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Abstract

Using molecular dynamics simulations and a coarse-grained model of ionic liquids, we
study mechanisms of electrotunable friction measured in friction force microscopy
experiments, where only one layer of ionic liquid (IL) is present between the tip and
electrode (substrate). We show that the variation of the friction force with the electrode
surface charge density is determined by the regime of motion of the confined IL relative
to the substrate and tip. The latter depends on the strengths of the ion-substrate and ion-
tip interactions and on the commensurability between the characteristic ion dimensions
and lattice spacings of the substrate and tip surfaces. Related with those factors, our
simulations predict two strictly different scenarios for the variation of the friction force
with the electrode surface charge. Revealing mechanisms of frictional energy
dissipation in nanoscale IL films offers a way for controlling friction by tuning ion-

substrate interactions and electrical polarization of sliding surfaces.



Introduction.

Tribology, the science of friction, wear, and lubrication, is of fundamental importance
in many branches of pure and applied science.!? The study of the nanoscale aspects of
lubrication is attracting particular attention, as under normal loads, the active lubricant
is just a few molecular layers thick. Friction mediated by nanoscale films is determined
by the properties of these films under ultra-high confinement conditions, and depends
crucially on the interactions with the confining solid surfaces. The future of
nanotribology lies in new ways to switch and control surface interactions, reversibly
and non-invasively, at the molecular level, and thereby tune friction. The ability to
control and manipulate adhesion and friction during sliding>*>%7 is extremely
important for a large variety of applications in automotive and electronics industries,
and even in medicine.

A unique path to controlling and ultimately manipulating lubricating properties
of nanoscale fluid films confined between solid surfaces is through a polarization of
sliding surfaces. By varying the electric potential, the composition and structure of the
lubricating film may be dramatically changed, and the solid surfaces can quickly and
reversibly be decorated with adsorbed (sub)monolayer or multilayers. This can be
achieved in friction experiments performed under electrochemical conditions, using
electrolyte solutions as lubricants. In such systems, when the surfaces are conductive,
their potentials can be independently varied relative to a reference electrode in the bulk,
as it was done in friction force microscopy (FFM) measurements.®?!1%!! Experiments
on electrotunable friction with surface force apparatus (SFA) are on the way.”»!%!3

Room Temperature Ionic Liquids (RTILs) have recently attracted considerable
interest as lubricants due to their unique physical properties, in particular low vapor

pressure, wide electrochemical stability window and the virtually unlimited variety of



RTILs and their mixtures.'*!>1%17 The interaction of RTILs with confining surfaces
induces fascinating structural and dynamical features; to list some: layering,
overscreening and crowding,'®!® a discrete multi-valued friction behavior as a function
of the load and the number of the confined ionic layers ("quantized friction"),!
nanoscale capillary freezing of RTILs confined between metallic surfaces,?” as well as
electrotunable friction.!®!! The latter represents one of the most promising properties
of RTILs as lubricants, since for a given lubricant and under given tribological
conditions (normal load, pulling velocity and temperature) the friction can be reversibly
tuned via application of an electric field. So far, electrical control of nanoscale friction
has been demonstrated only with the FFM experiments,'®!! which due to the limited
resolution allows mainly measurements with monolayer films confined between the tip
and the substrate. In particular, FFM experiments in RTILs confined between the silica
tip and graphite electrode'! demonstrated that super-low friction (superlubricity) can be
“‘switched’” on and off in situ, by polarizing its surface relative to the reference
electrode.

Friction phenomena in RTILs have also been studied through computer
simulations performed at various levels of system idealization.?!-2223.24.25.26.27.28,29.30
These works demonstrated that the shape of RTIL molecules may affect their layering
structure, and pointed out the strong influence of in-plane ordering on friction.
Recently, we reported the first simulations of electrotunable lubricity in RTILs?4272%:30
that revealed dramatic changes in the structure of the lubricating film upon charging
the surfaces, and suggested possible scenarios for the electrical control of friction.
However, despite the fact that up to now, experimental studies of the effect of the

applied electric field on nanoscale friction have been performed only with the use of

FFM, all simulations have been carried out for the configuration mimicking SFA, where



multilayered RTIL films are confined between flat surfaces. Unlike the SFA, the FFM
experiments feature a lower level of confinement and different regimes of shear induced
motion of ionic liquid (IL). Hence, establishing how these conditions affect the friction
force is a necessary step to advance in a consistent interpretation of friction forces
measured using different experimental techniques, as well as computer simulations.

