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Abstract. We present a molecular dynamics study of the eﬀects of conﬁnement on the lubrication and ﬂow
properties of ionic liquids. We use a coarse-grained salt model description of ionic liquid as a lubricant
conﬁned between ﬁnite solid plates and subjected to two dynamic regimes: shear and cyclic loading. The
impact of conﬁnement on the ion arrangement and mechanical response of the system has been studied
in detail and compared to static and bulk properties. The results have revealed that the wall slip has a
profound inﬂuence on the force built-up as a response to mechanical deformation and that at the same
time in the dynamic regime interaction with the walls represents a principal driving force governing the
behaviour of ionic liquid in the gap. We also observe a transition from a dense liquid to an ordered and
potentially solidiﬁed state of the ionic liquid taking place under variable normal loads and under shear.

1 Introduction
In this work, the lubricating ability and ﬂow properties of
salt model ionic liquids (ILs) containing salt-like spherical
cations and anions are studied. ILs are molten salts typically consisting of large-size organic cations and anions.
The thermochemical stability, negligible vapor pressure,
viscosity, wetting performance and other physicochemical
properties of ILs are important factors contributing to the
interest in their research for lubricant applications [1, 2].
In addition, their properties can be modiﬁed by an applied voltage using conﬁning charged surfaces in order to
build up an electric ﬁeld across the nanoscale ﬁlm. The
applied potential can aﬀect the structure of IL layers and
lead to externally controllable lubricating properties [3–5].
There is also a signiﬁcant ﬂexibility in tuning the physical
and chemical properties of ILs which can aﬀect lubrication
such as viscosity, polarity and surface reactivity, by varying their atomic composition as well as the cation-anion
combination. The thermal stability and negligible vapor
pressure of ILs enable their usage at a high temperature.
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Regarding the ability of ionic liquids to dynamically
penetrate between surfaces, i.e. wetting, sometimes it is
considered that a low contact angle of the lubricant indicates the aﬃnity between the liquid and the surface, since
the liquid is more likely to stay in the area in which it
was initially placed. It is also expected that a lubricant is
going to penetrate into small-gap components. However,
the eﬀect of wettability of the ionic liquids is not understood well. The wetting of plate surfaces such as mica is
known to be partial by at least some ILs [6, 7]. Lubrication necessarily involves intimate molecular features of the
liquid-solid plate interface, related with those mechanisms
determining the ionic liquid’s wetting of the plate. When
ILs are used as lubricants, their ions are ordered into layers and adsorbed onto surfaces [8]. These adsorption layers
can reduce friction and wear, particularly in the case of
boundary lubrication [8].
An important observation is that ILs conﬁned between surfaces feature alternating positive and negative
ionic layers, with an interlayer separation corresponding to the ion pair size [9, 10]. However, determining
the structure of ILs during ﬂow and the mechanism of
nanoscopic friction with ILs as lubricants, poses a great
scientiﬁc challenge, and so far a few studies in this direction have been performed [3]. ILs involve long-range
Coulombic interactions inducing long-range order on far
greater scales than the IL itself [11–13]. Recent studies of
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IL lubricants [3–5, 10] have shown that if the molecules
interact via non-bonded potentials (Lennard-Jones and
Coulombic potential), this can capture all main physical
attributes of the IL-lubricated nanotribological system.
Therefore, molecular-scale simulations can provide important insights which are necessary for understanding the
diﬀerences in the ﬂow behaviour between bulk and conﬁned liquid lubricants and the mechanisms behind, such
as boundary layers formation in case of shearing and/or
applied normal load.
For this study, we utilize our previously developed
coarse-grained molecular dynamics (MD) simulation setup
consisting of two solid plates, and an ionic liquid lubricant
placed between them [10]. The motivation for the chosen
values of relevant model parameters (i.e., velocities, pressures, temperatures, time duration of simulations) comes
from potential applications of ILs as lubricants in automotive industry. Under typical operation of internal combustion engines, the conditions inside the combustion chamber vary signiﬁcantly. Temperature can range from 300 K
to the values higher than 2000 K, while pressure ranges
from atmospheric to the values higher than 10 MPa [14].
The piston reciprocates with a sinusoidal velocity variation with speeds varying from zero to over 20 m/s, with a
typical speed being around 1 m/s. The time required for
one revolution of the engine is of the order of 10−2 s, while
the total distance travelled by the piston over this period is
of the order of 0.2 m. Such scales are typically modelled using continuum mechanics simulations. However, such simulations cannot provide the physical insight which is necessary for understanding the molecule-dependent processes
that aﬀect the tribological phenomena. Therefore, we have
impemented a coarse-grained MD simulation setup which
can, inter alia, provide useful insights to lubrication mechanisms of piston ring-cylinder liner contact in automotive
engines.
The determination and design of new applicable lubricants require the understanding of both general and
speciﬁc behaviours of liquids when exposed to nanoscale
conﬁnement, shearing and normal load. In this study our
focus is on determining the general features of ILs as
nanoscale lubricants. Hence, we have chosen the model
of a generic IL which is simple in order to provide a wide
perspective of the relevant mechanisms governing the IL
lubrication principles.
This paper is organized as follows: sect. 2 introduces
the model and MD simulation setup of the solids and lubricants used, while the motivation for the choices made
is provided. In sect. 3 the structure and viscosity characteristics of the bulk ionic liquid are presented. Section 4
deals with the static and dynamic behaviour of conﬁned
IL. It also presents the results of conﬁned IL’s shear behaviour. Section 5 includes an overview of the principal
observations and conclusions.

