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An engineered anisotropic nanofilm with unidirectional wetting properties Niranjan A. Malvadkar1† , Matthew J. Hancock2† , Koray Sekeroglu1 , Walter J. Dressick3 and Melik C. Demirel1 * Anisotropic textured surfaces allow water striders to walk on water, butterflies to shed water from their wings and plants to trap insects and pollen. Capturing these natural features in biomimetic surfaces is an active area of research. Here, we report an engineered nanofilm, composed of an array of poly(p-xylylene) nanorods, which demonstrates anisotropic wetting behaviour by means of a pin-release droplet ratchet mechanism. Droplet retention forces in the pin and release directions differ by up to 80 µN, which is over ten times greater than the values reported for other engineered anisotropic surfaces. The nanofilm provides a microscale smooth surface on which to transport microlitre droplets, and is also relatively easy to synthesize by a bottom-up vapour-phase technique. An accompanying comprehensive model successfully describes the film’s anisotropic wetting behaviour as a function of measurable film morphology parameters.



A



nisotropic textured surfaces have direction-dependent properties that provide the basis for such diverse functions as gecko1 and water strider locomotion2 , butterfly wing water repellency3 and plant pollination4 . In each case, such surfaces usually comprise millions of organized structures per square millimetre, often at multiple roughness scales, with directiondependent geometrical features that produce directionally dependent wetting or adhesion. For example, certain butterfly wings have overlapping microscales with nanotips that force water droplets to move along the wings away from the insect’s body3 . Engineering synthetic materials with such anisotropic adhesive properties has led to advances in digital microfluidic devices5,6 and medicine7,8 . The anisotropic wetting properties of existing engineered surfaces are derived either from spatial gradients (for example, temperature, surface chemistry, morphology)9–12 or asymmetric asperities13 . For spatial gradient-based fluidic pathways, droplet motion occurs over a limited range before sticking occurs. In contrast, surfaces with asymmetric asperities do not limit travel distance because no change in the drop’s mean free energy occurs for motion in the preferred direction. Anisotropic surfaces with microscale ratchet-like features have been engineered to transport drops in this manner14–16 , although no such surfaces have been synthesized with nanoscale ratchets. Mechanical, thermal or electrical energy were added to induce drop motion; the anisotropic surface determined the direction of motion. In some cases, hydrophobic isotropic nanoscale roughness was added to reduce friction, although the anisotropy was strictly the result of microscale features. In only one case the difference in the droplet retention forces in and against the direction of preferred motion was measured: ∼4.4 µN for 5 µl droplets16 . In all cases, significant droplet oscillation and deformation occurred during motion. Smaller scale roughness should require less vibrational energy for drop motion, leading to a smoother ride for drops (Supplementary Videos). Moreover, smaller scale roughness should



allow smaller drops to be transported, reducing the amount of reagent required for experiments. We present herein an engineered hydrophobic surface deriving its anisotropic adhesive wetting directly from its asymmetric nanoscale roughness. Special features of our nanofilm include a microscale smooth surface for microlitre droplet transport (Supplementary Videos). Compared with existing drop transport systems, minimal drop shape deformations are noted in our systems for moving drops during transport. Our nanofilm consists of an array of poly(p-xylylene) (that is, parylene or PPX) nanorods fabricated using a bottom-up vapour-phase technique, oblique angle polymerization (OAP). OAP involves vaporization and pyrolysis of a p-cyclophane precursor to generate a diradical vapour flux (Fig. 1a) using available commercial systems. The flux is directed at a controlled shallow angle onto a substrate, where surface diffusion, in combination with deposition geometry, leads to shadowing and selective growth of anisotropic structures during polymerization17 . PPX nanofilms have been functionalized to form composites with metals18,19 and ceramics20 exhibiting unique properties, such as mechanical anisotropy17 , catalytic activity21 and enhanced activity for surface Raman spectroscopy22 . Figure 1b shows the cross-section of a PPX nanofilm of ∼150-nm-diameter nanorods fabricated by OAP of dichloro-[2,2]-p-cyclophane (R = Cl in Fig. 1a). We point out that other PPX nanorod films synthesized with hydrophilic groups23 (for example, R = −CH(OH)CF3 ) promote water penetration into the interstitial regions between nanorods, leading to droplet impalement that renders the surfaces impractical for droplet transport applications. Although counterintuitive, surfaces that exhibit high water contact angles may also exhibit adhesive wetting. For example, the equilibrium contact angles on butterfly wings have been measured above 150◦ , yet water drops may adhere to the wings even when vertical3 . High static contact angles are also often associated
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Figure 1 | An overview of PPX nanofilm preparation and anisotropic wetting property. a, Schematic of PPX nanofilm deposition by OAP. b, Electron microscope cross-section of PPX nanofilm (insets show top view and high-resolution cross-section micrographs). c, Picture of the anisotropic adhesive wetting surface with water drops. d, Water adhesion and release in three configurations of the nanofilm. Schematics illustrate the nanorod inclination at each tilt angle and correspond to photographs showing the anisotropic wetting behaviour of the nanofilm.



