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Abstract  

Friction at hydrophobic surfaces in aqueous media is ubiquitous (e.g. 

prosthetic implants, contact lenses, microfluidic devices, biological tissue), but is not 

well understood. Here we measure directly, using a surface force balance, both 

normal stresses and sliding friction in an aqueous environment between a hydrophilic 

surface (single-crystal mica) and the stable, molecularly-smooth, highly-hydrophobic 

surface of a spin-cast fluoropolymer film. Normal-force vs. surface-separation 

profiles indicate a high negative charge density at the water-immersed fluoropolymer 

surface, consistent with previous studies. Sliding of the compressed surfaces under 

water or in physiological-level salt solution (0.1M NaCl) reveals strikingly low 

boundary friction (friction coefficient µ ≈ 0.003 – 0.009) up to contact pressures of at 

least 50 atm. This is attributed largely to hydrated counterions (protons and Na+ ions 

respectively) trapped in thin interfacial films between the compressed, sliding 

surfaces. Our results reveal how frictional dissipation may occur at hydrophobic 

surfaces in water, and how modification of such surfaces may suppress this 

dissipation. 

 

keywords 

hydrophobic surfaces; hydration lubrication; hydrophobic hydration; aqueous thin-
films; hydrophobic lubrication. 
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Friction at hydrophobic surfaces is ubiquitous, from underwater cables to 

biomedical devices and biological tissues.1-10 While the properties of hydrophobic 

surfaces in contact with water, including their hydrophobicity, their interfacial 

energies and their propensity for adsorption, as well as their surface interactions, have 

been studied extensively,11-21 much less is known about the frictional dissipation 

processes at such surfaces. Such friction may result from multiple dissipation 

pathways, including plastic and viscoelastic deformations, the breakage of strong 

bonds in creation of wear debris, or intrinsic boundary dissipation arising from short-

ranged interactions during sliding.22,23 We are particularly interested in the sliding of a 

hydrophilic surface past a hydrophobic one, as this sheds strong light on the relevant 

interfacial dissipation mechanisms. 

Forces between surfaces play an important role in frictional dissipation as they 

slide past each other. In contrast to the many studies of symmetric (hydrophobic vs. 

hydrophobic11) interactions across aqueous media, there are relatively few 

investigations of a stable hydrophobic surface interacting with a hydrophilic one.24-31 

In most of these studies the hydrophilic surface (usually mica or silica) is negatively 

charged under water, and force vs. surface-separation profiles in water with pH ≳ 5.5 

– the usual ambient or biological conditions - show a long-ranged repulsion, 

becoming shorter ranged on adding salt.24,25,29,30 This behavior is consistent with a 

negative charge on the opposing hydrophobic surface, as well as with z-potential 

measurements on various hydrophobic solids in aqueous media,24,25,29,30,32-34 including 

in particular AF surfaces.34,35 In the few studies where sliding friction between 

hydrophobic and hydrophilic surfaces was measured,5,36,37 using tipped or colloid-
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tipped AFM, rather high friction coefficients were observed (coefficient of sliding 

friction µ ≳ 0.1), though interpretation of the results may be complicated by contact 

adhesion, indeterminate contact separation and roughness of the probe.  

In the present study, using a surface force balance (SFB), we examine normal 

forces and, in particular, the sliding friction between a smooth hydrophilic surface – a 

crystallographically-smooth sheet of cleaved mica - and an opposing, highly 

hydrophobic, smooth fluoropolymer film. The rigidity, impermeability, smoothness 

and stability of the solid fluoropolymer surface are necessary for enabling a large 

range of pressures and for ensuring that sliding friction between the surfaces is 

determined by dissipation at the hydrophilic/hydrophobic interface alone. Interactions 

are measured in water (no added salt) as well as in high concentration salt solution. 

The normal force profiles reveal both the nature of the interactions as well as the sign 

and magnitude of the surface charges. Shear forces, measured directly as the surfaces 

slide at different loads and velocities at a known separation (to ±0.3 nm), may reveal 

the mechanism of the frictional dissipation processes.  

 

Results and Discussion  

Molecularly smooth, stable, highly hydrophobic surfaces were created by 

spin-casting an amorphous fluoropolymer film (henceforth AF) onto a freshly-

cleaved, single-crystal mica sheet, which was glued to a plano-cylindrical lens for 

mounting into the SFB (Methods). Their characteristics are given in figure 1.  

