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A new methodology for a detailed investigation of quantized friction in ionic liquids †

When confined at the nanoscale between smooth surfaces, an ionic liquid forms a structured film responding to shear in a quantized way, i.e. with a friction coefficient indexed by the number of layers in the gap. So far, only a few experiments have been performed to study this phenomenon, because of the delicate nature of the measurements. We propose a new methodology to measure friction with a Surface Force Balance, based on the simultaneous application of normal and lateral motions to the surfaces, allowing for a more precise, comprehensive and rapid determination of the friction response. We report on proof-of-concept experiments with an ionic liquid confined between mica surfaces in dry or wet conditions, showing the phenomenon of quantized friction with an unprecedented resolution. First, we show that the variation of the kinetic friction force with the applied load for a given layer is not linear, but can be quantitatively described by two additive contributions that are respectively proportional to the load and to the contact area. Then, we find that humidity improves the resistance of the layers to be squeezed-out and extends the range of loads in which the liquid behaves as a superlubricant, interpreted by an enhanced dissolution of the potassium ions on the mica leading to a larger surface charge. There, we note a liquid-like friction behavior, and observe in certain conditions a clear variation of the kinetic friction force over two decades of shearing velocities, that does not obey a simple Arrhenius dynamics. 38 In this paper, we present a new methodology to measure fric-39 tion in the boundary lubrication regime with a SFB. The principle 40 consists in applying normal and lateral motions simultaneously -41 instead of alternatively-to the solid surfaces, allowing for a more 42 precise, comprehensive and rapid determination of the friction-43 load relationship. First, we validate the method by measuring the 44 J o u r n a l N a me , [ y e a r ] , [ v o l . ] ,

Introduction

Lubrication consists in inserting a substance -generally a liquidbetween two solid surfaces in order to produce a controlled and stable friction. Its study is an old but still active field of research, because of the complexity of the phenomena at play [START_REF] Bowden | The Friction and Lubrication of 755 Solids[END_REF]2 . As most real surfaces are rough, the contact between two macroscopic bodies involve in fact many mesoscopic asperities. A first consequence is that very large pressures, shear stresses and temperatures can be reached locally to promote tribological processes like wear, phase transitions or (electro)chemical reactions, making the role of the lubricant really challenging. A second consequence is that the lubricant should act at different scales simultaneously: for thick films, friction is governed by continuum hydrodynamics and depends on the lubricant viscosity (hydrodynamic regime); for thin films, friction is determined by subtle mechanisms at the molecular scale and depends on the lubricant chemical structure and its interactions with the solid surfaces (boundary lubrication regime). Ionics liquids, which are pure salts that are liquid at ambient temperature and pressure, are promising lubri-Department of Chemistry, Physical and Theoretical Chemistry Laboratory, University of Oxford, Oxford OX1 3QZ, UK. E-mail: romain.lhermerout@chem.ox.ac.uk; susan.perkin@chem.ox.ac.uk † Electronic Supplementary Information (ESI) available. See DOI: 00.0000/xxxxxxxxxx/ cants thanks to their unique physico-chemical stability [START_REF] Lhermerout | [END_REF] . During 21 the last decade, many experiments with a Surface Force Appa-22 ratus/Balance (SFA/SFB) or an Atomic Force Microscope (AFM) 23 have been performed to measure the normal interactions on a 24 single asperity across an ionic liquid. They consistently showed 25 the presence of a structural force, i.e. a force profile exhibiting a 26 decaying oscillation, that has been attributed to the ordering of 27 ions in the confined film, with a structure consisting of alternat-28 ing layers of anions and cations (as sketched in Figure 1(a)) [4][5][6][7][8][9][10][11][12] .

29

Only a few studies have been conducted to measure the friction 30 response in such structured film of ionic liquid, reporting on the 31 phenomenon of "quantized friction", namely the fact that the fric-32 tion coefficient is indexed by the number of layers composing 33 the film 7,10,[13][14][15][16][17][18] . Although the presence of such exotic behavior and is known with an uncertainty of ∼ 0.01 cm (mainly caused by the fact that the separation profile between the surfaces is observed up to a maximum scale ∼ 50 nm R ∼ 1 cm). The contact radius a is measured with a precision of 0.03 µm given by the standard deviation of the signal, and an accuracy of 1 µm due to the uncertainty on the value of R, following a procedure explained in details in 23 .

