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Abstract

Room temperature ionic liquids (ILs) can cre-
ate a strong accumulation of charges at solid
interfaces by forming a very thin and dense
electrical double layer (EDL). The structure of
this EDL has important consequences in nu-
merous applications involving ILs, for exam-
ple in supercapacitors, sensors and lubricants,
by impacting the interfacial capacitance, the
charge carrier density of semi-conductors, as
well as the frictional properties of the inter-
faces. We have studied the interfacial structure
of a long chain imidazolium-based IL (1-octyl-
3-methylimidazolium dicyanamide) on several
substrates: mica, silica, silicon and molybde-
num disulfide (MoS2), using atomic force mi-
croscopy (AFM) experiments and molecular dy-
namics (MD) simulations. We have observed
3 types of interfacial structures for the same
IL, depending on the chemistry of the sub-
strate and the water content, showing that
the EDL structure is not an intrinsic property
of the IL. We evidenced that at a low water
content, neutral and apolar (thus hydropho-
bic) substrates promote a thin layer structure,
where the ions are oriented parallel to the sub-
strate and cations and anions are mixed in each
layer. In contrast, a strongly charged (thus
hydrophilic) substrate yield an extended struc-
turation into several bilayers, while a hetero-

geneous layering with loose bilayer regions was
observed on an intermediate polar and weakly
charged substrate and on an apolar one at a
high bulk water content. In the latter case, wa-
ter contamination favors the formation of bi-
layer patches by promoting the segregation of
the long chain IL into polar and apolar do-
mains.

Introduction

Ionic liquids (ILs) are an emerging class of ionic
materials with melting points below 100 °C.1,2
Due to their remarkable properties such as
low vapor pressure, wide electrochemical win-
dow, thermal stability, thermal conductivity,
and other tunable properties,3,4 they have at-
tracted a great deal of attention as liquid elec-
trolytes for energy storage devices5,6 and ion-
tronic applications,7 and as lubricants or lubri-
cant additives.8,9

Compared to conventional electrolytes, ILs
exhibit a denser interfacial structuring of the
ions:10,11 cohesive interactions in ILs (Coulom-
bian, van der Waals, hydrogen bonding, solvo-
phobic)12,13 lead to a strong structural organi-
zation at solid and fluid interfaces.14–16 Ions can
organize in mixed layers of cations or anions
forming a checkerboard structure or in a lamel-
lar structure with alternating layers of cations
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and anions that can extend to several nanome-
ters from the surface.17

Understanding the electrical double layer
(EDL) structure adopted by the IL at the in-
terface with a solid surface is of paramount im-
portance for many applications because it im-
pacts directly the performance of the devices.
Indeed, in batteries and supercapacitors, the
EDL structure controls the interfacial capaci-
tance, and thus the maximal energy density.18

In iontronic devices such as IL-gated transis-
tors, the IL is in contact with a semiconduct-
ing substrate. Modifying the EDL structure
through an applied potential induces an ex-
tremely large conductivity change in 2D semi-
conducting layers or semiconducting nanowires,
leading to the design of novel electronic devices
and triggering advances in fundamental mate-
rial sciences.19,20 Finally, the friction reduction
across IL-based lubricants also directly depends
on the interfacial structure.9 As a consequence,
the friction coefficient can be tuned either by
changing the number of ionic layers squeezed
between smooth surfaces,21,22 or by changing
the EDL structure through an applied poten-
tial.23,24 In order to rationalize the choice of the
best IL/substrate combination for a given appli-
cation, the scientific challenge is twofold: first,
become able to predict the EDL structure de-
pending on the liquid composition and the sub-
strate’s properties (chemistry, geometry, elec-
trical potential...), and from that, as a second
step, the resulting quantities of interest such as
the interfacial capacitance, the conductivity of
a semi-conductor, or the friction coefficient.
Experimentally, the EDL structure has been

extensively studied by force spectroscopy tech-
niques using either a surface force appara-
tus (SFA)10,25–28 or an atomic force micro-
scope (AFM).29–31 Nowadays, a direct as-
sessment of the interfacial structure can be
also provided through several advanced ex-
perimental techniques such as neutron re-
flectivity,28,32,33 surface-enhanced Raman spec-
troscopy,34,35 photo-emission electron spectro-
copy,36 or sum-frequency generation (SFG)
spectroscopy.33,37,38 However, the AFM remains
a method of choice for the direct investigation
of IL interfaces. Thanks to its high sensitiv-

ity and versatility, it enables to investigate a
wide variety of systems,39 with recent develop-
ments toward an atomic-scale 3D mapping of
the EDL.40–43

The EDL structure has also been widely in-
vestigated by molecular dynamics (MD) sim-
ulations, which provide key insights into the
EDL structure and allow to scan the effect
of the liquid composition and/or the substrate
properties in well controlled numerical exper-
iments.44–46 Some studies performed a further
step, by also evaluating quantities of inter-
est such as the interfacial capacitance47 or the
friction coefficient.48,49 However, MD results
depend on the choices that are made to de-
scribe the interactions between the compounds,
and thus need to be benchmarked against ex-
perimental findings. A few studies demon-
strate an excellent correlation between simu-
lated density profiles and AFM experimental
results,31,35,42,50,51 providing a deep and reliable
understanding of the investigated EDLs.
Previous studies have evidenced that for

a given IL, the EDL structure depends on
the substrate’s chemical nature,52,53 its topol-
ogy,49,54 and its surface charge.19,30,31,35,42 The
presence of water contamination also matters,
but depending on the system and the wa-
ter concentration, it can either reinforce55 or
weaken56,57 the interfacial ordering, and the
precise role of water remains often unclear.58