2 Model
The model used in this work is a coarse-grained model
of IL which has already been exploited in previous stud-
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ies [3–5,10] and it is known as SM model (salt-like model).
It is a charged Lennard-Jones system consisting of cations
and anions. There are two types of interatomic interactions in our system and both of them are non-bonded:
Lennard-Jones (LJ) potential and Coulombic electrostatic
potential. In the current work we are comparing bulk and
conﬁned IL properties. Therefore, there are three diﬀerent atom types taken into consideration: i) cations, ii) anions and iii) solid plate atoms. Between all types of atoms
we apply the full LJ 12-6 potential, with the addition
of the Coulombic electrostatic potential for the interactions between ions. In our system the cations and the anions are charged particles, while the solid plate atoms are
electroneutral. Accordingly, we have implemented a LJ
12-6 potential combined with a Coulombic electrostatic
potential:
V (rij ) = 4ǫij



σij
rij

12

−



σij
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+

1 qi qj
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4πǫ0 ǫr rij

(1)
Parameters {ǫij , σij } deﬁne the LJ potential between
diﬀerent types of particles: i, j = A, C, P which refer to
anions, cations and solid plate atoms, respectively. The
diameter of cations and anions is set to σCC = 5 Å and
σAA = 10 Å, respectively. The mass of cations and anions
is mC = 130 g/mol and mA = 290 g/mol, respectively. The
asymmetry of ion sizes is typical in many experimentally
explored systems and the parameters have already been
explored in the literature, cf. refs. [5, 10]. The atoms of
the solid plates have a diameter of σPP = 3 Å. The mass
of the solid plate atoms is mP = 65 g/mol. The LJ potential has a short-range impact, since it vanishes rapidly
as the distance increases ∝ r−6 , while the Coulombic potential has a long-range impact, ∝ 1/r. To handle longrange interactions, we have used a multi-level summation
method (MSM) [15], since it scales well with the number
of ions and allows the use of mixed periodic (in x and
y directions) and non-periodic (in z-direction) boundary
conditions, which are present in our simulation setup with
conﬁned IL. On the other hand, in our simulation setup
with bulk IL, periodic boundary conditions are applied in
all three directions ({x, y, z}). Ions are modelled as coarsegrained particles, the charge of which is set equal to elementary: qC = +e and qA = −e, i.e., e = 1.6 · 10−19 C.
The dielectric constant is set to ǫr = 2 to account for the
dielectric screening, as in refs. [4, 5, 10].
In this study, modelling the elasticity of metallic plates
plays a secondary role (central role belongs to the lateral
and normal forces created by the lubricant). Therefore, we
have selected a simpliﬁed model in which plate atoms interact strongly with each other if they belong to the same
plate, i.e., ǫPP = 120 kCal/mol, as opposed, to a very
weak interaction between the diﬀerent plates ǫtop/bottom =
0.03 kCal/mol. The parameter ǫPP is so strong in order
to ensure that the initial conﬁguration of the solid bodies will basically remain unchanged (apart from high frequency oscillations). Furthermore, even though typical engineering systems are often metallic, our initial coarsegrained MD studies of liquid behaviour according to the
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Table 1. List of LJ parameters used in simulations.
Pair ij

ǫij (kCal/mol)

σij (Å)

CC

0.03

5

AA

0.03

10

CA

0.03

7.5

PC

0.3

4

PA

0.3

6.5

PP

120

3

applied conditions justiﬁed the implementation of a simpler solid system which does not feature substrate polarization, cf. ref. [10]. Finally, it is possible that the actual
surfaces might feature carbon coatings or depositions, in
which case the surface polarization can be of secondary
importance.
In table 1 we are presenting the values of {ǫij , σij }
parameters used in our model. Arithmetic mixing rules
√
for the LJ parameters are applied: ǫij = ǫi · ǫj , σij =
(σi + σj )/2.