Normal forces Fn(D) and lateral (friction) forces Fs between a curved 

hydrophilic mica surface and the curved hydrophobic AF surface, in a crossed-
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cylinder conformation (mean radius of curvature R, closest distance D apart) were 

measured in an SFB38 (Methods and inset to fig. 2). Importantly for estimating 

(below) the confined interfacial film, we measured the AF film thickness in adhesive 

air contact with the mica (D = Dair-contact), then immersed the surfaces in water and, at 

the same contact point, measured the limiting film (‘hard wall’) thickness at the 

highest loads, D = Dhard-wall. Within our spatial resolution in D (±0.3 nm) these two 

values were the same, Dair-contact = Dhard-wall. Force profiles in all cases were reversible 

and reproducible, within a scatter attributable to thermal drift; to variations in the 

effective salt concentration and surface potential on both mica and AF surfaces (the 

latter arising from small pH differences34); to possible non-uniformity of the charge 

distribution on the AF surface; and (for Fs) to small differences in local roughness of 

the AF surface (fig. 1A and below). It is worth remarking, as seen in fig. 2A, that 

scatter of data at a given contact point was significantly smaller than at different 

contact point or different experiments, supporting the attribution above.  Maximal 

mean pressures P across the flattened contact area between the surfaces (Methods) 

were around 5 MPa (ca. 50 atm). We note that when the mica and AF-coated mica 

were in air contact, prior to adding water, the friction force between them was larger 

than the maximal shear force that could be applied through bending the shear springs 

via the sectored PZT, corresponding to a friction coefficient in air contact µair-contact > 

0.05. 

  Figure 2A shows Fn(D)/R profiles in purified water with no added salt (see 

Methods; henceforth: water). For D ≳ 5 nm the monotonic repulsion between the 

surfaces is well described by the non-linear Poisson-Boltzmann equation (PB) 

augmented by the appropriate van der Waals (vdW) attraction,39 (PB + vdW), 

indicating that it is due to the osmotic pressure of counterions trapped between two 
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same-sign charged surfaces. As mica under water is negatively charged,40,41 fig. 2A 

shows unambiguously that the hydrophobic AF surface is also negatively charged 

under water (since an uncharged AF surface, blue curve in fig. 2A, would strongly 

under-predict the repulsion), though our measurements do not reveal the origin of the 

charge (see Supplementary Information (SI) section 5). These results showing a 

negatively-charged AF surface are in line with earlier hydrophilic-hydrophobic 

surface force studies (noted above24,25,29,30), and with the z-potential measurements on 

hydrophobic solids, including AF surfaces24,25,29,30,32-35 and oil-water interfaces 

(e.g.42). The Fn(D)/R data in fig. 2A is well fitted by a value of s AF indicated by 

earlier studies of fluoropolymer-water surface potentials34 (SI section 4), as seen by 

the black curve in fig. 2A. At a separation D < 1-2 nm, clear deviations from the (PB 

+ vdW) fit are observed. In particular, a sharp rise in Fn(D)/R is measured rather than 

the predicted approach into vdW adhesive contact across water,39-41 and no net 

attraction between the surfaces on separation even following the strongest 

compressions. This is attributed to repulsion due to hydrated counter-ions trapped 

between the negatively-charged surfaces;40,43 in purified water with no added salt (as 

in fig. 2A) these are predominantly hydrated protons (hydronium ions). Such 

hydronium counter-ions are known to condense into (and neutralize) the negatively-

charged lattice sites on the mica surface40,41 at Fn(D)/R ≳ 1 mN/m. Their persistent 

presence in the gap at much higher Fn(D)/R values (fig. 2A) is thus attributed to the 

high negative charge density on the AF surface alone. This is because the overall 

concentration of these trapped ions is much higher than can condense into the mica 

lattice (as illustrated schematically in the inset to fig. 3b).  



	 7	

On increasing the salt concentration in the water to 0.1 M NaCl, the range of 

the repulsive forces is greatly reduced relative to that measured across pure water, as 

expected for double-layer electrostatic repulsion,39 as seen in figure 2B (where for D 

≳ 5 nm the Debye screening length is ca. 1 nm). As in the water, measurements in the 

salt solution were (within the scatter) reversible and reproducible on subsequent 

approaches. The increasingly strong repulsion between the surfaces at D < 2 – 3 nm, 

together with the absence of any adhesion on separation, again indicates hydration 

repulsion, which at the high salt concentration is predominantly due to trapped, 

hydrated Na+ ions.40,43 Since, unlike hydrated protons, the hydrated Na+ ions do not 

condense into the mica surface even at high P,44 one expects both the hydrophobic AF 

surface and the mica surface to retain a net (negative) charge up to the highest 

compressions (ca. 5 MPa) in our study.  

  Friction forces Fs between the mica and AF surfaces as they were made to 

slide past each other at different compressions (different loads Fn) in aqueous media 

are shown as typical time traces Fs(t) in fig. 3A, and summarized in fig. 3B. As seen 

in fig. 3B, Fs is found to increase linearly with Fn, corresponding to a sliding friction 

coefficient µ = (Fs/Fn) in the range µ = 0.003-0.009 up to the maximal pressures 

applied (P ≈ 50 atm). This very low friction up to high pressures between a 

hydrophilic surface and a highly hydrophobic surface is the main, and unexpected, 

finding of this study.  