In this paper, we investigated mechanisms of electrotunable friction studied in
FFM experiments with RTILs using a coarse-grained description of the liquid. We
found that the variation of the friction force with the electrode surface charge density
is strongly affected by the regime of motion of the confined ionic liquids (ILs) relative
to the substrate and the tip. The latter depends on the strengths of the ion-substrate and
ion-tip interactions and on the commensurability between the characteristic ion
dimensions and lattice spacings of the substrate and tip surfaces. Related with those
factors, our simulations predict two strictly different regimes for the variation of the

friction force with the electrode surface charge.

Model.

We perform non-equilibrium molecular dynamics simulations using the set up shown
in Figures 1a,b. Here in accordance with experimental conditions, the region confined
between the substrate and the FFM tip is in contact with a reservoir fluid. Hence, the
chemical potential in the confined region is determined by the chemical potential of
the reservoir by allowing the IL to enter or leave that region in response to shear and

to changes in the normal pressure, temperature, or surface charge.



(a)

Figure 1. (a) Sketch of the FFM set-up with graphite substrate and silica tip in a typical
fully periodic simulation containing the ionic liquid. (b) Snapshot showing the
interfacial ionic liquid layer the tip reaches under a normal load, F;, acting on the tip,
which moves along the y axis at constant velocity V. The charged atomic layer of the
substrate used for the electrotunable friction is highlighted in a gray color. The ionic
liquid consists of BMIM* (c) cations and PFs (d) anions modeled using a coarse-
grained force field.’! The following charges, qc; = 0.1848e,qc, = 0.4374e,qc3 =
0.1578e, qanion = —0.78e were assigned to the beads, C1, C2, C3 of the cation, and

to the anion, respectively.

For the ionic liquid we consider 1-butyl-3-methylimidazolium hexafluoro
phosphate, [BMIM][PFs], using the coarse-grained force field proposed in reference
(31), which provides a good description of static and dynamic properties, specifically
viscosity and diffusion coefficients. Here, the PFs anion is represented by a single
negatively charged sphere, whereas the cation is modeled by three charged overlapping
spheres, which represent the anisotropic charge and size distributions of the cation (see

Figures 1c,d). This model for the ionic liquid has been recently used for simulations of



friction in surface force apparatus setup®’-*

where the ionic liquid was confined
between mica plates. In this paper, focusing on FFM experiments, we consider the
widely used graphite substrate and silica tip.!%!!233 In the simulations, the graphite
substrate is modelled as two AB-stacked layers of graphene. Although silica tips used
in experiments are usually amorphous, in the simulations we limit ourselves to a
simplified model considering a semispherical crystalline tip with FCC {111} surface
lattice, which emulates the hexagonal patterns of the SiOs4 units of silica crystal
structure. The radius of the tip is chosen to be 2nm.

The electrostatic potential of the substrate, which is controlled in experiments
by applying a potential bias between the substrate and a reference electrode, was set up
by assigning partial charges to the surface atoms in contact with the confined liquid.
The substrate surface charge density, gs, was varied between -32 and +32 pC/cm?. This
is the typical interval of the substrate charge density explored in the FFM experiments
with ILs.!%! As for the tip, most of the simulations presented in the text have been done
for an uncharged tip. Nevertheless, some experiments and simulations indicated that
silica tip can be slightly negatively charged in ILs.3*% Therefore, we have also
performed simulations for the tip surface charge density of -16 pC/cm?. The results of
these simulations have shown similar trends of the dependence of friction on substrate
surface charge density as the results of simulations for an uncharged tip (see Supporting
Information (SI)).

In addition to the Coulombic interactions, the beads representing ions interacted
with other beads or atoms of the tip and the substrate through short range Lennard-
Jones interactions (see the Computational Methods section for relevant parameters).

