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ABSTRACT: The dynamic three-dimensional nanowetting
behavior of nanodroplets of three kinds of 1-ethyl-3-
methylimidazolium ionic liquids (ILs) with radii between 10
and 30 Å is probed by molecular dynamics (MD) simulation
on a solid silicon surface at temperatures ranging from 300 to
500 K. The simulation results show that contact angles change
greatly and then tend to be saturated from 45° to 75° as the
droplet radius of ILs varied from 10 to 20 Å and further to >20
Å. The values of the contact angle are anisotropic and could be
39.5° and 48.7° in the x and y directions of the droplets
spreading on the solid silicon surface when the radius of the IL
droplet is 10 Å, and increasing the radius of the droplets can
weaken the anisotropy of the contact angle. Further analysis of
the interaction among cations, anions, and silicon suggests that the van der Waals (VDW) interaction of ions and silicon
substrate varies from −56.5 to −53.5 kJ/mol per ion pair and silicon, and the Coulombic interaction of cations and anions varies
from −265.3 to −282.0 kJ/mol per ion pair as the droplet radius of ILs ranged from 10 to 30 Å. Upon increasing the droplet
radius, the imidazolium ring of the cation in the adsorbed layer is more nearly parallel to the silicon substrate, and this allows a
very effective interaction with the silicon substrate. These changes in the structure of the adsorbed layer in the vicinity of the
silicon surface and their effects on the structuring of ions in the bulk liquid layers above this strongly adsorbed layer lead to the
difference of VDW and Coulombic interactions as the droplet radius of ILs varied from 10 to 30 Å. Additionally, the impact of
the intrinsic viscosity and temperature on the nanowetting behavior of ILs is also investigated.

■ INTRODUCTION

Ionic liquids (ILs) are an emerging class of organic salts that are
made entirely of specific cations and anions, but they have
melting points close to room temperature and are known as
room temperature ionic liquids (RTILs).1−4 The physicochem-
ical properties of ILs can be easily manipulated by tuning the
functionalization and/or the combination of the cations and
anions for task-specific applications.3,5−8 ILs have been widely
applied in variable-focus lenses,9,10 lab on a chip,11 and flow-
induced energy harvesting12,13 because of their excellent
physicochemical properties. Meanwhile, due to the advent of
nanoscience and nanotechnology, there has been a large
amount of research to investigate the properties of bulk, pure
ILs combining extended X-ray absorption fine structure
(EXAFS) spectroscopy and molecular dynamics (MD)
simulation on the nanoscale, and abundant results have been
produced.14−17 These promote emergence of a new class of
composites consisting of nanoconfined ILs, which have the
intrinsic chemistries of ILs and the original functions of solid
matrices and then further endow ILs more extensive application

to catalytic systems, CO2 capture and separation, and ionogels
as solid electrolytes and optical materials.18

Wetting phenomenon is a liquid drop spreading across a
surface when the liquid drop is placed on it, and wetting has
attracted particular attention in artificial compound eyes,19

microlenses,20 and digital microfluidic devices.21 At present,
there are a lot of research on the macroscopic scale wetting
behavior of ILs,22−28 but the relevant study on the nanowetting
behavior of ILs is still relatively scarce. In 2008, Wu and co-
workers29 investigated the microscopic structures of the
imidazolium-based IL 1-butyl-3-methylimidazolium hexfluor-
ophosphate ([Bmim][PF6]) bulk with the size of 55 × 55 × 55
Å on a hydrophobic graphite surface by MD simulation and
showed that both the mass and electron densities of the
surface-adsorbed ILs are oscillatory. Yan et al.30 confirmed the
analogous density oscillation at the interfacial region between
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imidazolium-based IL [Bmim][PF6] bulk with dimensions of
63.96 × 63.90 × 86.79 Å and graphite and also demonstrated
that the polar groups tend to aggregate, forming a polar
network through MD simulation. Madden et al.31 observed the
imidazolium-based IL [Bmim][PF6] bulk with a size of 32.23 ×
34.4 × 109.62 Å confined between graphite walls using a
coarse-grained model and found that the high-density peaks
occur near the planar graphite surface while the density far
away from the graphite surface is similar to the bulk. Laaksonen
et al.32,33 employed a MD simulation to study the microscopic
heterogeneous structure of imidazolium-based IL [Bmim][PF6]
with dimensions of 64.96 × 64.96 × 34.37 Å on a hydrophobic
graphene surface, and the results indicated that confined ionic
groups in interfacial regions are highly heterogeneous and that
the imidazolium ring of Bmim+ cations lies preferentially flat on
the graphene surface, while its methyl and butyl side chains are
elongated along the graphene surface.
There have been few explicit experimental and theoretical