Finally, in fig. 4 we show the variation of the friction force Fs with sliding 

velocity vs over several orders of magnitude in vs. Such variation, as discussed further 

below, provides insight concerning the energy dissipation mechanisms as the 

contacting surfaces slide past each other.23,45  
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What is the origin of the remarkably low frictional dissipation as the highly-

hydrophilic mica and highly-hydrophobic AF surfaces slide past each other? We 

recall the long-known, low friction (and high wear) associated with sliding past 

poly(tetrafluoroethylene) (PTFE) surfaces in macroscopic tribology, which is due to 

transfer of coherent PTFE films between the sliding surfaces and the consequent easy 

shear between chains.46 The resulting sliding friction coefficients for rubbing past 

such PTFE surfaces are in the range 0.05 – 0.2, at least an order of magnitude higher 

than measured in our study. More directly, our reproducible and reversible normal 

force profiles show explicitly that no transfer of the AF occurs between the bare mica 

and the AF-coated mica surfaces, as such transfer would lead to a long-ranged steric 

repulsion on second approach at a given contact point following shear. This is 

because any transfer of material from one surface to the other would result in a 

disordered accumulation of polymer molecules on the opposing surface, and hence a 

long-ranged steric repulsion.47 Likewise, no wear occurs between the surfaces on 

shear and sliding, as that would be immediately seen in the change of absolute 

separation between the surfaces when they are compressed to contact. In practice the 

second and subsequent ‘hard-wall’ separations at a given contact are identical to the 

first profile (within the scatter of ca. 0.5 nm), despite the extensive shear and sliding 

between the surfaces on each approach. Moreover, any steric repulsion arising from 

film transfer would be independent of salt concentration, since the configuration of 

transferred, neutral fluoropolymer chains, if there were any, would not depend on the 

salt concentration.  At the same time, the range of repulsion of the normal force 

profiles in water with no added salt, and in 0.1M salt solution, depends strongly on 

the salt concentration and scales as the Debye screening length, as expected between 
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smooth charged surfaces. These observations, together with the order of magnitude 

reduction in friction from air contact to its value µ under water (µair-contact > 0.05 to µ ≈ 

0.005) clearly show that the ‘film-transfer’ mechanism responsible for PTFE friction 

in air does not apply in our experiments. In this connection we also note that in very 

recent experiments48 comparably low friction was measured also between a 

hydrophilic (mica) and a different hydrophobic (octadecanethiol-coated gold) surface 

under water and salt solutions, confirming that the effect we observe is not unique to 

hydrophobic fluoropolymer-coated surfaces.  

We consider also the possibility of nanobubble formation on our AF coated 

surfaces. While there is no evidence that nanobubbles reduce friction between sliding 

surfaces, we have also not detected their formation on our hydrophobic AF surface, as 

our AFM micrographs (e.g. fig. 1A) clearly reveal a smooth surface free of the 

structure characteristic of nanobubbles.49-51 In addition, the interaction between a 

hydrophilic solid surface and an air bubble has been directly measured.26 This shows 

marked attraction below separations of ca. 40 nm between the air-bubble-surface and 

the hydrophilic solid surface, attributed at least in part to electrostatic effects. This is 

very different to the monotonic repulsion between the bare hydrophilic mica and the 

hydrophobic AF-coated mica which we measure (fig. 2A), further supporting the 

conclusion that nanobubbles are absent. Furthermore, if any nanobubbles were 

present on the AF surface, and were to bridge the gap to the mica surface (drying it), 

then on collapse of such bubbles as the surfaces approach, water-free contact between 

the bare mica and the AF layer would be formed. This would result in a consequent 

high friction, since µair-contact > 0.05, which is not observed. In contrast, if nanobubbles 

are present but do not bridge the gap, and the mica surface remains wetted as it 

approaches the hydrophobic surface, then water remains trapped between the mica 
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and AF surface when they come into contact at high pressures as the nanobubbles 

collapse (D < ca. 0.5 nm). This trapping of water between the surfaces is precisely the 

scenario we propose, and implies that nanobubbles would not contribute to the 

reduction in friction even if they were present (which is highly unlikely for the 

reasons just noted). These observations taken together strongly indicate that 

nanobubbles are not present at our hydrophobic surface, and that even if they are they 

do not contribute to the strong lubrication we measure. 

Since the sliding friction coefficient decreases abruptly from its air value (µair-

contact > 0.05), once water is added, by an order of magnitude or more (to µ ≈ 0.005), 

the reduction in the friction must arise from the presence of water between the 

surfaces. Since free water would be squeezed out from between the smooth surfaces, 

as observed between neutral mica surfaces,52 we attribute the low friction rather to 

lubrication mediated by the hydration shells surrounding counterions trapped between 

the surfaces (so-called hydration lubrication.43,45 Such hydration repulsion was also 

predicted in ref.53). It is also possible that the mobility of charges at the hydrophobic 

AF surface contributes to this lubrication,54 or that some slip of the trapped hydration 

water at the AF surface, as seen with other hydrophobic surfaces,55 reduces the 

frictional dissipation. In all cases, however, the essential feature is the trapping of the 

hydrated ions between the charged surfaces. In water (fig. 3A, green symbols) 

hydrated (positively-charged) hydronium counter-ions are trapped between the 

compressed surfaces due to the negatively-charged AF, as illustrated in the top 

cartoon in fig. 3A. It is appropriate to note that the depiction of a uniform charge 

density on the AF surface in these cartoons (fig. 3) is purely for illustration purposes 

and cannot be deduced from the data of fig. 2. Indeed, some of the scatter in the 

