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We studied the dynamics of a cationic surfactant monolayer, Gemini 12-2-12, at the air-water interface, for surfactant aqueous solutions at concentrations below the critical micelle concentration (cmc). We present surface rheology experiments performed in a Langmuir trough by the oscillatory barriers technique. From these, we found negative surface viscosities at certain frequencies. We demonstrate that this unphysical result is a consequence of an unconsidered surfactant dynamics within the interfacial region. By surface pressure relaxation experiments, after a sudden modification of the interfacial area, and by dynamic surface tension and surface potential measurements, several relaxation phenomena and relaxation times were identified. We found that surfactant adsorption and desorption processes are asymmetric: the characteristic times and the number of processes involved in the mechanisms of adsorption and desorption are different.

This asymmetry invalidates the usual data analysis procedure that leads to the negative viscosities Similar mechanisms could be at the origin of the negative viscosities reported in other systems, a possibility that remains to be explored.

The dynamics of surfactants at water-air interfaces play a very important role in many phenomena and technological applications such as wetting, detergency, emulsification and foaming [START_REF] Georgieva | On the Possible Role of Surface Elasticity in Emulsion Stability[END_REF][START_REF] Georgieva | Link between Surface Elasticity and Foam Stability[END_REF][START_REF] Ravera | Influence of Surface Processes on the Dilational Visco-Elasticity of Surfactant Solutions[END_REF][START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF] . These dynamics, for soluble surfactants, depend both on "out of plane" (bulk-interface exchange) and "in plane" (interfaciallateral) processes [START_REF] Langevin | Marangoni Stresses and Surface Compression Rheology of Surfactant Solutions. Achievements and Problems[END_REF] . These processes express themselves in the time dependent surface tension (dynamic surface tension) as well as in surface dilatational [START_REF] Ravera | Influence of Surface Processes on the Dilational Visco-Elasticity of Surfactant Solutions[END_REF] and shear rheology [START_REF] Langevin | Rheology of Adsorbed Surfactant Monolayers at Fluid Surfaces[END_REF] . Despite its importance and the large number of studies on these phenomena, the physics of the adsorption/desorption dynamics of surfactants at fluid-fluid interfaces is far from been completely understood [START_REF] He | Adsorption of Gemini Surfactants at the Air-Water Surface[END_REF] . For ionic surfactants, the adsorption dynamics deviates from the diffusion limited model developed by Ward and Tordai 7 in the 1940s. The origin of these deviations can be found in the presence of electrostatic adsorption barriers [START_REF] Bleys | Adsorption Kinetics of Bolaform Surfactants at the Air/Water Interface[END_REF][START_REF] Bonfillon | Viscoelasticity of Monolayers at Oil-Water Interfaces[END_REF][START_REF] Bonfillon | Electrostatic Model for the Viscoelasticity of Ionic Surfactant Monolayers[END_REF][START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF] . In this respect, negative surface viscosities were reported for certain systems [START_REF] Earnshaw | Surface Light-Scattering Studies of Surfactant Solutions[END_REF][START_REF] Eastoe | Surface Light Scattering from Cationic Surfactant Films[END_REF][START_REF] Giermanska-Kahn | Negative Effective Surface Viscosities in Insoluble Fatty Acid Monolayers: Effect of Phase Transitions on Dilational Viscoelasticity[END_REF][START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF][START_REF] Noskov | Anomalous Damping of Capillary Waves in Systems with Insoluble Monolayers of Alkyldimethylphosphine Oxides[END_REF] in experiments conducted at high frequencies with the excited capillary wave technique.

In a previous work [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF] we studied the adsorption kinetics of a cationic surfactant, dodecyltrimethylammonium bromide (DTAB), using dynamic surface tension measurements. It was found that the adsorption dynamics is controlled by diffusion (DLA) at very short adsorption times but it is kinetically limited (KLA), at times close to the equilibrium, by an electrostatic barrier built-up as the ionic surfactant adsorb onto the interface.

For DTAB, exited capillary waves experiments at high frequencies (800 Hz) did not show negative surface viscosities [START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF] . However, the same experiments conducted with the longer chain homologue CTAB (cetyltrimethylammonium bromide) evidenced negative surface viscosities at certain concentrations [START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF] .

Negative surface viscosities were also reported in mixtures of DTAB with polyelectrolytes [START_REF] Bhattacharyya | Surface Rheology and Foam Stability of Mixed Surfactant-Polyelectrolyte Solutions †[END_REF] . In this article, we studied the cationic surfactant dimethylene-1,2-bis(dodecyldimethylammonium) bromide (Gemini 12-2-12), which is made of two dodecyl chains with dimethyl ammonium bromide head groups linked by an ethyl group (see Figure S1 in Supporting Information). In general, Gemini surfactants are made up of two amphiphilic moieties with polar heads linked by a spacer. Quaternary ammonium Gemini surfactants have a nomenclature of the type m-s-m where m is the number of carbons atoms in the hydrophobic chain and s that in the spacer. Solubilized in water, Gemini surfactants have gathered some attention because of their interesting properties like small cmc values in comparison with single chain surfactants, excellent wetting and foaming abilities and great variety of micelle shapes. Studies of Gemini 12-2-12, at air-water interfaces, using the oscillating barriers method, evidenced "negative viscosities" [START_REF] Wu | Dilational Rheological Properties of Gemini Surfactant 1,2-Ethane Bis(Dimethyl Dodecyl Ammonium Bromide) at Air/Water Interface[END_REF] . Negative viscosities are of course unphysical but the authors of the cited reference avoid giving any explanation. Apart from this work, negative surface viscosities were reported before but always in experiments performed at relatively high frequencies (as compared to the low frequencies in oscillating barrier experiments), mainly in capillary wave experiments [START_REF] Earnshaw | Surface Light-Scattering Studies of Surfactant Solutions[END_REF][START_REF] Eastoe | Surface Light Scattering from Cationic Surfactant Films[END_REF][START_REF] Giermanska-Kahn | Negative Effective Surface Viscosities in Insoluble Fatty Acid Monolayers: Effect of Phase Transitions on Dilational Viscoelasticity[END_REF][START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF][START_REF] Noskov | Anomalous Damping of Capillary Waves in Systems with Insoluble Monolayers of Alkyldimethylphosphine Oxides[END_REF] .

In this article, we explore further these unphysical negative viscosities in experiments performed at low frequencies and attempt to explain their origin.

