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Abstract 

This article describes molecular dynamics simulations of an ionic liquid (IL) confined between iron 

oxide surfaces under relatively high pressure and severe shearing, representative of a typical 

steel-steel lubricated contact. The simulations reveal the presence of hydrodynamic and thermal 

slip at the walls, despite the wetting nature of the fluid/wall interface. A crucial consequence of the 

temperature slip is the subsequent increase of the fluid temperature under shear, which modifies 

its effective rheology, resulting in a saturation of the shear stress at high shear rates. Overall, this 

article provides a methodology for accurate modeling of tribological contacts lubricated by a 

nanometer-thick IL film. The results contribute to the debate on the saturation of the shear stress at 

high shear rates, and reveal the rich phenomenology arising in severe tribological conditions, 

departing from the traditional understanding of nanofluidic transport, mainly built in the linear 

response regime and standard thermodynamic conditions.  
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1. Introduction 

Room temperature ionic liquids (RTILs), often simply referred to as ionic liquids (ILs), are salts 

composed of atomic or molecular cations and anions. Although these compounds are subjected to 

strong Coulombic interactions, they are liquid over a wide range of temperature (from well below 0 

°C to hundreds of Celsius degrees)1,2. It is possible to adjust the physical and chemical properties 

of RTILs by choosing or modifying the appropriate cation or anion. A large number of combinations 

is possible, with some estimates reaching 1018 couples1. In engineering problems, ILs are 

considered as promising lubricants due to the diversity of their characteristics, and their favorable 

response in lubricated interfaces3–5. Consequently, in the last decade, the interest in ILs as 

lubricants has developed quickly, as evidenced by the increasing number of papers published each 

year on the subject3. 

In a lubricated contact subject to severe solicitations, the heat produced by friction can cause an 

important increase of temperature. In addition to a significant thickness reduction, this may lead to 

the degradation, evaporation, and even combustion of the lubricant5. ILs feature several favorable 

characteristics that can prevent those undesired situations, including high thermal stability, non-

flammability, negligible volatility, and appropriate pressure-viscosity and temperature-viscosity 

dependences3,5–7. ILs were also suggested as lubricants in spatial applications owning to their low 

vapor pressure and high radiation resistance properties8. They were as well considered in 

lubricated systems for their use as additives3 or with additives5 and can exhibit in both cases better 

responses than usual lubricants. 

Simultaneously, the thickness of lubricated contacts has gradually decreased due to more 

demanding design, and environmental / efficiency constraints9. As a consequence, the lubricant 

film thickness of such systems has been reduced down to the size of a few molecules at some 

locations, where the fluid can no longer be considered as a continuum medium. The discrete 

conformation of the molecules induces a unique rheology and a specific interfacial behavior which 

will have a significant impact on the global response of the contact to operating solicitations10. 

Detailed investigations on ILs as lubricants at the nanoscale are thus essential to anticipate future 

lubricated systems. 
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Numerous experimental studies at macroscale emphasized the influence of ILs composition on 

their intrinsic properties and tribological response. First notable observation, the alkyl chain length 

of the ions has a direct influence on the ILs viscosity1,3, on their melting point3 and on their surface 

tension and pressure-viscosity coefficients11. Similarly, anion and cation composition and structure 

directly affect the same intrinsic properties3,7,11,12 together with friction and wear1,13–15. The influence 

of both ionic liquid composition and surface nature on tribofilm formation, lubricant squeeze-out, 

surface corrosion and wear16 was also evidenced experimentally. Questions then arose about the 

replication of all the above-mentioned effects at smaller scale and, more generally, about the 

influence of each nanoscale feature on the global system response. ILs nanoconfinement implies a 

structuration of the ions in layers next to the surfaces, which depends first on the surface charge, 

as well as a change of the global dynamics. Numerical and experimental works revealed that over 

positively or negatively charged walls stand anion or cation monolayers17, respectively, and over 

neutral surfaces stand mixed cation/anion layers18,19. Ions size also impacts structuration: a typical 

example is the formation of tail-to-tail bilayers of cations if their alkyl chain length is oversized20. 