3 Bulk ionic liquid
All MD simulations in this study were performed using
the LAMMPS software [16]. The bulk ionic liquid is implemented by randomly placing a chosen number of ions
(NC = NA = 1000) into a 3D simulation box that is periodic in all three directions. In order to make the bulk IL
comparable with its conﬁned counterpart, we have chosen a simulation box volume which enables the pressure
experienced by the conﬁned IL. More speciﬁcally, for the
present system, the pressure is p ≈ 1 MPa. The NoseHoover NVT thermostat was used to control the temperature and was set to T = 330 K. The system was relaxed
for ttot = 3 · 107 fs until the internal energy had converged
and the pressure had approached the desired value. The
simulation timestep was dt = 0.5 fs. We have obtained
pressure stabilization at p = 1.1 MPa with a side length
of the cubic simulation box at L = 99 Å. The energy relaxed to a value of Eint  = 0.7597 kCal/mol. The molar
and mass density of the bulk IL is ρn = 3400 mol/m3 and
ρm = 719 kg/m3 , respectively.
We have calculated the viscosity in two ways: using the
Green-Kubo relation since the viscosity of a system can
be represented as an integral of the autocorrelation function [17], and using non-equilibrium molecular dynamics
simulations with diﬀerent shear strains.
In the non-equlibrium shearing simulations, the bulk
IL is placed into a triclinic (non-orthogonal) simulation
box with periodic boundary conditions applied in all three
directions. Due to the deformation of the simulation box,
every point in the box has an additional velocity component (a so-called streaming velocity). In order to prevent
the streaming velocity from aﬀecting the thermal kinetic
energy, we use the so-called SLLOD thermostat [18, 19].
The SLLOD thermostat accounts for the streaming veloc-

Fig. 1. Dependence of the Green-Kubo (GK) viscosity coefﬁcient η GK on the simulation time ts in the case of the bulk
ionic liquid. The time needed to obtain the viscosity coeﬃcient
is around trel = 5 ns.

ity which depends on an atom’s position within the simulation box and it needs to be accounted for controlling
the temperature.
Controlled shearing of the simulation box results in a
stress acting on IL, which is quantiﬁed via the stress tensor. The relation between the stress tensor τij components
and the shear rate γ̇ij of the corresponding shear strain ǫij ,
with coeﬃcient of viscosity ηij as a proportionality constant is τij = ηij · γ˙ij , where ij = {xy, xz, yz}. We have
applied three independent shear strains (ǫxy , ǫxz , ǫyz ). For
each of them we have calculated its corresponding stress
tensor component (τxy , τxz , τyz ). All shear strains were the
same: ǫxy = ǫxz = ǫyz = ǫ = 1 leading to the shear rate of
1
1
= ttot
, where ttot is the total simulation time
γ̇ = ǫ · ttot
of the shearing simulations. We have performed simulations at four orders of magnitude of the total simulation
time: ttot = {0.1, 1, 10, 100} ns, and thus at four orders of
magnitude of the corresponding shear rate. In this way
we wanted to check the quality of our relaxation procedure and if there are shear rate dependence changes in
the system. We have iterated the shearing simulations (at
a shearing velocity of 1 m/s) using the output of the previous run as the input of the next run, obtaining higher
strains (up to a strain of 5). We did not observe a strain
dependence in the response of the system, meaning that
the result is unaﬀected if the strain is further increased.
In ﬁg. 1, we show the time relaxation of the GreenKubo viscosity coeﬃcient, which stabilizes around η GK =
0.2039 mPa · s. The conﬁguration snapshot of the bulk IL
at the end of the simulation (cf. ﬁg. 2) shows that the ions
remain randomly positioned, like they were at the start
of simulation, which indicates the liquid state of the bulk
ionic liquid. The simulations for all three shear strains
give similar values of stress components, and resulting values are shown in ﬁg. 3. The points {γ̇, τ } were obtained
via shearing simulations and the solid line was obtained
according to τ = η GK · γ̇, where η GK was obtained via
the Green-Kubo relation. Hence, we conclude that the results of shearing simulations are in agreement with the
results of the relaxation simulation and therefore there
are no changes in the bulk system which are shear rate
dependent.
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Fig. 2. Conﬁguration snapshot (yz cross-section) of a bulk IL
at the end of relaxation simulation. Cations are represented as
smaller blue spheres and anions as larger red spheres.

Fig. 3. Average stress tensor component τ as a function of
the shear rate γ̇ of a bulk SM ionic liquid. We have conducted
shearing simulations on four orders of magnitude of the shear
rate γ̇, therefore with three orders of magnitude span, which
is followed by three orders of magnitude span of τ . Points are
obtained via shearing simulations and the solid line is obtained
according to τ = η GK · γ̇, where η GK is obtained via the GreenKubo relation.

