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It is commonly acknowledged that roughness decreases the aptitude of simple liquids to exhibit flow with slip at solid interfaces. Most available studies have, however, been conducted on substrates for which both the surface chemistry and the roughness were varied simultaneously, making it difficult to identify their respective role on wall slip. To overcome this difficulty, we have developed a series of surfaces formed by grafting hyperbranched polymeric nanoparticles on a smooth, dense, self-assembled monolayer of SiH-terminated short poly(dimethylsiloxane) oligomers, allowing us to vary independently the surface density, the height, and the width of the grafted nanoparticles, and thereby the roughness parameters, while keeping similar surface chemistry. On such substrates, the boundary condition for the flow velocity of hexadecane has been characterized through near-field laser velocimetry. We demonstrate that decreasing the wavelength of the roughness at a fixed height strongly decreases slip, while increasing the height of the nanoparticles at a fixed aspect ratio of the roughness also dramatically affects slippage.



Introduction Hydrodynamics usually assumes that the boundary condition for a simple liquid flowing near a solid surface is a zero velocity at the wall. During the past few years, a number of experiments have appeared showing evidence that simple liquids could slip exhibiting a nonzero velocity at the wall. This is correlated to recent improvements in detection tools for fluid velocity and the use of new setups such as the atomic force microscope (AFM) or surface force apparatus (SFA) (for a review, see ref 1). The question of a possible slip at the wall for simple liquids is not only a fundamental one. With the recent advances in microfluidics and the miniaturization of industrial processes, it is more and more important to know the exact behavior of the fluid near a solid interface. Churaev and co-workers2 performed the first controlled experiments in 1980. Measuring the pressure dropflow rate relation for water in microcapillaries coated with selfassembled monolayers (SAMs) of octadecyltrichlorosilane (OTS) (strongly hydrophobic substrate), they obtained flow rates higher than expected for the known bulk viscosity of water, and interpreted this result in terms of slip at the wall. A convenient parameter commonly used to characterize the flow boundary condition is the so-called slip length, b, or the distance to the wall at which the velocity profile extrapolates to zero. The average slip length in Churaev et al.’s experiments was about 200 nm, with a large uncertainty of (200 nm. The authors explained this large error as being due to an incomplete surface coating, the surface being heterogeneous, with nonwetting islands and wetting holes alternatively distributed on the substrate. * To whom correspondence should be addressed. E-mail: [email protected]. Current address: LPS, University Paris Sud - XI, Baˆtiment 510, 91405 ORSAY, France. † Present address: FOM Institut for Atomic and Molecular Physics (AMOLF), Kruislaan 407, 1009 DB Amsterdam, The Netherlands. (1) Neto, C.; Evans, D. R.; Bonaccurso, E.; Butt, H.-J.; Craig, V. S. J. Boundary slip in Newtonian liquids: a review of experimental studies. Rep. Prog. Phys. 2005, 68, 2859-2897. (2) Churaev, N. V.; Sobolev, V. D.; Somov, A. N. Slippage of liquids over lyophobic solid surfaces. J. Colloids Interface Sci. 1984, 97 (2), 574-581.