Although few works were conducted in the field, studies based on molecular dynamics (MD) 

simulations depicted the featured mass transfer of the confined ions21,22 and the effect of surface 

roughness23. At a larger scale, the effects of nanoconfinement on the contact dynamics can be 

measured through the influence of different parameters on the overall friction response of the 

system. Different experimental research groups thus revealed the primary role of the fluid layering 

and its thickness on the global viscosity of the confined ILs24. Similarly, under severe confinement 

(e.g. a few layers of ions subjected to high pressure), a complex relationship between shear rate 

and the ensued friction was characterised24. In the most extreme conditions, ILs layer(s) confined 

between shearing surfaces can even exhibit a solid-like behavior15,25. MD allows a detailed 

exploration of the physical phenomena occurring at high confinement and therefore it is an 

appropriate tool for elucidating the tribological properties of complex fluids. It also can properly 

model the distinct polar nature of oxide surfaces (composed of charged atoms), and characterize 

their interactions with lubricants, and in particular with ionic liquids.  
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Finally, among the works conducted on nanoconfined ILs and the few ones on their response to 

shearing, none simulated surfaces representative of a classical steel-steel contact. One of the 

goals of this work is thus to characterize the behavior of a nanoconfined sheared IL in between 

FeO solid walls, under the typical working conditions of a lubricated contact. Introducing the 

influence of these realistic surfaces to explore the IL behavior when the contact is static or under 

shearing would contribute to improve the current knowledge on a new class of promising 

lubricants. A second aspect poorly investigated so far, to the best of our knowledge, is the thermal 

distribution in sheared ILs, whereas severe degradations might result from an immoderate heating. 

In this paper, we therefore show how a reliable MD model can predict the intrinsic properties of a 

RTIL in good agreement with measurements. Confinement and shearing conditions are then 

simulated: the occurrence of layering at the interface and its consequence on friction are discussed 

thanks to a through-thickness mass and energy transfer analysis. 

 

2. Model 

 

Figure 1. Simulated Ionic Liquid: cation (left) and anion (right) molecules. 

In the context of mechanical transmission, RTILs were experimentally studied in steel-steel 

contacts, as it is frequently the case in lubricated systems. Under such conditions, it was observed 

that hydrophobic anions like bis(trifluoromethylsulfonyl)imide [NTf2-] perform well3. Moreover ILs 

with this anion exhibit pressure-viscosity coefficient and viscosity index ratio7,11 that confer them an 

optimum stability under high pressure and wide-temperature range conditions. With respect to the 

cation, imidazolium-based RTILs proved to be thermally stable and adaptable. Indeed, through 

different chemical reactions, alkyl chains of varying lengths can be positioned on the imidazole 

ring, modulating its physical and chemical characteristics5. Finally, coupling a 
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bis(trifluoromethylsulfonyl)imide [NTf2-] anion with a short alkyl chain length imidazolium as the 1-3 

dimethylimidazolium [mmIm+] (illustrated in Fig.1) results in an ionic liquid with one of the lowest 

possible viscosity, and comparable to the one of common lubricants3,11. This feature can induce 

low friction in tribological systems working in the full film lubrication regime, but also cause more 

lubricant squeezing out of the contact, which would highly favor the presence of the nano-confined 

areas that are central in this work. At last, the size of [mmIm+] cations is very close to the one of 

[NTf2-] anions, meaning the results of this study are exempt from possible asymmetrical effects. To 

model the behavior of ionic liquids by MD simulations, Canongia Lopes et al.26,27 built a non-

polarizable all-atom force field from quantum mechanical calculations. This force field is able to 

describe a large set of IL compounds, but it generally fails to reproduce quantitatively their 

transport properties. In particular, it typically overestimates their viscosity by one order of 

magnitude28. As quantitative results were expected from the present study, we implemented a 

standard charge scaling procedure28,29 in order to properly reproduce the evolution of the density 

and of transport properties of the [mmIm+][NTf2-] ionic liquid with the temperature. This modification 

was conducted following the method described by Chaban30 and is described in detail in Electronic 

Supplementary Information (ESI). 

The surface of carbon steel in contact with ambient air oxidizes and different compounds can result 

from the reaction (FeO, Fe2O3, FeO(OH)...)31. Among those compounds, iron oxide (FeO) is a 

relevant candidate to realistically describe the upper molecular layers of an engineering surface. 

The ionic liquid was thus confined between two model FeO surfaces. The integration of FeO in MD 

simulations was ensured by a force field proposed by Cygan et al.32 and later validated for metal 

oxides33. Only intermolecular interactions were employed in this force field to represent the solid. 