The results of the simulations presented below were performed using an ionic-liquid/tip

interaction, &;; = 1.25 kJ/mol (the same for both cations and anions), which results in



a partial wetting of uncharged silica with a contact angle of ~30°.25 As for the ionic-
liquid/substrate interaction, we explored a wide range of strengths, &;;, ranging from
0.23 to 70 kJ/mol. Here the lowest value, €;; = 0.23 kJ/mol, was obtained by the
Lorentz-Berthelot combining rules from the IL-IL and graphite-graphite interactions.*¢
The Lorentz-Berthelot combining rules are commonly employed when no fitted cross-
interaction parameters are available. However, it should be noted that the height of
potential barriers opposing the ion sliding along the surface, which is the key factor
controlling interfacial friction, depends both on the strength of the ion-solid interaction
and on the ratio between the surface periodicity and the characteristic dimensions of the
ion (see Figure 2 and discussion there). The use of the coarse-grained description of the
IL, taken here, where the cations and anions are represented by few large beads, smears
the molecular structure of ions and may lead to a significant underestimation of the
corrugation of the sliding potential energy landscape. This effect is more pronounced
at the IL-graphite interface than at the IL-silica interface, since the periodicity of
graphite lattice is smaller than that of silica. In order to compensate this possible
drawback and to examine the effect of the corrugation of the sliding potential energy
profile on friction we performed simulations in a broad range of strengths of ion-
substrate interactions. As we show below, the strength of ion-substrate interaction
controls the regime of motion of confined ions that in turn determines the charge
dependence of friction.

The friction process was simulated by pulling the tip through a spring of
stiffness, K=5 N/m, at a constant velocity, typically /=1 m/s, while the substrate was
kept in the original position by using a restraining harmonic potential applied to all

10,11

atoms. In accordance with FFM experiments, where, due to the limited resolution,

the frictional forces were measured when only one ionic liquid layer was present



between the surfaces, we also considered such a configuration applying a required
normal force to the tip. The heating produced during the sliding motion was removed
by using thermostats in the substrate and tip surfaces (see the Method section for
simulation details). The simulation set up discussed above leads to erratic stick-slip

motion compatible with experimental measurements of friction.

Computational Methods.
Non-equilibrium Molecular dynamics simulations of friction were performed using
Grand Canonical Molecular Dynamics (GCMD) simulations.?”-3%*° In this method, the
region between the tip and the substrate is simulated explicitly by setting the tip and the
substrate in the bulk fluid (see Figure 1). This region is in contact with a reservoir fluid,
hence the chemical potential in the region is determined by the chemical potential of
the reservoir by allowing the ionic liquid to enter or leave it as a response to changes in
the normal pressure, temperature or surface charge.>® The electroneutrallity of the
simulated system was preserved for all values of surface charge densities.
The confining “graphite” electrode and "silica" tip employed here are flexible. The
electrode includes two graphene layers in the optimal stacking configuration. Each
layer consists of 2052 atoms. The atoms in a layer are arranged in a honeycomb lattice
with the lattice parameter of 0.24 nm, and the interlayer distance is set to 0.335 nm. The
atoms interact through a Lennard-Jones potential with the interaction strength of 5
kJ/mol. The effective Lennard-Jones diameter of the atoms located in the same layer
was set to 0.12 nm, while for the atoms located in different layers the Lennard-Jones
diameter was set to 0.337 nm.

A hemispherical tip of radius 2 nm was cut from the FCC atomistic block with

the lattice spacing of 0.36 nm. The tip consists of 548 atoms. The atoms in the tip



interact through a strong Lennard-Jones potential with the interaction strength of 50
kJ/mol, and the effective Lennard-Jones diameter of the atoms was set to 0.3218 nm.
The strength of the Lennard-Jones potential describing interaction between atoms in the
tip and substrate was set to 0.48 kJ/mol. The tip and substrate were arranged in the
simulation box on the xy plane (see Figure 1). It should be noted that a complex
geometrical structure and chemical reactivity of the tip used in FFM experiments may
influence heights of potential barriers associated with the motion of ions.** These
effects will be tested through the fully atomistic simulations which are planned in our
further research.