Numerical simulations by Barrat3 and Robbins4 have indeed shown that roughness could strongly affect slip at the wall. Most often, simulations indicate that roughness decreases the slip length. Cottin et al.5 recently showed, however, that, for a highly nonwetting surface (with advancing contact angles higher than 150°), a periodic roughness with a high enough aspect ratio may have the opposite effect. In another recent work, the same group also examined the effect of an heterogeneous pattern of nonslippy and slippy stripes on the slip length.6 In a previous investigation from our group, using the technique of total internal reflection and fluorescence recovery after photo bleaching (TIR-FRAP),7,8 Pit et al. showed that hexadecane exhibits slip on a bare smooth sapphire surface totally wetted by the liquid. The measured slip length, 150 nm,9 is much larger than the dimension of the molecules. Decreasing the strength of the fluid-solid interactions by grafting a dense OTS monolayer on the sapphire surface increases the slip length, up to 400 nm. However, further decreasing the strength of the fluid-solid interaction by grafting a fluorinated SAM leads to a no-slip boundary condition (i.e., b ) 0). X-ray (XR)-reflectivity analysis of the fluorinated SAM layer showed that it was rough and incomplete. Pit et al.’s conclusions were that, as in the case of Churaev’s work, the heterogeneities of the monolayer were sufficient to kill the slippage. Along the same line, Pit et al. investigated the evolution of the slip length during the adsorption of a stearic acid monolayer on a sapphire surface8 and observed (3) Barrat, J.-L.; Bocquet, L. Large slip effect at a nonwetting fluid-solid interface. Phys. ReV. Lett. 1999, 82 (23), 4671-4674. (4) Robbins, M. O.; Smith, E. D. Connecting molecular-scale and macroscopic tribology. Langmuir 1996, 12, 2 (19), 4543-4547. (5) Cottin-Bizonne, C.; Barrat, J.-L.; Bocquet, L.; Charlaix, E. Low friction flows of liquids at nanopatterned interfaces. Nat. Mater. 2003, 2, 237-240. (6) Cottin-Bizonne, C.; Barentin, C.; Charlaix, E.; Bocquet, L.; Barrat, J.-L. Dynamics of simple liquids at heterogeneous surfaces: Molecular-dynamics simulations and hydrodynamic description. Eur. Phys. J. E 2004, 15, 427-438. (7) Pit, R. Mesure locale de la vitesse a` l′interface solide-liquide simple: glissement et role des interactions. The`se de Doctorat, Universite´ Paris IX, Paris, 1999. (8) Pit, R.; Hervet, H.; Le´ger, L. Mise en e´vidence directe d′e´coulements avec glissement a` la paroi a` diverses interfaces hexade´cane-solide. ReV. Me´ tall.CIT/Sci. Ge´ nie Mate´ r. 2001, 169-174. (9) Pit, R.; Hervet, H.; Le´ger, L. Direct experimental evidence of slip in hexadecane: Solid interfaces. Phys. ReV. Lett. 2000, 85 (5), 980-983.
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that the slip length first decreased from the bare surface value down to almost zero before increasing toward the total coverage value, close to that of the grafted OTS layer.9,10 All these experiments strongly suggest that roughness on a nanometric scale strongly affects the flow velocity at the wall. The argument of a noncontrolled roughness on a nanometric scale has been widely used to explain the large differences in the slip lengths obtained by different groups around the world, even on quasismooth surfaces. This still remains a semi-qualitative argument, however, as varying the roughness in a controlled manner with incomplete monolayers is quite a difficult task. A few systematic investigations, both experimentally and theoretically,1 have recently appeared. For example, Zhu and Granick showed, with SFA on various chemically modified substrates, that the slip lengths of tetradecane and water were decreasing as the root mean square (rms) roughness was increased,12 and Bonaccurso and co-workers, using modified AFM (with a micron-sized silica bead attached close to the tip), characterized the slippage of water on silicon wafers treated with KOH 13 to obtain various degrees of roughness. In these last experiments, the aspect ratio of the roughness was kept constant, but the height and the width of the roughness were gradually increased as the sample spent more time in KOH. Slippage was then observed to increase with roughness on these completely wetting substrates. Despite these attempts, the ways in which the characteristics of the roughness influence the slip velocity are still poorly understood, mainly because building surfaces with a controlled roughness on a nanometric scale requires a high degree of expertise. One of the goals of the present work is to produce a series of surfaces with adjusted roughness and similar surface chemistry, and then use these surfaces to investigate how roughness, on a nanometric scale, affects slip at the wall. This is part of a general program of research aimed to understand which parameters are relevant to set the friction at solid-fluid interfaces. In our first approach,14,15 keeping the roughness and contact angles constant, but using several liquids, we showed that, not only are the wetting properties, that is, the strength of the interactions, involved in fixing the amount of slip at solid interfaces, but the shape of the fluid molecules also plays an important role. The present work takes the opposite direction, investigating the respective role of the parameters commonly used to describe the roughness (aspect ratio, height, and width) in the resulting amount of slip, with all other parameters that can influence the slippage being kept constant. The different surfaces studied in this work were designed as follows: a dense SiH-terminated SAM was grafted on the substrate (a smooth sapphire disk) and used as a reference for the slippage of hexadecane. Then hyperbranched polymeric nanoparticles, with well-defined and controlled sizes, were chemically grafted onto this substrate to produce controlled roughness. The effect of the size and of the surface coverage of the grafted nanoparticles on slip was then investigated using TIR-FRAP. (10) Pit, R.; Hervet, H.; Le´ger, L. Friction and slip of a simple liquid at a solid surface. Tribol. Lett. 1999, 7 (2-3), 147-152. (11) Massey, G.; Le´ger, L.; Hervet, H. Investigation of the slip transition at the melt polymer interface. Europhys. Lett. 1998, 43 (1), 83-88. (12) Zhu, X.-Y.; Granick, S. Limits of the hydrodynamic no-slip boundary condition. Phys. ReV. Lett. 2002, 88 (10), 106102-1-106102-4. (13) Bonaccurso, E.; Butt, H.-J.; Craig, V. S. J. Surface roughness and hydrodynamic boundary slip of a Newtonian fluid in a completely wetting system. Phys. ReV. Lett. 2003, 90 (14), 144505-1-144501-4. (14) Schmatko, T. Etude experimentale des mecanismes moleculaires de la friction aux interfaces liquides simples/solides: Role des interactions et de la rugosite aux echelles nanometriques. Ph.D. Thesis, Universite Pierre et Marie Curie, Paris, 2003. (15) Schmatko, T.; Hervet, H.; Le´ger, L. Friction and slip at simple fluidsolid interfaces: The role of the molecular shape and the solid-liquid interactions. Phys. ReV. Lett. 2005, 94, 244501.
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Figure 1. A simplified sketch of hyperbranched polymeric nanoparticles.