The values of the Lennard-Jones coefficients were used as they were in the original force field but 

the Coulombic charges were set to the fully ionized values of the atoms: -2.e for the oxygen atoms 

and +2.e for the iron ones, so as to better capture the polarity of FeO surfaces, and its effect on the 

confined IL. Further to this adjustment, the relative deviation between the modeled crystal lattice 

constant and its theoretical value was less than 3.4%. Full details of the force field used in this 

work are available in ESI. 

Page 5 of 25 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



	   6	  

           

   

Figure 2. Simulation domains of a) the bulk IL with 3 periodic boundaries (50x50x50 Å3) b) the 

confinement of 188 IL pairs between two FeO walls with periodic boundaries along x and y (50x50 

Å²). Cations atoms are in blue and anions ones are in red. In the FeO walls, Fe atoms are in green 

and O atoms in red.  

 

Molecular Dynamics (MD) simulations were conducted with the open source LAMMPS code34. A 

cuboidal simulation cell (Fig.2a) was defined and periodic boundary conditions applied along 𝑥 and 

𝑦 directions. In the first simulations of the bulk IL properties, periodic boundary conditions were 

also applied along the 𝑧 axis, and the dimensions of the numerical domain in all directions were 

equal to 50 Å. In the case of the confined IL simulations (Fig.2b), the thickness of the iron oxide 

walls was set to 8 atom layers (corresponding to about 16 Å). The ionic liquid thickness was free to 

evolve according to the number of molecules in the simulations and to the imposed conditions 

(temperature, pressure, wall velocity…). 

a)	  

b)	  
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To optimize computational times, the RESPA algorithm35 was used to integrate Newton’s equation 

of motion over different time steps depending on the considered interaction forces. Integration time 

step was set to 0.5 fs for intramolecular interactions and to 2 fs for intermolecular ones. During the 

relaxation stage of equilibrium simulations with the IL alone, Nose-Hoover barostat and thermostat 

regulated the pressure and temperature of the fluid with relaxation times of 2000 fs and 200 fs, 

respectively. When the IL was confined by solid walls, only the temperature of the surfaces was 

held constant with a Langevin thermostat36 and the IL temperature was let free to evolve. The 

pressure was imposed through a normal force uniformly applied to the atoms located at the wall 

surfaces not in contact with the fluid (Fig.2b). In order to depict as well as possible a realistic 

tribological contact, pressure was set to 500 MPa and the wall temperature to 350 K. 

 

3. Results and discussion 

3.1 Bulk ionic liquid: viscosity 

 

Figure 3. Dependence of the bulk shear viscosity of [mmIm+][NTf2-] on shear rate at T = 303 K and 

𝑝 = 0.1 MPa, obtained from MD simulations (circles). Results are fitted with a Carreau law, Eq. (1), 

with 𝜂! = 36 mPa.s, 𝑡!"# = 1.48 ns and 𝑁 = 0.302 (dashed line).	   

 

Simulations were first carried out to compute the variation of the bulk shear viscosity 𝜂!"#$ of 

[mmIm+][NTf2-] with shear rate at T = 303 K and 𝑝 = 0.1 MPa. Muller-Plathe algorithm37 was used 
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to ascertain the viscosity: momenta between particles belonging to different regions of the 

simulation domain were exchanged at regular time steps to introduce shearing between those 

regions. This way, viscosity was calculated over 4 orders of magnitude of shear rate. This 

approach is limited down to a certain shear rate value because the hydrodynamic velocity of the 

atoms becomes too low to be properly detected owing to the relative increase of the thermal noise. 

Results obtained for 𝜂!"#$ are plotted on Fig.3, where they are fitted with a Carreau model38: 

𝜂!"#$ = 𝜂!  (1 + (𝛾𝑡!"#   )!)
!!!
!!       (1) 

where 𝛾  is the shear rate, 𝜂!   the Newtonian viscosity previously calculated in the low shear rate 

limit using a Green-Kubo expression (𝜂!  = 36 mPa.s), 𝑡!"# the relaxation time and 𝑁 the exponent 

of the Carreau expression. The two latter parameters were evaluated from a nonlinear regression 

and found to be equal to 1.48 ns and 0.302, respectively. We observed that the numerical values 

were well represented by the Carreau model. The Newtonian plateau, corresponding to the 