The IL chemical composition is also crucial.
For example, hydrogen bonding between ions
produces a stronger interfacial nanostructure59

and impacts their lateral organization.43 The
length of an alkyl side chain is an other im-
portant parameter, since a long apolar chain
confers amphiphilic properties to the associ-
ated ion.17 As a result, long chain ILs have
been shown to segregate into polar and ap-
olar nanostructures in the bulk, that turn
into a lamellar ordering in a succession of bi-
layers close to a solid surface in many sys-
tems.25,26,32,33,60 However, a recent MD simu-
lation predicts a completely different organiza-
tion into thin layers of ions oriented parallel
to the substrate for a long chain imidazolium-
based ionic liquid, 1-octyl-3-methylimidazolium
dicyanamide (C8mimDCA), on molybdenum
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disulfide (MoS2).
46 If confirmed experimentally,

this behaviour is very interesting for two rea-
sons. First, on the fundamental point of view,
can we understand what controls the orienta-
tion of a long chain imidazolium based IL over
different substrates? Second, there is so far a
lack of studies of the EDL structure formed by
ILs over MoS2, even though it is a 2D semi-
conductor of great interest for iontronic appli-
cations.61

In this work, we have combined AFM exper-
iments and MD simulations in order to investi-
gate the role of the surface chemistry on the in-
terfacial organization of C8mimDCA, and eluci-
date the influence of water contamination. We
have chosen four different substrates with a low
surface roughness: two standard hydrophilic
substrates, mica and silica (SiO2), and two hy-
drophobic substrates, silicon (Si) and MoS2.
Complementary benchmark simulations were
also performed with a short-chain imidazolium
based IL. We first present AFM results that ev-
idence major structural differences on different
substrates. We then compare MD simulations
on MoS2 and SiO2 with a pure and a wet IL,
in order to clearly differentiate the effect of the
surface chemistry from the one of water impuri-
ties. Finally, we compare the experimental and
numerical results before rationalizing our find-
ings.

Materials and Methods

Experiments

C8mimDCA and 1-ethyl-3-methylimidazolium
dicyanamide (C2mimDCA) were purchased
from Solvionic, France. They were dried using
schlenk lines achieving a vacuum of 10−1mbar.
Water was evacuated by rotary evaporation
(100 rpm) and heating (40 °C) for approxi-
mately 4 days under argon atmosphere. After
this, the water content was measured, using
Karl Fischer titration, to be around 80 ppm for
C8mimDCA and 120 ppm for C2mimDCA. The
density ρ, viscosity µ, and ion pair diameter D
of both ILs are given in Table 1. ρ was measured
after the degassing using an U -tube oscillator

at different temperatures. µ was measured us-
ing a falling-ball viscometer. D was calculated
from ρ assuming a cubic packing geometry ac-
cording to the method described by Horn et
al.10 The molecular weight (MW ), dimensions,
and molecular structure of the ions are summa-
rized in Table 2. The sizes were calculated in
flat, stretched configurations of the side chains
as drawn in the last column of Table 2, using
the GAFF force field with van der Waals radii
from reference.62

Table 1: Density ρ and viscosity µ at 25 °C,
and ion-pair diameter D of ILs considered in
this work.

IL ρ (g cm−3) µ (mPa s) D (nm)

C2mimDCA 1.10 13.3 0.65
C8mimDCA 1.00 69.1 0.76

Atomically smooth muscovite mica was
cleaved by using adhesive tape before each
use. SiO2 substrates are the native oxide layer
of silicon wafers, while the Si substrates were
obtained by removing this oxyde layer using a
hydrofluoric (HF) treatment. X-ray Photoelec-
tron Spectroscopy (XPS) data for both types of
Si wafers are provided in the Supporting Infor-
mation (Figure S1) to characterize the oxygen
content at their surface. The MoS2 substrate
was prepared in the Cadot group at CEA-LETI.
MoS2 thin layers (2 nm-thick) were deposited
on SiO2/Si wafers (500 nm-thick thermally
grown SiO2) by atomic layer deposition in a
300 mm Trillium chamber (from Applied Mate-
rials) using the procedure reported in Cadot et
al.63 Subsequently, a post-deposition annealing
under nitrogen was applied in order to crystal-
lize the MoS2 layer (5 min, 900°C, 1 atm in a
Jipelec jetfirst RTP tool). The roughness of
these substrates was checked to be low: max-
imum height of the profile Rt < 1.3 nm for a
scan size of 1 µm. Typical AFM topography
pictures of the four substrates are provided in
Figure S2.
Force curves were collected using a JPK

NanoWizard 4 AFM in contact mode, within
a JPK fluid cell that was clamped over the sub-
strate (see Figure 1). The sealing was ensured
by compressing a Viton O-ring between the cell
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Table 2: Molecular weight MW , dimensions, and molecular structure of the ions used in this study.
Carbon atoms are shaded gray, nitrogen are blue, hydrogen are white.

Ion MW (gmol−1) Dimensions (L x W x H, Å) Molecular structure

C2mim 111.17 9.4 x 6.5 x 4.0

C8mim 195.32 16.7 x 6.5 x 4.0

DCA 67.05 7.3 x 4.3 x 3.4

and the substrate. Both the fluid cell and the
O-ring were cleaned by sonication for 15min in
distilled water, followed by another 15min son-
ication in ethanol, and then dried under argon
prior to mounting. A silicon skirt fixed around
the cantilever holder was laid upon the top of
the fluid cell to reduce the exposure of the cell
content to ambient air. The fluid cell comprised
a gas inlet, a liquid inlet and a liquid outlet. It
was flushed with dry nitrogen using the gas in-
let prior to injecting the ionic liquid through
the liquid inlet. Unless mentioned otherwise,
the experiments were performed under a weak
nitrogen flux in order to reduce the water up-
take of the liquid. After the experiments, the IL
was extracted through the liquid outlet and its
water content was checked. The temperature
within the fluid cell was approximately 25 °C.