The top surface can be moved normally with a stepper motor (large displacement range ∼ 10 µm, poor linearity, mechanical vibrations induced), and also normally and laterally thanks to a sectored piezoelectric tube (small displacement range ∼ 1 µm, good linearity, no measurable mechanical vibrations induced).

For a given run, the velocity v can be determined with a precision of ∼ 1%. From run to run, this velocity can typically vary by ∼ 10% for the same control parameters, because of thermal drifts. In the following, some graphs result from the superposition of several runs, that is why the indicated velocities have to be associated with an error bar of ∼ 10%. The bottom lens is mounted on two springs: a normal (resp. lateral) spring of

constant k N = 2670 ± 84 N/m (resp. k L = 379 ± 2 N/m), which
is calibrated before the experiment by measuring its deflection (resp. its resonance frequency) when adding different masses.

The normal force F N is deduced from the temporal evolution of the distance D(t) when applying a constant normal velocity v N to the top surface, using a procedure that takes into account the viscous force that is not negligible at large separations (detailed in 22 ). The lateral force F L is directly measured with a capacitance probe when applying a constant lateral velocity v L to the top surface, with a sensitivity of ∼ 10 -3 mN. In comparison to previous studies performed in our group, the normal spring is here about 20 times stiffer, in order to apply larger loads (at fixed displacement range). Together with the stepper motor, it enables the identification of the first layer consisting of a monolayer of cations (labelled i = 1, as sketched in inset of Figure 2(a)), and the assessment of the resistance of the liquid to be squeeze-out under very large pressures. Together with the sectored piezoelectric tube, it enables one to reach the first layer of ions and so to explore the whole friction-load relationship with the new methodology (procedure detailed in next subsection). This comes with a price in terms of sensitivity limit for the normal force, ∼ 10 -2 mN, which does not allow the detection of the anomalously long-range electrostatic force that has been observed with concentrated electrolytes 11,22,25,[28][29][30][31][32][33][34] .

The SFB is therefore a tool of choice to study the molecular mechanisms of friction: the two atomically-smooth surfaces are in contact on a single asperity (pure boundary lubrication regime), the apical distance D is measured with a resolution better than the molecular scale, and the geometry can be characterized insitu (radius of curvature R, contact radius a). In the literature, the measured normal force F N is generally rescaled by the radius of curvature R to compute an equivalent surface energy F N /R, considering that mechanical deformations are negligible and that the Derjaguin approximation applies [START_REF] Israelachvili | Intermolecular and Surface Forces[END_REF] . In the opposite case when the surfaces are strongly flattened, it is reasonable to assume that the total force F N is mainly due to the interaction ion the flattened region, and so to rescale it by the contact area πa 2 to compute the local pressure F N /(πa 2 ). In this study, we explore a broad range the molecules passing each other [43][44][45][46][47][48] . For the experiments re- with M the molar mass of the ionic liquid, ρ its bulk density and N A the Avogadro's number 4 ), perhaps suggesting a denser packing of ions in confinement than in the bulk. However, our value is also smaller than the previous measurements performed with the same ionic liquid, reporting a mean layer thickness of 0.80 ± 0.04 nm between two mica surfaces with a SFB 53 and 0.79 nm between a mica surface and a Si 3 N 4 tip with an AFM 54 . A possible explanation for this difference is the inherent contribution from viscosity to the force profile, in particular in vicinity to a spring instability. For the method using the distances D min i at the points of minimum force (giving a mean layer thickness of 0.64 ± 0.05 nm), viscosity tends to move the minima towards larger distances, even more than adhesion is larger (i.e.

smaller layer index i). For the method using the jump-in distances (giving a mean layer thickness of 0.64 ± 0.01 nm), viscosity tends to reduce the size of the jumps. In both cases, viscous effects possibly lead to an underestimation of the mean layer thickness. Previous studies may be less affected by viscosity, as retractions were performed by slow steps in the SFB study 53 (with similar radius of curvature), and the radius of curvature was six orders of magnitude smaller in the AFM study 54 (with a velocity less than an order of magnitude larger). Therefore, applying a stepped motion is preferable to a continuous motion in order to accurately determine the mean layer thickness.