To assess surface rheology, we have performed two kinds of experiments in a Langmuir trough: sinusoidal compression/expansion experiments with oscillatory barriers, from which we obtained the storage (E') and loss (E'') moduli at the frequency  of the oscillations; and step-compression/expansion experiments from which we obtained the frequency variation of E' and E" by means of the CONTIN algorithm [START_REF] Provencher | PROVENCHER LONG WRITE-UP CONTIN Implements the Constrained Regulari-Zation Algorithm Described in Detail in Ref . [ 1[END_REF][START_REF] Provencher | A Constrained Regularization Method for Inverting Data Represented by Linear Algebraic or Integral Equations[END_REF] . We also performed time resolved surface potential and dynamic surface tension (Maximum bubble pressure) techniques in order to clarify the origin of the several relaxation processes encountered. One of those relaxations has a characteristic time of some milliseconds, much shorter than the time of the oscillations (1/), and corresponds to the diffusion-controlled adsorption. Another relaxation mechanism, is compatible with KLA (Kinetically Limited Adsorption) process controlled by electrostatics; its characteristic time ranges from hundreds to a thousand of seconds, depending on surfactant concentration, these times being several orders of magnitude smaller than the barrier oscillation time (1/). A third, intermediate, relaxation process has characteristic times of the order of 4-10 seconds and we will show that it is likely responsible of the observed apparent negative viscosity. As far as we know, this is the first identification of an interfacial process responsible for the occurrence of negative surface viscosities. The unphysical surface viscosities observed in the oscillatory experiments are just an artifact due to the existence of an asymmetry in the surfactant adsorption and desorption relaxation processes.

Materials and methods.

Materials.

The Gemini 12-2-12 surfactant (from now on, G12-2-12), was synthetized in our laboratory [START_REF] Cuenca | How the Type of Cosurfactant Impacts Strongly on the Size and Interfacial Composition in Gemini 12-2-12 RMs Explored by DLS, SLS, and FTIR Techniques[END_REF] (see details in SI). The synthesis of G12-2-12 was carried out by reacting the dodecyl bromide with N,N,N',N'tetramethylethylenediamine following a slightly modified method employed by Zana et al. [START_REF] Zana | Omega.-Bis(Dimethylalkylammonium Bromide) Surfactants. 1. Effect of the Spacer Chain Length on the Critical Micelle Concentration and Micelle Ionization Degree[END_REF] . The success of the synthesis was checked by NMR measurements. After synthesis and purification, the surfactant was kept under vacuum over dried silica to minimize water absorption before use. Milli-Q water (resistance > 18.2 MΩ.cm) was used for the preparation of all solutions used in this work. For the solutions containing salt, we used NaBr from Sigma-Aldrich (as received, >99% purity).

Methods

Equilibrium surface tension

Surface pressure measurements were performed using the sensor of a KSV LB-5000 Langmuir balance system (KSV NIMA). The surface pressure is defined as Π = 𝛾 0 -𝛾, being 0 and  the surface tension of pure solvent and solution respectively. Disposable 20.6 mm paper (KSV-NIMA) or Pt-Wilhelmy probes were used. The measuring cell (10 ml) is made of Teflon and the temperature was controlled by circulating water from a thermostat (Lauda ALPHA RA 8, Germany) through a jacket placed at the bottom of the cell.

The temperature near the surface is measured with a 0.01 °C precision using a calibrated Pt-100 sensor. For the measurements, the Teflon recipient is filled with an accurately measured amount of MiliQ water, a small accurately measured amount of stock concentrated surfactant solution is then added to the water, in order to prepare in situ the surfactant solution at the desired concentration. The solution is left 30 minutes to stabilize before surface pressure measurements.

Oscillatory barriers experiments

Surface compression rheology experiments were performed in the same Langmuir balance system (KSV LB-5000), which is equipped with two computer-controlled moving barriers and a Wilhelmy plate sensor (porous paper, KSV-NIMA) for the measurement of surface pressure. Between runs, the trough was cleaned with ethanol and rinsed several times with Milli-Q water. The temperature was controlled by circulating water from a thermostat (Lauda ALPHA RA 8) as explained above.

The Langmuir trough has a maximum length of about 30cm. The barriers of the trough were subjected to a sinusoidal motion at frequency ω during 20 cycles. In order to obtain an homogeneous deformation, the frequencies  used were chosen below 0.3 Hz: at these frequencies, the wavelengths of the excited compression waves are much larger than the distance between barriers [START_REF] Noskov | Dilatational Surface Viscoelasticity of Polymer Solutions[END_REF] . The frequencies explored went from 2 to 250 mHz . A distance between barriers of 12cm was adopted, the sensor being placed at 6cm from each barrier. We used two orientations for the Wilhelmy plate, parallel and perpendicular to the direction of propagation of the waves and did not observe differences, meaning that the wave propagation is not affected by the presence of the sensor at the surface (Figure S4). The maximum depth of liquid is 5mm; since the compression waves propagate also in the bulk liquid and might be reflected by the bottom of the trough, we made measurements changing the liquid depth: no change in the signals was observed and we can safely consider that the damping of the waves was sufficient to avoid contributions of reflections from the bottom of the trough.

In the case of a system near equilibrium, the complex elastic modulus can be expressed as 24 E*=E'+iE'' and the storage and loss moduli can be obtained from the phase shift () between the harmonic area perturbation at frequency ω, A(t)/A0=(u0/2)exp(iωt), and the surface pressure response, =(t)-0=(0/2) exp[i(ωt+)], as:

𝐸 ′ (ω) = | 𝜎 0 𝑢 0 | 𝑐𝑜𝑠(𝜉) and 𝐸 ′′ (ω) = | 𝜎 0 𝑢 0 | 𝑠𝑖𝑛(𝜉) (1) 
In order to perform experiments at constant frequency but variable strain amplitudes, A=A0-Amax, the barrier speed, c, was set accordingly (A=c/ω), A0 is the initial surface area and Amax the area at maximum strain. 0 is the surface pressure at equilibrium.

The definition of E* is made under the assumption that the response of the monolayer is linear. In order to assess the linearity, we have used the total harmonic distortion parameter (THD) as a suitable descriptor for the quantitative assessment of the linearity hypothesis as proposed by Loglio et al. [START_REF] Loglio | Perturbation-response Relationship in Liquid Interfacial Systems: Non-Linearity Assessment by Frequency-domain Analysis[END_REF][START_REF] Loglio | Oscillation of Interfacial Properties in Liquid Systems: Assessment of Harmonic Distortion[END_REF][START_REF] Bykov | Surface Dilational Rheological Properties in the Nonlinear Domain[END_REF] (see details in SI).