Mirror

Glass 
cantilever holder

Silicone skirt

Liquid outletLiquid inlet

Gas inlet

Liquid

Substrate

Cantilever Fluid cell
O-ring

4-quadrant 
photodiode

Laser beam

Figure 1: Sketch of the AFM setup within the
fluid cell. The cantilever deflection was mea-
sured through the displacement of the laser spot
on a 4-quadrant photodiode. The glass can-
tilever holder was mounted on a piezoelectric
element, not represented on this sketch, that
piloted its vertical motion.

For our measurements, we used contact mode
cantilevers A from 4XC-NN OPUS AFM probes
without coating. To avoid contamination, they
were plasma cleaned for 30 s prior to use and
a new tip was used for each set of experi-
ments. The manufacturer specifies a tip height
of 14µm, a tip radius ≤ 7 nm, and a spring
constant of ≈ 0.3Nm−1. The spring constants
were calibrated in air far from the substrate us-
ing a contact-free method, with a relative un-
certainty of 5%. In this method, the Sader cal-
ibration method was coupled with a thermal
noise measurement around the first resonance
of the cantilever to yield both the cantilever
spring constant and the deflection sensitivity in
air.64 The AFM cantilever was then fully im-
mersed in the IL. Its spring constant remained
the same, but the sensitivity changed. The sen-
sitivity in the IL was measured using the stan-
dard contact-based method, where the signal
of the deflection sensor was recorded as a func-
tion of the vertical piezo displacement, and a
straight line was fitted through the steepest re-
gion of the repulsive contact part of the curves.
The maximal setpoint was about 40 nN.
The cantilever deflection versus piezo dis-

placement curves were recorded with an ap-
proach velocity below 400 nm s−1 to prevent dy-
namic effects due to viscous drag. We have
checked that no viscous drag modified the
curves below a velocity of 500 nm s−1. The ap-
proach velocity and acquisition rate for each ex-
periment are given in Table S1, together with
the cantilever spring constant and the deflection
sensitivity in the IL.
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Typical start distances for the scan were 50–
70 nm from the repulsive region. The applied
force did not exceed 40 nN, however no lay-
ers were detected at forces greater than 10 nN,
so that the maximal force setpoint was set
at 10 nN in the reported approaches. Data
were subsequently converted to force versus tip-
substrate separation using Matlab scripts in
which the baseline of zero force was set at the
mean force far from the contact. The zero sep-
aration between the tip and the sample was
defined as the median separation in the force
range between 8 and 10 nN. For a statistical
analysis, we recorded series of at least 10 force
curves at the same position on the substrate
with the same scan parameters.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were
performed to support the understanding of the
interactions of C8mimDCA with SiO2 and MoS2

surfaces, for the pure IL on the one hand and
in the presence of water impurities on the other
hand. C2mimDCA, an ionic liquid with a short
chain side-group on the imidazolium ring, was
also simulated as a benchmark. A periodic slab
geometry was used.
The ionic liquids C2mimDCA and C8mimDCA

were described by the CL&Pol polarizable force
field for ionic liquids65 and water simulated
using the SWM4-NDP polarizable model.66

These force fields are based on the Drude in-
duced dipole method. A small modification was
made to ensure a better stability of the trajec-
tories, namely: the Thole damping parameter
was set to 1.8 instead of the usual 2.6, other-
wise the DCA anions might undergo unrealis-
tic conformational changes.46 SiO2 was mod-
eled as crystalline silica and described by the
ClayFF67 force field, which uses fixed atomic
partial charges and includes the presence of
hydroxyl groups at the silica surface (see Sup-
porting Information for details). MoS2 was
represented by a force field with a compatible
functional form68 with electrostatic interac-
tions described by a fixed-potential surface, as
in the recent work of Gong and Padua.46 The
van der Waals and electrostatic interactions

were truncated at 1.2 nm in direct space and
the particle mesh Ewald approach was used to
account for electrostatics at long-range, with
a relative accuracy under 10−5. For the sim-
ulation of silica substrates with fixed-charge
method, a slab correction was applied to re-
move artificial interactions between images in
the z direction.69

The simulation boxes were built by placing
two xy-periodic slabs of MoS2 with a spacing
along z, and this space filled with the IL (and
water, if present) in random positions and ori-
entations within the slit pore. The numbers
of ions and molecules inserted were determined
in such a manner that the equilibrated dis-
tance between the two surfaces was close to
8 nm. Equilibrations were performed at con-
stant NV T , and were assessed by monitoring
the time evolution of the distance between two
substrates and the distributions of ions, for each
system. The distances reach equilibrium in less
than 1 ns, while the distributions of ions could
take more than 100 ns to stabilize. Once the
systems equilibrated, production runs were car-
ried out under the NVT ensemble, with the two
slabs of MoS2 allowed to move during the simu-
lation. The same procedure was followed for the
silica systems. In the humid systems, a concen-
tration of 20 000 ppm of water was considered,
which corresponds in the C2mimDCA system
to a molar ratio of 511:100 between IL and wa-
ter, and in the C8mimDCA system to a molar
ratio of 312:100 between IL and water.
Simulations were ran using the OpenMM70,71

code, with production trajectories of at least
100 ns with a 1 fs integration timestep.