Newtonian viscosity, was reached in the simulations. A classical viscosity drop was observed 

beyond the plateau, with the fitted relaxation time 𝑡!"# = 1.48 ns close to the molecular relaxation 

time, estimated to ca. 2 ns from the equilibrium IL properties by using the following expression: 

𝑡!"# = 𝑑! 𝐷         (2) 

where 𝐷 is the average diffusion coefficient (at T = 303 K and 𝑝 = 0.1 MPa) and 𝑑 the typical ion 

size. 
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3.2 Confined ionic liquid: structuration and orientation 

 

Figure 4. Ion number density profiles of the [mmIm+][NTf2-] IL confined between FeO surfaces with 

a pressure 𝑝 = 500 MPa and a wall temperature T = 350 K: [mmIm+] cations (blue triangles), [NTf2-] 

anions (red squares), and total density (grey circles). 

 

When it was confined between two surfaces, the ionic liquid lost its homogeneous structure with 

respect to the direction perpendicular to the walls. Fig.4 shows the ion density profilesa of 188 

[mmIm+][NTf2-] pairs confined in between two FeO surfaces at T = 350 K and under a pressure 𝑝 = 

500 MPa. The resulting film thickness was 28.4 Å. Well-defined ion layers were observed close to 

the surfaces, with first density peaks reaching ca. 220 and 135 % of the bulk density for the cations 

and anions, respectively. Both cations and anions were well represented in every formed layer, 

implying that no monolayer of a single ionic type was present at the interface. The amplitude of the 

layers density declined with the distance from the walls, and almost vanished after two 

occurrences. Thus, the average density in the central region of the confinement was very close to 

the IL bulk one.  

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a To compute the density profiles, all the atoms belonging to a given ion type were binned along 

the z direction, and the resulting profile was then normalized by the number of atoms per ion type. 
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The organization of the simulated solid material can explain the absence of separated layers of 

cations or anions: even though the studied surfaces were polar, including both iron (2+) and 

oxygen (2-) ions, and so subject to Coulombic interactions, they remained globally uncharged and 

their first atomic layer in contact with the fluid was equally composed of alternating Fe and O ions. 

The distance between Fe and O ions in the solid being significantly smaller than the size of IL ions, 

the latter did not experience a net Coulombic attraction/repulsion and could mix freely near the 

surfaces. The formation of mixed anion-cation layers was also proven experimentally for ILs 

confined between neutral, apolar graphitic or gold surfaces18,19, and numerically between iron 

surfaces39 whereas successive monolayers of separated cations and anions were distinctly 

observed next to negatively charged surfaces like mica24,40. 

 

 

a)	  
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Figure 5. Ions orientation close to the wall under confinement, at 350 K and 500 MPa. 7a) Cations 

orientation with respect to the surface: variation of 𝛼!", the average angle between the normal to 

the surfaces (z axis) and the vector normal to cation rings. The cation density profile is 

superimposed for comparison (blue dashed line). 7b) Anions and CF3 orientations with respect to 

the z axis represented by the variation of 𝛼!" and 𝛼!" angles (see text for detail). The anion density 

profile is superimposed for comparison (red dashed line). 

 

Still considering Fig.4, the width of the density peaks should be correlated to the size of the 

molecules; nevertheless the width of the first [mmIm+] and [NTf2-] density peaks was significantly 

different although the ions were of similar size. The organization of the molecules in the first layers 

nearby the surfaces provided an explanation, as it can be seen in Fig.5 where the orientation taken 

by the ions in that region is reported. Fig.5a shows the variation of 𝛼!", the average angle between 

the normal to the wall and the vectors normal to cation rings: a low 𝛼!" value indicates that cations 

tend to be oriented parallel to the surface. Open circles on Fig.5b show the variation of 𝛼!", the 

average angle between the normal to the wall and the vectors 𝑆𝑆′ of the anions, 𝑆 and 𝑆′ being the 

two sulfur atoms. Similarly, black squares on Fig.5b display the variation vs. the distance from the 

wall of 𝛼!", the average angle between the normal to the solid-walls and the sum of the two 

vectors 𝑆𝐶 and 𝑆′𝐶′  of an anion, (𝑆,𝑆’) and (𝐶,𝐶’) being the couples of sulfur and carbon atoms, 

b)	  
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respectively. From the last two cases, the closer to 90° the value of 𝛼!" and the closer to 0° the 

value of 𝛼!" are, the more the anions are oriented parallel to the surface with the CF3 groups 

pointing toward the central part occupied by the IL.  