Fn(D)/R profiles may be attributable to locally non-uniform (negative) charge 
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distribution on the AF surface. As the surfaces slide past each other, there are two 

different scenarios which may account for the low friction. In the case that the 

negative charges at the AF surface are immobile or have low lateral mobility, 

dissipation will occur through viscous losses arising from shear of the tenaciously-

attached hydration shells56 surrounding the hydronium ions localized at these surface 

charges. This mechanism is known to lead to very low friction (µ< 10-3) up to high 

pressures.43, 45 For the case where the negative charges on the AF surface are laterally 

very mobile, they may themselves, with their localized counter-ions, respond to shear 

by sliding across the AF substrate.54 Clearly, a combination of these two different 

modes would also lead to low frictional dissipation. Additionally, slip of the sheared, 

trapped hydration water may occur at the highly hydrophobic surface54 (where stick 

boundary conditions relevant to hydrophilic surfaces may not apply55), further 

reducing the frictional dissipation.  

The absolute thickness of the trapped hydrated counterion layer is difficult to 

measure directly because the AF layers vary slightly in thickness across their area. 

However, the observation that at a given contact point the thickness of the AF layer is 

identical (within our resolution of ± 0.3 nm) both in air (D = Dair-contact) and under 

strong compression in water (D = Dhard-wall) provides an estimate of its thickness. This 

is because under water the hydrocarbon-based layer (of thickness ~0.5 nm), which is 

known to adsorb onto mica from ambient atmosphere, is dissolved away,57 so that this 

observation – Dair-contact = Dhard-wall – implies a thickness of the trapped hydronium ion 

layer which is itself around 0.5 nm. In other words, the zero of contact between the 

AF layer and the mica in air is identical to its value in water, implying that the ca. 0.5 

nm thick carbonaceous layer has been replaced by a similarly-thick aqueous layer.  

This thickness is consistent with the diameter of hydrated protons, which is ca. 0.55 
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nm.56,58 It is also comparable to the thickness of the trapped layer of hydrated Na+ 

counterions between two bare mica surfaces compressed to similar contact pressures 

across 0.1M salt solution.45,59 

When water is replaced by 0.1M NaCl solution the mean frictional dissipation 

remains very low (black symbols, fig. 3B). This is attributed, as for the water case, to 

lubrication by trapped hydrated counter-ions, which for the case of the high salt 

solution are predominantly Na+ ions. The trapped counter-ion concentration in this 

case is likely higher than in the pure water case, since, as noted, hydrated Na+ ions do 

not condense into the mica surface, and so must compensate for the charges on both 

surfaces. This higher concentration of trapped hydrated metal counter-ions, as well as 

their larger size,56,58 may underlie the (possibly) improved lubrication in the salt 

solution (black vs green data in fig. 3A). In addition, as noted for the water case, high 

lateral mobility of the negative charge54 as well as slip of water on the AF surface55 

may also contribute to reduction of friction.  

Further insight is provided by the dependence of the friction force Fs on the 

applied sliding velocity vs, as shown in figure 4 for 3 different loads (and different 

contact points). The marked logarithmic variation (Fs - Fs,0) = (constant) + 

(constant)ln(vs) at each load over several exponential orders (where Fs,0 is a small 

systematic effect, Methods), is a clear signature of rate activated sliding,44,45,60 where 

the basic sliding step associated with energy dissipation requires the overcoming of an 

energy barrier (Methods). In the present case, we attribute this barrier to localized 

shear and deformation of AF asperities in adhesive vdW contact with the mica 

surface. Such asperity contact, arising from the small but finite roughness of the 

surface (fig. 1A), provides an additional frictional dissipation pathway to those 

described above. However, such contacts are expected to constitute only a small 
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fraction of the overall contact area, while the trapped counter-ions and their associated 

lubricating hydration layers reside over most of the interfacial gap and so dominate 

the frictional dissipation. This scenario accounts for several features: The absence of 

net adhesion as the surfaces separate (Fig. 2) arises because the hydration repulsion in 

the trapped interfacial layer exceeds any AF-asperity/mica adhesion; the ‘stick’ of the 

surfaces prior to commencing sliding (fig. 3A) corresponds to the initial yield of the 

adhering AF asperities; and the relatively large scatter in Fs (fig. 3B) may arise 

because the characteristic lateral length scale of local roughness variation, of ca. 10 

µm (fig. 1A), is comparable with the lateral dimensions of the AF-mica contact area, 

so that different contact points may experience different extents of asperity contact. It 

is appropriate to note – though it is beyond the scope of the present study - that 

approach to contact between two hydrophobic surfaces in water (as opposed to 

hydrophobic/hydrophilic as here) leads to cavitation or nanobubble formation 

between them (see SI section 6), so that the AF/water interface disappears and the 

concept of interfacially-trapped hydrated ions between them, as discussed in the 

present study, no longer apply. 