4 Confined ionic liquid
In order to study the properties of our ionic liquid under conﬁnement, we use a setup consisting of two solid
plates (so-called Top and Bottom plates) and ionic liquid
lubricant placed between them. Such simulation setup has
been introduced and described in detail in our previous
paper [10], hence at this point we will describe it brieﬂy.
The geometry is shown as a schematic in ﬁg. 4(a) together
with the number of the coarse-grained particles used. In
ﬁg. 4(b) we show a conﬁguration snapshot of our system
in yz cross-section. By implementing such a geometry we
have attempted to achieve a realistic particle squeeze-out
behaviour with the formation of two lateral lubricant regions in a similar manner to the simulations of Capozza
et al. [5]. For the description of the solid surfaces we have
combined rigid layers of particles moving as a single entity on which the external force or motion is imposed, de-
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noted by “Top Action” and “Bottom Action” in ﬁg. 4(a),
with thermalized layers, denoted by “Top Thermo” and
“Bottom Thermo” in which particles vibrate thermally
at T = 330 K. The particles in the Top and Bottom action layers are moved as rigid bodies and particles in the
thermo layers are allowed to move thermally. In this way,
we prevent a progressive deformation of the plates during
the cyclic movement. The thermo layers only vibrate thermally since a strong LJ interaction holds them together.
The ionic liquid is neutral in total, so the total number
of cations and anions is the same: NC = NA = NIL /2. In
the present simulations the total number of IL atoms is
NIL = 2500.
The plates are driven along the x-direction at a constant velocity Vx , as shown in ﬁg. 4(a). The solid plates
are made up of nine atomic layers at a FCC (111) lattice
arrangement. Periodic boundary conditions are applied in
the x and y directions, while the simulation box is kept
ﬁxed in the z-direction. The Bottom plate can therefore
be considered to be inﬁnite, while the Top plate is surrounded by the lateral reservoirs, in which the lubricant
can freely expand. The lateral reservoirs are implemented
as a mechanistic way for allowing the lubricant to be dynamically squeezed in or out as an external load or velocity
is applied. The number of lubricant molecules eﬀectively
conﬁned inside the gap can dynamically change depending
on the loading conditions. This is important for exploring the possible states of a mechanical system of particles
that is being maintained in thermodynamic equilibrium
(thermal and chemical) with a lubricant reservoir (i.e.,
void spaces in tribological system). The nano-tribological
system is open in the sense that it can exchange energy
and particles, realizing an eﬀectively grand-canonical situation [20, 21].
We have shown that our bulk IL is a Newtonian ﬂuid:
the validity of the τ = η GK · γ̇ relation over the whole range
of shearing rate γ̇ supports that fact. Our model does not
assume the nature of the viscous response of IL. Only
based on simulation results we conclude that the bulk salt
model (SM) IL behaves as a Newtonian ﬂuid. For a different choice of parameters one could obtain power law
or solid-like behaviour. On the other hand, conﬁnement
has a profound inﬂuence on the structure of ILs in thin
ﬁlms [9, 10, 20, 22], therefore when the same IL is conﬁned
it does not behave as a Newtonian ﬂuid, as we will show
in the rest of the paper.
The conﬁning surfaces can induce ordering of the particles in their vicinity. We have used simulations to obtain the static force-distance characteristic [10]. In order
to determine a reliable static force-distance characteristic,
at each calculation point we have to ensure the system is
in equilibrium. Concerning the realization of those simulations the interplate gap is modiﬁed in the following
manner: the gap is increased or decreased (i.e., the TopBottom plate distance is changed) with a constant velocity
Vz = 5 m/s for a move period of time tmove = 20 ps; thereafter, we apply conjugated gradient minimization on the
ions in order to minimize their internal energy and relax
them after the move period. As the energy minimization
is performed, the ions take positions which ensure their
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Fig. 4. (a) Schematic of the simulation setup shown as yz cross-section. There are two solid plates at the top and bottom of the
system (i.e. Top and Bottom plates, names are chosen according to their position along the z-axis), consisting of two regions: at
the outermost ones the particles are moving as a single entity (Top/Bottom Action) and at the innermost ones the particles are
thermalized at a controlled temperature (Top/Bottom Thermo). The thermalized layers are in direct contact with the lubricant
while the action layers are used to impose external velocity and/or force to the solid plates. (b) Front (yz) view with respect
to the shear direction. A typical simulation conﬁguration and key dimensions of the geometry are given. The solid plates are
made up of FCC (111) atomic layers. The ionic liquid is composed of an equal number of cations and anions (cations: smaller
blue spheres; anions: larger red spheres).

minimal internal energy and the Top plate stays ﬁxed for
a stay period of time tstay = 50 ps, during which period
the average value of the normal force is calculated; that
value is presented as a simulation point in Fz (dz ) static
characteristic, cf. ﬁg. 5. In order to avoid systematic errors
due to the initial position or direction, the plate movement
is performed in diﬀerent directions and from diﬀerent initial conﬁgurations, hence ﬁg. 5 shows the averaged values
of several realizations.
4.1 Equilibrium behaviour of confined ionic liquid
A non-monotonous behaviour of the normal force Fz acting on the Top plate can be observed in ﬁg. 5 as the
plate-to-plate distance changes from one point at which
system is equilibrated to another, using the previously described procedure. The points (dz , Fz ) have been obtained
through our simulations, while the dashed line serves as a
visual guide. It can be seen that the normal force strongly
depends on the interplate distance. The presence of negative values of normal force Fz can be understood as the IL
trying to reduce the plate-to-plate distance due to adhesion phenomena. These changes of the normal force are
correlated with the extraction and inclusion of IL layers into the gap, as already observed experimentally, cf.
ref. [9]. During the performed stationary state simulations,
the cationic-anionic layers were squeezed out in pairs, in
order to keep the system locally neutral, as observed in
experimental studies [8, 9, 20, 22, 23].
There is a strongly decreasing trend of the maximal
normal force which can be sustained by the system as
the number of ionic layers conﬁned between the plates increases, i.e., for the two ionic layers the maximal force
I
Fz,max
= 3 pN, while for the three ionic layers it is
II
= 0.25 pN. In our model, the Lennard-Jones inFz,max
teraction between the plates and the ions is ten times
stronger than between the ions themselves. The ionic lay-