reports of the dynamical nanowetting behavior of ILs on the
solid surface. In 2013, Heim and Bonaccurso34 used atomic
force microscopy to measure the contact angles of IL droplets
with radii between some tens and some hundreds of
nanometers on an ideally flat silicon wafer and found that the
contact angles decrease with decreasing droplet size (smaller
droplets showed stronger wetting), but the dependence of the
contact angle on the droplet radius cannot be described with
the modified Young−Lippman equation. Rane and Errington35

employed the Monte Carlo (MC) simulation to probe the role
that dispersion and electrostatic interactions played in the
wetting behavior of imidazolium-based ILs on nonionic solid
substrates, and they showed that the qualitative nature of the
wetting behavior is significantly influenced by the competition
between dispersion and electrostatic interactions and that the
contact angle is nearly independent of temperature over a
relatively narrow range of substrate−fluid interaction strengths.
Castejoń et al.36 investigated the wetting property of IL
droplets with a radius of 25 Å on silanol and silane surfaces and
found that the contact angles are much lower than 90° but that
the contact angles on the silanol surface are generally slightly
lower than those on the silane surface, which is caused by the
hydrophilicity difference of these two surfaces. Aparicio and co-
workers37 argued that for 1-ethyl-3-methylimidazolium glycine
([Emim][Gly]) IL nanodroplets on both pure graphene sheets
and silica coated with graphene the contact angles are lower
than 90° but increase remarkably (from 37° to 81°) when the
number of ions pairs varies from 100 to 500. Birkett and co-
workers38 reported the wetting behavior of 1-ethyl-3-methyl-
imidazolium tetrafluoroborate ([Emim][BF4]) IL droplets on
graphene sheets and calculated the contact angles via
polynomial fitting of two-dimensional atomic density contours,
and the results showed that there is no difference in contact
angle for drops of different sizes from 100 to 500 IL pairs on a
low-potential graphene surface.
However, due to the anisotropic properties of imidazolium-

based ILs caused by the asymmetrical distribution of complex
cations and anions, the surface of the droplets is no longer a
regular spherical surface on the nanoscale. Under such
circumstances, the dynamical wetting behavior of droplets
needs to be observed in three-dimensional space. In this paper,
we take the anisotropic properties of imidazolium-based ILs
into consideration and get a complete picture of the
nanowetting behavior in three-dimensional space. First, the
initial structure of the ensemble is built through placing

droplets of three kinds of ILs {1-ethyl-3-methylimidazolium
chloride ([Emim][Cl]), 1-ethyl-3-methylimidazolium hexfluor-
ophosphate ([Emim][PF6]), and [Emim][BF4]} on the silicon
substrate surface. The nanowetting behavior of ILs is probed by
observing the spontaneous morphological transition of IL
droplets on the silicon surface through simulating the
interaction of IL droplets with silicon substrate. Second, using
the well-established convex hull algorithm, we give a smoother
fit of the drop’s surface according to the outermost atomic
coordinates in three-dimensional space and find that the fitting
surface depends on the type of cation and anion, as different
cation and anion can present a different fitting surface.
According to the fitting surface, we determine the three-phase
contact line (TPCL) along the perimeter of the liquid−solid
area and measure the contact angle in different directions. The
measured results show that the contact angles present an
interesting and significant anisotropy in different directions of
the droplets spreading on the solid silicon surface, such as x and
y directions. Subsequently, the impact of droplet size, intrinsic
viscosity, and temperature of ILs on the nanowetting behavior
of an IL nanodroplet on the solid surface is also discussed.