Our simulations involved typically 1800 cation and anion pairs that were added
to the simulation box containing the tip and substrate (see Figure 1). Depending on
surface charge the number of cations and anions in the simulations box was slightly
changed to preserve overall electroneutrality. In addition to the Coulombic interactions,
the beads composing cations and anions interact with other beads or atoms in the tip
and the substrate according to short range Lennard-Jones interactions with the
parameters:3! (g, €)¢1=(0.504 nm, 1.83 kJ/mol), (0, ) ,=(0.438 nm, 2.56 kJ/mol) and
(0,€)c3= (0.341 nm, 0.36 kJ/mol) and (0, €) gnion= (0.506 nm, 4.71 kJ/mol) for the
anions. The following charges, qc1 = 0.1848e,q-, = 0.4374e,qc3 =
0.1578e, qanion = —0.78e were assigned to the beads, C1, C2, C3 of the cation, and
to the anion, respectively. Further we used (o, €);:= (0.3218 nm, 1.25 kJ/mol) for the
ion-tip interactions and (g, €);s= (0.337 nm, 0.23 kJ/mol) or (o, €);s= (0.337 nm, 70
kJ/mol) for the ion-substrate interactions. The cross interactions between sites of type i

and j were derived from these parameters using standard combining rules, i.e., 0;;=
(O'i + 0])/2 and 5ij = gigj'

In order to achieve well-equilibrated configurations with one ionic layer



between the tip and the substrate, we first performed simulations with the applied
normal pressures of 210 MPa for ¢;; = 0.23 kJ/mol and 1.4 GPa for €;; = 70 kJ/mol
but no shear. These simulations involved about ~14 ns. After this pre-equilibration, the
system was subjected to shear for about 28 ns, by pulling the tip through a spring at a
constant velocity, as discussed in the text. Shearing heats the entire system. To prevent
this, we coupled the tip and substrate atoms to a thermostat (using the v-rescale
method*!) at 450 K, while the ions were not coupled to an explicit thermostat. For all
values of surface charge density and normal loads considered in this work, our
simulations exhibit a stick-slip regime of friction. In this regime the frictional energy
dissipation is determined by the heights of potential barriers at the solid-liquid
interfaces, and the actual mechanisms of coupling to a thermostat makes only a small
contribution to the overall energy dissipation.? All the simulations were performed by
coupling the entire system to an anisotropic Berendsen barostat set at 1 bar pressure,
which was applied in the x and z directions, keeping constant the box length in the
direction of pulling, y. Periodic boundary conditions were imposed in all directions.
The equations of motion were integrated with the Leap-Frog algorithm and a
time step of 2 fs, using the code Gromacs v. 4.6.3.4 The long range electrostatic
interactions were computed using the 3D —Particle Mesh Ewald summation method
using “tin-foil” boundary conditions. Configurations were stored every 6 ps for further

structural and dynamics analyses.

Results and Discussion.
The friction forces are determined by the potential energy landscape experienced by the
ions sliding along the surfaces. In Figure 2 we present the two-dimensional potential

energy surfaces for the C2 cation bead sliding in x, y-directions along the graphite
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(Figure 2a) and silica (Figure 2b) surfaces, respectively. The corresponding cross-
sections of potential energy surfaces in the sliding y-direction are shown in Figures
2c¢,d. The potential energy surfaces calculated for other beads representing the cations
and anions show similar behavior. The corrugation of the sliding potential energy
surfaces depends on both the strength of the ion-solid interaction and on the ratio
between the surface periodicity and the characteristic dimensions of the ion (bead radii).
The periodicity of the graphite surface, 0.24nm, is smaller than the bead diameter,
0c; = 0.4380 nm, whereas the periodicity of the model silica surface, 0.36nm,?’ is
similar to og,, and therefore the sliding energy landscape on graphite is significantly
smoother than that for silica. For low strength of the ionic/graphite interaction (&;; =
0.23 kJ/mol) the heights of the potential energy barriers are smaller than ksT (blue line
in Figure 2c), and the ions can slide "smoothly" along the graphite surface. In contrast,
the barriers for sliding along the silica surface are considerably higher than k37, and the
ions are trapped in the potential minima (see Figure 2d). Only for strong enough
ion/graphite interaction (g;3 = 70 kJ/mol) the sliding potential energy barriers at the
graphite surface become comparable to those for the silica surface (red line in Figure
2¢). The charging of the graphite electrode brings the counter-ions closer to the surface,