This system was chosen to keep the surface energy of the substrate constant as much as possible while varying the roughness. This goal was attained only approximately because there is a slight difference in surface energy between the nanoparticles that are mainly polystyrene and the SAM used as the background substrate. In the following, we shall present in the Experimental Section the materials and the grafting procedure used to produce the substrates, along with the characterization of these substrates and a brief description of the TIR-FRAP technique used to characterize slip at the wall. Then, the results obtained on the different substrates will be presented and discussed. Experimental Section Materials. The substrate was a sapphire R-Al2O3 (0001) disk, 100 mm in diameter, 50 mm thick, whose dimensions (the optical index (ns ) 1.778) and roughness (0.4 nm rms as measured through XR-reflectivity)) were especially designed for the TIR-FRAP velocity measurement setup. Hexadecane was bought anhydrous from Aldrich (99%) and used without any further purification. The fluorescent dye (NBD-dihexadecylamine, Molecular Probes, The Netherlands) used as a velocity probe was diluted in hexadecane at a concentration of 50 ppm w/w. The SiH-terminated poly(dimethylsiloxane) (PDMS) oligomer (1-hydrogeno-7-chloro-octamethyltetrasiloxane) used to form the SAM was synthesized as described elsewhere.11,16 Toluene was bought anhydrous from SDS (France), used as received, and kept in a dried condition under N2, except for the preparation of the solution of nanoparticles where it was used after filtration on a 0.2 µm membrane (Millipore). The nanoparticles were hyperbranched polymers synthesized by M. Schappacher in the group of A. Deffieux at the LCPO in Bordeaux. They were built from a main polymeric backbone on which several generations of branches are successively added to finally get a compact hyperbranched polymeric nanoparticle that is relatively monodisperse (Figure 1). The vinyl terminations on the last generation of branches allow one to graft them on the SiH-terminated SAM by hydrosilylation in the presence of Karstedt catalyst. The chemical structures of the three different nanoparticles that we used are summarized in Figure 2. Their radii of gyration (Rg), molecular weights, and corresponding polydispersities measured by dynamic light scattering are presented in Table 1. We have named them according to the number of monomers contained in each branch and by the nature of the vinyl termination (polyisoprene (Piso) or polybutadiene (Pbut)). Silanization and Characterization of the SAM. The grafting of the PDMS oligomers was achieved in the vapor phase. Adjustment of the experimental procedure was first performed on the silica surface of a silicon wafer and then optimized for sapphire. To remove all unneeded silicate residues of previous grafting, the sapphire disk was first dipped in a bath of hydrofluorhydric acid for 15 min then rinsed several times with thrice-distilled water (resistivity 18 MΩ) and dried under a dry N2 flow. The sapphire resists hydrosulfuric acid, and we have confirmed by XR-reflectivity that this treatment does not change the roughness of the disk after grafting. The sapphire (16) Le´ger, L.; Raphae¨l, E.; Hervet, H. Surface-anchored polymer chains: Their role in adhesion and friction. AdV. Polym. Sci. 1999, 138, 185-225.
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Figure 2. Chemical structure of the hyperbranched polymeric nanoparticles. From left to right: 214-50-50-70 Piso, 214-50-50-70 Pbut, and 800-80-50-40 Pbut. The four numbers refer to the polymerization index in each branch, and Pbut and Piso are abbreviations for polyisoprene and polybutadiene terminations on the extremities, respectively.



Figure 3. Formation of a SiH-terminated SAM in vapor phase. Table 1. Characteristics of the Polymeric Nanoparticles name 214-50-50-70 pbut 214-50-50-70 piso 800-80-50-40 pbut



Rg (nm)



Mw (Dalton)