■ MOLECULAR MODELS AND SIMULATION
METHODS

Model. In this study, three kinds of imidazolium-based ILs,
[Emim][Cl], [Emim][BF4] and [Emim][PF6], are employed to
probe the wetting behavior on the nanoscale using MD
simulation; the molecular structures of the cation and anions
used are shown in Figure 1. The nanowetting behavior is

examined by simulating the interaction of an IL droplet with a
solid silicon surface and observing its spontaneous morpho-
logical transition into a quasi-hemispherical liquid droplet on
the silicon surface. The IL droplet is comprised of some ion
pairs initially stacked in a simple spherical structure making use
of the PACKMOL software,39 while the initial structure of the
single IL pair is derived from the Cambridge Crystallographic
Data Centre (CCDC). For all MD simulations presented in
this paper, the radius of IL droplets varies from 10 to 30 Å, such
as 10, 15, 20, 25, and 30 Å. The solid silicon substrate with
dimensions of 76.8 × 153.6 × 5.76 Å consists of 3200 silicon
atoms arranged in a diamond cubic lattice with a lattice
constant of 5.46 Å. The solid silicon substrate is frozen during
all simulations to enhance computational efficiency. Figure 2
shows the ensemble structure with the initial spherical droplet
including 253 [Emim][BF4] ion pairs obtained from a separate
MD simulation, and the radius of the spherical droplet is 25 Å.

Figure 1. Molecular structures of 1-ethyl-3-methylimidazolium
(Emim+), chloride (Cl−), tetrafluoroborate (BF4

−), and hexafluor-
ophosphate (PF6

−).
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The size of the simulation box is set as 80 × 160 × 130 Å to
avoid interactions with neighbor cells. The bottom surface of
the box is fixed to the solid silicon surface, and orthorhombic
periodic boundary conditions (PBC) are applied to all three
directions of the simulated box during the whole simulation.
Method. All MD simulations are carried out using the

general purpose parallel MD simulation open-source package
DL_POLY 4.08.40 Intra- and intermolecular interactions are
represented using an all-atom force field developed by Wang
and co-workers.41 The van der Waals (VDW) interaction
parameters between different atoms are obtained from the
Lorentz−Berthelot combining rules.42 For a solid silicon
substrate, the 12−6 LJ potential parameters are ε = 1.6827
kJ/mol and σ = 3.826 Å.43

Unlike other researchers, who started with a cubic structure
for ILs and evolved the structure to an equilibrium droplet
shape,36−38 we start directly with a perfectly spherical droplet,
which is obtained through a separate MD simulation with
gravity neglected. MD simulations are performed under the
NVT ensemble and a Nose−́Hoover thermostat44,45 with a
relaxation time constant of 1.0 ps applied to the system to
maintain the desired constant temperature. The initial velocities
are assigned to the atoms randomly according to the system’s
temperature. The cutoff of the Lennard-Jones and electrostatic
interactions is taken as 15 Å. Long-range Coulombic

interactions are treated using the smooth particle mesh Ewald
(PME) method.46 The Newton’s equation of motion is
integrated using a velocity verlet algorithm with an integration
time of 2.0 fs. The thermostat is set to the temperature
corresponding to the melting point of liquid in the respective
system, and the simulation temperature ranges from 300 to 500
K for the studied ILs.
In the results presented below, all final equilibrium states are

realized by first equilibrating the IL droplets and the silicon
substrate separately. The initial ensemble configurations are
equilibrated at the appropriate temperature until the exper-
imental value of the liquid density is achieved; meanwhile, the
total energy of the system converges to a constant. The initial
configuration of the ensemble consisting of an [Emim][BF4]
droplet and the solid silicon substrate is first equilibrated at T =
300 K for 10 ns. Then the obtained equilibrated configuration
at T = 300 K is allowed to run for another 10 ns to ensure a
better equilibrium state. Finally, a sample is taken every 1000
time steps to obtain the statistically equilibrated average values
in the next 10 ns. Similar simulation procedures are performed
with regard to the melting point above 300 K. To ensure that
the ILs are in the liquid phase, the equilibrated temperature is T
= 350 and 375 K for [Emim][PF6] and [Emim][Cl],
respectively. After the simulation, the physical properties are
characterized using the DL_POLY analysis tools, and the
structures are visualized with molecular graphics software
named Visual Molecular Dynamics (VMD).47

■ RESULTS AND DISCUSSION
Method of Calculating Contact Angles. On the

nanoscale, the liquid droplet is no longer an ideal spherical
shape and the TPCL is also not a regular circumference.
Especially for imidazolium-based ILs, due to the anisotropic
properties caused by the asymmetrical distribution of complex
cations and anions, the surface of the droplet is rugged (Figure

Figure 2. Initial structure of the ensemble.