An important aspect to interpret the structural force profiles is to identify the composition of the layers. As the period is similar to the mean ion pair diameter, it is qualitatively considered that one squeeze-out event corresponds to the squeeze-out of an electroneutral "slab" of one cation layer and one anion layer. In the case of negatively charged surfaces, the first layer (i = 1) is then assumed to be composed of a monolayer of cations (as sketched in 

F max i = F max 0 exp -i λ max ζ max , ( 3 
)
where the slope gives access to the ratio fit the friction-load relationship in layer i = 1 with the following empirical law:

F L,k = µ i × F N -F min i + σ c,i × π R K 2/3 F N -F min i 2/3 , (4) 
where µ i , σ c,i and F min To summarize, the measured friction-load relationship can be described quantitatively with an empirical law, providing that two additive contributions are included, the first proportional the load and the second proportional to the contact area. In the previous 502 experimental studies of quantized friction across ionic liquids, the 503 friction-load relationship was found to be compatible with a lin-504 ear variation (i.e. a load-controlled friction), given the scattering 505 on the data points 13,15 . It is thanks to the new methodology that i.e friction is quantized. However, the lateral force is above the 581 sensitivity limit for three layers, instead of two for the dry case. coefficient is µ 2 = 0.035 ± 0.001, i.e. the film composed of two cations layers plus one anions layer is almost a superlubricant.

For layer i = 1 (retraction branch in faded blue), the friction coefficient is µ 3 ∼ 1.9, i.e. the film composed of a monolayer of cations is a poor lubricant. Note that retraction from layer i = 1

has been performed at a relatively large velocity, so the value of µ 1 is estimated with only a few shearing periods. Supplementary

Figure 2 shows the friction-load relationship that has been measured in a larger range of loads for layer i = 2, by approaching the surfaces by discrete steps with the stepper motor. Similarly to the dry case, a good fit can be achieved with equation 4, providing that the two contributions are included, the first proportional to the load and the second proportional to the contact area (with {µ 2 = 0.0129 ± 0.003, σ c,2 = 56 ± 2 kPa, F min 2 = -0.06 mN}).

Overall, humidity is found to strongly increase the resistance of the layers to be squeezed-out, without changing significantly their corresponding thicknesses and friction coefficients. Consequently, it leads to an extension of the range of loads in which the liquid behaves as a superlubricant. Such beneficial effect of water on the lubricating performances is extremely interesting for applications, given that ionic liquids are hygroscopic and that lubricated systems are never perfectly insulated from ambient moisture.

Kinetics aspects

In this subsection, we consider the influence of the shearing velocity on the friction force. Supplementary Figure 5 shows the friction-load relationships measured in dry conditions at v L = 652 nm/s and v L = 67.9 nm/s. No clear trend is found within the experimental errors, whether in layer i = 1 or in layer i = 2. was explored at only one shearing velocity. In layer i = 2, however, the friction clearly depends on the shearing velocity. More precisely, the kinetic friction force goes to zero at the same adhesion minimum in both cases, but with a friction coefficient that is larger with the largest shearing velocity. These observations are consistent with previous SFB experiments performed with the same ionic liquid in our group, showing that in dry conditions the kinetic friction is independent of the shearing velocity in the range v L ∈ [200; 1000] nm/s, whatever the layer considered 15 . Our findings are also comparable with previous colloidal probe AFM experiments performed with protic ionic liquids (ethylammonium nitrate (EAN), propylammonium nitrate (PAN), ethylammonium formate (EAF), etc.) between a silica sphere (R ∼ 10 µm) and a mica surface, reporting on an increase of the friction coefficient with the shearing velocity in the range v L ∈ [5000; 40000] nm/s, for some particular film compositions 13,14,16 . However, it is not clear why a dependence of the shearing velocity on the friction force is found or not, depending on the physico-chemical system and the layer considered.

