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In many applications, it is desirable to control both the wetting and adhesive properties of a surface. Wettability reflects whether a liquid will spread on a surface as a continuous film or, conversely, retract as one or several drop-lets. There are many ways to control the wettability of a material by surface modification, and a number of elegant and efficient surface treatments have been proposed (1)(2)(3)(4)(5).Another key property of a surface is its stickiness, or tackiness. A typical example of tackiness is the feeling one has when touching fresh pine resin. This property can be deliberately sought after, such as in adhesive labels, or carefully avoided, as in varnish or paint. In general, a polymer surface has fixed properties-either tacky or non tacky, and hydrophilic or hydrophobicthat vary only slightly with the surrounding conditions such as humidity or temperature. For example, to make a glassy polymer sticky, one has typically to raise the temperature 50° to 60°C above its glass transition temperature. In this context, the design of a system with wetting and adhesive properties that are switchable with temperature over a narrow range of a few degrees presents a formidable challenge. To achieve this goal, we propose here the use of structured polymer films organized at a mesoscopic scale on the order of 10 nanometers.

A material is sticky when the energy required to break its bond with a surface is thousand times as large as the simple inter-facial energy; this extra work comes from the dissipation during the separation process,which involves deformation and friction in the polymer film. Moreover, to achieve strong bond, a good contact needs to be established between the two surfaces, which requires some degree of softness of the material. Consequently, a polymer is tacky when it possesses the right balance between soft-ness and ability to dissipate energy. Wettability, on the other hand, is related a priori to much simpler property of the material: its interfacial energy, which is more readily controlled by the chemical nature and molecular organization of the surface. For example, the use of fluorinated molecules enables one to obtain very oleophobic and hydrophobic coatings.

In order to finely tune the surface properties of a material, we thus propose to use a fluorinated polymer coating that undergoes a first-order phase transition from a highly structured state toward a disorganized state. We show that at the structuring transition, the dissipative properties of the polymer can vary dramatically: the transition from a hard, structured phase to a soft isotropic phase modifies its tackiness. Similarly, we show that the kinetics of spreading of liquids on the surface of a structured polymer is also markedly affected at the phase transition. This behavior is partly due to the change in the surface characteristics of the polymer, but more originally, it is also the result of modifications in the polymer bulk properties at the transition. Hence, by using fluorinated coatings with order-disorder structural transitions, one can tune the adhesive and wettability properties of a material. This opens interesting possibilities for many applications in which surface control is important, in areas as diverse as biotechnology, industrial coatings, and cosmetics. Everyday examples of switchable adhesive applications might include antisoil grips for tennis rackets or golf clubs.

The polymer used is a side-chain liquid-crystalline copolymer, obtained by radical copolymerization in butylacetate of 50 mole percent of an acrylate monomer bearing along perfluoroalkyl side chain (C2H4-C8F17) and 50% of a methacrylate monomer bearing a long alkyl chain (C17H35). At room temperature, this copolymer is highly organized: X-ray scattering spectra show several orders of Bragg peak multiple of the wave vector q = 0.099 Å -1 , indicating the presence of lamellae with a period of 64 Å. Furthermore, the presence of wide-angle Bragg peaks at 2θ = 17.95°a nd 21.55° indicate that in those lamellae, both the hydrogenated and the fluorinated side chains can crystallize with a characteristic distance of 4.1 and 4.9 Å, respectively. From these data we conclude that the copolymer organizes into a partially crystallized lamellar (or smectic) phase. Moreover, differential scanning calorimetry and x-ray experiments show a wide transition between a mesomorphic and an isotropic phase centered at 35°C (Fig. 1).