Mw/Mn



40 65 80



4.63 × 1.9 × 108



1.075



107



was then cleaned by oxidation under UV/O3 to remove all organic pollutants, yielding a hydrophilic surface totally wetted by water. Immediately after this last cleaning treatment, the substrate was transferred in a desiccator containing 100 µL of 1-hydrogeno-7chloro-octamethyltrisiloxane under dry argon and then placed under vacuum (P ) 1 mbar). The bottom of the desiccator was subsequently heated at 150 °C for 5 min using a heating gun and allowed to slowly cool at room temperature for 5 h. The reaction in the vapor phase is sketched in Figure 3. The substrate was then rinsed several times with anhydrous toluene, dried under argon flow, and immediately mounted in the experimental setup or used for the following steps of grafting the nanoparticles. The quality of these layers was characterized through XRreflectivity. All the XR-reflectivity measurements where performed on a setup built by R. Ober, using a rotating anode generator (Rigaku RU-200BEF 40 keV, 25 mA) with a Cu KR1 wavelength. The reflectivity data were fitted with a software developed by R. Ober, based on the model introduced by Parrat et al. in 1954.17 In Figure 4, a typical XR-reflectivity spectrum of the resulting monolayer on sapphire is presented. Adjustment of the reflectivity curve, first for the bare sapphire surface and then for the grafted surface, allows one to determine the thickness, the electronic density, and the rms roughness of the PDMS oligomer layer. Optimized grafting conditions produce a dense monolayer with a roughness comparable to or smaller than that of the bare sapphire surface. The layers grafted with the optimized conditions are thus indeed dense monolayers. Characterization and Grafting of Hyperbranched Polymeric Nanoparticles on a SiH-Terminated Monolayer. Hyperbranched nanoparticles were diluted in dried toluene (after filtration of the toluene on 0.2 µm filters) with concentrations between 100 ppm and (17) Parratt, L. G. Surface studies of solids by total reflexion of X-rays. Phys. ReV. 1954, 95, 359-369.



Figure 4. XR-reflectivity spectrum of a dense SAM of 1-hydrogeno7-chloro-tetrasiloxane on sapphire with the corresponding electronic density profile. The fitted thickness of the monolayer is 12.5 Å, which corresponds to the extended length of molecules. The rms roughness, 0.4 nm, is slightly smaller than or equal to that of the substrate. To decrease the number of adjusted parameters in the determination of the layer thickness, the roughness of the sapphire surface was fixed to that measured independently, prior to grafting, and the electronic density of the layer was fixed to that of PDMS. 1% w/w, after the addition of Karstedt platinum catalyst to the solution. The silanized samples were immersed in these solutions in a custom-made recipient, closed under N2 and placed in an oven at 110 °C for times varying between 30 min and a couple of hours. The hydrosilylation reaction, which couples a vinyl bond to a Si-H bond, is activated by temperature and catalyzed by platinum. Changing the concentration of nanoparticles, the incubation time, and the temperature of the oven allows us to smoothly vary the surface coverage of the grafted nanoparticles. Characterizations of the grafted surfaces were performed at the LMN in Evry using an inverted AFM that permits the examination of samples with large dimensions (Dimension 3100 Veeco Instruments). The surfaces where imaged in oscillating mode with a free amplitude A0 of 25 nm and set-point ratios (rsp) between 0.6 and 0.75. The characterization was achieved after the velocity measurement to avoid perturbing the surface prior to the flow experiment. The organization of the nanoparticles grafted on the surface seemed to depend on the type of vinyl termination (Figure 5). With the Pbut-terminated polymers, the grafting takes place randomly on the surface with well-isolated nanoparticles at short incubation times (low grafting densities). Aggregation between nanoparticles appears for long incubation times. The dimensions of the isolated nanoparticles are in agreement with the radius of gyration of the molecules. For the Piso-terminated polymer, the organization on the surface is quite different. Even for short incubation times and low concentrations,
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Figure 6. Profile view of the measurement cell. The upper disk is fixed, while the lower one is rotated at a chosen angular velocity. The liquid is maintained by capillarity between the two disks, inside the measurement track. The gap is 190 µm, and the width of the track, 5 mm, is small enough to ensure a constant shear rate within 10% accuracy. The flow geometry is thus a Couette-plan geometry.



Figure 5. Sections of AFM pictures obtained on surfaces grafted at short incubation times with polymers 214Pbut (A), 214Piso (B), and 800Pbut (C). The height of the nanoparticles materialized by the difference between the arrows in each panel is, respectively, 25, 30, and 50 nm. Panel D gives the force versus distance curve obtained on these samples, from which the free amplitude of the oscillations of the tip can be extracted. these nanoparticles aggregate spontaneously and form large islands of 2 µm width, giving a completely different spatial geometry for the roughness compared to all other cases. The height of the asperities nevertheless remains comparable to the diameter of the nanoparticles. TIR-FRAP Technique for the Characterization of the Boundary Condition of the Flow Velocity. Immediately after the surface modification, the sapphire disk was transferred in the experimental setup, and the measurement cell was filled with hexadecane. The principle of the technique has already been reported.9,14 Here we just report what is necessary to understand how the results are obtained. A schematic representation of the measurement cell is depicted in Figure 6. The liquid is confined by capillarity, on a 5-mm-wide track at the outer edge of the sapphire disk, with a gap of 190 µm. The lower disk was rotated at fixed angular velocities, providing a shear rate between 100 and 10000 Hz. Molecular-sized fluorescent probes were diluted in the fluid at concentrations below 50 ppm and were used as flow tracers. Two laser beams were focused on the fluidsolid interface of the upper disk (sapphire), where the velocity of the liquid was recorded. One beam (highly attenuated) is in the total internal reflection and allows an evanescent wave with a penetration depth of Λ ≈ 50 nm to enter into the fluid. The other beam,