Figure 3. Different steps to calculate the contact angles: (a) the three-dimensional scatter plot of raw data, (b) the three-dimensional surface after
fitting raw data, (c) the contact circular arc trajectory in different directions, and (d) measuring the contact angles.
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3a). Under such circumstances, it is impossible for the simple
two-dimension method to accurately calculate the contact angle
and analyze the dynamical nanowetting process. In this section,
we use a three-dimensional calculated method to assess the
contact angles. As illustrated in Figure 3, first, we draw three-
dimensional scatter plot graphs according to atomic coor-
dinates, which are average values obtained from the entire
trajectory after the system equilibrates (Figure 3a). To ensure
the rationality of the measured contact angles, we do not
process the statistical average values. Second, we take advantage
of the convex hull algorithm48 to fit the surface of the droplet
and determine the TPCL along the perimeter of the liquid−
solid area (Figure 3b). Finally, we measure the contact angle in
different directions (Figure 3c,d), and the ultimate value of
contact angle is assessed by taking the arithmetic mean of all
these measured values.
Droplet Size. On the nanoscale, the droplet size has a

profound effect on the wetting behavior of liquids, and the
contact angle θ is remarkably size-dependent, as the literature
shows.34,37,38,49 The MD simulations performed with [Emim]-
[BF4] droplets of different radii of 10, 15, 20, 25, and 30 Å
would allow for interference of the effect of nanosizing on the
contact angle θ values, and the equilibrated temperature is T =
300 K (the melting point of [Emim][BF4] is Tmp = 286.15
K).50 The initial liquid configurations reach an equilibrium at
the appropriate temperature until the experimental value of the
liquid density is obtained; meanwhile, the total energy of the
system converges on a constant value and then stays the same
[Figure S1, Supporting Information (SI)]. A sample of the final
equilibrium state is presented in Figure 4. In the system

equilibration process, only a few IL ions drift away from the
droplet on the silicon substrate, and substantial evaporation is
not observed. When all simulation systems attain an
equilibrium state, the droplet shape transforms into a quasi-
hemisphere.
Figure 5 depicts the contact angle as a function of the radius

of the IL droplet at the equilibrium state. Obviously, the
contact angle has a significant growth rate as the radius of IL
droplets ranged from 10 to 20 Å, and the trend shows
agreement with the experimental data.34 Interestingly and
particularly, when the radius is larger than 20 Å, the contact
angle increases much more slowly than that of the smaller

radius and then tends to be saturated; this is different from the
results achieved by the previous works in which the contact
angle increases an almost linear manner with the increasing size
of the IL droplet.37 This phenomenon could be due to the
strongly adsorbed layer (Figure 6a) forming on the solid
surface when the IL droplets are placed on the silicon
substrate.33,37,51 The strongly adsorbed interaction vigorously
urges the IL droplet to spread along the solid surface, and it
shows good wetting in the presence of remarkable ions−silicon
affinity. As shown in Figure 7, for a smaller-radius droplet, the

Figure 4. Equilibrium shape of an [Emim][BF4] droplet with a radius
of 25 Å on a silicon surface: (a) side view and (b) top view.

Figure 5. Contact angles of [Emim][BF4] droplet with different radii
on the silicon surface at the equilibrium state. The line is drawn only
for guiding purposes.

