhesion) due to differences in surface energy and chemistry, since all meshes have similar surface morphologies. We have recently described a general phenomenon of Superpropulsion for which an elastic object can be propelled by a catapult-like system with an efficient gain in kinetic energy. [22] The same phenomenon has been used to propose a new method, ETM, to dynamically characterize adhesive behavior of sticky and non-sticky surfaces. [23] In this last section we demonstrate that the mesh substrates studied in this paper are natural candidates for virtual actuation of droplets. The mesh is clamped on one side and free on the other, and a syringe is used to deform the mesh and a droplet is deposited onto it. An electromagnet is used to suddenly release the stress and the droplet is subsequently ejected from the substrate. A movie is given in supplemental material, which fully illustrates the ejection process and the free fall of the droplet before it lands back off on the substrate. Figure 4 includes a time sequence of pictures which illustrate the same process.From this video (taken at 4200 frames per second) we can easily extract the maximum amplitude reached by the drop h, and deduce the velocity at the ejection (Ve = (2 g h) 1/2 ) with g being the acceleration due to gravity. We can also measure the maximum velocity of the substrate Vm, its eigen vibration frequency f = 67 Hz and the eigen vibration frequency of the drop f0 = 140 Hz by looking at the spatio-temporal diagram given in Figure 5. We measure Vm = 0.48 m/s, Ve = 0.63 m/s so that Ve/Vm = 1.31. This measure is in relatively good agreement with the theoretically predicted value [21]: Ve/Vm = 1.34 for f0/f = 2.1. We demonstrate that a droplet can be easily ejected at a desired velocity and hence at a maximum height by simply using the mesh substrate elasticity. Tuning the desired height/velocity can be performed two ways: either by changing the size of the droplet or by manipulating the distance between the clamped and free side of the substrate and therefore the desired f0/f ratio determining the ejection velocity. Such behaviour has also been recently demonstrated for liquid marbles [33] and opens a new approach for vertical actuation of droplets.

Conclusions

Here, in order to better understand the wetting phenomenon present in nature, we investigated the dynamic behavior of various structured mesh substrates with surface properties varying from parahydrophobic (high water adhesion) to superhydrophobic (low water adhesion). Using ETM, we experimentally demonstrate that the mesh elasticity can induce an efficient vertical actuation of droplets. Such substrates are excellent candidates for future applications in oil/water separation membranes or in liquid transportation.
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The water adhesive properties of different mesh substrates from parahydrophobic (high water adhesion) to superhydrophobic (low water adhesion) are studied using an ejection test method.

Scheme 1 .

 1 Scheme 1. Comonomers used in the manuscript for electrochemical copolymerization.

Figure 2 .

 2 Figure 2. FTIR spectra of the homopolymers Py-F6 and Py-Adam.

Figure 4 .

 4 Figure 4. Time sequence pictures of the ejection process. The time interval between each picture is 9 ms.

Figure 3 .

 3 Figure 3. Schematic representation of a water droplet deposited on (a) superhydrophobic and (b) parahydrophobic meshes.

Figure 4 .

 4 Figure 4. Spatio-temporal diagram of the ejection process.

Table 1 .

 1 Apparent and dynamic contact angles of water as a function of the % Py-F6 vs Py-Adam measured by the sessile and tilted-drop method, respectively.

	mol% Pyrene-F6 w	Hw	w
	0	128.2	Sticky	
	25	136.5	Sticky	
	50	137.0	Sticky	
	75	148.6	24.7	31.2
	100	155.5	< 1	< 1

Table 2 .

 2 Apparent contact angles of water ( Y water), diiodomethane ( Y diiodo), sunflower oil ( Y sunflower) and hexadecane ( Y hexa) for the "smooth" corresponding polymers and their respective surface energy.

	mol% Pyrene-F6	 Y water	 Y diiodo	 Y sunflower	 Y hexa	γSV [mN m -1 ]	γ D SV [mN m -1 ]	γ P SV [mN m -1 ]
	0	73.0	33.9	16.3	0	42.2	34.7	7.5
	25	75.1	34.1	15.3	0	41.2	34.6	6.6
	50	80.2	33.5	16.1	0	39.2	34.8	4.4
	75	81.4	36.5	18.0	0	38.3	34.1	4.2
	100	90.2	43.4	22.7	15.8	33.9	32.0	1.9

  Table of Contents (Please choose one layout)

	Layout 2:
	FULL PAPER

Text for Table of Contents

Gabriela Ramos Chagas, Caroline Fradin, Franck Celestini, Frédéric Guittard, Thierry Darmanin* Page No. -Page No.

Acknowledgments

This work was supported by CNPq, Conselho Nacional de Desenvolvimento Científico e Tecnológico -Brazil (Process Nº 202280/2014-4). The authors thank to Dr. Anne Gaucher and Prof. Damien Prim from the Institut Lavoisier de Versailles (France) for the synthesis of the adamantyl-side group. The authors also thank Prof. Abraham Marmur from Technion -Israel Institute of Technology (Israel) for our discussion concerning this manuscript.