with nanopore or nanorod arrays, yet these surfaces can also be adhesive24,25 . The adhesive force of textured hydrophobic surfaces is derived from contact line pinning on asperities26 and is associated with the extent of the range of contact angles admitted by a surface. Static contact angles lie in a finite range, known as contact angle hysteresis, bounded above and below by the advancing and receding contact angles9 . An important consequence of hysteresis is a concomitant force of retention Fr that causes droplets to adhere to surfaces; differences in contact angles around the drop perimeter may result in a net contact force that resists drop motion27,28 . The droplet retention force is estimated by Fr = kγ R(cosθr − cosθa ), where 2R is the drop width and k is a pre-factor depending on the contact line shape27,28 . Contact angle hysteresis has its origins in the pinning of contact lines by microscopic surface irregularities29 , such as surface roughness, contamination and solutes in a liquid9,30 . The anisotropic adhesive wetting behaviour of our PPX nanofilm is illustrated in Fig. 1c,d. Although water contact angles as high as 120◦ are observed, water droplets adhere to the surface even when tilted vertically with nanorods pointing up (the pinning position, Fig. 1d, left) or inverted (Fig. 1d, step 1, middle). In the inverted position, the nanofilm surface supports water droplets up to volumes of ∼40 ± 5 µl. When the nanofilm surface is positioned vertically with the nanorods pointing down (the release position, Fig. 1d, step 2, right), the maximum droplet volumes supported 2



are much lower (Fig. 2). This pin-release behaviour confirms the strong anisotropic wetting response of the film relative to the orientation of the nanorods. The maximum droplet volume that our inverted nanofilm may support depends on the static load-bearing capability of the inverted nanofilm and the stability of the droplet and its contact line. The static load-bearing capability is estimated as the maximum surface tension force imparted by the PPX nanofilm, ∼N πγ d, where N is the number of columns per unit area (40 million mm−2 ), γ is the surface tension of water (72 dyn cm−1 ) and d is the column diameter (∼150 nm) (Supplementary Fig. S1). For our PPX film, the resulting net surface tension force is immense (∼1 N mm−2 ). As N is proportional to 1/d 2 , the load-bearing capacity is inversely proportional to rod diameter. Therefore, surfaces with smaller asperities should hold larger droplets. However, conditions for the stability of the meniscus31 and the contact lines32 near the perimeter of the drop significantly reduce the actual load-bearing capability, in the case of our nanofilm to micronewtons per square millimetre. Although adhesive, our hydrophobic nanofilm can support large sessile drops in Cassie states, that is, suspended atop the nanorods. As the PPX nanorod surfaces are hydrophobic (θ ≥ 90◦ ), the pressure required for water to penetrate the interstitial regions scales as γ /(nanorod spacing)26 . As droplet pressure scales as γ /R and the droplet radius, R, is much larger than the ∼40 nm nanorod
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Figure 2 | Anisotropic wetting property of a PPX nanofilm. a, Critical drop volumes as functions of the substrate tilt angles α for the release (VREL ), pinning (VPIN ) and isotropic (VISO+,− ) directions defined in the inset. b, The ratios VPIN /VREL and VISO+ /VISO− as functions of α. The averages of each data set (dashed lines) agree well with our theoretical model. The error bars indicate the standard deviation.