Results and Discussion

AFM measurements

We recorded force curves of C8mimDCA on
four different substrates: mica, SiO2, Si, and
MoS2. Figure 2 displays 2D force-separation
histograms generated from 10 force versus sep-
aration approach curves on each substrate. In
this statistical representation, the number of
data points recorded into each rectangular bin
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in the force-separation plane is evaluated and
color-coded. The bin size is 0.05 nN in force
and 0.02 nm in separation. This representation,
inspired by the work of Black et al.,31 allows
to evaluate the repeatability of the curves and
identify statistically robust features when indi-
vidual curves differ.
On mica, very reproducible force-separation

curves were recorded in the repeated ap-
proaches. No measurable force was acting on
the tip at separations higher than ∼ 6 nm,
defining the zero force baseline. At smaller sep-
arations, two events composed by a force in-
crease followed by a mechanical instability were
observed. The force increase is interpreted as
resulting from the compression of the interfacial
nanostructure, while the mechanical instability
reflects the ejection of a layer. These layers
were 2.3 nm ± 0.1 nm thick, thus thicker than
the length of the cation and than the size of an
ion pair (see Table 1), and thinner than what
would be expected from a bilayer with a toe-to-
toe configuration of straight and perpendicular
octyl chains. This suggested that the ejected
layers were bilayers with a chain interdigitation
as proposed in Griffin et al.,32 and/or an orien-
tational disorder of the long alkyl chains as sug-
gested by MD simulations.72 The force required
to rupture each layer increased as the tip moved
closer to the surface. This can be explained by
a decreased layering order further from mica as
the molecular structure approached that of the
bulk C8mimDCA.
On HF treated Si and on MoS2, no thick lay-

ers were observed. Below typically 2 nm, indi-
vidual approach curves differed from each other
(see example given in Figure S4). However,
several thin layers appeared as statistically ro-
bust features (yellow to red areas) on the 2D
histograms built from 10 successive approach
curves (see the bottom row of Figure 2 and the
zooms in Figure S5). Following the line of max-
imal number of points (ridge line), the robust
features appeared in regions where the interfa-
cial structure was compressed. They were sep-
arated by layer expulsion events that appeared
as an abrupt change of slope of the ridge line
and/or a blue to green segment with a locally
lower number of counts. Most expulsion events

were also associated with a larger spread of the
data points, reflecting a significant variability
of the force level at expulsion. 1D separation
histograms, which correspond to the projection
of the 2D histograms on the separation axis,
were a complementary tool to locate the layer
expulsions,73 as explained in the Supporting In-
formation.
On MoS2, 3 thin ionic layers, with a thickness

of 0.3–0.4 nm, could be detected. The width of
these layers was in good agreement with the di-
mension of the ions given in Table 2, if the im-
idazolium cations were oriented parallel to the
substrate, and with the structure predicted by
the simulations of Gong et al. on MoS2.

46 How-
ever, in the AFM 2D histogram on MoS2, the
inner layer seemed to subdivide in two: layer
1b that started at a separation of about 0.5 nm
from the substrate and was ejected at a force
around 4 nN and a separation of about 0.3 nm,
and layer 1a located at 0.2 nm, a very rigid (ver-
tical) layer that yielded a little above 5 nN. The
uncertainty of the distance was about 0.07 nm,
so that layer 1b was compatible with both the
ion’s height and the MD density profiles, while
layer 1a was thinner.
3 thin layers were also detected on HF treated

Si. They had a width of about 0.5 nm for the
two outer layers and 0.8 nm for the inner one.
These layers were wider than the layers on the
MoS2 substrate, but also implied a parallel ori-
entation of the alkyl tails.
On silica, a third type of structure was ob-

served, with one thick layer that was ejected at
a separation of about 2 nm at a very low force
level (a zoom is provided in Figure S5), and
two thin layers below 1.2 nm, as indicated by
the arrows on Figure 2 (top right panel). These
layers had a thickness of about 0.5 nm, as the
two outer layers on HF treated Si.
By studying the same IL on different surfaces,

we demonstrated that the interfacial structure
of a long chain IL is not an intrinsic quality of
the IL, but also depends on other conditions in-
cluding surface chemistry and/or IL water con-
tent. It is worth noting that at the end of the
day, the water content of the IL was found to
be around 10 000 ppm for the measurements on
mica and SiO2, showing that different struc-
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Figure 2: 2D force versus separation histograms for an AFM tip approaching different surfaces
in C8mimDCA, generated from 10 individual approach curves. Top left: mica. Top right: SiO2.
Bottom left: HF treated Si. Bottom right: MoS2. The arrows point toward the ejection event of
the designated layer.
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tures were observed on different substrates at
a similar bulk water content. However, the wa-
ter content was lower in the other experiments:
2200 ppm on Si and 4000 ppm on MoS2. The
experimental bulk water contents are summa-
rized in Table S1, both in ppm and as molar
ratio.
In order to further check the influence of

water impurities on the interfacial structures,
we performed an additional experiment: we
recorded force curves on MoS2 in water rich
C8mimDCA. The system was left overnight un-
der ambient conditions and force curves were
recorded the next day, as the water content of
the IL reached 40 000 ppm. Figure 3 shows a
2D histogram of 10 approach curves in this wet
system. 3 thin layers were observed below 2 nm,
as on the drier system, but their positions were
shifted by 0.2 nm toward the left, as if layer
1a (defined on Figure 2, bottom left) was not
ejected below the 10 nN setpoint, so that the
separation zero was set on layer 1a instead of
on the substrate. This shift was further evi-
denced by the comparison of the 1D separation
histograms of the two systems, shown in Figure
S6. This difference with water content, as well
as the size of layer 1a, may be attributed to wa-
ter molecules squeezed between the tip and the
substrate. Remarkably, a faint thick layer also
appeared at higher separation, very similar to
the one observed on the silica substrate.