 

Conclusions 

We have shown that friction in water between a hydrophobic and a 

hydrophilic layer may be extremely low up to physiologically-high pressures (at least 

50 atm), attributed largely to lubrication by nanometrically-thin interfacial layers 

consisting of hydrated counterions trapped by surface charges. These results may be 

relevant for understanding biological lubrication processes, where hydrophobic and 

hydrophilic biological tissues frequently interact. They may also have implications for 
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design of hydrophobic surfaces that minimize sliding friction, by optimizing the 

conditions – for example, extent of surface charge under water – that promote the 

trapping of such thin hydration-water films. 

  

Materials and methods 

Materials: Muscovite mica was used as the interacting model substrate surfaces (high 

grade (V1), S&J Trading Inc., NY). For SFB experiments, mica sheets were prepared 

as described previously.57 NaCl was purchased from Merck (99.999% purity). Water 

was purified using a NanoPure Diamond system, Barnstead, USA, with resistivity ≥ 

18.2 MΩ·cm and total organic carbon <1 ppb, and pH in the range 6±0.2). Teflon 

Amorphous Fluoropolymer - AF 1600 (AF) was purchased from DuPont, as a 6% 

solution of Teflon AF 1600 (AF) dissolved in a perfluorinated solvent Fluorinert™ 

Electronic Liquid FC-40 supplied by 3M, and used as received. Structural details of 

these fluoro-compounds are given in SI section 1. 

AF film preparation: All preparations and experiments were at room temperature 

(25±1 ºC). A droplet of Teflon AF 1600 (AF) solution (6% in FC-40) was spin coated 

on bare mica surface for 90 sec at 6000rpm in a dust-free environment. For contact 

angle measurements the surfaces were prepared using this same procedure, but on a 

1x2 cm freshly cleaved flat mica surface. In all SFB experiments the dry AF coated 

mica lenses were washed under a stream of pure water for a few seconds, and 

immediately mounted in the SFB. The AF films, of thickness ca. 400 nm (uniform to 

1% over the film area), adhered stably to the underlying mica surface following 5 

days immersion in water, and could withstand, without damage or detachment, the 

highest compressive or frictional stress applied to the surfaces in our experiments. 
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Atomic force microscopy (AFM) imaging: Imaging and surface topography was 

carried out using a MFP-3D SA (AFM) instrument (Oxford Instruments Company, 

Asylum Research, Santa Barbara, CA). To resemble SFB measurements conditions, 

AF-coated mica surface was scanned in tapping mode under water using a silicon 

nitride V-shaped 115µm long cantilever with a nominal spring constant of 0.35 N/m 

and a pyramidal silicon tip (SNL, Bruker).  

SFB measurements: The experimental procedures used to measure the absolute 

separation D and the normal and shear forces between mica surfaces using a surface 

force balance (SFB), shown schematically in the inset to fig. 2, have been described in 

detail elsewhere,38 including determination of the small systematic signal Fs,0, fig. 4 

(SI sections 2 and 3). The zero of separation in force profile measurements (D = 0, 

fig. 2) was set to its value at the highest loads measured at each contact point, 

avoiding differences arising from the slight AF film-thickness variation. Normal and 

friction force profiles (figs. 2 and 3) are based on measurements from 4 independent 

experiments (different pairs of mica and AF surfaces) and different contact points 

within each experiment. Friction force Fs vs. Fn results, fig. 3B, are based on shear 

traces taken over a total of 12 different approach (and in several cases also separation) 

profiles from the 4 independent experiments. 

Evaluation of mean pressures P: We used the Hertzian contact mechanics relation39 

for the radius a of a flattened region between a sphere radius (radius R) compressed 

with load Fn on a non-adhering flat (equivalent to our geometry of crossed cylinders 

with mean radius of curvature R), a = (FnR/K)1/3, where K is an effective modulus. 

The contact area is then A = pa2. K was determined separately from several 

experiments where a was measured as a function of Fn, and had a mean value K =  
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(5±2) x 109 N/m2. This value was used to evaluate the mean contact pressures P =  

Fn/A; we estimate an uncertainty of ±25% in the absolute value of P arising from 

uncertainties in K and in R. 

Evaluating Fn(D)/R via the Poisson–Boltzmann (PB) equation: The PB equation relates 

the potential to the distribution of the counter ions near a charged surface.39,61 For the 

1-D configuration relevant to our experiments and a 1:1 electrolyte: 

∇#𝜓 = (2𝑒𝑐* 𝜀𝜀,)sinh	(𝑒𝜓 𝑘3𝑇)⁄⁄      (1)   

where 𝜓(x) is the potential at distance x from the surface, e the electronic charge, and 

e and e0 the dielectric constant (of water in this case) and permittivity of free space 

respectively, and cb is the concentration of ions in the bulk solution. This may be 

solved numerically for the osmotic pressure P(D) between two charged surfaces, in 

our case with fixed (unequal) charge boundary conditions,61 which is integrated to 

yield the interaction energy/area between flat parallel plates, W = ∫ Π(D:)dD′=
> . The 

force Fe-s(D) between curved surfaces (mean radius of curvature R) a closest distance 

