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Generation of an electroosmostic (EO) flow near a liquid-gas interface covered with ionic surfactants is experimentally investigated. Combination of microscopic flow measurements with a molecular characterization of the interface by second harmonic generation (SHG) shows that, under an electrical forcing, the liquid underneath the surface flows while the adsorbed surfactants remain immobile. These unexpected results contribute to the fundamental understanding of electrokinetic phenomena in these complex situations. Besides, this new experimental technique opens the route to simultaneously probe the liquid flow near a soapy interface and the corresponding surfactant repartition affecting the hydrodynamic boundary condition.

Effects of surface active materials on free surface flows have long been reported and are encountered in many applications involving liquid foams or sprays. Nowadays, liquid-gas materials with a controlled microstructure are used to design new technological systems for tissue engineering, optics, photonic crystals, and lab-on-a-chip applications [1]. These microstructured materials are usually produced using microfluidics techniques and overall require a fine control of liquid microflows near gas interfaces.

At these microscales, surface-driven flows -and among them surface-induced electrical flows-have become systematically used because of their integration capabilities and their favorable downsize scaling compared to classical bulk-driven flows [2]. However, unlike solidliquid interfaces, which have been investigated for more than two centuries [START_REF] Reuss | Notice sur un nouvel effect de l'électricité galvanique[END_REF], the understanding of electrokinetics near liquid-gas interfaces still raises numerous fundamental and practical questions.

In the vicinity of a charged surface, counter-ions are loosely attracted to the surface to form the so-called electrical Debye layer (EDL). When submitted to an electric field, the EDL experiences a net force and subsequent liquid motion then arises. This electro-osmotic flow (EO) propagates via viscous momentum diffusion into the neutral liquid bulk to eventually establish a plug flow profile at steady state. For solid surfaces, this plug-flow velocity U is given by the Smoluchovski relation [START_REF] Bocquet | [END_REF]:

U = - ζ E η (1) 
with and η the liquid permittivity and viscosity, ζ the so-called ζ-potential and E the applied electric field. The ζ-potential does not only incorporate electrostatic properties of the interface but also accounts for the hydrodynamic boundary condition [START_REF] Bocquet | [END_REF]. In particular, solid-liquid friction [5][6][7][8] and more generally charge mobility [9] have been shown to affect the EO response flow. In addition, the complex entanglement between surface electrostatic properties and nearby liquid dynamics at stake during EO driving was furthermore illustrated by the experimental report of unexplained couplings as revealed by the non-linear optical response of surfaces [10].

In this respect, the case of liquid-gas interfaces, among which soapy interfaces, a priori incorporates an even richer phenomenology [11] due to the need to additionally consider the friction of the liquid on the surfactant layer [12] or the intrinsic rheology of the interface [13]. Depending on the surfactants used, the surface dynamics -and thus the relevant hydrodynamic boundary condition-can be tuned by orders of magnitude as shown for instance by drainage experiments in soap films [START_REF] Cantat | Les mousses : Structure et dynamique[END_REF][START_REF] Koehler | [END_REF]. Moreover, surfactant mobility can induce a redistribution of molecules that results in inhomogeneous surface concentrations and subsequent surface tension gradients. These so-called Marangoni stresses need to be considered to account for many experimental situations involving liquid dynamics near soapy interfaces [16][17][18][19].

Direct experimental probing of surfactant repartition in these situations has never been achieved so far. Then, we propose to investigate it in the case of electrically driven flow in the vicinity of surfactant-laden liquid-gas interfaces. In practice, we perform optical microflow velocimetry for quantifying surface EO response properties and the associated ζ-potential, and second harmonic generation (SHG) experiments to locally quantify the surfactant surface concentration. These two measurements allow us to probe the surfactant repartition along the interface and to discuss how the complex hydrodynamic condition affects the underneath flow.

Firstly the investigation of soapy interfaces EO response, and the determination of their ζ-potential were performed by using the experimental setup sketched in Fig. 1. It relies on measuring the surface-driven oscillatory (Stokes) boundary layer resulting from an AC electric field driving. Such an approach was proposed and validated to capture the electrokinetic response of solid surfaces [20].

The experimental cell, filled with the surfactant solu- The electric field is imposed via two immersed Ag/AgCl electrodes plates perpendicular to the interface (Fig. 1) connected to a voltage generator (5 to 30V) delivering a sinusoidal signal (ω/2π=2Hz). AC driving is advantageously used to minimize electrode artifacts and to remove spurious drifts by extracting the -oscillatinglinear response contribution (see Supplemental Materials (SM) [START_REF] Blanc | Information[END_REF]). Fluorescent probe displacements are recorded for various distance z from the liquid-gas interface with a high speed confocal microscope (Leica TCS SP5 DMI6000) and filtered at the driving frequency to isolate the linear response component at cos ωt.