Fig.5a and 5b show that, at the solid-liquid interface, both cations and anions were oriented parallel 

to the walls. Nevertheless, the CF3 groups of the anions in contact with the walls were distinctly 

oriented perpendicular to the walls, which explains the broader density peak of the anions. These 

results are in accordance with the observations of two others research groups who studied the 

same [mmIm+][NTf2-] IL pairs confined between either non-charged gold surfaces19 or negatively-

charged mica surfaces41. [mmIm+] cations were found to be oriented parallel to mica surfaces and 

[NTf2-] anions oriented with their CF3 group pointing toward the bulk. Other works carried out with 

different IL pairs presented comparable results regarding ions orientation. Atkin18 and Mendonça39 

observed the following trends on graphite and iron surfaces, respectively: the cation rings tended 

to align parallel to the surfaces while the anions alkyl chains were oriented toward the bulk. 

However in the same study but on mica surfaces, Atkin observed a slightly different orientation of 

[emIm+] cations with their alkyl chain pointing toward the bulk. The positive charge of the cations 

attracted by mica being located in the imidazolium ring, it was suggested that long alkyl-chains 

tend to get away from mica surfaces. Those tendencies were also confirmed through MD works17 

on confined [emIm+][NTf2-].  

Finally, combining our results with results from the literature, the layering structuration of the ions in 

confinement appears to strongly depend on the surface charge, with the formation of: 

§ separated cation and anion monolayers when confined between charged surfaces, 

§ mixed layers when confined between uncharged surfaces, either polar or nonpolar. 

On the other hand, the orientation of IL ions is found to be less sensitive to the surface charge. 
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3.3 Confined ionic liquid: shearing 

We then sheared the confined system by imposing opposite velocities of ±  𝑈 2 to the confining 

walls (Fig.2b). The temperature was kept constant and equal to 350 K in the walls and was free to 

evolve in the fluid. The pressure applied to the system was held to 𝑝 = 500 MPa. The shear 

velocity, 𝑈, was varied from 2.12 to 160 m/s, leading to apparent shear rates, 𝛾!"" =   𝑈 ℎ (with ℎ 

the IL thickness), ranging between ca. 8x108 and 6x1010 s-1. The global film thickness increased 

slightly but regularly with the shear velocity, up to ca. 7 % for the extreme case of 𝑈 = 160 m/s. 

The structuration of the [mmIm+][NTf2-] IL remained remarkably similar to the non-sheared one 

shown in Fig.4.  

 

Figure 6. Evolution of the global shear stress 𝜏 in the lubricated contact as a function of the shear 

velocity, for an imposed pressure of 500 MPa and a wall temperature of 350 K. The dashed line is 

a guide for the eyes. The shear velocity was varied between 2.12 and 160 m/s.  

 

Global response - We first measured the global response of the system: Fig.6 represents the 

evolution of the global shear stress 𝜏 = 𝐹shear/𝐴 (with 𝐹shear the total shear force measured on the 

confining walls and A the contact area) in the lubricated contact as a function of the shear velocity. 

The shear stress varied only slightly when the shear velocity spanned over almost 2 orders of 

magnitude, and reached a plateau at high shear velocities. The corresponding (solid) friction 
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coefficient, 𝜁   =   𝜏  /  𝑝, ranged between 0.1 and 0.2, which is consistent with experimental 

measurements on nanoconfined IL25,42. 

 

 

Figure 7. Confined [mmIm+][NTf2-] ionic liquid undershear, for an imposed pressure of 500 MPa 

and a wall temperature of 350 K. 9a) Typical velocity profile (  𝑈 = 40 m/s); the total density profile 

of the IL is superimposed for comparison. 9b) Viscosity of the confined IL as a function of the 

effective shear rate 𝛾!"" =   − 𝑑𝑣 𝑑𝑧 in the confined fluid. The dashed line is a Carreau regression 

of the viscosity. The red cross indicates the value of the Newtonian viscosity, obtained 

independently from equilibrium bulk simulations at 500 MPa and 350 K, using a Green-Kubo 

formula.  
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Local response: viscosity - In order to explain the saturation of the shear stress 𝜏 with the shear 

velocity, we then investigated the IL response locally. Fig.7a represents a typical velocity profile, 

obtained for a shear velocity of 𝑈 = 40 m/s at a pressure of 500 MPa and a wall temperature of 350 

K. Overall, the velocity profile was little affected by the IL layering close to the walls and remained 

linear throughout the whole fluid film. This homogeneity was not always ascertained with other 

fluids: a numerical study quantified the viscosity profiles of different Lennard-Jones fluids in 

confinement43 and detected some viscosity reduction between well-formed layers near the 

surfaces. The strong interaction between the formed mixed layers in our study could explain the 

absence of similar variations. 