Figure 6. (a) Representative snapshot of the [Emim][BF4] IL on a
solid silicon surface. (b) The number density profiles of cations and
anions along the normal direction to the solid silicon surface, where
the inset shows the local number density close to the surface.
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number of ion pairs that compose the adsorbed layer gradually
increases with the increasing IL droplet size, and the strength of
the ions−silicon interactions becomes more and more
powerful. This is quantified from the MD simulation results
using the average ions−silicon intermolecular energies, as
showed in Figure 8a, and the stronger ions−silicon interactions
result in the greater wetting of the IL droplet and smaller
contact angles for a smaller-radius droplet. Nevertheless, when
the radius of an IL droplet is beyond 20 Å, additional ion pairs
do not tend to be adsorbed on the silicon substrate and the
number of ion pairs for the adsorbed layer will not increase
rapidly and tend to be saturated; this is confirmed by the results
plotted in Figure 7. At this point, the percentage of ion-pair
numbers in the adsorbed layer has fallen to 11.2%, and most
ions are placed on top of the adsorbed layer on the silicon
substrate to increase the interactions of anions−cations through
mainly Coulombic forces, as demonstrated by Figure 8b.
Therefore, once the number of ion pairs adsorbed on the
silicon substrate reaches a critical value, the adsorbed layer is
not reinforced by additional ions, because these charged
moieties tend to be placed further from the silicon substrate
due to the large Coulombic interaction among them, which
leads to a saturation of the contact angle. This is confirmed by
the calculated contact angles plotted in Figure 5 as a function of
the radius of the IL droplet, which increases in an almost linear
manner and then tends to be saturated. Moreover, from Figure
8 we can know that the VDW interaction of ions and silicon
substrate varies from −56.5 to −53.5 kJ/mol per ion pair and
silicon, and the Coulombic interaction of cations and anions
varies from −265.3 to −282.0 kJ/mol per ion pair as the
droplet radius of ILs ranged from 10 to 30 Å. These differences
may be due to the imidazolium ring of cations in the adsorbed
layer in the vicinity of the silicon surface being more nearly
parallel to the silicon substrate upon increasing the droplet
radius, and this allows a very effective interaction with the
silicon substrate. The slight changes in structure of the
adsorbed layer are showed in Figure S3 (SI).
To further understand the characteristics of the strongly

adsorbed layer, analyzing the density distributions along the
coordinate perpendicular to the silicon substrate (z direction) is
indispensable. Figure 6b presents the density profiles of cations

and anions, and the solid surface is placed at z = 0. In the case
of cations, the number density is obtained from the position of
its center of mass (COM), and in the case of anions, from the
position of its center of symmetry (boron atom). On the basis
of these density profiles, noticeable oscillations are exhibited
near the silicon surface and indicate the strongly adsorbed layer
forming at the surface. This is apparently attributed to the
VDW interactions between ions and silicon that draw IL ions
close to the silicon surface, where Emim+ and BF4

− are packed
together to maximize the ions−silicon VDW interactions.
However, because the profile of the anions number density at
the silicon interface has two separated peaks (Figure 6b, inset)
and is much broader compared to that of the cations, Emim+

and BF4
− are maintained at basically the same number density

in the first layer to satisfy the condition of charge neutrality. As
illustrated in Figure 6b, the first layer for Emim+ starts around
3.47 Å and has a peak value of 1.46 × 10−3 atoms/Å3, whereas
that for BF4

− appears around 3.54 Å and has a peak value of
9.86 × 10−4 atoms/Å3; these values show the larger mass
density (∼2.42 g/cm3)29 in the adsorbed layer, which is nearly
doubled compared with the bulk mass density of 1.27 g/cm3.52

Hence, in the first layer, there is a rather rigid, or solidlike,

Figure 7. Numbers of ion pairs composing the adsorbed layer with
different radii on the silicon surface at the equilibrium state (solid
lines) and the proportion of the adsorbed layer ion pairs accounting
for the total ion pairs in the droplet (dashed line). The lines are drawn
only for guiding purposes.

Figure 8. (a) Emim+ and BF4
− intermolecular interaction energy per

ion pair on the solid silicon substrate, Einter,ions-silicon. Intermolecular
interaction energies are the sum of Lennard-Jones and Coulombic
contributions. (b) Emim+ and BF4

− electrostatic interaction energy per
ion pair on the solid silicon substrate, Ecoul,a-c. The lines are drawn only
for guiding purposes.
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structure formation on the surface due to suppression of their
thermal fluctuations. In comparison, at the IL−vacuum
interface, although rearrangement of ions reduces the surface
energy, which leads to a surface effect, and the number density
has a small fluctuation, distinct layering is not observed.53,54 On
the other hand, we also find that the bottom layer structure of
the cations is more flat than that of the anions, since the
adsorption force of the silicon can induce the alkyl chains and
the imidazolium ring of the cations to lie horizontally on the
surface. This is quantified through the second-order Legendre
polynomials

θ θ⟨ ⟩ = ⟨ − ⟩P cos( )
1
2

3 cos ( ) 12
2

(1)

where θ is the calculated angle between the vector
perpendicular to the silicon substrate (z axis) and selected
vectors in both ions. The calculated results are plotted in Figure
9.