D apart obeying the same electrostatic double-layer interaction, is given in the 

Derjaguin approximation (D << R) by Fe-s/R = 2pW. This is augmented by the van 

der Waals attraction 𝐹@AB 𝑅 = −𝐻 (6D#⁄⁄ ), where H is the Hamaker constant, to 

yield Fn(D)/R = 2pW −𝐻 (6D#)⁄ . We use H = 1.18 x 10-20 J, which is the average of 

the H values for mica-water-mica and AF-water-AF.62 The blue curve in fig. 2A was 

calculated as above using constant charge boundary conditions for a characteristic 

mica negative charge density63 smica = -e/(66.5nm2), with s AF =  0 and a 1:1 

electrolyte concentration cb = 8 x10-5M (the presence of ions in water with no added 
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salt arises from dissolved ambient CO2 and leached ions from glassware), while the 

black curve was calculated using the same parameters save that s AF =  -e/(9 nm2). 

Rate activated sliding: When the basic step associated with frictional 

dissipation between two sliding surfaces requires the overcoming of an energy barrier, 

the sliding may proceed via Eyring-like rate activated processes.60 We apply a 

detailed analysis of the resulting friction Fs, as given in refs.44,45 for sliding of highly 

compressed surfaces, where in our experiments the barrier DE arises from localized 

shear and deformation of AF asperities in adhesive vdW contact with the mica. For a 

given load at varying sliding velocities vs, one finds44 

Fs	=	(A/W)DE	+	(AkBT/W)ln(vs)    (2) 

where A is the contact area at the given load and W is a stress activated volume. This 

is the form of the Fs(vs) variation seen in fig. 4. 
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Figures 

A 

 

B 

 

Figure 1: Characterizing the AF surfaces. (A): AFM images, at two different scan 

areas, of AF film spin cast on mica scanned under water; RMS surface roughness over 

the 20 x 20 µm scan (left image) is 0.27 nm; average RMS surface roughness taken 

over several similar films is 0.37 ±0.04 nm. (B): typical examples of water droplets 

advancing (left) and receding (right) on AF spin cast on mica. Values of contact 
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angles shown, measured using a First Ten Angstroms goniometer, model FTA200, are 

the mean of several measurements and were unchanged following 5 days immersion 

in water. 

A 

 

B 
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Figure 2: Force profiles between AF and mica surfaces. (A) Profiles of normalized 

force Fn(D)/R vs. separation D profiles across pure water between bare mica and the 

surface of an AF layer spin-cast on mica (left inset cartoon); monotonic repulsion above 

the scatter commenced from D = ca. 150 nm. Filled, empty and half-empty symbols 

refer to profiles measured on approach, on separation and a second approach at a given 

point respectively. Blue curve: Calculated Fn(D)/R profile (based on (PB + vdW), 

Methods for details) for a negatively-charged mica (with characteristic smica = -

e/(66.5nm2),30) facing an uncharged AF surface  (s AF =  0). The much lower calculated 

repulsion (blue curve) compared to the measured repulsion (red data) reveals that the 

AF surface is also negatively charged.  Black curve: calculated Fn(D)/R profile using 

same parameters as for blue curve but with s AF =  -e/(9 nm2), as indicated by other 

studies (SI section 4). The right inset shows schematically the SFB configuration, with 

Kn and Ks the normal and shear springs respectively, and P the sectored piezoelectric 
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tube enabling both normal and lateral motion (Methods). (B) Fn(D)/R profiles across 

0.1M NaCl solution between bare mica and an AF layer spin-cast on mica (cartoon). 

Filled and empty symbols refer to profiles measured on approach and on separation 

respectively. The black curve is the fit to the pure water data shown as the black curve 

in (A). The scatter in the data arises due to factors discussed in the text. We note that 

within a given profile at a given contact point, the scatter is much lower, e.g. red solid 

squares, hexagons or half-filled stars. 
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B

 

Figure 3: Sliding friction between AF and mica surfaces. (A) Typical shear force (Fs) 

versus time traces for water-immersed surfaces. Trace (a) shows the applied back and 

forth lateral motion Δx0 of the upper (bare mica) surface sliding past the lower AF-

coated mica surface at increasing loads Fn (and corresponding pressures P), at a 

typical mid-range sliding velocity (vs = 730 nm/sec). Traces (b - f) show the 

corresponding shear traces, taken directly from the bending of the shear spring Ks 

(fig. 2A inset). The average friction force, Fs was evaluated from the sliding plateau 

region of the traces (and where the signal is weak, as in traces (b) and (c), was 

evaluated via a fast Fourier transform algorithm at the drive frequency (SI section 3)). 

(B) Summary of the measured friction forces Fs as a function of applied loads Fn 

taken from traces as in (A). Red symbols: measured in water.  Black symbols: 

measured in 0.1M NaCl. Full and empty symbols: measured during approach and 
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separation profiles respectively (data shown are all for the same mid-range sliding 

velocity vs = 730 nm/sec; the (weak) variation of Fs with vs is shown in fig. 4). The 

inset cartoons illustrate the proposed interfacial configurations under strong 

compression in water (upper) and 0.1M NaCl (lower), indicating the hydrated 

(positively-charged) hydronium and Na+ counterions, respectively, trapped between 

the negatively-charged surfaces (and the neutralized and charged mica surface lattices 

in the case of water and salt respectively, see text). Results in (B) are based on shear 

traces (as in (A)) taken over a total of 12 different approach (and in several cases also 

separation) profiles from 4 independent experiments. 