Preliminary experiments were carried out using relative area perturbations, A/A0, of 2% 5% and 10% for a dilute solution of G12-2-12 (10 -3 M). From THD analysis, we decided to use amplitudes of 5% or 10% in all the experiments presented in this article. For those strain amplitudes, the THD criteria was fulfilled (see Figure S2). However, as we will see, fulfilling the THD criteria does not assure the linearity in all cases.

2.2.3

Step-compression/expansion experiments.

Surface pressure relaxations, (t), after a sudden compression/expansion of the interface area, were measured in the same Langmuir balance system (KSV-NIMA). All experiments were performed using a barrier speed of 200 cm min -1 . Additional details are given in the supporting information document.

Assuming an instantaneous perturbation, the measured surface pressure relaxation can be expressed as the sum of all relaxation processes involved,

𝛾(𝑡) = ∑ 𝛾 𝑛 𝑒 - 𝑡 𝜏 𝑛 𝑛 (2)
Where n and n are the equilibrium surface tension and the characteristic relaxation time of each process respectively. The relaxation spectrum, H(ln t) is related with the surface pressure relaxation by [START_REF] Monroy | Dilatational Rheology of Insoluble Polymer Monolayers: Poly(Vinylacetate)[END_REF] ,

∆𝛱 𝛱 0 (𝑡) = ∫ 𝐻(ln 𝜏) ∞ -∞ 𝑒 -𝑡 𝜏 𝑑 ln 𝜏 (3) 
And can be obtained by inverse Laplace transformation using CONTIN algorithm [START_REF] Provencher | PROVENCHER LONG WRITE-UP CONTIN Implements the Constrained Regulari-Zation Algorithm Described in Detail in Ref . [ 1[END_REF][START_REF] Provencher | A Constrained Regularization Method for Inverting Data Represented by Linear Algebraic or Integral Equations[END_REF] .

𝐸´(𝜔) = 1 𝜃 ∫ 𝐻(ln 𝜏) 𝜔 2 𝜏 2 1+𝜔 2 𝜏 2 𝑑 ln 𝜏 ∞ -∞ 𝐸´´(𝜔) = 𝜔 𝜅 = 1 𝜃 ∫ 𝐻(ln 𝜏) 𝜔𝜏 1+𝜔 2 𝜏 2 𝑑 ln 𝜏 ∞ -∞ (4) 
All the step expansion/compression experiments were analyzed following the procedure outlined above.

Dynamic Surface Tension.

Dynamic surface tension, (t), was measured by means of a homemade apparatus using the maximum bubble pressure technique (MBP). The setup is described elsewhere [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF][START_REF] Ritacco | Properties of Aqueous Solutions of Polyelectrolytes and Surfactants of Opposite Charge: Surface Tension, Surface Rheology, and Electrical Birefringence Studies[END_REF] .

Time resolved surface potential experiments.

We measured the surface potential as a function of time for two surfactant concentrations by means of a Kelvin probe (KSV-NIMA SPOT). The experiment is schematized in Figure S3 and it is as follows: A very concentrated solutions of Gemini, cs= 0.1 M, is prepared and let stabilize for 24 hs. Separately, a precisely measured volume of 5 ml of pure water (Milli-Q) is placed in a small Teflon cuvette. The surface potential probe is placed at about 2 mm from the water surface. The surface potential of pure water is then measured and the result saved. Now, by means of a Hamilton syringe, 50 µl of the concentrated Gemini solution is injected at the bottom of the Teflon cuvette producing a concentration impulse while the surface potential is continuously monitored. The injection process takes about 5 seconds. In this way, the final solution concentration is cs= 10 -3 M. The injection process must be done very carefully, the syringe needle must be perfectly cleaned and any movement that could produce convection must be avoided. For a final concentration of 5x10 -4 M, the procedure is repeated but using an initial water volume of 10 ml.

Results

Equilibrium Surface tension isotherm.

In Figure 1 we show the surface tension isotherm for aqueous solutions of the G12-2-12 surfactant. The cmc obtained from these measurements is 9.5x10 -4 M. This value is in good agreement with values previously reported 

Oscillatory barriers experiments.

In Figure 2 we show the compression elastic, E', and viscous, E'', moduli as a function of frequency for two surfactant concentrations, one below the cmc, cs= 10 -4 M, and the other just above it, cs=10 -3 M. All measurements within this concentration range are similar to those shown in Figure 2. Note that, for cs=10 -3 M > cmc, E'' is negative for frequencies, , below 60 mHz. The compression performed is uniaxial and contains contributions from pure compression and pure shear deformations. When the shear modulus is non negligible, the responses measured with the Wilhelmy plate placed in two different positions, one parallel and the other perpendicular with respect to the direction of the compression of the barriers are different. [START_REF] Petkov | Dilatational and Shear Elasticity of Gel-like Protein Layers on Air/Water Interface[END_REF][START_REF] Cicuta | Viscoelasticity of a Protein Monolayer from Anisotropic Surface Pressure Measurements[END_REF] . As mentioned earlier, we obtained identical results in these two configurations. In Figure S4 we show the real and imaginary parts of the complex modulus measured for the two sensor orientations at surfactant concentrations of cs = 10 -2 M and cs =10 -1 M, both being well above the cmc (9.5x10 -4 M). Note that only for cs = 10 -1 M the differences found in the modulus measured with the sensor in perpendicular and parallel positions are larger than the experimental error, meaning that a shear contribution in the monolayer could be present only in this last case. Also note that, for certain frequencies, negative viscosities are also obtained for these two surfactant concentrations. We will focus, in what follows, in surfactant solutions at concentrations below the cmc.

Step-compression experiments

We first performed step-compression experiments on pure water at the maximum compression rate (270 mm min -1 ) and relative amplitude, A/A0, of 80%. As expected, no response in surface tension was observed even at such large compression rate and amplitude; the result can be seen on Figure S5 of the supporting information.