Fig. 5. Dependence of the normal force Fz acting on the
Top plate on the plate-to-plate distance dz . Five characteristic points {I1 , I2 , I3 , II1 , II2 } with corresponding interplate
distances dz ≈ {14, 20, 17, 22, 27} Å are marked on the Fz (dz )
curve. Also, the two characteristic intervals of dz are labeled,
where the interval I is bounded by the points I1 and I2 , while
the interval II is bounded by the points II1 and II2 . The horizontal solid line denotes Fz = 0 pN. The dashed line connects
the points obtained from the simulation and serves as a visual
guide.

ers closest to the plates are therefore more stable than
the layers in the midpoint of the gap (interval II). As
a result, the three-layer system becomes less dense and
can build up a lower normal force compared to the twolayer system. We have selected two intervals of interest for
the interplate distance which capture the presence of local
maxima and subsequent minima of the normal force Fz accompanied with the compression of IL. This corresponds
to the expulsion of a cation-anion layer pair from the gap.
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Fig. 6. Conﬁguration snapshots (yz cross-section) accompanied with ionic density distribution along the z-direction in three
representative points of the interval I: {I1 , I2 , I3 }. Left panels correspond to the static case of Top plate’s movement, while right
panels correspond to the dynamic case of Top plate’s movement.

The intervals are: dIz = [14.2, 20] Å, dII
z = [22, 27] Å, and
they are labeled as I and II, respectively. In order to understand the changes of the system conﬁgurations and to
correlate them with the changes of the interplate distance,
snapshots of the system from the MD simulations corresponding to several characteristic points of the intervals
I and II have been selected and studied in more detail:
I1,2 , II1,2 which correspond to the limits of the intervals,
and the local maximum of the interval I, labeled as I3 .
The left vertical panel of ﬁg. 6 shows the system conﬁguration in the yz cross-section and the ionic density
distribution along the z-direction obtained in the equilibrium force-distance simulations for the three characteristic points of the interval I: {I1 , I2 , I3 }, corresponding to plate-to-plate distances dz = {14.2, 20, 17.2} Å, respectively. In ﬁg. 7 the left vertical panels show analogous results for the two characteristic points of the interval II: {II1 , II2 }, corresponding to plate-to-plate distances dz = {22, 27} Å, respectively. The ions are depicted
smaller than their LJ radii in order to allow a direct observation of the layering. The positions of the atomic centres
of the innermost atomic layers of the Top and Bottom
plates are labeled in ﬁgs. 6 and 7 as zT and zB respectively. As the Bottom plate is kept ﬁxed during the whole
simulation, zB remains constant while zT changes with the
Top plate displacement. A general feature observed under

all conditions was the formation of cationic layer close to
the plates. The reason is the smaller size of the cations
(σCC = 5 Å) compared to the anions (σAA = 10 Å). Following, the second layer gets induced by the ﬁrst one (due
to Coulombic interaction) and it is populated by anions.
The distance between the ﬁrst and the second layer from
the bottom is in the range of 1–2.5 Å, meaning that while
the centres of mass of the particles are in diﬀerent layers,
the layers themselves overlap as their distance is smaller
than the particle diameters.
From ﬁg. 7 we observe that the anionic √
monolayer
thickness is roughly 7 Å and corresponds to 10/ 2 Å, i.e.,
the anions are placed in the centers of the squares formed
by the cations of the neighboring layers (the diameter of
an anion is 10 Å). In addition to the yz cross-section conﬁguration snapshots together with the ionic density distribution along the z-axis, shown in the left panels of ﬁgs. 6
and 7 for the cases of intervals I and II, respectively,
we have prepared the xy cross-section conﬁguration snapshots, shown in the left panels of ﬁgs. 8 and 9.
4.2 Cyclic compression of confined ionic liquid
We have investigated the dynamic behaviour of the IL
during a periodic linear movement of the Top plate along
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Fig. 7. Conﬁguration snapshots (yz cross-section) accompanied with ionic density distribution along the z-direction in two
representative points of the interval II: {II1 , II2 }. Left panels correspond to the static case of Top plate’s movement, while
right panels correspond to the dynamic case of Top plate’s movement.

Fig. 8. Conﬁguration snapshots (xy cross-section) in three representative points of the interval I: {I1 , I2 , I3 }. Left panels correspond to the static case of Top plate’s movement, while right
panels correspond to the dynamic case of Top plate’s movement. We have highlighted the conﬁned region with dashed
lines (Top plate’s width along the y-axis is a half of the total
system’s width) and also we have sketched crystallization patterns with solid lines. Periodic boundary conditions are applied
in the x and y directions, while simulation box, which is cubic,
is kept ﬁxed in the z-direction.

the z-axis, between the two limiting points of the intervals I and II. The space between the solid plates was
in this way periodically expanded and compressed. Periodic movements of the Top plate were performed at three

Fig. 9. Conﬁguration snapshots (xy cross-section) in two representative points of the interval II: {II1 , II2 }. Left panels correspond to the static case of Top plate’s movement, while right
panels correspond to the dynamic case of Top plate’s movement. We have highlighted the conﬁned region with dashed
lines (Top plate’s width along the y-axis is a half of the total system’s width) and also we have sketched crystallization
patterns with solid lines.