Furthermore, we find that the values of the contact angle are
anisotropic, that is to say, the contact angles are different in
each direction of the droplets spreading on the solid silicon
surface. The anisotropy of the contact angles could be caused
by the inhomogeneous distribution of complex cations and
anions, and the increasing radius of the droplets can weaken the
anisotropy of the contact angle. For a smaller droplet, the
stronger VDW interactions between ions and silicon more
easily drag the ions, spreading them on the silicon substrate
surface, and the contact angles show strong anisotropy. In
contrast, for a larger droplet, the stronger Coulombic
interactions between cations and anions make it more difficult
to pull ions on the silicon substrate surface, and this weakens
the anisotropy of the contact angles. Figure 10 shows the
contact angles of an [Emim][BF4] droplet with different radii
on the silicon surface in the x and y directions at the
equilibrium state. From Figure 10 we can obviously observe
that the contact angle is different in the x and y directions, and
the difference value decreases with increasing the droplet
radius; that is, the anisotropy of the contact angles becomes
weakened as the radius of the IL droplet increased.
Intrinsic Viscosity. The knowledge of the viscosity of ILs is

of prime importance for both industrial applications and
scientific research. Nevertheless, the viscosity of ILs is much
less investigated than other physical quantities such as the
density in the nanowetting behavior study, and only limited
data are available in the literature. ILs are generally viscous

liquids55,56 with viscosities typically ranging from 10 to 1000
mPa·s at ambient temperature. This is comparable with the
values obtained for oils, that is, 2 or 3 orders of magnitude
higher than viscosities of traditional molecular organic solvents.
This is obviously a real disadvantage for their industrial
application and it explains the quest for new ILs exhibiting
lower viscosity. Hence, probing the influence of viscosity on
nanowetting behavior is required both for industry and
academia. In this work, we employ a variety of ILs with
different viscosities to anatomize the influence of viscosity on
the nanowetting behavior using MD simulation. In order to
ensure the rationality of the simulation results, the same
equilibrium temperature (T = 400 K) is used for all ILs.
Through comparing the simulation results, we find that the IL
nanodroplets show a weaker wetting with a higher viscosity; the
details are visually presented in Figure 11.
Figure 11 intuitively illustrates that the wetting behavior of

different IL nanodroplets exhibits a clear distinction at T = 400
K; it is obvious that the contact angles follow [Emim][Cl] >
[Emim][PF6] > [Emim][BF4] at T = 400 K, which means that
the wetting of ILs is in the sequence of [Emim][Cl] <
[Emim][PF6] < [Emim][BF4]. At the equilibrium temperature
of T = 400 K, the viscosity of ILs containing Emim+ decreases
with the following anions: Cl− > PF6

− > BF4
−.52,57 The results

shown in Figure 11 support that the lower viscosity makes IL
nanodroplets more wettable and more easily spread on the
solid surface because of good fluidity and mobility. Meanwhile,
the cations and anions in lower-viscosity ILs can readily come
out of initial positions to move toward the solid surface, which
leads to greater wetting and smaller contact angles, as
demonstrated by Figure 12. Furthermore, for the lower
viscosity ILs, the ions−silicon VDW interactions can easily
drag the ions out of the nanodroplet and make them adsorb on
the solid surface because of the relatively weaker electrostatic
interactions between cations and anions. This is quantified from
the MD simulation results using the average ions−silicon short-
range potential energies through mainly VDW forces and the
electrostatic interactions through mainly Coulombic forces
plotted in Figure 13. Figures 11 and 12 also illustrate that even
for the same IL the contact angle of the droplet will vary with
the change in temperature. For Figure 11a,b, the contact angle
changes only 2°, which is far lower than the 50° seen in Figure

Figure 9. Average P2(cos θ) for the angles between the selected
vectors and the silicon substrate normal (z axis) in an [Emim][BF4]
nanodroplet with 25 Å radius.