The tack properties of the copolymer were studied with a probe tack tester (6 ).The probe is a rectangular quartz prism that enables one to measure, by optical means,the true area of contact between the adhesive and the probe, S, in addition to the adhesive energy. The copolymer was deposited on an aluminum plaque by evaporation from a 20 weight % solution in butylacetate to form a film 100 ± 20 µm thick. The sample was left for 5 min at the desired temperature. The prism was then brought into contact with the coating at a speed of 0.5 mm/s. When the applied force reached 50 N, the motion of the prism was stopped and its position was maintained for 1 s. The probe was eventually pulled up at 0.5mm/s. By recording the evolution with time of the force F exerted on the probe, we could measure the tack energy per unit surface, defined as the time integral of F during the debonding process multiplied by V/S, where V is the probe speed and S is the true wetted area. In the smectic phase, the energy needed to separate the adhesive from the probe was zero within experimental accuracy, whereas in the isotropic phase, the energy decreased from 50 J/m 2 at 37°C to 14 J/m 2 at 50°C (Fig. 2). These values are typical for a polymer well above its glass transition. For example, the adhesive energy of polyisobutylene at 30°C is 10 J/m 2 (6). A remarkable feature of this transition between a non adhesive and an adhesive regime is that it occurs very abruptly at the smecticto-isotropic transition. The tack energy increases within a 2°C temperature range, compared with the usual 60° or 70°C for conventional pressure-sensitive adhesives that present a glass transition (6).This change in behavior is reminiscent of tack modification at structural transitions in other systems such as alkyl side-chains homopolymers (7). Our experiments also show that during the transition, the true area of contact between the adhesive and the probe evolved from less than 10% in the smectic phase to nearly 100% in the isotropic phase(Fig. 2).

Qualitatively, the area of contact A between a coating and a probe after a contact time t depends on the viscoelastic properties of the coating as well as on the roughness of the material. For an elastic and smooth coating of Young's modulus E that faces a hard and rough probe, and for asperities of typical radius of curvature R and a distribution of heights with a characteristic size σ, the relation between A and E can be calculated in the framework of a Hertz contact (8): A = (F/E)(R/ σ) 1/2 , where F is the load applied on the probe. For a given roughness, one thus expects the wetted area to differ substantially in the isotropic phase, where E is typically on the order of 10 5 Pa, and in the smectic phase,where it is rather on the order of 10 8 Pa (9,10). If one assumes, for a 1cm 2 surface area, a "typical" roughness (R/σ) -1/2 on the order of 0.1 (8), one expects a wetted area of 100% in the isotropic phase for a force as low as 1N, whereas in the smectic phase, the experimental 50 N applied would create a contact area of only 5% of the total surface. This result is in good agreement with the experiments performed for different contact forces. The sharp increase at the transition of the adhesion energy, which has been normalized by the true contact area, is the signature of an abrupt change of the dissipative ability of the material during the debonding process. The available experimental data, in slightly different systems that exhibit smectic A phases, indeed show a large difference in the rheological properties of isotropic and smectic phases (9, 10). In the isotropic range, the decrease of the adhesion energy reflects the decrease of the viscoelastic dissipation when we further increase temperature.

Wetting and dewetting phenomena are another way of probing both the interfacial and viscoelastic properties of a material. Indeed, experimental and theoretical studies (11)(12)(13)(14)(15)(16) have shown that, on hard substrates, the dynamics of wetting and dewetting is controlled by the interfacial properties of the substrate, whereas on a deformable material, it tends to be controlled by the viscoelastic dissipation in the material. In the latter case, because of the unbalanced vertical component of the surface tension, a wetting ridge of approximate size γ1/E appears, where γ1 is the liquid surface tension. The energy dissipated by the displacement of this ridge can be much more important than the viscous losses in the liquid wedge. This effect leads to a "viscoelastic braking" (15) of the droplet contact line.

We studied the temperature dependence of the dewetting velocity of a liquid, chosen for its high viscosity, on the fluorinated smectic copolymer. A thin metastable ( 17) film (approx100 µm thick) of a hydroxy-terminated polybutadiene (pBdOH) is forced onto a copolymer film (approx 30 µm thick) that was deposited on a glass plate in the heating stage. After being thermally equilibrated for 5 min at temperatures ranging from 20° to 40°C, the liquid film was destabilized with a pin and a dry patch opened. The evolution of this dry hole with time was followed under a low-magnification microscope and recorded with a video camera. The opening hole was surrounded by a rim that collected the liquid (Fig. 3). We measured independently the viscosity η1, the surface tension γ1, and both the advancing and receding contact angle of pBdOH versus temperature, because they are key parameters to interpreting the dewetting velocity. The temperature dependence of the contact angles, measured by the Wilhelmy plate method, is shown in Fig. 4.