separations, penetration is negligible. Thus, drops remain in a Cassie state atop the nanorods. The anisotropic wetting of our PPX nanofilm is quantified by the critical droplet volume V that can adhere to the nanofilm tilted at an angle α. Tilting our nanofilm at an angle α relative to the horizontal imparts a downslope gravitational force of magnitude Fg = ρgV sin α on the drop, where V is the drop volume, ρ is the density of water and g is the gravitational acceleration, that opposes the retention force Fr . For a given tilt angle α, the drop volume V may be increased until the two forces are equal and opposite and the drop is on the verge of motion. Drop volume is measured in Fig. 2a in the release (VREL ), pinning (VPIN ) and isotropic (VISO+,− ) directions for various tilt angles. Figure 2a shows that the critical drop volumes for the pinning direction are larger than those for the release and isotropic directions for tilt angles between 40◦ and 80◦ . The ratio of VPIN to VREL ranges from 1.12 to 1.29, with an average of 1.22 ± 0.06 (Fig. 2b). In contrast, we do not observe significant wetting anisotropy in the isotropic direction. The ratio of critical drop volumes VISO+ /VISO− ranges from 0.92 to 1.04, with an average of 0.99±0.04. A simple calculation of the retention force, which equals the critical gravitational force required for incipient drop motion, Fr = ρVg sin α, shows that the retention force in the pinning direction is up to 80 µN higher than in the release direction, over ten times greater than the values reported for other engineered anisotropic surfaces16 . Time-lapse frames of droplet motion on PPX nanofilm coated and uncoated half-pipes are shown in Fig. 3. A glass tube was cut in half along its centre axis. The inner surface of the resulting half-pipe was coated with the PPX nanofilm according to the protocols described in Methods, such that the longitudinal half-pipe axis was parallel to the anisotropic wetting direction of the PPX nanofilm. The other half-pipe was left uncoated (that is, a control). Both half-pipes were glued to a substrate, which was in turn mounted on a stage. Drops (5 µl) of water were placed at the centres of the coated and uncoated half-pipes and subjected to low-amplitude random vibrations (Methods). Water drops translated axially on the coated half-pipe, whereas those on the uncoated half-pipe merely vibrated randomly. The anisotropic wetting response observed in Figs 1–3 is rationalized by a simple ratcheting model for pillared substrates. On the basis of the force of retention, the anisotropic adhesive wetting is derived from the directional dependence of the advancing and receding contact angles, θa and θr , of a droplet on the nanofilm. We estimate θa and θr by generalizing the approach of Extrand for



two-dimensional (2D) ratchets5 and 3D vertical pillars33 . Following Extrand’s geometric argument, we introduce the linear fraction of the advancing or receding contact line on the pillars, λ, and approximate the contact angles θa and θr as linear averages of the contact angle the meniscus makes with a pillar and the 180◦ angle it makes with air. Simple geometry relates the contact angle between the advancing or receding meniscus and a pillar surface in terms of the intrinsic contact angles θa0 and θr0 of the material, the nanorod tilt angle β and diameter d, and the perpendicular spacing δ (Fig. 4). In the release direction, the advancing angle is θaREL = λ min(π,max(θa1 ,θa2 )) + (1 − λ)π, where θa1 = 3π/2 − β − arctan(cot(β)/(1−s)) (Fig. 4, case 1) and θa2 = θa0 +π/2−β (Fig. 4, case 2), and the receding angle is θrREL = λ(θr0 +β −π/2)+(1− λ)π. We have defined the solid fraction in the longitudinal direction as s = d/(d + δ). In the pinning direction, θaPIN = λmin(π,θa0 + β) + (1 − λ)π and θrPIN = λ(θr0 − β) + (1 − λ)π. For a single droplet, the ratio of the retention forces in the pin and release directions is FPIN cosθrPIN − cosθaPIN = FREL cosθrREL − cosθaREL



(1)



For the special case of a droplet running parallel to longitudinal ratcheted rails (δ = 0,s = 1), FPIN sin(λ (β + (1/2)1θ0 )) = FREL sin(λ (π/2 − β + (1/2)1θ0 ))



(2)



where 1θ0 = θa0 − θr0 is the difference in the intrinsic advancing and receding contact angles of a flat surface of the material. For a 2D ratcheted grating (δ = 0,s = 1, λ = 1), equation (2) reduces to Extrand’s ratchet result derived from geometrical considerations5 . For a droplet on a substrate of vertical pillars (β = 90◦ ), the advancing and receding angles reduce to Extrand’s vertical pillar results. For a given nanofilm, β, λ,s and 1θ0 = θa0 − θr0 are fixed and measurable. Thus, equation (1) predicts that the ratio of the retention forces for a drop on the nanofilm will be a constant, C0 , as observed in our experiments. Moreover, as the retention force equals the critical gravitational force ρVgsinα, we have VPIN RREL sinαPIN cosθrPIN − cosθaPIN = = C0 VREL RPIN sinαREL cosθrREL − cosθaREL



(3)