To investigate this dynamics quantitatively, we have sheared the liquid under constant conditions in the normal direction, exploring two decades of lateral velocities. 653

In friction experiments between smooth surfaces, dynamics is 654 generally found to be thermally-activated, i.e. obeying an Arrhe-655 nius law of the form:

656 F = F 0 ln v v 0 . (5) 
Qualitatively, such thermally-activated dynamics is associated 657 with the picture of molecules that must overcome energy barri- apolar liquids or aqueous electrolytes with a SFA 68,69 , between 665 mica surface and silicon colloid across protic ionic liquids with a 666 colloidal probe AFM 13,14,16 ). We have fitted our data with equa- 

F = Av n , (7) 
This model also fits reasonably our data (blue curve in 

Conclusions

In this paper, we have presented proof-of-concept experiments for a new methodology to measure friction in the boundary lubrication regime with a SFB. By applying simultaneous normal and lateral motions to the surfaces, the friction-load relationship can be measured more precisely, comprehensively and rapidly. The quality achieved opens the way to more quantitative investigations to relate friction, load, contact area, adhesion and shearing velocity, while the efficiency and the versatility of the method allow for efficient probing of various physico-chemical systems. Using ionic liquids as a proof-of-concept, we have measured the phenomenon of quantized friction with an unprecedented resolution. Contrary to the existing studies in the area, we have found (i) a liquid-like friction behavior; (ii) a variation of the kinetic friction force with the applied load that is not simply linear, but can be quantitatively described by two additive contributions proportional to the load and to the contact area; (iii) a dynamics over two decades of shearing velocities that does not obey a simple Arrhenius law, appealing for more sophisticated models of friction kinetics. Furthermore, we have observed that humidity can improve the lubrication performances of ionic liquid, by increasing the resistance of the layers to be squeezed-out and so extending the range of loads in which the liquid behaves as a superlubricant.