Molecular dynamics simulations

Molecular dynamics simulations were per-
formed on MoS2 and on silica, with and without
water molecules, in order to clearly differentiate
the influence of the surface chemistry from the
influence of water impurities on the interfacial
structure of the ILs.
Simulations on MoS2. MD trajectories

of 600 ns were obtained for C2mimDCA and
C8mimDCA in an 8 nm wide slab system with
MoS2, pure and in the presence of 20 000 ppm
of water, under a 0V surface potential differ-
ence. Density profiles of the ions and water
in the region between the surfaces are plotted
in Figure 4 for the C8mimDCA system. The
corresponding curves for the C2mimDCA sys-

Figure 3: 2D force versus separation histogram
generated from 10 individual approach curves in
wet C8mimDCA on MoS2. The water content
was 40 000 ppm. The arrows point toward the
ejection event of the designated layer.

tem are reported in Figure S7. Figure 5 de-
picts simulation snapshots of the wet system
for both ILs. Finally, angular distributions for
the C8mimDCA systems are represented in Fig-
ure 6.
In both dry systems, the density profiles in

the pure ionic liquid were quite symmetric on
the two surfaces (top curves), indicating a good
equilibration of the simulated systems. They
displayed three noticeable ordered layers at a
distance below 1.8 nm from the substrate, with
a similar thickness of 0.34–0.40 nm for both
ILs. Note that this structure was in very good
agreement with our experimental findings for
C8mimDCA (Figure 2, bottom right). The den-
sity profiles of anions and cations had coincid-
ing maxima, meaning that cations and anions
were mixed in each interfacial layer. In the
C8mimDCA system, a weak structuration into
an apolar domain containing the alkyl chains,
and a polar domain containing the DCA an-
ions and the imidazolium heads, was addition-
ally observed around 2 nm from the MoS2 walls.
This kind of feature was neither observed nor
expected in the short-chain C2mimDCA sys-
tem.
In the presence of water molecules (bottom

panel of Figure 4, and Figure 5), the behaviour
of the short-chain and long-chain systems dif-
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Figure 4: Density profiles of the C8mimDCA
systems with MoS2. Plotted are the centers of
mass (com) of the imidazolium head groups and
of the alkyl tails of the C8mim cations, of the
DCA anions, and of water molecules. The top
plot corresponds to the dry system, whereas the
bottom one contains 20 000 ppm of water. The
top plot was adapted from Gong et al.,46 with
the permission of AIP Publishing.

fered. While in the C2mimDCA system the ad-
dition of the water did not significantly mod-
ify the density profiles of the ionic species (see
Figure S7), a marked asymmetry appeared in
the C8mimDCA system. Does this asymme-
try mean that the simulation was not fully con-
verged in this system? This would be surpris-
ing, because one would expect the addition of
water to decrease the viscosity of the IL, thus
accelerating the dynamics rather than slowing
it down. More probably the result of the sim-
ulation was representing either a stable or a
deep metastable state of the system. In the

Figure 5: Snapshots of the simulation of (a)
C8mimDCA and (b) C2mimDCA in a MoS2 slit
in the presence of water. The MoS2 walls are
represented in gray, water in green, DCA in red,
the imidazolium heads in blue, and the alkyl
chains in orange.

humid system, the segregation into polar and
apolar domains at the right side of the slit be-
came much stronger than in the dry system
and propagated toward the left side of the slit,
shifting slightly the center of the leftmost po-
lar domain from 2.3 nm in the dry system to
2.7 nm. The position of the three thin ionic lay-
ers close to the walls remained the same as in
the dry system, but a concentration difference
appeared in the layers closest to the walls: the
alkyl tails were depleted at the right wall and
replaced by charged groups, whereas the reverse
was observed in the peak closest to the left wall.
Finally, the water density formed three small
peaks at the inner edge of the three ionic peaks,
oppositely from the alkyl chain peaks, and fol-
lowed closely the density profile of the charged
groups (imidazolium head-groups and anions)
in the central part of the simulation cell, mean-
ing that the water was found predominantly in
association with the charged groups.
The concentration shifts in the inner ionic

layers can be better understood by looking at
the angular distributions of the head-group and
alkyl chain of the cations, of the anions and of
water molecules in the first ionic layer, plotted
in Figure 6. The presence of water didn’t affect
the orientation of the charged groups, which
were mostly parallel to the MoS2 surface. How-
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Figure 6: Angular distributions of the
C8mimDCA systems with MoS2, for the ions lo-
cated in the first layer close to the left and right
wall. The angles plotted are between the plane
of the imidazolium ring and the MoS2 surface,
between the end-to-end vector of the octyl side
chain and the surface, and between the planes
of the DCA anions and water molecules and
the surface. The top plot corresponds to the
dry system, whereas the bottom one contains
20 000 ppm of water. The top plot was adapted
from Gong et al.,46 with the permission of AIP
Publishing.