and the corrugation of the sliding potential energy surfaces increases.
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Figure 2. Two dimensional potential energy surface for the C2 cation bead sliding in
x,y-directions along the (a) uncharged graphite surface with ion-substrate interaction
&is = 0.23 kJ/mol, and along the (b) uncharged silica tip surface with ion-tip interaction
& = 1.25 kJ/mol. The black dashed lines in top panels correspond to the cross-sections
of potential energy surfaces in the sliding y-direction, at a fixed x value. The potential
energy profiles calculated along these lines at graphite and silica surfaces are shown in
panels (c) and (d), respectively. In (c) blue and red curves describe the cases of weak
and strong ion-substrate interactions, & = 0.23 and 70 kJ/mol, respectively. For
clarity, the blue line is scaled by a factor of 10. The calculations presented in panel (d)

are done for ¢;; = 1.25 kJ/mol.

In Figure 3, we report the time-averaged number densities of different charged groups
of the ionic liquid layer across the confined region. The presented results have been
calculated during sliding with velocity of 1 m/s, however they are only slightly different
from the number densities in equilibrium. The information on the number densities of
charged groups is essential for understanding the electrovariable friction mechanism.

The top and bottom panels show results obtained for weak and strong ion-substrate
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interactions, &;; = 0.23 kJ/mol and &;; = 70 kJ/mol, and the first, second and third
columns correspond to the substrate surface charge densities of -32, 0, and +32 uC/cm?,
respectively. The presented densities are calculated for the uncharged tip, while the
results for the negatively charged tip are presented in SI. In each of these panels, the
vertical left and right dashed lines show the position of surface layers of substrate atoms

and the tip apex, respectively.
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Figure 3. Number density of beads, n,, corresponding to different charged groups
across the region confined between the tip and the substrate. Results in panels (a-c)
calculated for a weak ion-substrate interaction g;3 = 0.23 kJ/mol, whereas the results
in (d-f) found for strong ion-substrate interaction €;; = 70 kJ/mol. The first, second,
and third columns correspond to the substrate surface charge densities of -32, 0, and
+32 uC/em?, respectively. In each of these panels, the vertical left and right dashed lines

show the position of surface layers of substrate atoms and the tip apex, respectively.

The composition of the interfacial IL layer exhibits similar dependence on the
surface charge density for both values of the strength of ion-substrate interaction. For
negative and positive surface charge densities, the IL layer consists mainly of cations

and anions, respectively, whereas the layer on the uncharged surface includes a mixture
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of cations and anions. The cations adsorbed at a negatively charged and uncharged
graphite surface show two preferential orientations, one of them is “flat” and the other
one “tilted”, with the largest site (C1) pointing to the tip (see Figure 4a). The orientation
of'adsorbed cations can be characterized by the angle, 6, between the cation C1-C2 axis
and the surface normal, as shown in Figure 4a.

With increase in the ion-substrate interaction, more ions would benefit
energetically from adhering to the graphite surface and to be accommodated there;
hence, the number of ions confined between the tip and substrate significantly increases
(see Table 1). Here, the ions located below the circular area of radius 1nm with a center
at the tip apex are considered as confined ones. Notably, in the case of strong
interaction with the substrate, there are cations (anions) not only in the vicinity of the
tip but also directly at the positively (negatively) charged surface. The most significant
difference in the structure of the confined IL for two strengths of the ion-substrate
interaction was found for uncharged and slightly charged surfaces. Figures 3b and e
show that for ;3 = 0.23 kJ/mol the confined cations are in the flat orientation with all
three beads C1, C2 and C3 lying in nearly the same plane, whereas for £;; = 70 kJ/mol
the flat and tilted configurations of cations are almost equally populated. This effect is
explained by the fact that as the cation-substrate interaction increases, more cations
would benefit energetically from adhering to the surfaces and to be accommodated
there; hence, they change the orientation to a tilted one. The presence of tilted cations
has a profound impact on the friction, because their interactions with the tip increase

the sliding energy barriers, which should be overcome during the tip motion.
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Table 1. Time averaged surface density of cations and anions confined between the
tip and the substrate, which were calculated for three values of surface charge density
and two strengths of ion-substrate interaction.