constant velocities Vz = {0.1, 1, 10} m/s but no velocitydependent diﬀerences in the system behaviour were observed. We have performed ten cycles in order to determine how much the cycles diﬀer and to determine a statistically reliable average cycle. The conﬁned ionic liquid lubricant responds to the cyclic movement with a hysteresis
in the normal force Fz (dz ) as shown in ﬁg. 10. We present
both raw data of all cycles (thin solid lines) and a smooth
average cycle (thick solid line). In the case of interval I
there are three points of interest {I1 , I2 , I3 }, corresponding to the points noted in ﬁg. 5. Points I1 and I2 are the
starting and ending point, respectively, and the point I3
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corresponds to the maximum of the normal force Fz in
the smooth average cycle. We observe that between each
two of those points there are clear tendencies in the average cycle of the normal force Fz (dz ). First, in the segment
I1 → I2 , i.e. in the extension half of the cycle, there is a
continuous increase of the normal force Fz from negative
values up to the value around zero in point I2 . In point I1
there is one anionic layer conﬁned in the gap and normal
force Fz has a negative value. With the dynamic increase
of the gap ions are pulled in from lateral reservoirs into
the gap. In point I2 an additional cationic-anionic layer
pair is fully formed in the gap, hence increasing the number of conﬁned anionic layers to two. Next, there is the
segment I2 → I3 where the ions are compressed within
the gap, which is consistent with the continuous increase
of normal force Fz . In this segment, the normal force Fz
takes positive values meaning that the ionic liquid shows
resistance to the compression but does not ﬂow out. After
that, in segment I3 → I1 there is a sharp decrease of normal force Fz which is correlated with the squeezing-out of
the additional cationic-anionic layer taken in from the lateral reservoirs during the extension half-cycle. During the
compression half-cycle there is a return to the initial state
I1 , where the gap contains one compact anionic layer.
We should note that the distributions of cations and
anions in the dynamic case for interval I bear close resemblance. Let us now discuss the changes in the number of conﬁned ionic layers as a function of the interplate distance and correlate them with the changes in the
normal force Fz acting on the Top plate: in the range
dz = [11, 14.2] Å the normal force Fz acting on the Top
plate has a steep decrease, reaching the minimum at point
I1 . For the point I1 at dz = 14.2 Å, cf. ﬁg. 6, we can observe a pronounced peak in the anion density distribution
which is aligned with a well-deﬁned anionic layer inside the
gap. In the case of cations, there are two peaks attached
below and above the anionic peak. This situation corresponds to the formation of two incomplete cationic layers
inside the gap. The value of normal force Fz is negative
and in point I1 it has the deepest minimum when considering the whole Fz (dz ) characteristic. With increasing
plate-to-plate distance dz the normal force Fz is increasing, with a sign change of the normal force Fz around
dz = 15.7 Å in the equilibrium case and dz = 17.8 Å in
the dynamic case, cf. ﬁgs. 5 and 10(a), respectively. This
means that before this point the IL is pulling the plates
together, since the ions strive to reduce their interlayer distance. After this point, for Fz > 0, enough ions are pulled
inside the gap and the IL now pushes the plates apart.
Such behaviour is typically observed in systems exhibiting
layering transition, already seen in systems of both neutral molecules [24] and ILs [9]. With reversing into compression in ﬁg. 10(a), the normal force Fz reaches a local
maximum in the point I3 at dz = 17.2 Å. This is actually
the location of the maximum in the equilibrium case as
well. With the further decrease of dz beyond the point I3
there is a continuous decrease of the normal force up to
the distance dz = 14.2 Å as IL starts ﬂowing out of the
gap. Still, one should note that there are two diﬀerences
between the two systems: i) the sign of the normal force in
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Fig. 10. This ﬁgure presents the results of dynamic extensioncompression cycles in the intervals I and II. In panel (a) we
present dynamic Fz (dz ) characteristic in the interval I: thin
lines represent the hystereses of ten dynamic cycles, the solid
line on top of them is the smooth average hysteresis. There is
also a solid horizontal line which corresponds to Fz = 0. Panel
(b) is analogous to the panel (a), just it presents the results in
the interval II.