The step-compression experiments were done for 6 surfactant concentrations, 5 below the cmc and one just above it: cs= 5x10 -6 ; 1x10 -5 5x10 -5 ; 1x10 -4 ; 5x10 -4 and 1x10 -3 M. In Figure 4 It is worth mentioning that no response to the strain was found for concentrations below 5x10 -6 M, similar to the tests with pure water (see Figure S5). Relaxation curves obtained for concentrations above 5x10 -6 M, as that shown in Figure 3, were analyzed by the CONTIN algorithm [START_REF] Provencher | PROVENCHER LONG WRITE-UP CONTIN Implements the Constrained Regulari-Zation Algorithm Described in Detail in Ref . [ 1[END_REF][START_REF] Provencher | A Constrained Regularization Method for Inverting Data Represented by Linear Algebraic or Integral Equations[END_REF] , as we did in a previous work [START_REF] Lencina | Effect of Surfactant Concentration on the Responsiveness of a Thermoresponsive Copolymer/Surfactant Mixture with Potential Application on "Smart" Foams Formulations[END_REF] . From the inverse Laplace transformation, we obtained the relaxation spectrum for each surfactant concentration. In Figure 4a we show the relaxation spectrum, H(), for all the solutions condensed in a 3D graph. At low surfactant concentrations (5x10 -6 M) a single process, with very small amplitude, is observed with a characteristic relaxation time of 9 seconds indicating that surface relaxes through a single mechanism. As surfactant concentration increases (between 1x10 -5 and 1x10 -4 M) the number of relaxation processes increases to three, with characteristic times of about 3, 30 and 200 seconds. The second relaxation time is very close to the inverse frequency at which the loss modulus is negative in the oscillating barrier experiments, as it can be observed in Figure 2b. When the concentration exceeds 1x10 -4 M, only two relaxation processes with characteristics times of about 3 and 30 seconds are observed.

From these analyses we can obtain the elastic and loss modulus for each surfactant concentration, equation (4). The results are shown in full in Figure S6, some of them are shown in Figure 5. Note that at least two of those relaxations are clearly observed. For all the solutions, E´´, the loss modulus, is always positive, as it should be.

Step-expansion experiments

We performed, on the same systems, experiments in which the interface is suddenly expanded (barrier speed of 200 mm/min and a strain of A/A0 = 0.05 or 0.1). Relaxation curves, shown in the supporting information document, were analyzed using inverse Laplace transformation, as we did for step-compression experiments, being all the results presented in Figure 4b. Depending on surfactant concentration we observe several characteristic relaxation times. For the lowest concentration, cs= 5x10 -6 , two main relaxation times are observed (8s, 976s); for the intermediate concentrations the mathematical treatment gives four characteristic times: cs= 1x10 -5 M (3.6s, 23s, 111s y 2453s); cs= 5x10 -5 (4s, 17s, 144s, 2600s); c s =10 -4 M (1.4s, 4s, 37s, 3425s). For the two more concentrated solutions three times were found: cs= 5x10 -4 M (3.6s, 139s, 2412s); cs=10 -3 M (4.7s, 68s, 2412s). If one observes carefully Figure 4b, we note that the lowest (1<1<10s) and higher (1000<2<3000s) characteristics times are present for all surfactant concentrations. For cs between 1x10 -5 and 1x10 -4 two characteristic times are observed for times ranging from 10 to 100 seconds, these peaks merge into one peak for concentrations larger than cs=5x10 -4 M. Also note that the behavior observed on Figures 4b (expansion) and Figure 4a (compression) are similar in the sense that the number of relaxation processes are less numerous for cs= 5x10 -5 M than the others, the intermediate concentrations (1x10 -5 <cs < 1x10 -4 ) show one more relaxation process than the more concentrated solution (cs= 1x10 -3 ) which in turn presents one more relaxation with respect to the less concentrated solutions. In all cases, step-expansion experiments show one more relaxation process than step-compression experiments for each concentration.

In Figure S7 we show the elastic and loss moduli obtained from CONTIN analysis in the case of stepexpansion experiments for all the surfactant concentrations explored. In Figure 5 we show the results for three concentrations, the same as for step-compression experiments, and for comparison. Note that their frequency variation is significantly different from that found in the step-compression experiments. Step-Compression

Step-Expansion 

Dynamic Surface tension.

In Figure 6 we show the dynamic surface tension measured by the Maximum Bubble Pressure method for cs= 9x10 -4 M, just below the cmc. The dynamics of adsorption, as expected for an ionic surfactant, is not compatible with a simple diffusional controlled mechanism of adsorption. The inset in that figure and the fitting curves show fits with theories including electrostatic adsorption barriers and are discussed in more detail in section 4. (a)

DLA model eq. ( 7)

KLA model eq. ( 9) The dynamic surface tension for a more dilute surfactant solution, cs=4.2x10 -4 M, was also measured and the results are shown in Figure S8. We now call the reader's attention to the fact that several relaxation processes were found in dynamic surface tension experiments, as it was observed on step-expansion and stepcompression surface rheology experiments (Figure 4).

 (t) / mN m -1 t / s (b)

Relaxation phenomena by time resolved surface potential.

In order to investigate if the different surface relaxation mechanisms are related to the behavior of the electrical charges, we performed surface potential measurements as a function of time. In this case we followed, by means of a Kelvin probe, the surface potential at the water interface after applying a "concentration pulse" as explained in the Material and Methods section. After the injection of small volume of a concentrated surfactant solution there is a period of time where nothing happens at the interface, the surface potential remains constant. After this period, which is variable depending on the experiment, the surface potential starts to change. In Figure 7 the surface potential was normalized by dividing the corresponding value by the maximum surface potential value obtained in each measurement (we recall that the measured value of the surface potential with a Kelvin probe depends on the distance between the oscillating plate and the interface, then it could be slightly different in each independent measurement). The time was also corrected in such a way that t=0 is assigned to the moment when the surface potential starts to increase, in this way the obtained curves for each independent measurement can be compared. We observe in Figure 7 at least three different processes: first a fast increase of surface potential (1s) followed by a decay ( 10s) and finally a slow increase till surface potential reaches an equilibrium value ( > 2000-4000 s). Again we observe three different evolutions with distinct timescales as in the surface rheology and dynamic surface tension experiments.

In order to investigate the role played by the electrostatic potential on the observed interfacial dynamics, we repeated the previous experiments in solutions containing 10 mM of NaBr. In Figure S9 we present the results. Note that the surface potential decrease in the absence of salt is not present for the solutions containing 10 mM of NaBr. The characteristic time of adsorption is shorter than in the case without salt (<1s).