The confined fluid then underwent a homogeneous effective shear rate, defined as 𝛾!"" =   − 𝑑𝑣 𝑑𝑧 

in the linear region of the velocity profile. The rheology of the confined IL was characterized by 

computing the viscosity 𝜂 𝛾!"" =    𝜏 𝛾!"", as represented in Fig.7b. As for the bulk IL at ambient 

temperature and pressure, the evolution of the viscosity with the effective shear rate was well 

described by a Carreau law (Eq. 1), with a Newtonian viscosity 𝜂! = 229 mPa.s, a relaxation time 

𝑡!"# = 3.21 ns, and an exponent 𝑁 = 0.517 (note that although the MD data did not reach the 

Newtonian plateau, the lowest effective shear rates simulated were sufficiently close to it so as to 

estimate the Newtonian viscosity with good accuracy). Remarkably, the Newtonian viscosity 

obtained from the Carreau fit matched the value obtained independently from equilibrium bulk 

simulations at 500 MPa and 350 K, using a Green-Kubo formula: 225 ± 17 mPa.s. However, the 

exponent N was significantly larger for the confined IL (N = 0.517, at a pressure of 500 MPa and a 

wall temperature of 350 K) than in bulk (N = 0.302, at a pressure of 0.1 MPa and a fluid 

temperature of 303 K).  

 

Local response: liquid/solid slip - Remarkably, the velocity profiles also revealed the presence of a 

velocity jump at the interfaces between the IL and the oxide surfaces, a phenomenon referred to as 

liquid/solid slip44 (Fig.7a). Hydrodynamic slip is described with the partial-slip boundary condition, 

which links the slip velocity 𝑣!"#$ (i.e. the velocity jump at the liquid/solid interface) to the shear rate 
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in the liquid at the solid surface. In a simple shear flow as considered here, the slip velocity is 

directly related to the effective shear rate in the liquid as follows:  

𝑣!"#$ = 𝑏×𝛾!""       (3) 

where 𝑏 is the so-called slip length, which can be interpreted as the depth inside the wall where the 

linear extrapolation of the fluid velocity profile reaches the wall velocity44. For a given shear 

velocity, liquid/solid slip reduces the effective shear rate inside the IL, which can be expressed as: 

𝛾!"" = 𝑈 (ℎ + 2𝑏) = 𝛾!""/(1 + 2𝑏 ℎ)      (4) 

where 𝛾!"" = 𝑈 ℎ. 

Liquid/solid slip has therefore a significant influence on the effective shear rate when the slip length 

compares with the lubricating film width, as it was the case here. 

To offer some insight into the origin of slip in the present system, it should be emphasized that the 

slip length, though it has a simple kinematic interpretation, is not a fundamental property of the 

liquid/solid interface. Indeed, the partial slip boundary condition (Eq. 3) stems physically from the 

identification of the bulk viscous shear stress in the liquid close to the wall: 

𝜏 = 𝜂×𝛾!""         (5) 

with an interfacial liquid/solid friction stress : 

𝜏 = 𝜆×𝑣!"#$        (6) 

where 𝜆 is the liquid/solid friction coefficient44–46. Combining Eq. (5) and Eq. (6), one obtains the 

partial slip boundary condition Eq. (3), where the slip length is given by: 

𝑏 = 𝜂/𝜆            (7) 

The slip length is accordingly a combination of the bulk liquid viscosity and the interfacial friction 

coefficient.  

Page 16 of 25Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



	   17	  

	  
Figure 8. Effective shear rate dependence of a) the slip length 𝑏 =   𝑣!"#$/𝛾!"" and b) the liquid/solid 

friction coefficient 𝜆 =   𝜏/𝑣!"#$  at the IL/FeO interface (𝑝 = 500 MPa and wall temperature T = 350 

K). 