Figure 10. Contact angles of an [Emim][BF4] droplet with different
radii on the silicon surface in the x and y directions at the equilibrium
state and the difference between the values of the contact angles in the
x and y directions. The lines are drawn only for guiding purposes.
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11e,f, for which the change of temperature is 100 vs 25 K. This
behavior can be attributed to the change of the viscosity caused

by the different equilibrium temperatures. The scale of the
temperature variation determines the range of the change in
contact angles.
The mobility of ILs can be seen from the mean square

displacements (MSDs)42 derived from the MD simulation runs.
From the molecular point of view, MSDs of molecules give a

Figure 11. Equilibrium shape of three kinds of IL droplets with a radius of 30 Å on a silicon surface at different temperatures: (a, b) snapshots of
[Emim][Cl], (c, d) snapshots of [Emim][PF6], and (e, f) snapshots of [Emim][BF4].

Figure 12. Contact angles for three kinds of IL droplets with a radius
of 30 Å on a silicon surface: the triangles represent different
temperatures (T = 300, 350, and 375 K for [Emim][BF4],
[Emim][PF6], [Emim][Cl]), and the circles represent the same
temperature (T = 400 K), where the inset shows the D-value of the
contact angle at different temperatures. The lines are drawn only for
guiding purposes.

Figure 13. Emim+ and BF4
− average ions−silicon short-range potential

energies (EVDW,a-c) and electrostatic interactions (Ecoul,a-c) per ion pair
on solid silicon substrate (solid lines) and the ratio of EVDW,a-c to
Ecoul,a-c (dashed line). Lines are drawn only for guiding purposes.
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detailed microscopic description of single-particle motion. On
the nanoscale, the properties of ILs may be different from the
bulk system, and the new phenomenon may occur. To study
the mobility of IL droplets on the nanoscale, herein, we
calculate the corresponding MSDs of different IL droplets,
which is defined as

= ⟨| − | ⟩
N

r t rMSD
1

( ) (0)i i
c c 2

(2)

where ri
c(t) is the COM coordinate of the ith molecule at time t

and ri
c(0) is the initial COM coordinate of the ith molecule at

time t = 0. The MSDs of cations and anions for three IL
nanodroplets are calculated from trajectories with a time
interval 2 ps in the present MD simulations. For the IL
nanodroplets consisting of some ion pairs with the same radius
at T = 400 K, the calculated MSDs of cations and anions are
presented in Figure 14. For different IL nanodroplets, the
MSDs of cations and anions are in the order Cl− < PF6

− <
BF4

−, which is completely consistent with the change of the
contact angle at T = 400 K (Figure 12).
Simulated Temperature. Temperature plays a vital role in

the physicochemical properties of ILs and affects the
application of ILs in all aspects.52,58 Understanding the
relationship between the wetting behavior of ILs and the

temperature is desired to more rationally design and synthesize
ILs with an ideal wetting property for the development of
industrial processes and daily applications. In this section, an
[Emim][BF4] IL droplet with a radius of 20 Å is employed to
explore the influence of temperature on the wetting behavior at
different temperatures from 300 to 500 K with intervals of 50
K. All simulation systems are equilibrated after 10 ns from
different initial configurations, and the equilibrium shapes are
presented in Figure 15.
From Figure 15, we can find that the wetting of ILs is

continuously enhanced with the increasing of temperature and
eventually reaches a level of saturation. At a lower temperature
(Figure 15a), the mobility of IL ions is greatly constrained by
the larger viscosity and the cations and anions stay near their
original positions. The IL droplet maintains its previous
structure very well and presents poor wetting, which gives
rise to larger contact angles. Furthermore, the strong
electrostatic interactions of cations and anions further intensify
the process. It is difficult for ions−silicon VDW interactions to
pull the ions to be adsorbed on the solid surface. With the rise
of temperature, the viscosity and density of ILs start to
decrease52,59,60 and the wetting of ILs improves obviously.
Cations and anions become very active and start to move
toward the solid surface under the ions−silicon VDW

Figure 14. MSDs of imidazolium cations and anions for three ILs at T = 400 K: (a) [Emim][Cl], (b) [Emim][PF6], and (c) [Emim][BF4]. The
radius for all IL droplets is 30 Å.