Over this entire temperature range, the radius r of the opening hole increased linearly with time with a well-defined dewetting velocity dr/dt. Its evolution with temperature (Fig. 5) showed two regimes: The velocity in the smectic phase, which increases slowly with temperature up to a value of 110 µm/s at 27°C, drops abruptly to 5 µm/s at the isotropic transition. This effect is seen on Fig. 3, which shows the opening of a dry patch at 27° and 32°C for the same intervals of time. When the temperature was raised even further in the isotropic phase, the dewetting velocity increased slightly again. We first interpret the observations in the smectic phase. As explained above, the smectic is a "hard" material, which behaves as a solid substrate. In this case, it is predicted (18) that the dewetting velocity of the viscous liquid is constant and scales as (γ1/η1)θe³ where θe is the contact angle between the liquid and the substrate. Although this theory is expected to be valid only for small contact angles and small hysteresis, which is obviously not the case in our study, our experimental data are well fitted with this theoretical expression if we take θe = (θa+θr)/2, where θa and θr denote the advancing and receding contact angles. A prefactor can be extracted, which is expressed as the logarithm of the ratio of two lengths (19): a macroscopic cutoff, taken as the size of the rim section, and a molecular size. In the case of our experiment, the fit gives a factor of15 ± 0.5, which is in agreement with the values predicted and those experimentally found (20) on the order of 10.

Two effects are likely to contribute to the sharp drop in the dewetting velocity at the transition: a surface modification and a change of the bulk properties of the material. Below we attempt a rough evaluation of the respective contributions.

The data of Fig. 4 show that there is indeed a large variation of the contact angles at the transition temperature. The larger hysteresis Δθ = θa-θr in the isotropic phase can have different sources, such as a difference in roughnesses, a swelling of the coating, or surface reconstruction. This last phenomenon, corresponding to the reorientation of molecules at the surface so as to minimize their interfacial energy with the surrounding medium (21,22), is the one most likely to occur in our systems. From a thermodynamic point of view, the moieties oriented toward the surface should be fluorinated if the copolymer is exposed to air (when measuring θa) and hydrogenated if the surface is exposed to pBdOH (when measuring θr). However, one should consider kinetic factors such as the ability of the molecules to reorganize within the experimental time scale. Because the mobility is much smaller in the smectic phase,there is no or little reconstruction in this phase as compared with the isotropic one. The drop in velocity that should result from the modification of the equilibrium contact angle, θe = (θa+θr)/2, from 85° in the smectic phase to 75° in the isotropic one, would account for a decrease of V by a factor1.4 ± 0.2, significantly smaller than the factor of 20 experimentally observed.

Hence, consideration of only the surface properties is insufficient to account for the observed transition in dewetting velocity. A possible explanation for this drop of V could be a change in the viscoelastic properties of the material. Indeed, the modulus of the polymer is far lower in the isotropic than in the smectic phase; consequently, the deformation of the substrate has to be taken into account in the isotropic phase as it becomes important: γ1/E approx 0.4 µm(with the measured γ1 = 40 mN/m) and, as explained above, the motion of the deformed region causes the extra dissipation responsible for the drop slowing down. A detailed calculation of the velocity drop would require the knowledge of the viscoelastic properties of the liquid crystalline polymer, which are quite complex. Nevertheless, if we approximate the polymer by a viscous liquid of typical viscosity η = 10⁴ Pa.s, we obtain (16) a velocity on the order of 5 µm/s, in agreement with the experimental results.

We have performed tack and dewetting experiments on a smectic polymer liquid crystal around the lamellar-to-isotropic phase transition. Specific behaviors that reflect the complex structure of the system are exhibited. Through the side-chain ordering, the smectic structure brings hardness and non wettability. In contrast, in the isotropic phase, the presence of the backbone, which connects the side chains together,allows for a strong dissipation that leads to both a tacky behavior and an ability to slow down the dynamics of wetting. On each side of the phase transition, a different aspect of the hybrid macromolecule becomes predominant and imprints its behavior onto the system. This effect can be used to design versatile materials with highly flexible properties that vary with temperature. Moreover, the transition temperature can be tuned by changing the copolymer composition, which may be useful for different types of applications. Finally, the reversibility of the structural transitions and of the resulting properties with temperature is another interesting feature of the system.