 

Fig.8 shows the evolution of both the slip length 𝑏 and the liquid/solid friction coefficient 𝜆 as a 

function of the effective shear rate. To the best of our knowledge, no hydrodynamic slip has been 

observed experimentally with ionic liquids. However, previous studies on alkanes confined 

between various non-polar surfaces identified wall-slip occurrence and its strong relationship with 

the surface composition and orientation10. Depending on the atom nature of the solid body in 

contact with the fluid, the commensurability and the corrugation forces at the interface can 

a)	  

b)	  
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profoundly change, and directly influence the presence and intensity of wall slip10,45,46. Oxygen and 

iron atoms (both present at the interface of the IL/oxide system of the current study) present 

Lennard-Jones energy coefficients32 favoring wall slip in the absence of Coulombic interactions10. 

Nevertheless, when considering ionic liquids, Coulombic interactions are predominant at the 

interface and should modify the corrugation forces opposed to slip. Other MD works simulating 

different confined ILs encountered little to no slip response to shearing23,47. In order to understand 

the origin of slip in the current study, it became essential to characterize the solid/liquid 

interactions. In particular, for simple liquids at low pressure and small shear rate (i.e. in the linear 

response regime), a large experimental and numerical effort over the last 20 years has highlighted 

the existence of a quasi-universal relationship between the slip length and the wetting properties of 

the liquid/solid couple43,48, although some recent works have shown that the wetting properties 

alone can fail to predict the slip length49,50. This quasi-universal relationship predicts that slippage 

is favored on non-wetting substrates, and that it should not occur for contact angles below ca. 80°. 

We therefore measured the wetting properties of the IL/FeO couple in an independent simulation of 

an IL droplet on a FeO substrate and found a rather wetting behavior, with a contact angle of 43°. 

Hence, the relationship between wetting and slippage fails for the system under consideration, 

which suggests that the presence of slip in our study was due to the particular working conditions 

of high pressure and high shear rates typical of a lubricated contact. Specifically, the combination 

of two factors can explain the presence of significant slip. Firstly, the important viscosity resulting 

from the severe confinement of the system (up to 225mPa.s at 𝑝 = 500 MPa) tends to increase the 

slip length as the two values are directly proportional (Eq. 7). Secondly, the comparison of the 

evolution with the shear rate of both the bulk viscosity and the fluid/solid friction coefficient reveals 

that the first decreases slower than the second, resulting in an increase of the slip length with the 

shear rate (Eq. 7). In other words, the strong viscosity of the fluid has a higher influence on slip 

than the friction of the fluid/solid interface. 

Another interesting feature concerns the fact that the slip length saturated in the large shear rate 

limit. This contrasts with previous numerical results on simple fluids obtained in less severe 

thermodynamic conditions, where the slip length has been shown to diverge51, although other 

works also observed a saturation when using thermostated walls52,53. Back to Fig.8b, in the high 
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shear rate limit 𝜆 scaled exactly as the fluid viscosity. Consequently, the slip length, which is the 

ratio between the two quantities, reached a constant value. In other words, the vanishing 

liquid/solid friction at high shear rates did not result in a diverging slip length because it was exactly 

compensated by the vanishing fluid viscosity.  

	  

	  

Figure 9. (a) Typical temperature profile of the sheared IL, for a shear velocity 𝑈 = 40 m/s, a 

pressure 𝑝 = 500 MPa, and a wall temperature T =350 K. (b) Evolution of the thermal conductance 

of the fluid/solid interface with the effective shear rate. Inset: Evolution of the average temperature 

of the confined IL with the effective shear rate.  

 

b)	  

a)	  
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Local response: temperature slippage - As it can be observed in Fig.9a, showing a typical velocity 

profile, a thermal slip operated simultaneously to the one of velocity, associated with a finite 

thermal conductance of the liquid/solid interface. Fig.9b represents the evolution of the thermal 

conductance 𝐺 = 𝑞 Δ𝑇 (with 𝑞 the heat flux and Δ𝑇 the temperature jump at the liquid/solid 

interface) as a function of the effective shear rate in the IL. The variation of the conductance 

appeared to be strongly correlated to the inverse of the evolution of the slip length (Fig.9a). This is 

consistent with previous observations54 of a correlation between hydrodynamic and thermal slips, 

and could result from shared underlying mechanisms occurring at the molecular level. 