The results presented in this study raise a number of questions, listed below, that would require dedicated experimental investi-
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 34 now well-established experimentally, the fundamental mech-35 anisms responsible for it are still debated. These outstanding 36 questions motivate further detailed experimental investigations 37 of quantized friction. phosphorus pentoxide (Sigma-Aldrich, 99%), in the chamber and 77 purging the chamber with N 2 , nitrogen, for about one hour prior 78 to the calibrations. The undeformed mica thickness e mica,0 = 79 7.431 µm is determined when the surfaces are in direct contact, 80 following a procedure detailed in 23 . Secondly, measurements 81 are performed with an ionic liquid, [C 4 C 1 Pyrr][NTf 2 ], 1-butyl-82 1-methylpyrrolidinium bis[(trifluoromethane)sulfonyl]imide (Io-83 litec, 99%), which chemical structure and sizes are indicated 84 in Figure 1(b) (molar mass M = 422.41 g/mol, density ρ = 85 1.405 g/mL, refractive index n = 1.422 and dynamic viscosity 86 η = 74 mPa.s at 25 • C 24 ). This liquid is hygroscopic, and we use 87 it either in dry or wet conditions. Dry conditions are achieved by 88 drying the liquid in a Schlenck line at 60 • C and 5 × 10 -3 mbar for 89 ∼ 10 hours and by inserting it in the chamber just after, which 90 contains P 2 O 5 and is purged again with N 2 for about one hour 91 prior to the measurements. Such procedure is known to produce 92 water content typically 100 ppm 11,15,25 . Wet conditions are 93 achieved by simply letting the ionic liquid equilibrate with am-94 bient atmosphere during several days before the experiment and 95 by inserting it in the chamber, which does not contain any desic-96 cant and is filled with ambient air. In this case, the water content 97 corresponds to the thermodynamic equilibrium of the ionic liquid 98 with ambient humidity (∼ 50%). 99 White light is passed through the confined medium, interferes 100 in this optical resonator, and is then directed towards a spec-101 trometer and collected by a CCD camera. The analysis of the 102 Fringes of Equal Chromatic Order (FECO) then allows one to de-103 duce the apical distance D, the contact radius a (when the sur-104 faces are flattened) and the radius of curvature R 26 . In a sep-105 arate paper 23 , we show that the mica can be significantly com-106 pressed and that D incorporates the variations of thicknesses of 107 the mica layers and of the liquid film, i.e the materials separating 108 the two silver mirrors. For small changes of D, it is not possible 109 to disentangle the contributions coming from the mica (indenta-110 tion 2e mica,0 -2e mica = 2δ e mica , defined positive for compression 111 and negative for dilatation) and the liquid (thickness D liquid ) with 112 the FECO. In fact, we effectively measure the distance between 113 the silver mirrors D mirrors = D liquid + 2e mica , from which we sub-114 tract the undeformed mica thickness 2e mica,0 calibrated in dry at-115 mosphere, to finally obtain: 116 D = D mirrors -2e mica,0 = D liquid -2δ e mica . (1) D is measured with a precision of 0.02 nm given by the standard 117 deviation of the signal, and an accuracy of 1 nm due to light dis-118 alignment when changing the contact spot 27 . As the glue thick-119 ness is heterogeneous, the top mica surface has a different curva-120 ture than the bottom glass lens, which has to be measured every 121 time the contact spot is changed. The radius of curvature R asr n a l N a me , [ y e a r ] , [ v o l . ] , sociated to each measurement is indicated in the figure caption,
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  ported in this paper, we ruled out these artefacts by systematically 224 checking that the normal force profile is the same with a zero and 225 non-zero lateral velocity (see Supplementary Figure1), and that 226 the friction-load relationship is the same with a zero and non-zero 227 normal velocity (see Supplementary Figure2).
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 2 Fig. 2 Measurements for dry [C 4 C 1 Pyrr][NTf 2 ] (R = 0.92 cm). (a) Normal force profile when moving the top surface with the piezoelectric tube at a normal velocity v N = 0.5 nm/s and a lateral velocity v L = 652 nm/s, showing structuring with 5 distinguishable layers labeled by i. For clarity, only the full approach is shown (in red), together with retractions from layers i = 1 (in blue), i = 2 (in green), i = 3 (in orange), i = 4 (in purple), i = 5 (in yellow). Inset: proposed structure of alternating layers of cations and anions. (b) Normal force profile when approaching (in faded red) or retracting (in faded blue) the top surface with the stepper motor at v N = 10.5 nm/s. Negative distances D are reached at large loads, because the compression of mica exceeds the liquid thickness: D = D liquid -2δ e mica < 0 23 .. The curves measured on approach and retraction in layer i = 1 are not perfectly superimposed because of mechanical imperfections of the set-up (poor linearity of the stepper motor, tiny rotations of the solids, etc.). (c) Distances D min i at the points of minimum force, as a function of the layer index i, in lin-lin representation (in blue); forces F max i at the points of maximum force, as a function of the layer index i, in log-lin representation (in red). Straight lines are the corresponding linear and exponential fits (equations 2 and 3).
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  We begin with presenting measurements of the normal interac-231 tion force. Figure2(a) shows the normal force profile obtained 232 when moving the top surface with the piezoelectric tube at a nor-233 mal velocity v N = 0.5 nm/s and a lateral velocity v L = 652 nm/s 234 across dry [C 4 C 1 Pyrr][NTf 2 ]. When the ionic liquid is confined 235 at the nanoscale, a structural force profile is observed, with five 236 distinguishable layers labeled by i. Such structural force has been 237 observed many times with ionic liquids, and attributed to the or-238 dering of ions in the film, with a structure consisting of alternating 239 layers of anions and cations (as sketched in inset) 4-12 . Because 240 of the spring instability, the surfaces experience a jump-in on ap-241 proach every time a layer is squeezed-out, and a jump-out on 242 retraction from a given layer. Therefore several runs were in fact 243 necessary for the most comprehensive exploration of the force 244 profile. Supplementary Figure 3 shows the force profiles mea-245 sured when approaching the top surface up to a given layer and 246 retracting from this layer. From run to run, the whole force pro-247 file randomly shifts laterally by a fraction of nanometer. As the 248 jump-in distances and the forces are reproducible, we consider 249 that these shifts are non physical, but result from imperfections 250 of the set-up like tiny rotations of the solids. That is why we have 251 shifted manually the force profiles such that all the approaches 252 are superimposed on the approach up to layer i = 1 (in red). Fig-253 ure 2(a) shows the resulting force profile, with for clarity only the 254 approach up to layer i = 1 (in red), and the retractions from the 255 different layers (i = 1 in blue, i = 2 in green, i = 3 in orange, i = 4 256 in purple, i = 5 in yellow).257In a separate paper23 , we show that the oscillation due to lo-258 cal variations of liquid density in the confined film is in general 259 convoluted with the mechanical response of the confining solids. 260 For the system studied here, we found that (i) mica compression 261 dominates liquid compression, i.e. the change of D within each 262 layer is mainly due to the indentation of mica; (ii) contact me-263 chanics is well described by the Derjaguin-Muller-Toporov (DMT) 264 model 19,49-52 , in particular the indentation of the solids is zero at 265 the minimum force (jump-out point) and continuously increases 266 up to the maximum force (jump-in point). For each layer i, we 267 have measured the distance D min i at the point of minimum force 268 (jump-out, as indicated in Figure 2(a) for i = 2), which does not 269 include any influence of the mica compression. The variation of 270 the distance D min i with the layer index i is shown in Figure 2(c), 271 and exhibits a good linearity. It is fitted with the relation: λ min = 0.64 ± 0.05 nm represents the mean layer 273 thickness and the intersect D min 0 = 1.6 ± 0.1 nm corresponds to the 274 position of the extrapolated layer i = 0. Another method con-275 sists in measuring the average jump-in distance, supposing an 276 unchanged mica compression and a fast viscous relaxation dur-277 ing the squeeze-out events, and providing a consistent value of 278 0.64 ± 0.01 nm for the mean layer thickness. Interestingly, this 279 value is smaller than the mean ion pair diameter of 0.79 nm (given 280 4 | 1-12 J o u r n a l N a me , [ y e a r ] , [ v o l . ] ,