The colloidal probes being charged particles, their observed oscillating velocity results from the superimposition of the advective EO flow under investigation and of the own electrophoretic motion of the particles. The latter writes u P (t) = U P cos(ωtφ P ), with U P the electrophoretic velocity of the particles and φ P a phase shift arising from the experimental probing method, and due to a finite experimental depth of field (SM [START_REF] Blanc | Information[END_REF]). As for the investigated EO flow, it is generated at the liquid-gas interface and diffuses in the liquid by viscosity. The resulting flow profile u EO (z) is equivalent to the one from the Stokes oscillating boundary layer [START_REF] Dutta | [END_REF], u EO (z) = U i exp(-z/z 0 ) cos(ωtz/z 0 ) with U i = -ζ E/η the EO velocity in the vicinity of the surfactant layer and z 0 = 2η/(ρω) the length scale for viscous momentum diffusion.

Overall, the measured particle velocity u t (z) gathers both contributions so that the bead displacement amplitude A(z) writes

A(z) = U i ω e -2z z 0 + 2 U P U i e -z z 0 cos( z z 0 -φ P ) + U 2 P U 2 i . (2) 
A typical measurement of A(z) is reported in Fig. 2 (inset), together with the theoretical fit according to Eq.2, with U P , U i and φ P as free parameters. Fig. 2 presents the soapy liquid-gas interface ζpotential deduced from the values of U i as a function of the surfactant bulk concentration c. The experimental curve ζ(c) displays several specific features: a nonmonotonous evolution with a maximum in ζ at intermediate c and a saturation at the lowest concentration suggesting a finite ζ for vanishing concentrations. Remarkably, such a shape is in agreement with recent numerical simulations [12].

Because surface dynamics and (electro-)static properties are fundamentally entangled in the EO response as defined by ζ, we now experimentally investigate the surfactant concentration at the liquid-gas interface. To that aim, we perform SHG measurements [25], a non-linear optical method, at the interface of the surfactant solutions. Indeed, SHG, whereby two photons at a fundamental frequency are annihilated and one at the harmonic frequency is generated, is a tool of choice to study interfaces. As a matter of fact, this non-linear process is forbidden in centrosymetrical medium, such as air and liquid water so that only interfaces are probed and contribute to the observed signal. Experimentally, a femtosecond laser (wavelength 810 nm) is focused at the liquid-air interface and the SHG intensity I SHG is collected in reflexion at the wavelength 405 nm by a detector composed of a spectrometer and a CCD camera [26]. Due to geometrical constraints, SHG measurements are thus performed in a larger experimental cell of upper free surface 4 cm x 4 cm. Obtained results have been checked to be identical for the original -smaller-cell size (SM [START_REF] Blanc | Information[END_REF]).

For adsorbed layer, it is commonly assumed that √ I SHG ∝ Γ β with Γ the surface concentration of the adsorbed molecules and β their hyperpolarisability, where brackets indicate orientational average [29]. Using the input and output p-polarisation SHG intensity (see SM [START_REF] Blanc | Information[END_REF]), the measured surface concentration is reported in Fig. 3 for over three decades in surfactant bulk concentration. Note that we checked by polarisation studies that the average molecular orientation does not change with surface concentration in good agreement with previous studies [30].

These SHG measurements can be compared to independent surface coverage parameters from surface tension measurements γ(c) (inset of Fig. 3) assuming adsorbed species satisfy Gibb's law Γ = -(1/RT ) ∂γ/∂ ln(c) [START_REF] Cabane | Liquides: solutions, dispersions, émulsions, gels[END_REF]. These data are very well fitted by a Langmuir isotherm Γ = aKc/(1 + Kc), with a = 26.64 10 17 m -2 and K = 1.404 L/mmol, in agreement with the literature [21]. Neutron reflectivity data for the same system [27,28] also perfectly match the above estimates (Fig. 3). A very good agreement is obtained between SHG measurement (namely √ I SHG ) and the previous surface cover-age values up to bulk concentrations of 0.1 cmc. We can note the extreme sensitivity of the SHG method to low surface coverage as it outperforms the two other experimental approaches by about a decade in bulk concentration. However, at higher concentrations, SHG signal no longer matches with the surface coverage. According to the above relationship between SHG intensity and surface coverage, this indicates a change in the hyperpolarisability factor β . Indeed, β is affected by the local environment: the interactions between surfactants and ions due to surface charge saturation and subsequent ion binding effects [12,21,22,[START_REF] Phan | [END_REF], the mean water molecule orientation [33] or an electric DC field induced bulk SHG response [34] can indeed contribute in this regime. SHG proves extremely sensitive to probe the local and instantaneous surface concentrations of surfactant molecules, in the regime of low to moderate surface coverage, beyond which SHG response incorporates complex molecular environment contributions.