¢s nC/em?) -32 0 +32

Surface density of | ¢;; = 0.23 kJ/mol 1.9+0.3 0.9£0.1 0.6%0.1

cations, Nea/nm* &is = 70 kJ/mol 2.5£0.4 1.9+0.3 0.9+0.1

Surface density of | &, = 0.23 kJ/mol 0.6%0.1 1.6+0.3 4.4+0.5

anions, Nan/nm? &is = 70 kJ/mol 1.6+0.3 3.8+0.5 5.4+0.5

To further characterize the effect of charging on the orientation of cations
confined between the tip and electrode, we show in Figures 4b-d the dependence of the
time averaged fraction of tilted cations on the surface charge density, and the time
averaged cation orientation as a function of the lateral distance of the cations from the
tip apex. As in the case of the number densities in Figure 3, the cation orientations
calculated during sliding are similar to those in equilibrium. The results of simulations
show that the charge dependence of the cation orientation is strongly influenced by the
strength of the ion-substrate interaction. For the weak interaction, the confined cations
on the uncharged surface are mainly in the flat orientation, whereas on the negatively
charged surface both tilted and flat oriented cations are represented. In the case of strong
interaction, due to a higher concentration of adsorbed cations, we found on average
about half the cations in the tilted configuration on both uncharged and negatively
charged surfaces. The cation-tip interaction pushes the cation to turn into the flat
orientation, and as a result the orientation of the cations located below the tip may differ
from the orientation on the rest of the substrate surface (see Figures 4c and d). The tip-

induced reorientation of cations provides an additional channel for energy dissipation
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in FFM experiments, which may influence the effect of substrate charge on the

friction.*?
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Figure 4. Orientations of cations in the interfacial layer characterized by the angle, 6,
between the cation C1-C2 axis and the surface normal. (a) Sketch of the two preferential
orientations: ‘flat’ where =90 and ‘tilted” where # = 45°. (b) Dependence of the time
averaged fraction of tilted cations in the region confined between the substrate and the
tip apex on the substrate surface charge density, shown for the two ion-substrate
interactions, &;,. (¢)-(d) The time averaged angle, 6, in the interfacial layer as a function
of the distance of cations from the tip apex, /, calculated for two values of ion-substrate
interaction: (c) €, = 0.23 kJ/mol, and (d) ¢;3 = 70 kJ/mol. The results are shown for

substrate surface charges of 0 and -32 uC/cm?.
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Figure 5. Friction force as a function of substrate surface charge density calculated for
two ion-substrate interactions: (a) & = 0.23 kJ/mol, where slippage occurs at the
interface between the ionic liquid layer and the substrate, and (b) €;; = 70 kJ/mol,
where slippage takes place mainly at the interface between the tip and the ionic liquid
layer. Here, the simulations are performed for the uncharged tip. Similar results

obtained for a negatively charged tip are presented in SI.

The effect of electrode charging on the composition and structure of the
confined IL layer leads to a considerable variation of friction force with the substrate
surface charge density, F(gs). The results of simulations presented in Figure 5 show that
F(gs) is highly dependent on the strength of the ion-substrate interaction. For the weak
ion-substrate interaction, &;; = 0.23 kJ/mol (see upper panel in Figure 5) the friction
force as a function of g has a minimum for the uncharged surface and increases by an
order of magnitude with the substrate charging of either sign. This can be explained as

follows. Due to very low sliding potential energy barriers for ions on such surface (see
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Figure 2a), the ions, driven by the tip, slide relatively easily along the substrate, being
attached stronger to the tip. Then the frictional energy dissipation mainly occurs at the
IL-graphite interface, and its magnitude is proportional to the squared height of the
sliding potential energy barriers.» With charging of the graphite electrode the distance
between the ions and the surface reduces, the ions get deeper into the minima of the
surface corrugated landscape, and the barrier heights opposing sliding increase
resulting in the enhancement of energy dissipation. This leads to roughly a parabolic
growth in the friction force with an increase of surface charge density. The asymmetry
of the friction force as a function of the surface charge density with respect to g; = 0
is due to the difference in the heights of potential barriers that oppose the sliding of
cation and anion along the substrate surface.