  inset of Figure 2(a)). Direct solid-solid contact is never reached, because of the strong electrostatic attraction between the cations and the negatively charged surfaces. For our experiment, one can ask whether we really reach this single layer of cations within the explored range of loads. The position of the first layer at the point of minimum force (including no indentation of the surfaces) is D min 1 = 2.2 ± 1.0 nm, a bit larger than the cation sizes (given in Figure 1(b)). However, the measurement of the absolute distance D depends on many delicate steps (alignment of the optics, calibration of the mica thickness in dry atmosphere, choice of a particular run to shift the force profiles laterally), and deducing the thickness of the monolayer from the cation sizes requires to know their conformations, making accurate comparisons difficult. For each layer i, we have measured the force F max i at the point of maximum force (jump-in, as indicated in Figure 2(a) for i = 2). The variation of the distance F max i with the layer index i is shown in Figure 2(c) in log-lin representation, and exhibits a good linearity. It is fitted with the relation:

Fig. 3 F max 0 = 4 . 8 i = 1 .

 30481 Fig. 3 Measurements for wet [C 4 C 1 Pyrr][NTf 2 ] (R = 1.45 cm), at fixed load F N = 2.79 mN, distance D = -1.05 nm (where D = D liquid -2δ e mica < 0) and contact radius a = 12.86 µm in layer i = 2. Temporal evolutions of the lateral displacement x L and lateral force F L , showing a liquid-like friction behavior. Inset: zoom on a part of the signal, delimited by a gray rectangle in the main graph. The tiny oscillation is due to the resonance of the mass-spring system at ∼ 20 Hz.
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 32 Lateral force 357In this subsection, we identify the nature of the friction response, 358 by analyzing the shape of the lateral force when the liquid film 359 is sheared under constant conditions in the normal direction.

  360

Figure 3

 3 Figure3shows the temporal evolutions of the lateral displace-361
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 3340614111 Fig. 4 Measurements for dry [C 4 C 1 Pyrr][NTf 2 ] (R = 0.92 cm), when moving the top surface with the piezoelectric tube at a normal velocity v N = 0.5 nm/s and a lateral velocity v L = 652 nm/s. (a) Temporal evolution of the apical distance D on full approach. The inset shows the temporal evolution of the lateral force F L during the squeeze-out transition from layer i = 2 to layer i = 1. (b) Kinetic friction F L,k as a function of load F N on full approach (in red) then retraction from layer i = 1 (in blue). Friction is above the sensitivity limit for the layers i = 1 and i = 2 (proposed film structures in insets). Straight lines are fits with the left-hand term of equation 4, with {µ 1 = 0.210±0.003, F min 1 = -0.12±0.01 mN} and {µ 2 = 0.0064±0.0006, F min 2 = -0.062±0.008 mN}. The dotted line is a fit for layer i = 1 with the right-hand term of equation 4, with {σ c,1 = 857 ± 6 kPa, F min 1 = -0.06 mN}. The dashed line is a fit for layer i = 1 with the whole equation 4, with {µ 1 = 0.092 ± 0.004, σ c,1 = 529 ± 13 kPa, F min 1 = -0.06 mN}.