Discussion

Equilibrium Surface Tension

Before discussing the interfacial dynamics let us first analyze the equilibrium results, i.e., the surface tension isotherm of Figure 1. From the dependence of the surface tension on the surfactant bulk concentration, cs, the surface excess (, surface surfactant concentration) can be obtained by means of the Gibbs adsorption equation,

Γ = - 1 𝑛𝑘 𝐵 𝑇 𝑑𝛾 𝑑𝑙𝑛(𝑐 𝑠 ) (5)
Here kB is the Boltzmann constant and T the absolute temperature. The constant n takes the value 3 for a dimeric surfactant made up of a divalent surfactant ion and two univalent counterions, as it is the G12-2-12, in the absence of added salt. However, it was found, by comparing neutron reflectivity measurements and the Gibbs equation [START_REF] Li | Neutron Reflectivity Studies of the Surface Excess of Gemini Surfactants at the Air-Water Interface[END_REF][START_REF] Zana | Dimeric and Oligomeric Surfactants. Behavior at Interfaces and in Aqueous Solution: A Review[END_REF] , that for G12-2-12, n= 2. This means that one counterion is condensed onto the Gemini polar head at the interface. In fact, from a computer model of the chemical structure of the G12-2-12, one finds that the distance between the adjacent positive charges on the surfactant molecule is less than the Bjerrum length, lB (𝑙 𝐵 = 𝑒 2 𝜀𝑘 𝐵 𝑇 ≈ 0.7𝑛𝑚, e is the electron charge and  is the water dielectric constant) and then we assume that one counterion is condensed onto the surfactant molecule also in bulk [START_REF] Manning | Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions II. Self-Diffusion of the Small Ions[END_REF][START_REF] Manning | Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions I. Colligative Properties[END_REF] , thus G12-2-12 behaves like a monovalent ionic surfactant (n=2). In Figure S10 we show the surface excess obtained from the experimental data of Figure 1 and the Gibbs adsorption equation, eq. ( 5).

On the other hand, the adsorption isotherms and the equation of state for a ionic surfactant were derived from a free energy approach [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption: The Free Energy Approach[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption at Fluid-Fluid Interfaces[END_REF] ,

𝜙 0 = 𝜙 𝑏 𝜙 𝑏 +[𝑏𝜙 0 +√(𝑏𝜙 0 ) 2 +1] 2 𝑒𝑥𝑝(-𝛼-𝛽𝜙 0 ) 𝛾 = 𝛾 𝑤 + 𝑘 𝐵 𝑇 𝑎 2 [𝑙𝑛(1 -𝜙 0 ) + 𝛽 2 𝜙 0 2 - 2 𝑏 (√(𝑏𝜙 0 ) 2 + 1 -1)] (6) 
a being the average size of a surfactant molecule, 0 is the surfactant area fraction at equilibrium (0=a 2 ),  the Frumkin lateral interaction parameter,  the Langmuir adsorption parameter and b a parameter characterizing the strength of electrostatic interactions [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF] , 𝑏 = [𝜋𝑙 𝐵 (2𝑎𝜙 𝑏 ) ⁄ ] 1/2 (b is the surfactant volume fraction, 𝜙 𝑏 = 𝑎 3 𝑐 𝑠 ) . In Figure S11 we show the fitting of the data, (0), with eq.( 6). The line in Figure 1 is the same fitting for the curve (cs). From those fittings we obtain: a= (0.89±0.2) nm, =(-3.24±1) kBT;

=(8.9± 2)kBT. These values will be used later on when discussing the dynamic surface tension, here we just remark that the value for the molecular size, a, obtained from the fittings, 8.9Å, is close but larger than that obtained from the same procedure with DTAB solutions [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF] for which a= 7.2 Å. We recall that G12-2-12 has two chains and two polar heads (see model in Figure S1), and a larger value for the molecular size was expected. The Frumkin interaction parameter,  is negative, indicating a repulsive interaction among surfactant molecules at the interface.

Relaxation times and their origin.

In order to assess the origin of the observed relaxation times we added to the surfactant solutions a small amount of salt. In Figure S12 we show the results of step-compression and step-expansion experiments conducted on a solution containing 10 -3 M of Gemini surfactant and 10 mM of NaBr salt. No response in the surface pressure can be observed; all the relaxations have been suppressed by the addition of salt. This would indicate that all relaxations are dominated by electrostatics. However, we need to be cautious here because, for G12-2-12, the addition of only 10 mM of NaBr notably modifies the cmc, to lower values, and the structure of micelles, which become strongly elongated (see Light Scattering results Figures S14 andS15). In Figure S12 we present the surface tension isotherm for this system from which we obtained the cmc = 3M, which is 300 times lower than solutions without salt. However, the presence of micelles would in principle only add other relaxation times, characteristic of micelles lifetimes. It is important to mention here that the solution viscosities do not change appreciably with the addition of this small amount of salt (with salt, the viscosity is about 5% larger than without salt). The surfactant diffusion coefficient is therefore not expected to change significantly.

Turning back to the systems without salt, depending on bulk surfactant concentration, between 2 and 4 processes and characteristic times were identified from surface compression/expansion experiments. For all the surfactant concentrations explored an additional relaxation time was found for step-expansion than for step-compression experiments.

For adsorption times shorter than 0.36s, the dynamic surface tension data is quite well fitted also with the Diffusional model at very short times [START_REF] Langevin | Marangoni Stresses and Surface Compression Rheology of Surfactant Solutions. Achievements and Problems[END_REF] (see also inset in Figure S8),

𝛾(𝑡) ≈ 𝛾 𝑤 -2𝑘 𝐵 𝑇𝑐√ 𝐷𝑡 𝜋 (7) 
From the fitting of  as a function of the square root of time using eq. ( 7), as shown in the inset (a) of Figure 8, we obtain D= 4.6x10 -10 m 2 s -1 which is close to the literature value of 4 x10 -10 m 2 s -1 40 . From similar results obtained for cs = 4.2x10 -4 M (see Figure S8) we have D= 3.3x10 -10 m 2 s -1 , a bit lower than the reported value but close.

From the theory the characteristic time for a DLA process can be estimated [START_REF] Diamant | Kinetics of Surfactant Adsorption: The Free Energy Approach[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption at Fluid-Fluid Interfaces[END_REF] ,

𝜏 𝐷 = 𝜙 0 4 𝜙 𝑏 2 𝑎 2 𝜋𝐷 ( 8 
)
been b and D the bulk surfactant volume fraction and diffusion coefficient respectively. From the bulk concentration the surfactant volume fraction can be estimated, 𝜙 𝑏 = 𝑎 3 𝑐 𝑠 . The diffusion coefficients are known and we will use them to evaluate the diffusion characteristic times, eq. ( 6). Now, close but below the cmc, 0  1 thus, for a surfactant concentration of cs= 5.4x10 23 molec.m -3 (9x10 -4 M) and a= 8.9x10 -10 m (from the equilibrium isotherm fitting), we obtain, D  4 ms. The same calculations were made for cs=4.2x10 -4 M giving D  24 ms. It is clear that the observed relaxations in the surface rheology experiments, Figure 4, are not due to a diffusional controlled mechanism.