 

Figure 4: Variation of shear force with the sliding velocity vs between bare mica and 

AF surfaces at different loads Fn. The data are plotted as (Fs - Fs,0) versus ln(vs), where 

Fs,0 is a small systematic background signal unrelated to the shear force between the 

surfaces, and is determined separately for each contact point and velocity (Methods). 
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Red symbols: measured across water; black symbols: measured across 0.1M NaCl 

solution. Full and empty symbols were measured while increasing or reducing the 

velocity respectively. Broken lines at each load are best linear fit, (Fs - Fs,0) = (constant) 

+ (constant)ln(vs) indicating a rate activated process (Methods). 
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1. Molecular structure of fluoropolymer and solvent: 

The molecular structure of the amorphous fluoropolymer, Poly[4,5-difluoro-2,2-

bis(trifluoromethyl)-l,3- dioxole-co-tetrafluoroethylene] , (DuPont™ Teflon®  AF 1600 

(AF)). (m:n=1:2) is given in fig. 1a1.  
 

               

      a      b 

 

The molecular structure of the solvent used for the AF1600 is shown in fig. 1b; perfluoro-

tributyl amine solvent 3M Fluorinert® FC-40, which is a mixture of perfluorinated amine 

N(C4F9)3 and CF3N(C4F9)2 having average MW of 650.2 

	

	

2. Surface force balance (SFB) 

The SFB used in our experiment was similar to that described by Klein and 

Kumacheva3, and is shown schematically in the inset to Fig. 2A of the main text. Its 

principle features are, briefly, as follows. Single crystal mica sheets (thickness ca. 2-3 

µm) are cleaved (as described in ref.4 to avoid contamination), back-silvered and 

mounted on crossed cylindrical lenses within the SFB, and their relative normal 

separation and lateral motion is controlled via a 3-stage system, the most sensitive of 

which is the sectored piezoelectric tube P (inset to fig. 2A). White-light multiple beam 

interferometry enables measurement of the surface separation, D (at the point of closest 

approach), between the mica surfaces (optimally to ±0.2 - 0.3 nm), and allows the 
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geometry of the contact area (including the mean radius of curvature of the mica 

surfaces R ≈ 1 cm) and any flattening of the surfaces, under load or adhesion, to be 

determined. The bending of the normal force and shear force springs (Kn and Ks in the 

inset to fig. 2A, of known spring constants) are determined through the interferometric 

measurements of D and changes in air-gap capacitance (to ±0.3 nm), respectively, and 

this bending yields the normal and shear forces directly.  

	

3. Experimental procedure:  

Cleaning procedure: Before every experiment, glassware was cleaned by immersion for an 

hour in a fresh mixture of hydrogen peroxide H2O2 (30% solution) and sulfuric acid H2SO4 (95 

- 97 %, solution) in volume ratio of 3:7. The glassware was rinsed with deionized and 

conductivity water, sonicated in conductivity water and then ethanol, rinsed with filtered 

ethanol and finally dried in a laminar flow cabinet. All metal tools and attachments of the SFB 

in direct contact with the surfaces and solution were immersed for an hour in a hot (80°C) 

1:1mixture of conductivity water and nitric acid HNO3 (66 %, solution). The metal tools were 

then sonicated for ca. 10 min in conductivity water and then with ethanol, rinsed with filtered 

ethanol and finally dried in a laminar flow cabinet. 

 

Normal forces measurement:  The lower mica surface is mounted on a horizontal leaf spring 

(spring constant Kn = 150 N/m) whose bending DD is measured by interferometry to yield the 

normal forces Fn(D) with sensitivity ca. ±50nN in optimal conditions.   

 

Shear forces measurement:  Friction measurement by the SFB involves the application of 

parallel lateral motion between the surfaces via the sectored piezo-tube holding the upper mica 

sheet, as has been described in detail previously3.  Shear motion is applied by ramping the 
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potential (triangular waveform) on a sectored piezo tube, leading to an overall back and forth 

lateral motion,	Dx0, of the upper surface. Shear forces, Fs(D) = Ks.Dx(t), transmitted between 

the surfaces are monitored via the bending Dx(t) of the shear springs (spring constant Ks = 300 

N/m), determined to ca. ±0.3 nm using the air gap capacitor (Accumeasure ASP-1-ILA, MTI 

Instruments, NY). The output is a time trace of the shear spring bending, examples of which 

are shown in fig. 3A (main text). 