point I2 and ii) the magnitude of the normal force at local
maximum I3 . In the case of cyclic (dynamic) movement
of the plates, the normal force is positive Fz > 0, i.e. the
IL keeps pulling apart the plates at point I2 and the maximum of the normal force in the point I3 (Fzdyn = 1 pN)
is lower than in the equilibrium case (Fzeql = 3 pN). Both
observations indicate that the plate’s motion is preventing the ionic liquid to fully ﬁll the void space of the gap.
Also, there is a substantial slip during the ejection of IL
from the gap, which results in a lower normal force. Otherwise, if no slip would be present the maximum normal
force at velocity Vz = 1 m/s should be about two orders of
magnitude higher based on the bulk viscosity coeﬃcient
calculated in the previous section.
Partial ﬁlling of the gap due to the motion of the walls
is even better observable in the results for the interval II.
While the equilibrium characteristic has a local maximum,
cf. ﬁg. 5, in the dynamic case there are only two characteristic points (starting and ending point {II1 , II2 } and
a monotonously increasing normal force between them.
At point II1 at dz = 22 Å in the static case, we notice
that at the midpoint between the plates there is a broad
maximum of the cation density distribution, see ﬁg. 7.
In the static case we notice that, similar to the transition from one to two anionic layers within the interval I,
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there is a transition from two to three anionic layers within
the interval II, which happens in proximity of the point
dz = 24 Å. At point II2 we notice two sharp anionic layers
in the proximity of the plates and the third anionic layer
which is broader, less sharp and positioned in the middle
of the interplate gap, cf. ﬁg. 7. In the dynamic case the
number of layers remains the same in the interval II, they
just get separated during the extension; and a creation of
additional ionic layers by the ions ﬂowing from the lateral
reservoirs into the gap does not take place, cf. ﬁg. 7.
We can conclude that in a conﬁned system with strong
interaction between the walls and the IL, the major driving force that pulls IL into the gap between the plates
is the interaction with the wall atoms rather than the
inter-IL interactions. In order to visualize what happens
in the vicinity of the plates, we are presenting snapshots
of xy cross-section conﬁgurations in the intervals I and
II, check ﬁgs. 8 and 9, respectively. Even on a cursory
look, one sees that the phase behaviour of the conﬁned
IL is complex: in ﬁg. 8, we observe a salt-like ordering
taking place in all representative points {I1 , I2 , I3 } of the
equilibrium conﬁgurations. In the dynamic case the IL exhibits some level of ordering for a small gap (I1 ) and it is
amorphous in the other two points. On the other hand, in
ﬁg. 9 there was no movement of the IL in and out of the
gap and the IL formed a two-dimensional square crystal
{II1 , II2 } on both surfaces during the dynamic case. In
the equilibrium conﬁgurations, there are probably enough
ions in the gap that allow the IL to obtain its liquid-like
character.
At this point, we would like to quantify how could
the processes described above contribute to the energy
losses. If two macroscopically smooth surfaces come into
contact, initially they only touch at a few of these asperity
points. A motion of two bodies in contact lubricated by an
ionic liquid would involve the generation of new contacts
and the separation of the existing ones. Ionic liquids are
characterized by strong Columbic interactions between the
particles. By calculating the area covered within the average cycle of the Fz (dz ) curves in ﬁg. 10, we calculate the
amount of work invested per average dynamic cycle, i.e.,
the hysteretic energy losses. There is a big diﬀerence in the
amount of invested work in the two intervals: 3.5236 pN · Å
for the interval I compared to 0.2844 pN · Å for the interval II, where the vertical displacement of the Top plate in
the two intervals is roughly the same (Δdz ≈ 5 Å). This
is consistent with a strongly decreasing trend of the maximal normal force which can be sustained by the system
as the number of ionic layers conﬁned between the plates
increases, i.e. for the two ionic layers the maximal normal
I
= 3 pN, while for the three ionic layers it is
force Fz,max
II
Fz,max = 0.25 pN, corresponding to the two maxima of the
equilibrium force-distance characteristic in ﬁg. 5.
4.3 Shear behaviour of confined ionic liquid
In order to study the behaviour of our conﬁned IL under shearing, we apply a relative motion between the
plates along the x-direction. The Bottom plate is kept
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Fig. 11. Dependence of the frictional force divided by the
contact area of the Top plate with IL lubricant Fx /Sxy on
the interplate distance dz . The three representative points
{P1 , P2 , P3 } are marked. Points obtained in simulations are
shown as circle markers, accompanied with errors along the
y-axis. Linear ﬁt through those points is shown as a solid line.
In the inset dependence of speciﬁc friction Fx /Fz  on the
interplate distance dz is shown, with y-axis in log scale. Simulation points are shown as circle markers, while the dashed
line serves as a visual guide.

Fig. 12. Dependence of the frictional force divided by the
contact area of the Top plate with IL lubricant Fx /Sxy on
the Top plate’s lateral velocity Vx = 0.1–10 m/s. The error bars
represent the standard deviation of the average values obtained
from the simulation data. The lines showing the friction trends
are obtained by linear regression.

ﬁxed and a constant velocity Vx is imposed on the Top
plate. We are interested in establishing how does the lateral (frictional) force Fx depend on the conﬁnement gap
dz = {12, 14, 18, 22, 25} Å.
In ﬁg. 11 we are showing the dependence of the time
averaged frictional force divided by the contact area of
the Top plate and the IL lubricant, i.e. Fx /Sxy on the
interplate distance dz . We observe a linear increase of the
frictional force per contact area with the increase of the
interplate distance, with a slope of 4 nN/μm3 . In the in-
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Fig. 13. Conﬁguration snapshots (yz cross-section) accompanied with ionic density distribution along the z-direction in three
representative points {P1 , P2 , P3 }. Left panels correspond to the start of friction simulations t = 0, while right panels correspond
to the end of friction simulations t = 3 ns. Top plate’s lateral velocity is set to Vx = 2 m/s, the total simulation time is
ttot = 3 ns, hence all friction simulations have run until the Top plate had covered a distance of dx = Vx · ttot = 60 Å along the
x-direction.