Thanks to this independent information on the surface coverage, we have clues concerning the electrostatic properties of the surfactant-laden interface, as surface charge can be assimilated at first stage as eΓ with e the elementary charge. We can now discuss in more details our ζ-potential measurements of soapy interfaces, which results from the above charge properties and from the complex interfacial dynamics.

Indeed compared to usual charged solid surfaces, the surface charge (born by adsorbed surfactants) is a priori mobile, the friction of the liquid on the surface is either negligible or at least very low. In this respect, it is close to the problem of EO response of neutral hydrophobic surfaces investigated recently from a theoretical point of view [9,35,36], where liquid-wall friction is reduced by slippage effects, and where ion specific adsorption is required to trigger an electrokinetic effect. Although the crucial role of charge mobility at the molecular scale (adsorbed species and counter ions) was put forward in this context, no experimental investigation has been proposed so far.

Assuming that the liquid friction with the surrounding air is negligible, the system {adsorbed surfactants + water and ionic species} is isolated. Momentum conservation thus suggests that the bulk flow is compensated by a fast and opposite motion of adsorbed surfactants. If so, one would expect strong surface concentration gradients to build up at the scale of the trough in response to the electrical forcing.

In Fig. 4 we report the local (typical averaged over 1 mm) and instantaneous (100 ms acquisition time for a 2 Hz forcing) SHG measurement scanned along the trough. No significant heterogeneities are measured suggesting that the surfactants remain evenly distributed within the technique accuracy. This shows that inhomogeneous surfactant repartition as schematized in Fig. 5(b) and subsequent Marangoni stress does not build up and that despite the EO movement of the liquid beneath, the interface remains stress free. In addition, let us mention that we do not report variations of the absolute SHG intensity with or without electric field, unlike some recent observations at solid-liquid interfaces [10]. The absence of surface concentration gradient may result from fast enough exchange with the bulk reservoir. However, additional experiments performed up to 100 Hz (for which surface/bulk surfactant exchanges are expected truly negligible) do not show any differences (see SM [START_REF] Blanc | Information[END_REF]).

These different observations then dismiss the possibility of strong motion of the adsorbed surfactant layer. This suggests that although very small, the frictional coupling between the liquid phase and the surrounding air cannot be ignored and act as a momentum reservoir. At steady-state, because the {adsorbed surfactants + water and ionic species} system is globally neutral, no net driving force is exerted (Fig. 5a) so that no dissipative force can persist. However, air friction stress is acting on the system during a transient, to transfer momentum, and then to impose that the surfactants are motionless [36] before vanishing. Note that we may estimate whether a quasi steady state with zero outer stress can be achieved within the time scale of the forcing. During the transient regime, stress balance would read Γm∂U s /∂t ∼ η a U s / √ ν a t, with m the mass of one surfactant, U s the surfactant velocity and η a and ν a respectively the dynamic and kinematic viscosities of air. This results in a characteristic timescale given by Γ 2 m 2 ν a /η 2 a , of the order of 2 µs (with Γ=10 19 m -2 , m 6.10 -25 kg, η a =1.8 10 -5 Pa.s and ν a = 1.6 10 -5 m 2 /s), then far below the timescale of our experiments. Same reasoning can be performed with different sources of dissipation such as the friction of the surfactants on the lateral borders of the tank.

x (mm) Knowing that, unexpectedly, a zero velocity condition applies at the interface, we can identify the ζ-potential with the surface potential of the interface V s deduced from surfactant coverage Γ by using the non-linear Poisson Boltzmann approximation. We assume that the surface charge is Γ e = θeΓ with θ a coefficient accounting for the surfactant partial dissociation or counter-ion binding effect as already reported in the literature for TTAB surfactants among others [12,21,[START_REF] Phan | [END_REF][START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF][START_REF] Kalinin | [END_REF][39][40], and then, if we use the Grahame relation [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF], surface potential writes