ever, it modified the angular distribution of the
alkyl tails. In the dry system, most of the alkyl
tails of the cations lay parallel to the MoS2 sur-
face, as reported before,46 with a few chains
taking a 70° angle with respect to the substrate.
In the presence of water, the asymmetry re-
marked before in the density profiles was also
seen in the angular distributions of the alkyl
tails. At the right wall, more tails assumed a
70° angle, liberating space close to the substrate
for the charged groups, while at the left wall, all
alkyl tails lay parallel to the wall.
Simulations on SiO2. MD simulations

were also performed for C8mimDCA and
C2mimDCA between silica surfaces with and
without the presence of water. In both sys-
tems, the presence of water had no influence
on the density profiles of the ions, as shown
in Figure 7 for C8mimDCA and in Figure
S7 for C2mimDCA. When present, the water
molecules aggregated in the vicinity of charged
groups.
Interestingly, C8mimDCA and C2mimDCA

assembled very differently from each other in
these simulations, as shown in the snapshots
presented in Figure 8. Both ILs also assem-
bled differently in the silica slit and in the MoS2

slit. In the C2mimDCA/silica system, the ions
assembled into several thin layers on a similar
range as on MoS2, but with a mismatch in the
position of the density peaks of the anions and
the charged head groups of the cations (Sup-
porting Information). In the C8mimDCA/silica
system, a strong segregation into apolar and po-
lar domains was observed in the density profiles
of Figure 7, independently of the presence of
water. On the snapshot in Figure 8(a), a bi-
layer structure was observed on wide portions
of the silica surfaces, but didn’t span the en-
tire width of the substrate. The density pro-
files of the charged groups were symmetric and
displayed for both groups a first peak at 0.4 nm
from the silica substrate. This peak was notice-
ably shorter and wider than its counterpart on
MoS2. An even wider peak was located around
2.3 nm from the substrate, at the same distance
than the much weaker polar domain observed
for pure C8mimDCA on MoS2. This peak corre-
sponded to the outer part of a bilayer structure,
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Figure 7: Density profiles of the C8mimDCA
systems with SiO2. Plotted are the centers of
mass of the imidazolium head groups of the
C8mim cations, of the DCA anions, and of wa-
ter molecules. The top plot corresponds to the
dry system, whereas the bottom one contains
20 000 ppm of water.

(a) (b)

Figure 8: Snapshots of the simulation of (a)
C8mimDCA and (b) C2mimDCA in a silica slit
in the presence of water. The silica walls are
represented in gray, water in green, DCA in red,
the imidazolium heads in blue, and the alkyl
chains in orange.

whose location matched well with the experi-
mental bilayer width. A much smaller interme-
diate peak was present at 0.7 nm for the DCA
anions and 0.9 nm for the imidazolium ring, re-
flecting the ionic structure in the small portions
that were not covered by the bilayer close to the
substrate.
The analysis of the angular distributions in

the C8mimDCA/silica system showed that, in
contrast with the MoS2 system, the imida-
zolium ring and tail, as well as the DCA plane,
adopted a broad range of orientations in the
vicinity of the wall, as shown in Figure 9. The
most probable configuration of the imidazolium
ring and tail is however perpendicular to the sil-
ica surface. This angular distribution explained
both the width and the location of the first den-
sity peak for the charged species in this sys-
tem. The perpendicular configuration of the
alkyl chain promoted the formation of bilayer
domains, whose width is in agreement with the
experimental results.

Figure 9: Angular distributions of the
C8mimDCA system containing 20 000 ppm of
water with SiO2. The angles plotted are be-
tween the plane of the imidazolium ring and
the SiO2 surface, between the end-to-end vec-
tor of the octyl side chain and the surface, and
between the planes of the DCA and the surface.
The distribution includes the imidazolium rings
and DCA that were within 1 nm of the surface,
and the octyl tails that were within 2 nm of the
surface.
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Discussion

The agreement between the experimental force
curves and the numerical density profiles is re-
markable both on MoS2 and on silica, as shown
on Figure 10 and in the Supporting Informa-
tion (Figures S8 and S9). Both approaches were
thus mutually validated and brought comple-
mentary pieces of information.
The MD simulation results showed that the

thin layers observed on MoS2 contained a mix-
ture of cations and anions oriented parallel to
the substrate, which explained the small size of
these layers. The lateral heterogeneity of the
ionic layers, evidenced in the simulation snap-
shots (Figures 5 and 8), explained the variabil-
ity of the experimental curves for repeated ap-
proaches. Indeed, as the radius of curvature
of the AFM tip is of the order of 10 times the
ion-pair diameter D, our experiment is sensi-
tive to the variations of the local organization
of the ions between successive approach and
retraction cycles. These variations are due to
the thermal diffusion of the surface nanostruc-
tures,74 to the flow induced by the motion of
the AFM cantilever, and to the slow thermal
drift of the contact point.

Figure 10: MD density profiles of the dry
C8mimDCA system on MoS2, superposed to the
corresponding AFM 2D force versus separation
histogram, measured with a water content of
4000 ppm.

In the experiments on MoS2, a weak
wide layer was detected in the wet system
(40 000 ppm water, Figure 3 and S5), but not
in the drier system (4000 ppm water, Figure 2
bottom right and S5). The location of this layer

matched reasonably the position of the polar
domain found around 2.3 nm in the MoS2 sim-
ulations (see Figure S9). This observation was
again in good agreement with the simulations,
where the polar domain was indeed reinforced
on the right side of the simulation cell in the
presence of water, giving an experimental vali-
dation of this feature.
Finally, the position of the water peak be-

tween the right wall and the first peak of the
ionic moieties in the wet silica system, located
at 0.2 nm from the substrate, matched the lo-
cation of layer 1a on the 2D histograms on
MoS2, giving strength to the hypothesis that
layer 1a was due to water molecules squeezed
between the MoS2 and the AFM tip. Be-
ware that this position does not correspond to
the position of the first water peak in the wet
C8mimDCA/MoS2 simulation: at equilibrium,
the water molecules are located around 0.3 nm
from the substrate, that’s to say closer to the
charged species.
The interfacial structures observed in the ex-

periments and the simulations for the long-
chain ILs can be classified into 3 groups, de-
picted in Figure 11.

(a) (b) (c)

Figure 11: Sketches of 3 kinds of interfacial
structures for C8mimDCA: (a) a thin layer
structure, (b) a mixed structure, and (c) a mul-
tiple bilayer structure. The imidazolium heads
are drawn as blue circles, the alkyl tails as or-
ange lines, and the anions as red ovals.