For adsorption times larger than 5 seconds, the relaxation is consistent with a kinetically limited adsorption (KLA), following an exponential decay [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption: The Free Energy Approach[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption at Fluid-Fluid Interfaces[END_REF] ,

𝛾(𝑡)~𝛾 𝑒𝑞 . 𝑒 - 𝑡 𝜏 𝑘 (9)
The fitting gives characteristic times, k 1100 s and 880 s for the final part of the adsorption dynamics for cs=9x10 -4 and 4.2x10 -4 M respectively. The equilibrium value for the surface tension obtained from the fittings are close to the equilibrium measured values, eq = 32.36 mNm -1 and 40 mNm -1 respectively. For intermediate times, between 2 and 5 seconds, there is another relaxation, also following an exponential decay with a characteristic time of k 4.1s and 2.8s for cs=9x10 -4 and cs=4.2x10 -4 M respectively. The origin of this relaxation is unclear, but it could be due to charge redistribution within the interfacial region, as observed in Figure 7. This redistribution of charges may include the formation of aggregates at the interface, condensation of counterions onto those aggregates and further surfactant adsorption as well as phase transitions [START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF] . Those phenomena were suggested as the origin of nonlinearity and anomalous behavior in surface dilatational rheology [START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF][START_REF] Bykov | Surface Dilational Rheological Properties in the Nonlinear Domain[END_REF] .

Summarizing, the dynamic surface tension measurements show multiple relaxation phenomena at the interface as observed in the surface step-expansion rheology experiments. As a whole, the surface tension curves are very well fitted with multiexponentials with a minimum of two relaxations times, for cs=4.2x10 -4 M, 12.4s; 2883s and for cs=9x10 -4 M, 14s; 21100s. These characteristic times correspond well with the relaxation times found in the sudden compression/expansion experiments (see the lower and higher relaxation times in Figure 4b and also Figure 5c and5d). Now, from the values of the characteristics times in the KLA regime we can estimate the average, 𝜓, of the equilibrium surface (0) and subsurface (a) electrostatic potentials, 𝜓 = (𝜓 0 + 𝜓 𝑎 )/2 [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption: The Free Energy Approach[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption at Fluid-Fluid Interfaces[END_REF] ,

𝑒𝜓 𝑘 𝐵 𝑇 = (𝛼+𝛽+𝑙𝑛(𝜋𝑎 4 𝐷𝑐 2 𝜏 𝑘 )) 2 (10) 
For cs=5.4x10 23 (9x10 -4 M), k 1100 s, D=4.1x10 -10 m 2 s -1 , a= 8.9x10 -10 m, =8.9 and =-3.24, replacing those values in eq.( 10) we have 𝑒𝜓/𝑘 𝐵 𝑇 = 9.08. For cs= 2.53x10 23 (4.2x10 -4 M) and k 880 s, 𝑒𝜓/𝑘 𝐵 𝑇 = 8.20. Now from the Poisson-Boltzmann theory [START_REF] Diamant | Kinetics of Surfactant Adsorption at Fluid-Fluid Interfaces[END_REF] we can estimate 0,

𝑒𝜓 0 𝑘 𝐵 𝑇 ≈ 2𝑙𝑛(2𝑏𝜙 0 ) (11) 
Where b was defined above, 𝑏 = [𝜋𝑙 𝐵 (2𝑎𝜙 𝑏 ) ⁄ ] 1/2 . Replacing with the numerical values and assuming 01, we calculate e0/kBT= 9.47 and 10.23 for cs=9x10 -4 and cs=4.2x10 -4 M respectively. The obtained theoretical values for the surface electrostatic potential, 0, are comparable but a bit larger than the average, 𝜓, obtained from dynamic surface tension experiments. Because the subsurface electrostatic potential, a, should be lower than the surface electrostatic potential, 0, the average should be 𝜓 < 𝜓 0 , as it was in fact observed.

From the previous calculations we can estimate, ea/kBT= 8.69 and 6.17 for cs=9x10 -4 and cs =4.2x10 -4 M respectively, thus all the results and calculations are quite consistent. It is worth mentioning that the obtained values are similar to those found for the cationic surfactant DTAB [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF] .

Now we turn our attention to the dynamic surface potential results of Figure 7. The curves shown in said For the experiments performed with added salt (Figure S10), the multiple processes are not observed, the results again are consistent with the absence of surface pressure response in the step-compression experiments shown in Figure S13. The observed effect of such a small amount of salt seems indicate that all the processes are governed by electrostatics. Note that, in Figures 7a and7b, the oscillations of the surface potential are larger for the less concentrated solution, which is compatible with an increase of the selfscreening of the electrostatic barrier as surfactant concentration increases.

Returning to the dynamic surface potential without salt, we could rationalize the results as follows: first the G12-2-12 surfactant adsorbs onto the interface producing and increase of the surface potential. This process is fast and consistent with the characteristics times observed previously for the first steps of adsorption, 1s.

The second relaxation observed could be due to the reorganization and redistribution and condensation of charges, resulting in a temporal decrease of the measured surface potential. After that, and because the condensation of counter ions, a decrease of the charge repulsion among surfactant molecules at the interface would allow more surfactant molecules to adsorb producing a subsequent increase of the surface potential till the final equilibrium value is reached. This last process lasts a thousand of seconds, compatible with the final dynamics observed in the curves of dynamic surface tension measurements and surface step-compression rheology.

Origin of the viscosity.

The origin of the unphysical negative viscosities observed in the oscillatory experiments (Fig. 2b) appears clearly in Figure 8 and 9 (see also Figures S17 to S22). Figure 8 shows an additional relaxation in the response (surface pressure) function, which is responsible of the anomalous results in surface viscosities.