E f = ⌘ @(v v i ) @z = eE e = E M = @ x z a) e ✓ eE f = ⌘ @(v v i ) = ✓ eE
V s = 2kT e sinh -1 (θeΓ π 2k B T N A c ) (3) 
with N A the Avogadro number. The value of Γ is evaluated by the fitted Langmuir isotherm (see Fig. 3). As can be seen in Fig. 2, the above calculation for V s closely follows the evolution ζ(c), in particular with the appearance of a maximum close to cmc/10. Beyond the general shape, the quantitative agreement is obtained with a value θ = 7.6 % for the surfactant ionization ratio. A detailed investigation of this ion binding effect is beyond the scope of the present article, involving beyond meanfield Poisson-Boltzmann approaches [41,42]. However, interestingly, such a low and constant ionization ratio is in quantitative agreement with static measurements of surface potential in similar systems [21,22].

In addition to the above analysis, it has been recently put forward that despite the surfactant immobility, some dynamical effects may be present especially at low concentration, in the form of slippage between surfactant heads and the underneath liquid phase [12]. In this case, enhancement by a factor b/λ is expected [5,6], b being the slip length at the interface [START_REF] Bocquet | [END_REF] and λ the Debye length (λ = kT /2ec). In recent numerical simulations [12], slip lengths were predicted to be inversely proportional to the water friction on the surfactant heads and then to read b = 1/(3πRΓ), with R the size of the surfactant head (around 0.5 nm for TTAB). Interestingly, this effect predicts that in the limit of low bulk and surface concen-tration, the ζ-potential saturates at a value of e/3π R [12], around 50 mV for TTAB in very good agreement with the experimental value reported at low concentration, as observed in Fig. 2.

Overall, we have investigated here the electrokinetic response of surfactant-laden interfaces by a combination of EO response measurements by microflow velocimetry and surface concentration distribution by SHG technique. Unlike what has been proposed for other actuations, e.g. in soap film drainage, our data are consistent with a motionless and stress-free surfactant layer, and allow a first analysis of the complex interplay between the adsorbed layer static and dynamic properties. In a wider perspective, the development of this new experimental technique on surfactant laden interfaces opens the way of probing surfactant repartition for different types of flow forcing like thermal forcing [43] or pressure driven, where Marangoni stress is expected [44]. It would be particularly interesting to test the case where the ζ-potential is evaluated through streaming current measurements to see if the reciprocity relationship holds in such a complex situation.
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 1 FIG.1. Sketch of the experimental set-up (scales are not respected). uEO and uP correspond to the electroosmostic velocity of the liquid and the intrinsic electrophoretic velocity of the colloidal probes. The tracer displacements are recorded along the z direction whereas the SHG intensity is scanned along the x direction.

  FIG. 2. Liquid-gas interface ζ-potential vs surfactant bulk concentration c. ( ): Present measurements; (-): Prediction from SHG measurement and Grahame relation eq. (3) where Γ is replaced by θΓ with θ = 0.076 a fitting parameter corresponding to finite ionized ratio (see text); (--) Saturation plateau at 50 mV (see text); (•): Surface potential measured by the thin film balance technique, data from [22]. Inset: Amplitude displacement depth profile A(z) (c = 0.135 mM). (×, •): data points recorded when scanning in z back and forth respectively; (--): Theoretical fit according to eq. (2) with Ui=5.0 µm/s, UP =1.7 µm/s and φP =0.25.
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 23 FIG. 3. Surfactant surface concentration Γ vs surfactant bulk concentration c/cmc. (•): SHG measurements based on √ ISHG (see text); ( * ) Experimental surface tension γ(c) (see inset) and Gibbs' law; ( ): Neutron reflectivity data from [27, 28]; (--) Langmuir isotherm fit of surface tension Γ = aKc/(1 + Kc) (a = 26.64 10 17 m -2 and K = 1.404 L/mmol). Inset: Surface tension γ vs surfactant bulk concentration c/cmc. Symbols and lines: same as main figure.
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 84 FIG.[START_REF] Bocquet | [END_REF]. SHG intensity at the liquid-gas interface for different position x between the electrode. (•, •) TTAB solution at 0.02cmc at respectively (100 V/m, 2 Hz) electric field driving and without external driving; ( , ) same for pure water subphase and interface.

FIG. 5 .

 5 FIG. 5. (a)-Sketch showing the stress balance at the water/air interface in presence of surfactants and of an electric field E. (b)-Sketch showing the scenario of an inhomogeneous surfactant repartition inducing Marangoni stress at the interface.
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