The first type is a structure composed of thin
layers, where each layer is a neutral mixture
of anions and cations oriented parallel to the
substrate, with very few alkyl chains oriented
perpendicularly to the substrate. In this con-
figuration, no thick layer was experimentally
detected in the system. In our experiments,
this structure was observed on Si treated with
HF and dry MoS2, two apolar and hydrophobic
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substrates that are known to have favourable
hydrophobic interactions with hydrocarbon
contaminants.41,75 A similar kind of struc-
ture was already reported in a combined AFM
and MD study for 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (C6mimNTf2)
on amorphous indium gallium zinc oxide
(IGZO) by Black et al.,19 and in MD simu-
lations for C6mim tetrafluoroborate (BF4) on
graphene by Jo et al.45 In both cases, it was
observed when no potential was applied on
the substrates, so that they also belong to the
neutral and apolar category.
The second type is a mixed structure with

a higher number of alkyl chains oriented per-
pendicularly to the substrate in the first layer,
and belonging to apolar domains. As a re-
sult, bilayer patches appear on the substrate,
so that the interfacial structure looks more
similar to the bulk nanostructure. In the
experiments, those bilayer patches, detected
as very weak thick layers, may reorganize
into thin parallel layers when compressed by
the cantilever tip. This structure was ob-
served with C8mimDCA on SiO2 and wet
MoS2. The same kind of structure was also ob-
served by Mao et al.60 They performed AFM
experiments on a highly oriented pyrolytic
graphite (HOPG) electrode with a different
type of amphiphilic ionic liquid, with a short
chain imidazolium cation and an anion bear-
ing two bulky hydrocarbon groups: 1-butyl-3-
methylimidazolium 1,4-bis(2-ethylhexoxy)-1,4-
dioxobutane-2-sulfonate (C4mimAOT). They
observed a thin inner layer (with a thickness
of about 0.5 nm), and an extremely weak thick
layer at open circuit potential. Unfortunately,
the water content was not indicated. A simi-
lar structure was reported by Cheng et al.76 for
C8mim chloride on self-assembled monolayers
(SAMs) grafted on a gold substrate. Interest-
ingly, two kinds of SAMs were tested in that
study, one hydrophobic terminated by an ap-
olar methyl group, and one hydrophilic termi-
nated by a polar hydroxyl group. The interfa-
cial structure was investigated by AFM for var-
ious water contents. At a bulk water content
of about 10 000 ppm (which was the drier case),
two weak thick layers were detected, which had

the same size but were much weaker than the
bilayers observed on a mica substrate at a sim-
ilar water content in the same study.
The third type is a multiple bilayer struc-

ture, with all alkyl chains oriented perpendic-
ular to the substrate in the first layer. The
structuration into lamellar apolar and polar do-
mains propagates in several increasingly disor-
dered layers toward the bulk IL. This structure
was observed in many experiments with long-
chain ionic liquids on mica,25,26,32,76 including
ours. It was also observed for C4mimAOT on
HOPG when a potential of ±1V was applied on
the HOPG electrode by Mao et al.,60 and for 1-
decyl-3-methylimidazolium bis(oxalato)borate
(C10mimBOB) on both positively and nega-
tively charged substrates by Watanabe et al.33

Our numerical simulations evidenced the ma-
jor importance of the chemical nature of the
substrate for the IL interfacial structure, since
very different structures were obtained for pure
ILs on different substrates. For the long chain
C8mimDCA, a thin layer structure was ob-
tained on MoS2, while a mixed structure with
a large bilayer fraction was obtained on silica.
Both simulated substrates were globally neu-
tral in the simulations, but MoS2 was non po-
lar but polarizable, while the silica substrate
was strongly polar, with a fixed polarization.
The apolar MoS2 substrate had not only an at-
tractive hydrophobic interaction with the alkyl
chains, but also a strong attractive interac-
tion with the imidazolium ring. Actually, it
was strong enough that this positively charged
group stayed at the MoS2 surface even under an
applied positive potential, as shown in a previ-
ous work.46 As a result, this substrate favored
a parallel configuration for the long-chain imi-
dazolium cation. Note that a similar argument
was also used by Jo et al.45 to explain the paral-
lel orientation of C6mim on graphene, as it has
not only an attractive interaction with the alkyl
chain, but also a strong π − π interaction with
the imidazolium ring. On the other hand, po-
lar silica attracted polar moieties and repulsed
the apolar chains, thus favoring a perpendicular
orientation of the cations at the substrate, that
promoted the formation of bilayer regions. In
both systems, DCA anions were present in the
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first layer close to the substrate in the same
quantity as imidazolium heads, so that elec-
troneutrality was preserved.
When increasing the bulk water content, the

interfacial structure went from a thin layer
structure to a mixed one on MoS2. We at-
tribute this effect to a water-induced strength-
ening of the segregation of the long-chain IL
into polar and apolar nanodomains. But even
at 20 000 ppm of water, the bilayer coverage of
the interface remained smaller than the one ob-
tained with a silica surface, so that the influence
of water impurities was weaker than the one of
the substrate’s polarity in the simulations.
Finally, the multiple bilayers structure ob-

served on mica may be attributed to a very high
negative surface charge. Indeed, mica tends
to acquire a high surface charge density due
to the dissociation of potassium ions from the
001 cleavage plane in standard handling condi-
tions in a humid atmosphere, with a maximal
charge of about 2 electrons per nm2.77,78 This
charge can be compensated by a dense packing
of imidazolium heads at the interface, orienting
their long alkyl tails away from the interface.
The resulting dense forest of alkyl chains would
then template the formation of multiple bilay-
ers. Such structures were also observed on other
types of charged substrates, either polarized by
an applied potential,60 or at the surface of salt
crystals.33 Interestingly, bilayers were not ob-
served in a very dry C8mimNTf2/mica system
in SFA investigations performed by Cheng et
al.,55 that evidenced that water is a necessary
ingredient for the formation of bilayers on mica.
In their dry system, their force-separation pro-
file was interpreted as resulting from the squeez-
ing of the bulk nanostructure. That observation
matches our classification if the potassium ions
remain on top of the cleavage plane in absence
of water, resulting in a polar and neutral (or
weakly charged) surface.