Due to an asymmetry in the processes of surfactant adsorption and desorption, in each oscillation cycle, which is best observed when the velocity of the barriers is zero, the response of surface pressure overtakes the perturbation of the area. Because the response is ahead of the perturbation, the common analysis of the data in terms of phase differences made by the software of the Langmuir balance (see eq.( 1) ), leads to negative viscosities. These asymmetries, which are also clearly seen in the single step-compression and stepexpansion experiments (Figure 4 and Figure 5), reduce progressively as the frequency of oscillations increases, been this perfectly correlated with the surface viscosity going from negative to positive values (Figure 2b and S16, and Figure 10). This behavior is remarquably exemplified in the sequence of Figure S17 to S22 and also in Figure 10. In the frequency range where negative viscosities are found, the response becomes non-linear and harmonics develop as shown in those Figures and in Figure 9. As a consequence, the linear viscoelastic theory commonly used to analyze data obtained with the Langmuir trough technique fails.

Non-linear surface compression elastic theories were proposed in the literature. The theory by Velarde et al. [START_REF] Hennenberg | Transverse and Longitudinal Waves at the Air-Liquid Interface in the Presence of an Adsorption Barrier[END_REF] does not apply because it considers a steady state flux of solute towards the surface, while in the experiments performed here, the flux is oscillatory [START_REF] Buzza | General Theory for Capillary Waves and Surface Light Scattering[END_REF] . The theory by Buzza [START_REF] Buzza | Theory of Surface Light Scattering from a Fluid-Fluid Interface with Adsorbed Polymeric Surfactants[END_REF] introduces the role of surface curvature and leads to third and fourth order contributions in deformation amplitude to both the elastic energy and dissipation function. The third order contribution is described with elastic and viscous coefficients, which sign is negative in the case of an electric double layer. The coefficients are however very small, a factor qh smaller than E' and E", where q is related to the wavelength of the waves by q=2/ and h is the double layer thickness. However, considering that the negative viscosities are observed in the frequency range of the charge reorganization process, a resonance might amplify the corresponding process.

It is likely therefore that the second process, with characteristic times of the of a few seconds, 5-10s, is the one responsible of the "negative" surface viscosity observed from the oscillatory experiments in the range of frequencies explored. Note finally that in the region where the negative viscosities are found, the wavelengths of capillary waves and compression waves are close: for 0.05Hz and E~1 mN/m, these wavelengths can be estimated to be respectively 2m and 70cm. An energy transfer is therefore possible through this coupling. To characterize nonlinearities in rheology experiments with Large Amplitudes Oscillatory Strain (LAOS) it was proposed the use of Lissajous-Bowditch diagrams [START_REF] Sagis | Nonlinear Rheology of Complex Fluid-Fluid Interfaces[END_REF][START_REF] Ewoldt | New Measures for Characterizing Nonlinear Viscoelasticity in Large Amplitude Oscillatory Shear[END_REF][START_REF] Sagis | Complex Interfaces in Food: Structure and Mechanical Properties[END_REF][START_REF] Erni | Nonlinear Viscoelasticity and Shear Localization at Complex Fluid Interfaces[END_REF] as a framework to quantify and give a physical meaning to such a behavior. Despite we are not dealing here with large oscillatory amplitudes (as we conclude from the harmonic distortion parameter, THD, criteria), and the fact that no physical meaning can be given to negative viscosities, it could be useful to show the Lissajous-Bowditch figures as a function of frequency as a way of observing the transition from negative to positive viscosities and trying to gain some insight. We show such diagrams for cs= 5x10 -5 M at four different frequencies in Figure 10, more results for other concentrations are presented in the supporting information document (Section 3.6, Figures S23 -S28).

Note that the Lissajous plots have complex shapes, they are asymmetrical for frequencies <= 50 mHz, this is coincident with the asymmetry on expansion and compression mentioned before and the appearance of negative viscosities. From the Lissajous plots several distinct moduli can be defined for both storage and loss moduli [START_REF] Sagis | Nonlinear Rheology of Complex Fluid-Fluid Interfaces[END_REF] . There are four elastic moduli: E´EM, the modulus at minimum extension (the tangent of the Lissajous plot at zero strain); E´EL, the modulus at large extension (the secant evaluated at maximum strain); and two moduli corresponding to the compression part of the cycle, E´CM and E´CL. Similarly, four loss moduli can be defined, for minimum and large strain rates for extension and compression, E´´EM, E´´EL, E´´CM and E´´CL (see scheme 1 in SI and Figure 10a). All the moduli obtained from the Lissajous plots at different surfactant concentrations are represented in Figures S29 to S34 in the SI document. Based on these distinct moduli, four nonlinearity parameters can be defined [START_REF] Sagis | Nonlinear Rheology of Complex Fluid-Fluid Interfaces[END_REF][START_REF] Ewoldt | New Measures for Characterizing Nonlinear Viscoelasticity in Large Amplitude Oscillatory Shear[END_REF] The values of S and T became zero for linear viscoelastic behavior, they are positive for strain hardening (or thickening) and negative for strain softening (or thinning) interfaces. The S and T values corresponding to the Lissajous plots of Figure 10 are represented in Figure 11 as a function of frequency (see also Figures S29 to S34). In the case of the loss moduli, note that TC is approximately constant and close to zero at all frequencies but TE is negative at low frequencies, change sign just above 50 mHz (note that the elastic representation in Figure 10c would indicate a purely elastic system, which is not really true, it is just an artifact) and tends to zero at large frequencies. This behavior under expansion is quite consistent with previous analysis assigning the anomalous behavior (negative viscosities) to the existence of an additional relaxation for adsorption compared with desorption. We cannot go further because a negative modulus has not any physical meaning. Also note that at frequencies larger than 100mHz, the Lissajous plots have the features of linear viscoelastic systems (in the linear regime the plots are ellipses, see also figures in section 3.6 in the SI document, particularly Figure S28, for which the plots at low frequencies, for viscous representation, are well shaped ellipses but with negative loss moduli). In any case, the values of T shown in figure 11b, seem indicate that the nonlinearity comes from the expansion part of the cycle, putting in evidence the asymmetries mentioned before as responsible for the "negative viscosities". 12), for cs= 5x10-5 M.