As a consequence of the limited heat transfer between the lubricant and the walls, the average 

temperature of the confined fluid increased progressively and significantly with the effective shear 

rate, as shown in the inset of Fig.9b. This temperature increase is the key to the specific behavior 

of the confined IL. In particular, it explains the observed increase of the lubricant film thickness with 

the shear velocity, through thermal expansion of the fluid. More importantly, the increase of fluid 

temperature is expected to amplify the decrease of viscosity with the shear rate, explaining the 

larger exponent N in the Carreau law measured for the confined fluid, as compared to the bulk one. 

One can note here that the Carreau law for the confined fluid is therefore an effective one, hiding a 

complex mechanism involving the coupling between the fluid temperature and the shear rate.  

 

Back to the global response – Now that we have investigated in detail the bulk and interfacial 

response of the confined IL to shear, we will show that the saturation of the global shear stress 

(Fig.6) can be related to the particular rheology of the confined IL, measured inside the lubricated 

contact. We will also emphasize that due to this particular rheology, the presence of liquid/solid slip 

has no significant influence on the plateau value of the global shear stress. 

Indeed, the global shear stress in the lubricated contact can be expressed as the viscous shear 

stress inside the fluid: 𝜏 = 𝜂!""×𝛾!"". We have shown that the viscosity of the confined IL followed 

a Carreau law (Eq. 1), with an exponent 𝑁 = 0.517. Beyond the Newtonian plateau (i.e. when 

𝛾!"" ≫ 1 𝑡!"#), the Carreau law simplifies to a simple power law:  

𝜂 !!""   ~  𝜂!× 𝛾!""×𝑡!"#
!!!
!  
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The shear stress in the IL then becomes:   ~  𝜂!×𝑡!"#
!!!
! ×𝛾!""

!!!
! !! . For an exponent of precisely 

0.5, 𝜏 becomes independent of the effective shear rate, and reaches a plateau at a value: 

𝜏!"#   ~   𝜂!   𝑡!"#. Remarkably, in that specific situation, the reduction of effective shear rate due to 

liquid/solid slip will therefore not help to reduce the global shear stress. 

Beyond the interest of previous results for the chemical physics community, the response of the 

system to shearing give some insight on the choice of using ILs as lubricants in steel-steel contacts 

under severe working conditions. As the shear rate rises, this work revealed that the presence of 

both an anomalous effective shear thinning and a velocity wall slip lead to a limitation of the shear 

stress and thus of the global friction. It is important to notice that this friction limitation is 

accompanied by a significant temperature increase. In that regard, the high thermal stability of ILs 

(and especially of the [mmIm+][NTf2-] compound) makes them particularly suitable lubricants 

compared with conventional ones. 

 

Conclusion 

Molecular dynamics (MD) simulations were used to quantitatively describe the structure and 

dynamics of a [mmIm+][NTf2-] ionic liquid (IL) confined between two FeO surfaces. Several features 

occurring in the system were thus characterized: (i) viscosity - shear rate dependency (ii), layering 

structuration similar to the one found with uncharged surfaces and standard ions orientation, (iii) 

wall slip and low interfacial friction, (iv) thermal slip and its consequence on the previous points.  

Overall, this article provides a methodology for accurate modeling of the tribological contact 

lubricated by a nanometer-thick IL lubricant. In particular, it shows the importance of accounting for 

heat transfer, which can profoundly modify the mechanical response of the lubricated contact. The 

results emphasize the rich phenomenology arising in typical working conditions of a lubricated 

contact, involving extreme pressure and temperature, together with large shear rates, pushing the 

system beyond the linear response regime traditionally considered in the physics community.  

Further works are needed to fully outline the ionic liquid response to shearing under severe 

confinement. Firstly, the ultimate reduction of the entrapped fluid inside nano-contacts modeled by 

IL films of 1-3 layers could reveal interesting properties like solid-like behavior24. Secondly, brute-

Page 21 of 25 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



	   22	  

force non-equilibrium MD simulations such as the ones used in this work are limited by thermal 

noise at low shear velocity. Here advanced techniques such as the transient time correlation 

function method55 could override this limitation and be used to probe the non-linear response of 

confined IL down to the Newtonian regime. Finally, accurate models such as the one used in this 

work could help investigate more quantitatively friction control through external fields in IL-

lubricated contacts56,57. 
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