The charge dependence of the friction force correlates well with the variation of
the 2D lateral diffusion coefficient calculated for the ions confined between the tip and
substrate in equilibrium. The latter has been calculated considering the time evolution
of the mean squared displacement of ions located between the fixed tip and substrate
and performing averaging over the ensemble of confined ions. The diffusion
coefficients of ~1.5-10712 cm?/s and ~1.5 - 10713 cm?/s have been obtained for g, =
0 and |qs| = 32 uC/cm?, respectively. Note, that the diffusion coefficient of the
confined layer is significantly lower, ~ 2 orders of magnitude, than that of the ions in
bulk at 450 K. The enhancement of ion diffusion results from both the reduction of
sliding potential energy barriers at the IL-graphite interface and weakening of the ion-
tip interaction, which occur for g, = 0 uC/cm?. The latter effect is due to the increase
of separation between the tip and ions located below it, which was found for low surface

charge density (see Figure 3b).
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For the strong ion-substrate interaction, &;; = 70 kJ/mol (see Figure 5b), the
picture changes drastically. Here, the frictional force has a maximum for the uncharged
electrode surface and decreases with increasing charge of any sign. Unlike the case of
weak ion-substrate interaction, here the change in the friction force with the density of
the surface charge is only 20%. In this case the sliding potential energy barriers at the
graphite surface are two orders of magnitude higher than for ¢;; = 0.23 kJ/mol (see
Figure 2), and the coupling between the ions and substrate becomes similar or even
stronger than the ion-tip coupling. This affects the regime of motion of ions confined
between the tip and substrate. For negatively charged and uncharged graphite
electrodes, the time-averaged velocity of the ions is about half the pulling velocity,
whereas for the positively charged graphite the anions, which dominate the layer
composition, mostly stick to the electrode surface, and the slippage occurs at the IL-tip
interface. Unlike the case of the weak ion-substrate interaction, where the frictional
energy dissipation occurs at the IL-graphite interface, here it mainly takes place at the
IL-tip interface. The observed decrease of friction with increasing |q,| is explained by
a reduction of commensurability between the lateral structure of confined IL layer and
the tip lattice, which occurs with the electrode charging (see Suplementary
Information). This effect leads to the reduction of sliding potential energy barriers at
the IL-tip interface and to the corresponding decrease in the friction force. Since the
regime of motion of confined ions depends on the sign of surface charge, the friction
as a function of g; is strongly asymmetric with respect to the zero charge.

To simulate the effect of surface polarization, we have considered a model
substrate surface with a fixed charge on it. (Had it been the electronic conductor, we —
the main censors- would still have ‘allowed’ ourselves to try this as a first

45,46

approximation, although constant potential simulations would have been more
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accurate in that case). Still the reader may be interested, which scale of potential drops
between our charge surface and the bulk of ionic liquids we are here dealing with. This
could be calculated for each value of charge in the simulations. We will give here,
however, an estimate. The double layer capacitance in such kind of models of ionic
liquids is of the order of 10 pF/cm?, and thus for the largest charges of +30 uC/cm? we
may roughly speak about +3 V, which is a realistic range of polarizations sustainable
by many ionic liquid/substrate interfaces.!®:!”

Of course, if the charge of the surface comes out from ionization of surface
groups, like it is in the case of mica surfaces, we may start discussing which factors
would control this charge, as understanding the effect of pH on the surface charge in
the aqueous solution cannot be ‘mechanically’ translated into the ionic liquid
environment. Going in details of chemical reality would be beyond the reach of the

considered model. We therefore used the latter as a means of revealing potentially

important and, hopefully, generic physical effects.

Conclusions.