10-100 times more intense, vertically crosses the whole fluid slab. It is delivered as pulses with durations between 10 and 500 ms, and produces the bleaching of the fluorescent probes. The fluorescence of the probes, excited by the evanescent wave continuously provided by the first beam, is recorded as a function of time. During the photobleaching step, the fluorescence signal rapidly drops before reaching an equilibrium state, as diffusion and convection of the fluorescent probes (both already bleached and nonbleached) exactly compensates any further bleaching. After the bleaching pulse, the fluorescent intensity gradually recovers its initial level when bleached probes are evacuated from the illuminated area and replaced by nonbleached ones as a result of both diffusion and convection. The recovery time of the fluorescence depends on the shear rate, on the diffusion coefficient of the probes, and on the boundary condition of the flow velocity. Analyzing the shape of the fluorescence recovery curve allows one to quantitatively extract the boundary condition of the flow velocity as a function of the shear rate, provided that the diffusion coefficient of the probes is known. Signal Analysis. For hexadecane, the characteristic times of fluorescence recovery range between 10 and 500 ms for shear rates between 100 and 10000 Hz. This is much larger that the diffusion time of the fluorescent probe (t(Λ) ) 50 µs) over the penetration depth Λ of the evanescent wave. Hence, the effect of the diffusion is to mix the flow lines in the direction perpendicular to the wall. This means that the experiment is sensitive to the average flow velocity of the probes within a slab of fluid with a thickness, and the diffusion length during the fluorescence recovery time, ∆z, is typically on the order of a micrometer for hexadecane. This diffusion length, ∆z, fixes the resolution of the experiment in terms of distance from the wall, even if the fluorescence signal is measured over a much smaller distance of Λ ) 50 nm (the penetration depth of the evanescent wave) from the wall. The diffusion length ∆z is related to the characteristic time of fluorescence recovery, τ, by the StokesEinstein law: ∆z ) (2Dτ)1/2, where D is the diffusion coefficient of the probe in the liquid. With a no-slip boundary condition, the average velocity of the fluid over ∆z can be expressed by Vj ) 1/∆z ∫∆z ˘ zdz ) γ˘ (∆z/2). At first order, this average velocity is also 0 γ related to the recovery time of the fluorescence intensity by Vj ) 2σ/τ, with 2σ being the diameter of the beam spot. Combining these two expressions for Vj leads to the following expression for the characteristic time of fluorescent recovery: τ ) 2(σ2/D)1/3 γ˘ -2/3, which relates the measured fluorescence recovery time τ to the applied shear rate γ˘ . D and σ are two parameters of the experiment. For hexadecane, D was too small to be directly measurable by FRAP techniques, therefore we used the value computed by Lee et al.18. The beam diameter σ was measured separately for each shear rate. Then, for all shear rates applied to the liquid, a renormalization of the time scale in γ˘ 2/3 should superimpose all experimental curves to form a master curve, independent of the applied shear rate. In the case of a slip boundary condition, the expression of the average velocity over the distance ∆z depends on the slip length b, and can (18) Lee, S. H.; Lee, H.; Pak, H. Molecular dynamics simulation of liquid alkanes. 2. Dynamic properties of normal alkanes: n-butane to n-heptadecane. Bull. Korean Chem. Soc. 1997, (18), 478-484.
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Figure 7. Relation between the applied shear rate and the effective shear rate. The equal shaded areas show that the mean velocity calculated from the integration between 0 and ∆z of the local velocity could be written in two different ways: as a function of the applied shear rate or as a function of the effective shear rate (Vj ) γ˘ b/2 ∆z or Vj ) γ˘ (∆z + b)). be written as Vj ) 1/∆z∫∆z ˘ dz ) γ˘ (∆z + b). As can be seen 0 (z + b)γ in Figure 7, using a geometric argument, this average velocity can also be written as Vj ) (γ˘ b/2)∆z, where γ˘ b is the shear rate that should be applied to the liquid if there is no slip at the wall in order to produce the same average velocity. The relation γ˘ b ) γ˘ (1 + 2b/∆z) directly relates this effective shear rate to the slip length, again with ∆z ) x2Dτc, but now τc ) 2(σ2/D)1/3γ˘ b-2/3. ∆z is thus totally determined, for each effective shear rate, as ∆z ) 2(Dσ/γ˘ b)1/3. The determination of the slip length b thus results from the determination of the effective shear rate γ˘ b, with no other adjustable parameter (the beam diameter is measured directly for each series of experiments, and the value of the diffusion coefficient has been estimated to 10-10 m2/s for hexadecane). The uncertainty in the determination of b is thus essentially due to the uncertainty in the determination of the effective shear rate γ˘ b. Using the fact that the fluorescence recovery rate can be related to an average velocity of the fluid within a distance ∆z, we can build the so-called “shear-slip” equivalence: in the presence of slip at the wall, a renormalization of the time in t** ) tγ˘ b2/3 should scale all curves obtained at various shear rates into a single master curve, in a way quite similar to what is expected in the case of no slip at the wall, except that now the master curve is only obtained with a scaling of the time scale through the unknown effective shear rates γ˘ b. Searching for the scaling determines γ˘ b, and the slip length b can then be deduced, comparing γ˘ b to γ˘ . To extract the effective shear rate γ˘ b from the data, we have developed an adjustment procedure, using a mathematical criteria based on a minimization of the areas between curves to determine which effective shear rate could produce the best superposition of all the curves acquired at different shear rates on a single master curve. This is achieved by choosing a test slip length and calculating ∆ ) ∑i(Ai - Amean)2/∑ii, where Ai is the area under the curve number i (the index i corresponds to a given shear rate), and Amean is the average of the areas of all the curves. The minimum of the parabolalike curve ∆(b), gives the best slip length corresponding to the optimized superposition of the renormalized data curves. This adjustment procedure allows one to quantitatively determine the slip length directly from the experimental curves, with no need to postulate the existence of a nonslippy surface used as a reference surface to form the master curve, contrary to what was done in the first version of the experiment.9 The corresponding uncertainty on the slip length is then decreased and roughly estimated to be 50 nm (the width of the minimum). Panels a, b, and c of Figure 8respectively show examples of fluorescence recovery curves for different applied shear rates, the effect of the renormalization of the time scale, and the determination of the slip length for one of the sapphire surfaces covered by a small amount (2% surface coverage) of nanoparticles 214-50-50-70 Pbut.