The factors of R originate from the equation for the retention force; we have neglected the changes in k due to droplet shape28,34 . Assuming that R scales as V 1/3 , then for a fixed
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Figure 3 | Drop motion on a PPX nanofilm coated half-pipe. a, Schematic of experimental set-up. Two half-pipes, one coated with PPX nanofilm and the other uncoated, were glued to a base. Low-amplitude ∼85 Hz random vibration of the base caused translational droplet motion on the coated half-pipe, but not on the uncoated pipe. b, Time-lapse of droplet motion in the coated and uncoated half pipes. Water drops translated axially on the half-pipe coated with PPX nanofilm, whereas those on the uncoated half-pipe merely vibrated randomly. Glue is visible beneath uncoated pipe; the surface is smooth and clean. The arrows indicate droplet position.



tilt angle α, (VPIN /VREL )2/3 = C0 . Our PPX nanofilm consists of nanorods of diameter d ∼ 150 nm, spacing δ ∼ 40 nm, solid fraction s ∼ 0.80 and tilt β = 55◦ . We measured the intrinsic advancing and receding angles of a flat PPX coating as θa0 = 95◦ and θr0 = 75◦ . Approximating our nanofilm as a square array of circular posts, λ = πs/(2(1 + (π/2 − 1)s)) ∼ = 0.85. With these parameter values, equation (3) gives C0 = 1.22, close to the measured value (VPIN /VREL )2/3 = (1.22 ± 0.06)2/3 = 1.14 ± 0.04. In the pinning direction, our model predicts the advancing and receding angles 154◦ and 43◦ , respectively, compared with the measured angles 132◦ and 47◦ ± 5◦ ; in the release direction, the predictions are 147◦ and 60◦ compared with the measured values 128◦ and 60◦ ± 5◦ . The conclusion is that the receding angles are predicted much more accurately than the advancing angles, which should still yield reasonable estimates of the hysteresis because of the mild 4
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Figure 4 | Model of advancing and receding contact angles. a, Schematic of drop and its advancing and receding edges on a textured surface. b,c, Geometry of contact between the drop and roughness elements when the drop is forced in the release (b) and the pinning (c) directions. For the drop to advance in either direction, its advancing edge must contact the next roughness element (case 1) and move along the roughness top (case 2). The macroscopic contact angles θa and θr between the advancing and receding menisci and the substrate axis are functions of the intrinsic contact angles θa0 and θr0 of the material, the nanorod tilt angle β and diameter d, and the perpendicular spacing δ. Note that the substrate constrains θa and θr to be between 0 and 180◦ .



slope of the cosine function near 180◦ . Moreover, the differences in hysteresis approximately cancel when calculating the ratio C0 . The agreement between model and experiment is encouraging, given the modelling simplifications and variations associated with PPX non-uniformities, evaporative losses, especially important for smaller drops, and spurious mechanical vibrations that promote drop release, some of which are discussed further below. The capillary forces experienced by the thin nanorods can cause deflection and alter the spacing of the nanorod tips. In particular, nanorods may clump near the drop perimeter18 , reducing the local tip spacing to zero. This observation is consistent with the large ratio of capillary force to beam bending resistance, ∼h2 γ d/(EI ) ∼ 870, where the nanorod moment of inertia is I = πd 4 /64, diameter d ∼ 150 nm, length h ∼ 10 µm and Young’s modulus E ∼ 50 MPa (ref. 17). Despite the possible variations in tip spacing, our model gives similar predictions: zero tip spacing (s = 1) at the receding edge increases our prediction of C0 from 1.22 to 1.32, still close to our measured values. Having characterized and rationalized the unidirectional adhesive nature of our nanofilm, we now consider its control. Our model suggests that unidirectional adhesion, as quantified by C0 , may be
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NATURE MATERIALS DOI: 10.1038/NMAT2864 controlled by adjusting column tilt angle β, the intrinsic parylene contact angles (θa0 , θr0 ) and the nanorod arrangement (λ, s). At present, β can be varied only between 55◦ and 65◦ . Increasing β to 65◦ increases the predicted C0 from 1.22 to 1.50. Surface treatments such as those listed above also allow the intrinsic contact angles to be varied. For example, increasing the intrinsic contact angles (θr0 ,θa0 ) from (75◦ ,95◦ ) to (85◦ ,105◦ ) increases the predicted C0 from 1.22 to 1.31. Last, increasing the perpendicular space between nanorods from 40 nm to 100 nm increases the predicted C0 from 1.22 to 1.49, and decreasing the spacing to zero (d = δ, λ = 1,s = 1, that is, Extrand’s result) also increases C0 from 1.22 to 1.28. Note that C0 increases with s = d/(d + δ), but decreases as λ increases, as illustrated in additional plots in Supplementary Fig. S2. Although the nanofilm design parameters allow us to control its wetting properties, their variation across the nanofilm naturally leads to variations in adhesive wetting behaviour. Variations in nanofilm structure are evident in the scanning electron micrograph in Fig. 1b. Changes in rod diameter could occur during growth because of radical flux fluctuations and/or defect sites in the growing rods. In addition, the shadowing effects that dominate rod growth produce rods with distorted rounded tips and a distribution of rod heights. Although these variations are evident in observations of critical volume, the adhesive force in the pin direction is always significantly larger than that in the other directions. Therefore, these variations do not affect the unidirectional nature of the adhesive force, important for applications involving unidirectional droplet propulsion. This is not surprising, as our calculations indicate that the directional adhesion quantified by C0 varies smoothly (and modestly) over all the parameter values in the regime of interest. Although our work has focused on hydrophobic surfaces with anisotropic wetting, other related anisotropic surfaces exist with unique properties. The geometry and motion of the beaks of certain birds allow them to propel droplets into their beaks35 . This mechanism has inspired tapered tubes and mechanical beaks that propel droplets35,36 . Also, hydrophilic surfaces with anisotropic wetting can control the extent and shape of the wetted area37,38 . We have reported an engineered nanofilm that possesses a pin-release droplet ratchet mechanism derived from nanoscale asperities. We have outlined a simple preparation method that produces nanofilms exhibiting 80 µN differences in the droplet retention forces in the pin and release directions, and a microscale smooth surface on which to transport microlitre droplets. We emphasize that our film properties stem from the unique chemical, mechanical and morphological characteristics of our PPX material. An accompanying model provides reasonable predictions of the observed wetting behaviour and elucidates the values of key design parameters required to enhance the anisotropic adhesion. Ongoing work includes optimizing the droplet transport mechanism and tuning the preparation method to engineer droplet pathways and other pin-release surfaces with complex geometries and surface treatments. Our nanofilm with unidirectional wetting is potentially useful for a wide range of applications, including digital microfluidic devices, drag reduction for antifouling surfaces and biomedical coating applications.