In this paper we investigated mechanisms of electrotunable friction studied in FFM
experiments with ionic liquids, where only one IL layer is present between the tip and
electrode. We demonstrated that the variation of the friction force with the electrode
surface charge density is determined by the regime of motion of the confined IL relative
to the electrode and tip. The latter depends on the strengths of the ion-electrode and
ion-tip interactions and on the commensurability between the characteristic ion
dimensions and lattice spacings of the electrode and tip surfaces. Our simulations
predicted two strictly different scenarios for the variation of the friction force with the

electrode surface charge.
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In the first case the ions pulled by the tip mostly slide over the electrode surface,
and the slippage plane, where most of energy dissipation occurs, is located at the
electrode-IL interface. Then, the friction force as a function of surface charge exhibits
a minimum for the zero surface charge, and almost quadratically increases with the
charge of any sign. It should be noted that such roughly a parabolic charge dependence
of the friction force has not yet been observed in FFM experiments with ionic liquids.
However, a significant increase in the friction force with increasing either a positive or
negative potential was observed, for example, for sliding on graphite and gold
electrodes in Li(G4) TFSL4

The second predicted scenario arises when the pulled ions slip relative to both
the electrode surface and the tip, or mainly relative to the tip. In this case, we found a
maximum in the friction force at zero surface charge and the reduction of friction with
the electrode charging. Our simulations show that this behavior is due to the effect of
charging on commensurability between the structure of confined IL and the periodicity
of the tip lattice. The observed decrease of friction with increasing |q| is explained by
a reduction of commensurability between the tip lattice and the lateral structure of
confined IL layer, which occurs with the increase of the surface charge density. The
predicted variation of the friction force with the surface charge density agrees
qualitatively with that observed in FFM experiments using [HMIm][FAP]-IL to

lubricate the silica-graphite interface.!!

However, the experimentally observed
reduction of friction with surface charging is even larger than that found in simulations.
The magnitude of the charge-induced reduction of friction depends on the strength of
ion-electrode and ion-tip interactions, the shape and charge distribution of the ions

constituting the IL and the structure and chemical reactivity of the tip. In particular, a

greater reduction of friction with electrode charging can be expected for amorphous tips
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used in experiments!'®!! than for the crystalline one considered in the simulations. There
are following reasons for this. Due to the strong counterion-surface attraction at a
charged electrode surface, the IL adjacent to the surface acquires a solid-like structure,
which is incommensurate with the amorphous tip surface. This should result in a
stronger IL slippage on the surface of the amorphous tip sliding over a charged surface,
than that found for the crystalline tip. In contrast, at the uncharged surface, where ion-
electrode interactions are significantly weaker, the IL layer have a liquid-like structure,
and ions are able to attach to energetically favorable sites at the amorphous tip, thus
eliminating the slippage at the IL-tip interface. Therefore, with charging the interface,
in the case of an amorphous tip we expect to observe a shift of the slippage plane from
the IL-electrode to IL-tip interface. Indeed, slippage along the smaller contact area will
meet less frictional resistance. A charging-induced shift of the slippage plane from the
electrode-IL interface accompanied by a significant reduction of friction has been found
in our previous simulations of friction in ILs confined between two flat plates®*?’.

The coarse-grained modelling used here can provide extensive simulation data
at a reasonable computational cost and predict qualitative dependencies of friction on
surface charge density by averaging over atomistic level information.*® However, this
approach may average out effects connected to the specific molecular structure of the
ions and the geometry and, possibly, chemical reactivity of FFM tips that may influence
the local energy barriers associated with the motion of ions confined between the tip
and electrode. Although a full quantitative description of electrotunable friction may
require fully atomistic molecular dynamics simulations, which are planned in our
further research, coarse-grained models have shown to capture the key physical
mechanisms underlying electrotunable friction. We have addressed this point in our

previous works by increasing systematically the complexity of the models.?*27-2°3% No
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doubt, a comparison between the results of these two approaches, coarse-grained vs.
atomistic, will allow to understand what effects can be captured by the coarse-grained
approach, and which ones cannot, and therefore, such analysis will help to define the
range of applicability of such models for the description of friction with ILs. However,
as noted above, we expect that the revealed trends in mechanisms of variation of the
friction force with electrical polarization of interactive surfaces would be generic for
FFM measurements with ILs, since they rely on the effect of long-range electrostatic
forces on the ion dynamics. It has been shown that coarse-grained models capture well

these effects.
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