Results In a first step, one type of polymeric nanoparticle (214-5050-70 Pbut) was used, and the effect of the surface coverage of



Figure 8. Example of experimental curves acquired with different shear rates for a 2% surface coverage of 214-50-50-70 Pbut nanoparticles on a SiH-modified SAM. (A) The intensity scale has been normalized to obtain intensity changes due to photobleaching between 0 and 100%, where 100% is the reference of fluorescence and corresponds to the fluorescence signal before the photobleaching step, and 0% is the fluorescence at the end of the photobleaching step. (B) The time scale has been renormalized by t** ) t × γ˘ b2/3 to get the best superposition to a master curve of all experimental curves acquired with different shear rates. (C) The determination of the effective shear rate γ˘ b ) γ˘ (1 + 2b/∆z) that leads to the best master curve is performed by varying the slip length and minimizing the standard deviations between the area of each curve and the mean area of all the curves, ∆ ) ∑i (Ai - Amean)2/∑i. This relation is plotted over the slip length in panel C, and yields a parabola-like curve whose minimum gives the best slip length and the corresponding effective shear rate.



the nanoparticles on the slip length of hexadecane was investigated. Results in terms of slip length for five surfaces grafted with nanoparticle 214-50-50-70 Pbut at surface coverages between 0 and 30% are summarized in Figure 9. The corresponding AFM pictures of the surfaces are given to visualize the evolution of the roughness with surface coverage. The topographic scale of the different AFM pictures has been removed to avoid overcharging the sketch. To get a comparison, the value obtained for the surface grafted with a dense and smooth SAM used as a base surface for grafting the nanoparticles is also shown in Figure 9, as the 0% surface. This substrate (not studied by AFM) has an rms roughness of 0.4 nm, as measured by XR-reflectivity.
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Figure 9. Evolution of the slip length with the surface coverage of grafted nanoparticles. At low surface coverage, the slip length decreases from 250 nm for hexadecane on the reference substrate (dense SiH-terminated SAM, partially wetted by hexadecane) down to 150 nm for 2% and 50 nm for 5% surface coverage. Above 22% surface coverage, slip at the wall is totally blocked. We do not observe in these experiments any re-increase of the slip length for higher surface coverages (in particular for 214-50-50-70 Pbut nanoparticles with surfaces coverage higher than 20%).