iF min 1 = 1 =F min 1 = 1 =

 1111 are respectively the friction coefficient, critical shear stress and adhesion force associated with layer i.This equation gives FL,k = 0 at F N = F min i, which is in agreement with our systematic observation that the friction force goes to zero at the jump-out point. If we suppose first that friction is purely load-controlled and we fit with the left-hand term of equation 4 only (straight line in Figure4(b)), we get {µ 1 = 0.210 ± 0.003, -0.12 ± 0.01 mN} (two free parameters). The fit is clearly not satisfactory and overestimate the adhesion force (compared to the directly measured F min -0.06 mN), because it does not describe the significant concave curvature that is observed experimentally. If we suppose on the contrary that friction is purely contact area-controlled and we fit with the right-hand term of equation 4 only (dotted line in Figure4(b)), we get {σ c,1 = 857±6 kPa, -0.06 mN} (one free parameter, the adhesion force being fixed). The fit is much better in the vicinity of the adhesion minimum, but now overestimates the concavity of the curve. In fact, the experimental data lie in between the two previous fits, and if we fit with the full equation 4 (dashed line in Figure4(b)), we obtain a very good fit with {µ 1 = 0.092 ± 0.004, σ c,1 = 529 ± 13 kPa, F min -0.06 mN} (two free parameters, the adhesion force being fixed).

506 3 . 4 [C 4 C 1

 3441 we are able to measure the friction-load relationship with an un-507 precedented resolution, and to quantitatively test the different 508 empirical laws of friction. This is crucial not only for a better 509 understanding of the physics of friction in general, but also to ex-510 tract quantities µ and σ c that are intrinsic to the physico-chemical 511 system used and not affected by the particular geometry of the ex-512 periment. Unfortunately, such high-resolution measurements are 513 not always possible, for example when friction is small or varies 514 slowly, or cannot be measured on a wide range of loads (like for 515 layer i = 2 in Figure 4(b)). However, we note that the differ-516 ent fits in layer i = 1 provide friction coefficients of same order 517 of magnitude. That is why we have decided to fit linearly the 518 friction-load relationships measured with a low resolution, as a 519 semi-quantitative evaluation of the lubrication performances. 520 Effect of humidity 521 In this subsection, we present an experiment performed with wet 522 Pyrr][NTf 2 ], illustrating the versatility and the efficiency of 523 the new methodology. The measurements, shown in Figure 5, are 524 qualitatively similar to the dry case, in the sense that we also ob-525 serve a structural force profile, a liquid-like friction behavior, and 526 a quantized friction-load relationship. But important differences 527 emerge when comparing the results quantitatively.
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 55335 Figures 5(a) and 5(b) show the normal force profile obtained
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  In layer i = 3 (retraction branch in orange), the friction coeffi-583 cient is µ 1 = 0.002 ± 0.001, i.e. the film composed of three cations 584 layers plus two anions layers behaves as an extremely good super-585 lubricant. In layer i = 2 (retraction branch in green), the friction r n a l N a me , [ y e a r ] , [ v o l . ] ,

Figure 5 (

 5 Figure 5(c) shows the friction-load relationships measured in wet conditions at v L = 613 nm/s and v L = 148 nm/s. In layer i = 3, no clear trend is found within the experimental errors, and layer i = 1

  Figure 6(a) shows the lateral force F L as a function of the lateral displacement x L when shearing wet [C 4 C 1 Pyrr][NTf 2 ] at different velocities v L ∈ 641 {32; 128; 639; 1918; 3197} nm/s (with same displacement range), 642 at fixed load F N = 2.79 mN, distance D = -1.05 nm (where 643 D = D liquid -2δ e mica < 0) and contact radius a = 12.86 µm in 644 layer i = 2. A liquid-like friction behavior is obtained for all 645 the friction loops, but with a kinetic friction force that increases 646 monotonically with the the shearing velocity. Finally, Figure 6(b) 647 shows the kinetic friction force F L,k as a function of the lateral ve-648 locity v L , in lin-log representation (Supplementary Figures 6(a) 649 and 6(b) show the same data, respectively in lin-lin and log-log 650 representations). The dynamics is strongly non-linear, and is in-651 terpreted with different models of friction kinetics in the follow-652 ing.
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  ers in order to pass each other, with the external force inducing 659 a potential biais and with the temperature allowing for the cross-660 ing of non-zero barriers. It has been observed for dry friction 661 (between Langmuir-Blodgett films with a SFA 66 , between a NaCl 662 surface and a silicon tip with an AFM 67 ), as well as for lubricated 663 friction in the boundary regime (between mica surfaces across 664