Figure 15. Equilibrium shapes of [Emim][BF4] IL droplet with a radius of 20 Å on a silicon surface at different temperatures.
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interactions with weak constraint coming from the lower
viscosity. On the other hand, the decreasing of the density of
ILs means the increasing of the volume and results in the
lengthening of the distance between cations and anions; thus,
the Coulombic force between cations and anions would be
weakened so that the ions are more easily dragged toward the
solid substrate. More cations and anions are adsorbed on the
solid surface, increasing the number of ions existing in the
adsorbed layer and maximizing the ions−silicon VDW
interactions. Additionally, the liquid surface tension decreases
when the temperature increases, while the solid−liquid surface
tension relative to the solid surface tension is temperature-
independent; it is expected that the contact angle decreases.
Under the effect of these key factors, the wetting of IL droplets
on the nanoscale will be significantly improved and droplets
will present great surface wetting. When the temperature
continuously increases to a threshold (∼400 K), the wetting of
ILs tends toward saturation. At this time, the quasi-hemi-
spherical IL droplet turns into a liquid film, as illustrated in
Figure 15d,e.

■ CONCLUSION
In summary, here we investigate the dynamical three-dimen-
sional nanowetting behavior of droplets of three kinds of
imidazolium-based ILs with different radii ranging from 10 to
30 Å on a solid silicon surface at temperatures varying from 300
to 500 K through a three-dimensional analysis using MD
simulation. Using the well-established convex hull algorithm to
obtain a smoother fit of the drop’s surface according to the
outermost atomic coordinates in three-dimensional space, we
measure the contact angle in different directions of nano-
droplets spreading on the silicon surface and make use of the
arithmetic mean of all these measured values as the ultimate
value of the contact angle. The measured results indicate that
the contact angles change greatly and then tend to be saturated
from 45° to 75° as the droplet radius of ILs varied from 10 to
20 Å and further to >20 Å. The values of the contact angle are
anisotropic and could be 39.5° and 48.7° in x and y directions
of the droplets spreading on the solid silicon surface when the
radius of the IL droplet is 10 Å, and increasing the radius of
droplets can weaken the anisotropy of the contact angle.
Further analysis of the interaction among cations, anions, and
silicon suggests that the VDW interaction of ions and silicon
substrate varies from −56.5 to −53.5 kJ/mol per ion pair and
silicon, and the Coulombic interaction of cations and anions
varies from −265.3 to −282.0 kJ/mol per ion pair as the
droplet radii of ILs ranged from 10 to 30 Å. These differences
may be due to the imidazolium ring of cations in the adsorbed
layer in the vicinity of the silicon surface being more nearly
parallel to the silicon substrate upon increasing the droplet
radius and this allows a very effective interaction with the
silicon substrate. For a smaller droplet, the stronger VDW
interactions between ions and silicon more easily drag the ions,
spreading them on the silicon substrate surface, and the droplet
shows greater wetting and strong anisotropy. In contrast, for a
larger droplet, the stronger Coulombic interactions of cations
and anions make it more difficult to pull ions to the silicon
substrate surface, and this weakens the wetting of the IL droplet
and the anisotropy of contact angles. Because the total
Coulombic interactions of cations and anions and VDW
interactions of ions and silicon substrate reach an equilibrium,
the contact angles reach a saturation point when the radius of
IL droplets is beyond 20 Å. Viscosity plays a critically important

role in the nanowetting of IL droplets, and the wetting behavior
of IL nanodroplets decreases with the increasing of the
viscosity. The nanowetting of IL droplets to a large extent
depends on the simulated temperature, and with the increasing
of temperature, the nanowetting of IL droplets continuously
enhances and eventually reaches a level of saturation when the
temperature is T = 400 K, and the quasi-hemispherical IL
droplet turns into a liquid film. We hope that the study
presented here provides a deeper understanding of the wetting
behavior of IL droplets on the nanoscale and can promote the
development of nanodevices based on ILs.
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