The slip length of hexadecane decreases as the roughness increases, from 250 nm for the SiH-terminated monolayer to 150 nm for the surface covered with only 2% of nanoparticles, and decreases to 50 nm when the nanoparticle surface coverage is increased to 5%. Above 20% surface coverage, slip totally disappears. The surface with 9% surface coverage is different from others. Dewetting of the nanoparticle solution occurred during the grafting step. The nanoparticles were then gathered around the dewetted zones, forming a mesh at the surface with a distance on the order of 1 µm between two cells. The fibers of this net are made of small aggregates of three or four nanoparticles in width. Because of this quite different organization of the nanoparticles compared to other surfaces, the resulting slip length cannot be directly connected to all other data in



Figure 9. However, the trend of this graph is obvious: adding nanoparticles strongly decreases the tendency of hexadecane to slip at the wall. We want to point out that, on all surfaces presented here, only the lateral spacing between nanoparticles was varied, while their height was kept constant. The data reported in Figure 9 thus demonstrate that the wavelength of the roughness is important to determine the level of slip. We also modified the vertical dimension of the roughness by grafting nanoparticles of different sizes. The results in terms of slip lengths, obtained for four different surfaces, are presented in Figure 10. Two of them were already presented in Figure 9, but are again reported here for comparison with the new ones. The AFM pictures related to these surfaces are also presented, along with a simplified profile to schematically summarize the shape of the surfaces. Comparing
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Figure 10. Effect of the height and aspect ratio of the grafted nanoparticles on the slip length of hexadecane.



the surfaces denoted 214pb1 and 800pb1, which have the same surface coverage but the nanoparticles for 800pbl are 2 times bigger than those for 214p1, it can be seen that increasing the size of the nanoparticles (height and width) strongly decreases the slip length from 150 to 50 nm. Comparing now surfaces 800pb1 and 214pb2, which yield equivalent slip lengths (50 nm) but with a surface coverage (2%) much less important for the surface covered with the bigger nanoparticles, it can be concluded that the height of the roughness is probably the parameter that influences the slippage the most. Comparing surfaces 214pb2 and 214piso, which have nanoparticles of the same height but different widths and have equal surface coverage, we see that it is more favorable for the slippage of hexadecane to have a few wide nanoparticles on the surface rather than a large number of tiny nanoparticles scattered everywhere on the surface.



Discussion The origin of slip boundary condition for simple liquids still remains an open question, even though, on a partially wetted substrate, the existence of slip is now well established. Models have envisaged the existence of an air layer (or of trapped air bubbles) at the interface, and simulations have computed a decrease in the momentum transfer in the presence of such an air layer. The role of roughness is not, however, fully elucidated. One can qualitatively understand that roughness on a nanometric scale should deeply affect the local molecular organization in the very first layers of fluid molecules near the solid wall, affecting the possibility of momentum transfer between the fluid and the solid. It can be assumed that, on a perfectly flat surface, smooth at molecular scale, elongated fluid molecules in the first molecular layers from the wall would preferentially adopt a conformation parallel to the wall (which is indeed expected for the long



hexadecane molecule15,19), having a decreasing order parameter when penetrating inside the fluid to recover the isotropy of the bulk far from the solid. It is clear that increasing the number of irregularities on the surface will perturb the orientational order of the molecules over distances from the wall comparable to the typical sizes of the irregularities of the surface. In the case where a local orientational order is induced by the wall, if the heterogeneities of the surface expand over distances from the wall comparable to the range of this orientational order, these heterogeneities will certainly deeply affect the boundary condition for the flow velocity, tending to cancel out the effect of the local orientational order. In terms of wavelengths, increasing the amount of nanoparticles grafted randomly at the surface (Figure 9) is equivalent to decreasing the typical wavelength of the roughness while keeping the height parameter constant. Such a diminution of the wavelength leads to an increase in the momentum transfer between the liquid and the solid, and thus to an increased friction, or a smaller slip length. It can be suspected that, above a certain surface coverage, when the wavelength has become so small that the liquid no longer has the possibility to penetrate inside the asperities, one could recover the equivalent of a flat interface, and possibly a slip boundary condition. This is what has been reported for liquids highly dewetting the substrate (contact angles higher than 90°). This is not the case in all the experiments we reported above, for which the contact angle of hexadecane on the smooth reference surface is on the order of 40°. Indeed we have not observed any re-increase of the slip length for surface coverages from 22 to 30% with 214-50-50-70 Pbut nanoparticles. Experimental conditions do not allow us to further increase the (19) Gao, J.; Luedtke, W. D.; Landman, U. Structure and solvation forces in confined films: Linear and branched alkanes. J. Chem. Phys. 1997, 106 (10), 4309-4317.
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surface coverage in nanoparticles without modifying the aspect ratio of the roughness as the hyperbranched polymers aggregate. Indeed, looking carefully at the AFM picture corresponding to the last point of the curve in Figure 9, with a surface coverage in nanoparticles of 30%, one can see that a second layer of nanoparticles has started to graft randomly above the first one. Even if the wavelength of the roughness formed by the first layer of nanoparticles would have sufficiently decreased to induce the slip of hexadecane, the scattered nanoparticles in the second layer act as disperse particles and tend to suppress slip. The cartoon in Figure 10 summarizes the effect of the wavelength. Comparing surfaces 214piso and 214pb2 (9% surface coverage) the same argument holds: at a constant height, the larger nanoparticles for surface 214piso relative to those for surface 214pb2 lead to a weaker decrease in the momentum transfer and, thus, a larger slip length. Zhu and Granick12 already observed a similar trend with tetradecane and water. Comparing the slip length of these two liquids on a dense SAM of octadecyltriethoxysilane, on a rough thiol monolayer, and on a diblock polymer layer adsorbed on mica, they discovered that increasing the roughness leads to a decrease in the slip length. The innovations in the experiment we present here are that, first, the height of the asperities is kept constant so that the effect of the wavelength can be isolated and analyzed, and, second, the affinity of the liquid to the substrate is kept constant as much as possible to avoid mixing effects on the slip length. Our experiments show that the height of the roughness is a crucial parameter, more effective than the wavelength, to decrease slip; for example, on the 800pb surface, 2% surface coverage is enough to decrease the slip length down to 50 nm, while it was necessary to increase the surface coverage up to 9% to obtain the same effect with the 214pb2 surface, for which the nanoparticles have the same aspect ratio, but are 2 times smaller. It seems that the height of the roughness is of great importance to preferentially suppress the slippage. This is in agreement with the observations by Zhu and Granick and with simulations and calculations.20,21 Indeed, in 1973, Richardson22 calculated the effect of the wavelength of the roughness for a liquid totally wetting the surface and showed that decreasing the wavelength strongly decreases the slippage. The same effect was shown in the molecular simulations of Bocquet and Barrat.20 Recently Cottin et al.5,6 computed the effect of increasing the height of the roughness for a liquid, and distinguished two cases: a liquid totally wetting the surface, and a strongly dewetting liquid with advancing contact angles on a