Conclusions

In conclusion, our combined experimental and
numerical study allowed to validate our meth-
ods and elucidate the EDL structure of a long-

chain IL on different kinds of surfaces, as well
as the role of water impurities.
On the one hand, neutral and weakly po-

lar (thus hydrophobic) substrates such as HF-
treated Si or MoS2, that have strong interac-
tions both with the alkyl tail and the imida-
zolium ring of the cation, promote a parallel
orientation of the cation with respect to the
substrate, into thin ionic layers that are neutral
mixtures of cations and anions. On the other
hand, a substrate with a high negative surface
charge promotes a perpendicular orientation of
the cations at the interface and the segrega-
tion of the IL into a succession of lamellar polar
and apolar domains. A heterogeneous structure
with loose bilayer patches, which may reorga-
nize into thin parallel layers under pressure, is
found on an intermediate polar substrate.
A heterogeneous structure is also found on

a hydrophobic substrate at high bulk water
content, due to the water-enhanced segrega-
tion of a long-chain IL into polar and apolar
nanodomains. This latter mechanism is rather
weak, so that the EDL structure on MoS2 re-
mains quite robust to water impurities even for
a long chain IL, which might have interesting
implications for lubrication and iontronic ap-
plications.
We expect the behaviour we have evidenced

and rationalized on C8mimDCA to be valid for
a wide range of long-chain imidazolium based
ILs and substrates, since the interactions of
both parts of the cations with the substrate
play a central role in the understanding of the
IL structure at the interface. This hypothe-
sis seems so far confirmed by the fact that re-
sults obtained by other groups with other com-
binations of long-chain imidazoliums ILs and
substrates fit with our proposed classification.
The ideas governing this rationalization could
be exported to other kinds of long-chain ILs
such as C4mimAOT, and maybe even to some
short-chain ionic liquids. For example, they
could provide a framework to explain the tran-
sition from a long-range organization in alter-
nate cation and anion layers on mica, to a struc-
ture with no long-range order on an uncharged
SAM-coated mica, as was observed in the SFA
experiments of Bou-Malham et al.52 with two
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short chain ILs. It would therefore be interest-
ing to further check this hypothesis by playing
with the IL nature and with the surface charge
using an applied potential, at various bulk wa-
ter contents.
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Costa Gomes, M.; Pádua, A. A. Trans-
ferable, Polarizable Force Field for Ionic
Liquids. Journal of Chemical Theory and
Computation 2019, 15, 5858–5871.

(66) Lamoureux, G.; Harder, E.;
Vorobyov, I. V.; Roux, B.; MacK-
erell, A. D. A polarizable model of water
for molecular dynamics simulations of
biomolecules. Chemical Physics Letters
2006, 418, 245–249.

(67) Cygan, R. T.; Liang, J.-J.;
Kalinichev, A. G. Molecular Models
of Hydroxide, Oxyhydroxide, and Clay
Phases and the Development of a General
Force Field. The Journal of Physical
Chemistry B 2004, 108, 1255–1266.

(68) Sresht, V.; Govind Rajan, A.; Bor-
des, E.; Strano, M. S.; Padua, A. A. H.;
Blankschtein, D. Quantitative Modeling of
MoS2-Solvent Interfaces: Predicting Con-
tact Angles and Exfoliation Performance
using Molecular Dynamics. The Journal
of Physical Chemistry C 2017, 121, 9022–
9031.

(69) Yeh, I. C.; Berkowitz, M. L. Ewald sum-
mation for systems with slab geometry.
The Journal of Chemical Physics 1999,
111, 3155–3155.

(70) Eastman, Peter, Friedrichs, Mark S.,
Chodera, John D., Radmer, Randall J.,
Bruns, Christopher M. , Ku, Joy P.,
Beauchamp, Kyle A., Lane, Thomas
J., Wang, Lee-Ping, Shukla, Diwakar,
Tye, Tony, Houston, Mike, Stich, Timo,
Klein, Christoph, Shirts, Mciahel R, V. S.
OpenMM 4: A Reusable, Extensible,
Hardware Independent Library for High
Performance Molecular Simulation. Jour-
nal of Chemical Theory and Computation
2013, 9, 461–469.

(71) Eastman, P.; Swails, J.; Chodera, J. D.;
McGibbon, R. T.; Zhao, Y.;
Beauchamp, K. A.; Wang, L. P.; Simmon-
ett, A. C.; Harrigan, M. P.; Stern, C. D.;
Wiewiora, R. P.; Brooks, B. R.;
Pande, V. S. OpenMM 7: Rapid develop-
ment of high performance algorithms for
molecular dynamics. PLoS Computational
Biology 2017, 13, 1–17.

19



(72) Payal, R. S.; Balasubramanian, S. Effect
of cation symmetry on the organization
of ionic liquids near a charged mica sur-
face. Journal of Physics: Condensed Mat-
ter 2014, 26, 284101.

(73) Hoth, J.; Hausen, F.; Müser, M. H.; Ben-
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