Summary and Conclusions

Some time ago, surface negative viscosities were reported at the air-solution interface of aqueous solutions of Gemini 12-2-12 [START_REF] Wu | Dilational Rheological Properties of Gemini Surfactant 1,2-Ethane Bis(Dimethyl Dodecyl Ammonium Bromide) at Air/Water Interface[END_REF] , without explaining their origin. In this article we explored the origin of the unphysical surface "negative viscosities" obtained from oscillatory experiments on a Langmuir trough. Negative viscosities were reported before but apart from ref 18, always in experiments conducted at high frequencies [START_REF] Earnshaw | Surface Light-Scattering Studies of Surfactant Solutions[END_REF][START_REF] Eastoe | Surface Light Scattering from Cationic Surfactant Films[END_REF][START_REF] Giermanska-Kahn | Negative Effective Surface Viscosities in Insoluble Fatty Acid Monolayers: Effect of Phase Transitions on Dilational Viscoelasticity[END_REF][START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF][START_REF] Noskov | Anomalous Damping of Capillary Waves in Systems with Insoluble Monolayers of Alkyldimethylphosphine Oxides[END_REF] . We also performed surface pressure relaxation experiments, after an impulsive area perturbation, and extracted from those results the interface storage and loss modulus. In this case no negative viscosities were found, but several relaxation processes at the interface region were observed. Additionally, they show that the processes of adsorption and desorption are asymmetric. These asymmetries are the origin of the negative loss moduli observed in the oscillatory experiments.

In order to shed light on the origin of the different relaxations observed, we conducted two complementary experiments. We measured the dynamic surface tension, by Maximum Bubble Pressure technique, and dynamic surface potential (temporal evolution of the surface potential after a bulk concentration impulse).

From those experiments we found again several processes with different characteristic times, all compatible with what was observed in the step-compression surface rheology experiments. From all these results we conclude that, at the beginning of the surfactant adsorption process (t< 0.4s), the dynamics is dominated by surfactant diffusion from bulk to the interface, being the relaxation time on the order of milliseconds. In the final part of the adsorption process (t > 5s), the dynamics is compatible with a KLA process dominated by electrostatic, in this case the relaxation times are thousands of seconds. These behavior for ionic surfactants were observed and explained before [START_REF] Ritacco | Dynamic Surface Tension of Aqueous Solutions of Ionic Surfactants: Role of Electrostatics[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption: The Free Energy Approach[END_REF][START_REF] Diamant | Kinetics of Surfactant Adsorption at Fluid-Fluid Interfaces[END_REF][START_REF] Bonfillon | Dynamic Surface Tension of Ionic Surfactant Solutions[END_REF] . For intermediate times (0.4 <t <5s), there is another relaxation (5s). This relaxation corresponds to a decrease of the surface potential followed by a subsequent increase to finally reach the equilibrium value. Thus, we associate this relaxation to charge redistribution within the interfacial region, including the possibility of surfactant aggregation and phase transitions at the interface, which has to be verified experimentally in a future work. Finally, because the characteristic time of this last relaxation phenomenon falls in the frequency range of the oscillatory experiments, we were able to observe how it leads to an apparent negative surface viscosity. This is just an artifact produced by an asymmetry in the relaxation times for surfactant adsorption and desorption.

The existence of asymmetric processes for the compression and expansion parts of the cycle in oscillatory experiments could be at the origin of the negative viscosities found in other systems. However, and because negative surface viscosities were found mainly in capillary wave experiments [START_REF] Monroy | Dilational Viscoelasticity of Surfactant Monolayers[END_REF] , for which the applied strains are a few orders magnitude lower than those involved in this study, the possibility of having similar mechanisms at play in those experiments needs to be probed experimentally.
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 1 Figure 1: Surface tension isotherm for Gemini 12-2-12. The line is a fitting with equation (6), see Discussion section for details.
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 2 Figure 2: Compression elastic and viscous modulus from oscillatory barriers experiments for surfactant concentrations, (a) cs=10 -7 M (<cmc); b) cs=10 -3 M (cmc).
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 231 Figure 3: Surface pressure response to a step-compression of amplitude 10% and at a compression rate of 200 cm min - 1 . The surfactant concentration is cs= 10 -5 M.

Figure 4 :

 4 Figure 4: Frequency spectra obtained using inverse Laplace transform over the system response to an uniaxial sudden compression strain (a) and to an uniaxial sudden expansion strain (b).

Figure 5 :

 5 Figure 5: Surface elastic (E´) and loss (E´´) modulus for Gemini 12-2-12 aqueous solutions-air interface obtained from CONTIN analysis of step-compression experiments: (a) cs=5x10 -6 M; (c) cs=5x10 -5 M; (e) cs=4x10 -4 M;(f) cs=10 -3 M and step-expansion experiments: (b) cs=5x10 -6 M; (d) cs=5x10 -5 M; (f) cs=4x10 -4 M;(f) cs=10 -3 M. The asymmetries between adsorption and desorption are clearly seen.

Figure 6 :

 6 Figure 6: Dynamic surface tension measured by MBP. The surfactant concentration is just below the cmc, cs= 9x10 -4 M. The dashed line corresponds to the fitting with a 3-exponential decay function. The inset (a) shows the first part ofthe adsorption process (t< 0.36s) represented as  vs t 1/2 , the dash line is a fitting with the DLA model (eq. 7). The inset (b) is a zoom of the last part of the adsorption process represented in a semi logarithmic scale showing a KLA dynamics (eq. 9).

Figure 7 :

 7 Figure 7: Normalized surface potential, V/Vmax , as a function of time after a step impulse of concentration. Three independent measurements are shown. (a) The final concentration is cfinal=5x10 -4 M; (b) cfinal =10 -3 M.
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  Figure clearly show several processes with different characteristic times, at least three of them. Those times

Figure 8 :Figure 9 :

 89 Figure 8: (a) Detail of a typical result of the oscillation barrier experiment, cs= 5x10-5 M, =200 mHz; (b) Zoom of the relaxation at the interface producing a shift in the phase between area perturbation and response in surface pressure which conduct to negative viscosities (artifact). This relaxation is responsible for the response been ahead of the excitation.
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Figure 10 :Figure 11 :

 1011 Figure 10: Lissajous-Bowditch diagrams for cs=5x10 -5 M as a function of frequency at a constant strain amplitude (10%). (a) 10 mHz, (b) 30 mHz, (c) 50 mHz and (d) 150 mHz. For loss moduli, note the change of sign at a frequency close to 50 mHz.
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	𝑆 𝐸 =	𝐸 𝐸𝐿 ′ -𝐸 𝐸𝑀 ′ 𝐸 𝐸𝐿 ′	; 𝑆 𝐶 =	𝐸 𝐶𝐿 ′ -𝐸 𝐶𝑀 ′ 𝐸 𝐶𝐿 ′	for elastic representation	
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