set of ﬁg. 11, we are showing the dependence of speciﬁc
friction deﬁned as the ratio of the time averaged frictional
and normal force Fx /Fz  on the interplate distance dz .
By comparing ﬁg. 11 with the results for the bulk liquid
in ﬁg. 3 we observe that there is no correlation with the
lubricant viscosity (i.e., otherwise frictional force would
be three orders of magnitude higher). This leads us to the
assumption that our pressurized systems, whether they
form a crystalline lattice or not, do not lie in a typical hydrodynamic regime and operate under full slip conditions
in which the ionic liquid moves together with one of the
walls. As there is no solid-solid contact between the two
surfaces, but lubrication through very thin, highly viscous
ﬁlms which are solid-like, mixed or dry lubrication are the
two potential regimes that can describe the observed conditions. A parametric study on diﬀerent shearing velocities Vx = 0.1–10 m/s at two wall separations dz = 17, 27 Å
provides additional information for the characterization of
the tribological regime of our system. In ﬁg. 12 one can
observe a logarithmic (weak) dependence of the frictional
force per contact area on lateral velocity of the Top plate’s

movement which is consistent with the observations of previous studies of IL lubrication, cf. refs. [11, 13].
From ﬁg. 11 we have selected three representative
points with dz = {12, 18, 25} Å labeled as {P1 , P2 , P3 },
respectively. We provide an overview of the yz conﬁguration cross-sections together with ionic density distributions along the z-axis (cf. ﬁg. 13) at the simulation onset
t = 0 and after t = 3 ns. In the panels of ﬁg. 14 we have
highlighted the conﬁned region with dashed lines (the Top
plate’s width along the y-axis is a half of the total system’s
width) and we have also sketched crystallization patterns
with solid lines. In ﬁgs. 13 and 14 we show initial conﬁgurations at the input of friction simulations, together with
the ﬁnal conﬁgurations obtained after the friction simulations. We observe that any initial crystallization is not
lost due to the lateral motion of the Top plate, but only
slightly modiﬁed due to the motion, which suggests that
the lateral movement does not alter the ordering. This is
a signiﬁcant ﬁnding since the longitudinal movement does
alter the local order (it destroys the crystal structure for
small gaps and induces it in larger ones).
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eﬀort. Coarse-grained models, such as the salt model implemented in the current study, are useful for bridging
the gap between the molecular processes that control the
lubrication phenomena and the macroscopic performance
in engineering applications. The implementation of simpliﬁed models that describe fundamental physicochemical
phenomena at a reduced computational cost can provide
deep insights which shed light onto the mechanisms and
processes that can render ILs as potentially interesting
lubricant candidates.
The work of MD and IS was supported in part by the Serbian
Ministry of Education, Science and Technological Development
under Project No. OI171017 and by COST Action MP1305.
Numerical simulations were run on the PARADOX supercomputing facility at the Scientiﬁc Computing Laboratory of the
Institute of Physics Belgrade.

Author contribution statement
Fig. 14. Conﬁguration snapshots (xy cross-section) in three
representative points {P1 , P2 , P3 }. Left panels correspond to
the start of friction simulations t = 0, while right panels correspond to the end of friction simulations t = 3 ns. We have
highlighted the conﬁned region with dashed lines (Top plate’s
width along the y-axis is a half of the total system’s width)
and also we have sketched crystallization patterns with solid
lines. Top plate’s lateral velocity is set to Vx = 2 m/s, the
total simulation time is ttot = 3 ns, hence all friction simulations have run until the Top plate had covered a distance of
dx = Vx · ttot = 60 Å along the x-direction.

5 Conclusions
In the current work we have used a molecular dynamics
simulation setup in order to study the response of a model
ionic liquid to imposed mechanical deformation. The properties of bulk and conﬁned ionic liquid have been investigated under both static and dynamic conditions. First,
we have shown that the Green-Kubo viscosity coeﬃcient
ﬁts the shearing simulation results of our bulk salt model
ionic liquid, indicating its liquid state. Our simulation results have shown the signiﬁcant impact of the conﬁnement
and interaction with the walls on the ionic liquid response
to mechanical deformation. The force-distance hysteresis
surface under cyclic loading is smaller than one would expect considering only the viscosity value of the liquid. The
simulations have also shown the transition from a liquid
to a highly dense and ordered, potentially solidiﬁed state
of the IL taking place under variable normal load and under shear. The wall slip has a profound inﬂuence on all
the forces which arise as a response to the mechanical
deformation. We also observe that the interaction of the
IL with the walls represents a principal driving force for
all processes observed in the dynamic regime for a range
of studied velocities. If suﬃcient time is allowed for the
system to reach equilibrium, inter-ionic interactions pull
more ionic liquid inside the conﬁnement gap.
Ionic liquids feature strong long-ranged Coulombic
forces and their models require signiﬁcant computational

KG and IS designed the study. MD and IS performed the
simulations. They also wrote the paper with inputs from
KG.
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