Methods Film deposition. Deionized water of 18.2 M� cm (Barnstead Nanopure Diamond dispenser) was used for all experiments. p-type Si(100) wafers (Wafernet) were used as substrates for PPX nanofilm deposition. Si(100) wafers were cleaned and a self-assembled monolayer (SAM) of allyltrimethoxysilane (Gelest) was deposited per the procedure used in our previous work23 . SAM-functionalized wafers were stored in a dark container at a temperature of 4 ◦ C until required for the polymer deposition. For PPX nanofilm deposition, we modified Gorham’s deposition method for PPX films using a low-pressure, vapour deposition technique. Dichloro-[2,2]-paracyclophane (PDS) was used as the precursor for PPX nanofilm deposition. 0.3 g of the precursor was sublimed at a temperature of 175 ◦ C under a pressure of ∼10 torr. The precursor vapour was then pyrolysed at 690 ◦ C. The pyrolysis of dichloro-[2,2]-paracyclophane results in the cleavage of the alkyl bridge



ARTICLES to form chloro-p-quinodimethane (or chloro-p-xylylene) diradical. The diradical flux when directed at an angle of 10◦ on the silicon substrate results in a low-density porous PPX film with aligned nanorod morphology23 . Characterization. Field-emission scanning electron microscope (FESEM) images of the film surface were taken using a FESEM (JEOL 6700F) operated at 3 kV accelerating voltage. Contact angles were measured with a contact angle instrument (FTA 1000B, First Ten Angstroms) equipped with a rotatable stage and video camera. Distilled water droplet volumes were increased until the drops no longer adhered to the tilted nanofilm. The experiments were repeated at least three times in different locations on the PPX substrate using a fresh dry PPX substrate for each experiment. The experiments were carried out at room temperature without controlling relative humidity. Drop transport. The drop transport videos (Supplementary Videos) and extracted frames shown in Fig. 3 demonstrate the use of our PPX anisotropic nanofilm for drop transport. Vibrations were imparted to the substrate by means of a vibrator (PASCO Mechanical Vibrator-SF 9,324) at low amplitude (Supplementary Fig. S3) at ∼85 Hz. Drop motion was recorded with a Samsung HMX-H106 digital camcorder. Under random vibration, drops always moved from left to right in the PPX coated half-pipe, compared with the random motion in the uncoated tube. The same results were obtained in any repeated experiments, demonstrating the unidirectional nature of the PPX nanofilm. Computation. All theoretical estimates in the Article, and the plots in Supplementary Fig. S2, were made by programming equation (3) and the formulae for the advancing and receding contact angles into a Mathematica notebook, included with the Supplementary Information.
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