 

In order to minimize ambient vibrations, an electronic vibration isolation system (Halcyonics, 

MOD-1L, Gottingen, Germany) is used. The noise level in these experiments was higher than 

reported in some earlier experiments, corresponding to noise in the shear force of ca. ±0.5 – 1.0 

µN, before signal processing. To improve signal to noise, the shear traces were frequency-

analyzed (fast Fourier transformed, FFT) and the amplitude of signal at the applied frequency 

was determined both with the surfaces far apart and at progressively smaller separations. A 

small systematic error, arising from a weak coupling of the shear springs of the SFB to the body 

of the apparatus via the thin PZT connection wires, results in a small signal Fs,0 (at the drive 

frequency5), which is not related to the shear force between the surfaces and which depends on 

the amplitude Dx0 of lateral motion applied to the top surface3. It is evaluated from 

measurements at large D where the shear force between the surfaces vanishes, and may be 

subtracted (as in fig. 6) from the value of Fs (we emphasize that in general Fs >> Fs,0).	

	

4. Estimate of surface charge density on AF surface 

The measured surface charge density at the water/(hydrophobic) hexadecane interface 

determined in the study of ref.6 at pH ≈ 8 is  s ≈ -e/(3nm2), and we take the surface charge 

density at the water/(hydrophobic) AF interface at such a pH (= 8) value to be similar. The 

corresponding surface potential y0 at the AF surface, using the Grahame equation7  
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,	 (where e is the electronic charge, e	 and	 e0	 the dielectric 

constant and free-space-permeability constant respectively, kB and T have their usual meaning,  

and c∞	is the bulk salt concentration) is y0	≈ -240 mV (where c∞	is taken equivalent to ca. 8x10-

5 M 1:1 electrolyte for the no-added-salt water, see fig. 2). From ref.8, the increase in the zeta 

potential of an AF surface on going from pH = 8 to pH = 6 is ca. 55 mV. If we make the 

reasonable assumption that this pH change results in a similar change also in the surface 

potential, this yields	y0	≈	(-240		+	55)	mV	≈	-185 mV. Inserting this value in the Grahame 

equation yields sAF	≈	-e/(9 nm2). This is the value used to generate, the Poisson-Boltzmann 

equation augmented by vdW interactions (Methods section in main text), the black curve 

through the data in fig. 2A of the main text.	

	

5. Concerning the nature of the charge on AF in water 

The main conclusion from the repulsive Fn(D)/R profiles of fig. 2A is that the AF surface under 

water is negatively charged, though the force profiles cannot reveal the origin of the charge. 

The more general issue of the precise nature, distribution and indeed sign of the charge at the 

interface of water with hydrophobic media is a topic of considerable debate, whose detailed 

consideration is beyond the scope of this work. In particular, the charge at the water/air 

interface (which differs from the water/solid-hydrophobic-surface in the present study), has 

been investigated in much detail using a wide variety of approaches, ranging from macroscopic 

surface tension studies to sophisticated spectroscopic/microscopic methods as well as 

computational approaches (see for example refs.9-17). Most (though not all) of these studies 

indicate a net positive charge at the air (or vapour)/water interface, arising from an excess of 

hydronium ions. In contrast, for the case of water in contact with a condensed-phase-

hydrophobic or solid-hydrophobic surfaces, as in the present study, most of the studies suggest 

a negatively-charged interface at the pH ≈ 6 of the present experiments. Thus the negative 

σ = 8εε0kBT sinh(
eψ 0

2kBT
) c∞
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charge on the hydrophobic AF surface under water consistent with the Fn(D)/R profiles of fig. 

2A main text (black curve) is in line with ζ-potential measurements on inert hydrophobic solids 

such as PTFE18, polystyrene, poly(vinyl chloride)8, C18-trimethoxysilane on silica19 and C18-

thiol on gold20, and in particular on an AF surface8,21. It is also in line with several previous 

force-measurement studies, using both SFBs and scanning force microscopy methods, showing 

repulsion across water between a hydrophobic and a (negatively-charged) hydrophilic surface22-

26.  In many of these studies (for example refs.6,8,21,27-30) of the water/hydrophobic-condensed-

phase interface, an excess of the negatively-charged hydroxyl –OH- ion at this interface has 

been suggested as the origin of the negative charge, though also other possibilities have been 

suggested31. In any case, the presence of hydroxyl ions at the AF/water interface is not proven 

by the present results, nor is it essential for understanding the friction reduction, as we do, in 

terms of lubrication provided largely by trapped hydrated counterions.  

 

6. Concerning friction between two hydrophobic surfaces under water 

The present study considers the friction between a hydrophilic (mica) surface sliding across a 

hydrophobic (AF) surface. For completeness we note qualitatively that the case of friction 

between two hydrophobic AF surfaces, which is not within the scope of our investigation, is 

very different to the hydrophilic-hydrophobic situation of our study. This is because on 

approach to contact of two hydrophobic (AF) surfaces, a water-vapour-filled cavity may 

spontaneously form between them prior to contact32-38, eliminating the liquid-water/solid-

hydrophobic interface. This cavity collapses as the two hydrophobic surfaces come into 

intimate van der Waals (vdW) adhesive contact, leaving no water or hydrated ions between 

them to provide lubrication. Subsequent sliding between them entails substantial energy 

dissipation as the vdW adhesion contact is sheared, with consequent high friction39. 
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