667 tion 5 ( 679 F = F c -∆F ln v c v 2/ 3 . ( 6 )Fig. 6

 5679366 Fig. 6 Measurements for wet [C 4 C 1 Pyrr][NTf 2 ] (R = 1.45 cm), at fixed load F N = 2.79 mN, distance D = -1.05 nm (where D = D liquid -2δ e mica < 0) and contact radius a = 12.86 µm in layer i = 2. (a) Lateral force F L as a function of lateral displacement x L , for different lateral velocities v L ∈ {32; 128; 639; 1918; 3197} nm/s respectively in blue, purple, red, orange and yellow. The bumps on the signals, particularly visible for the blue curve, are due to external vibrations that are not totally suppressed by the damping elements of the SFB. (b) Kinetic friction F L,k as a function of lateral velocity v L , in lin-log representation. The red curve is a fit with equation 5 giving {F 0 = (23 ± 4) • 10 -3 mN, v 0 = 18 ± 10 nm/s}. The green curve is a fit with equation 6 giving {F c = 0.13 ± 0.02 mN, v c = (3.4 ± 1.5) • 10 3 nm/s, ∆F = (36 ± 7) • 10 -3 mN}. The blue curve is a fit with equation 7 giving n = 0.30 ± 0.02.
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 6 (b)), with an exponent n = 0.30 ± 0.02 close to the reported value of 1/3. Therefore, these measurements of the friction force over two decades of shearing velocities allow us to unambiguously reject a description of the friction kinetics by an Arrhenius law, but not to discriminate between the modified Arrhenius law and the empirical power-law.

.2 New Methodology for friction measurement 184

  

	180		
	181	of situations from no deformation to strong deformations, that is
	182	why we have chosen to simply use the force F without any rescal-
		ing in the plots.	
	185	So far, friction measurements with the SFA/SFB or the AFM were
	186	performed by applying normal and lateral motions alternatively:
	187	the surfaces were approached/retracted at a given distance un-
	188	der a given load, then the liquid was sheared, and so on 13,15 .
	189	The principle of the new methodology consists in applying nor-
	190	mal and lateral motions simultaneously to the surfaces: if the
	191	approach/retraction rate is much smaller than the shearing rate
	192	(typically v N ∼ 1 nm/s	v L ∼ 100 nm/s), the distance and the
	193	load can be considered as constant within one shearing period.
	194	Such procedure has been already used by Hoth et al. 10 with a
	195	AFM but without analyzing the data to deduce the friction-load
	196	relationship, and by Crespo et al. 35 and us 36 with a SFA but not
	197	in the context of a structured liquid film.
	198	Simply imposing a continuous instead of stepped motion in the
	199	normal direction potentially offers significant advantages. (i) The
	200	measurements are more precise (i.e. less scattered), because less
	201	time is left for the system to drift between points (inevitable long-
	202	term drifts due to thermal expansion and creep of the mechanical
	203	parts), which is necessary to investigate quantitatively the rela-
	204	tionship between friction, load and contact area, and to finely test
	205	proposed models. (ii) The method allows for a more comprehen-
	206	sive exploration of friction-load relationship, in particular in the
	207	vicinity of spring instabilities (jump-out on retraction, jump-in on
	208	approach), which is crucial to elucidate the role of adhesion on
	209	friction, and to better understand the film dynamics during the
	210	squeeze-out transition. (iii) The whole friction phenomenology
	211	can be acquired more rapidly (in typically ∼ 1 h instead of ∼ 10 h
	212	to probe all the layers of a structured film), which is convenient to
	213	efficiently probe various physico-chemical systems and to assess
	214	the reproducibility of the measurements.
	215	However, a careful implementation of the technique is re-
	216	quired to avoid possible artefacts. First, the liquid structure it-
	217	self can be affected by the shearing motion, a phenomenon that
	218	has been qualitatively interpreted as a combing of long-chain
	219	molecules 37-42 . Secondly, the friction force can be reduced by
	220	mechanical vibrations (potentially induced by the simultaneous
	221	normal motion), which qualitatively act as an effective temper-
	222	ature that helps to overcome the energy barrier associated with
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