similar smooth surface larger than 150°. They showed that, for a liquid wetting the substrate, increasing the height of the roughness strongly decreases the slippage. For a liquid dewetting the substrate, the effect is opposite, and the slippage is increased. All these results could certainly explain, for the most part, the divergences between the slip lengths found by different groups worldwide. Our results with a liquid partially wetting the substrate (40° for hexadecane on the smooth SAM) are rather close to those of a liquid totally wetting the surface. They disagree, however, with the results of Bonaccurso and co-workers for water on silica surfaces (total wetting) and roughened by KOH,13 where roughness was observed to increase the slippage of water. We have no strong physical explanations to rationalize this disagreement. We can only point out that, in AFM-modified experiments, where a silica bead is glued to the AFM tip and used as a nanometric SFA, it is difficult to subtract the Stokes force exerted on the cantilever, as pointed out by Vinogradova et al.23,24



(20) Bocquet, L.; Barrat, J.-L. Hydrodynamic boundary conditions, correlation functions, and Kubo relations for confined fluids. Phys. ReV. E 1994, 49, 3079. (21) Thompson, P. A.; Troian, S. M. A general boundary condition for liquid flow at solid surfaces. Nature 1997, 389, 360-362. (22) Richardson, S. On the no-slip boundary condition. J. Fluid Mech. 1973, 59, 707-719.



(23) Vinogradova, O. I.; Butt, H.-J.; Yakubov, G. E.; Feuillebois, F. Dynamic effects on force measurements. 1. Viscous drag on the atomic force microscope cantilever. ReV. Sci. Instrum. 2001, 72 (5), 2330-2339. (24) Vinogradova, O. I.; Yakubov, G. E. Dynamic effects on force measurements. 2. Lubrication and the atomic force microscope. Langmuir 2003, 19 (4), 1227-1234.



Conclusion Roughness was known for a long time to be one of the main parameters that influence the aptitude of simple liquids to flow with slip at the wall. Our experiments confirm that indeed, on partially wetting surfaces, increasing the roughness strongly decreases the slippage, and demonstrate for the first time that increasing the height or the lateral dimensions of the corrugation has opposite effects on the slip length. We have shown that, on one hand, increasing the lateral dimensions at a constant height tends to increase the slippage, and, on the other hand, increasing the height tends to block the slippage. These results are more qualitative than quantitative because of the dispersion in the sizes of the plots on our surfaces, but they can be taken as trends that allow one to begin to understand the behavior of a liquid flowing near a solid interface. Acknowledgment. We thank M. Schappacher and A. Deffieux at the LCPO in Bordeaux for having performed the synthesis of the polymeric nanoparticles. The project was funded by the French ministry of research and Technology program “ACI Surfaces and Interfaces 2000”, the CNRS, and the College de France. We thank R. Ober for the helpful discussions and analyses about the XR-reflectivity measurements, and P. Aubert at Evry’s University for providing access and use of their inverted AFM. LA060061W
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