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Potential dependence of the ionic structure at the ionic 
liquid/water interface studied using MD simulation  
Kosuke Ishii, Tetsuo Sakka, and Naoya Nishi*  

The structure at the electrochemical liquid/liquid interface between water (W) and trioctylmethylammonium bis 
(nonafluorobutanesulfonyl)amide, a hydrophobic ionic liquid (IL), was studied using molecular dynamics (MD) simulation 
in which the interfacial potential difference was controlled. On the IL side of the IL|W interface, ionic multilayers were found 
in the number density distribution of IL ions whereas monolayer-thick charge accumulation was found in the charge density 
distribution. This suggests that the potential screening is completed within the first ionic layer and the effect of overlayers on 
the potential is marginal. The W side of the interface showed the diffuse electric double layer as expected, and also unveiled 
a density depletion layer, indicating that the IL surface is hydrophobic enough to be repelled by water. The IL ions in the first 
ionic layer showed anisotropic orientation even at the potential of zero charge, in which the polar moieties were oriented to 
the W side and the non-polar moieties preferred parallel to the interface. When an electric field is applied across the interface 
so that the IL ions are more accumulated, the non-polar moieties changed the parallel preference to more oriented to the IL 
side due to the dipolar nature of the IL ions. The ionic orientations at the IL|W interface were compared with those at other 
two IL interfaces, the vacuum and graphene interfaces of the IL. The parallel preference of the non-polar moieties was similar 
at the IL|graphene interface but different from the perpendicular orientation toward the vacuum side at the IL|vacuum interface. 
The comparison suggests that water behaves like a wall repelling IL ions like a solid electrode. 

1 Introduction 

Ionic liquids (ILs) that are composed of hydrophobic ions are 
immiscible with water and form an IL-water (W) two-phase system. 
The IL-W two-phase system has promising applications in solvent 
extraction of ions,1–9 nanomaterials synthesis,10–18 and also in 
electrochemical devices such as ion-selective electrode,19 lithium-ion 
battery,20 and fuel cell.21 In these applications the IL|W interface is an 
electrochemical reaction site where the ion and electron transfer 
reactions occur, and therefore, it is important to clarify the structure 
at the IL|W interface and its dependence on the interfacial potential 
difference. The electric double layer (EDL) in ILs is quite different 
from that in conventional electrolyte solutions. At the interface of ILs 
generally, ionic multilayers are spontaneously formed.22,23 At the 
electrode interface, the first ionic layer is charged beyond the 
electrode surface charge and the excess charge propagates into 
overlayers, forming alternately charged ionic multilayers that 
gradually decays into the IL bulk, which is called “overscreening”.24,25 
When the electrode is further charged up beyond the screening 
capacity of the first layer, not only the first layer but also the second 
becomes counterion rich, which is called “crowding”.25–27 Katakura et 
al.28 confirmed the overscreening behavior on the IL side of the IL|W 
interface by using X-ray reflectometry (XR). They also revealed that 
the polarity of the ionic multilayers can be switched and the 
alternately charged ionic multilayers can be evolved by changing the 
interfacial potential difference. A series of electrocapillarity 
measurements revealed that the hydrophilic ions in W form a 

conventional diffuse EDL on the W side of the IL|W interface, 
with29,30 or without31,32 the specific adsorption at the interface 
depending on the surface activity of the IL ions. 

Orientational analyses using second harmonic generation (SHG) 
revealed that SHG-active IL cations at the IL|W interface are oriented 
with their single alkyl moiety pointing to the IL side.33 However, the 
potential dependence of the ionic orientation at the IL|W interface has 
not been explored, in contrast to the fact that the orientation of IL ions 
has been extensively investigated at the electrode interface by 
experimental34–37 and simulation38–41 studies. Ions constituting 
hydrophobic ILs, exemplified in Fig.1a, have a complicated structure 
compared with small ions of hydrophilic counterparts, with multiple 
alkyl or perfluoroalkyl non-polar moieties, which has made their 
orientation at the IL|W interface elusive with experimental techniques. 

Molecular dynamics (MD) simulation is a powerful tool to 
quantitatively investigate the molecular level structures that are 
difficult to experimentally obtain. Several MD studies have already 
been performed on the IL|W interface.42–51 The mixing/demixing 
behavior between IL and W was investigated in a wide range of ILs 
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Fig.1 (a) Structure of IL ions and (b) the geometry of the MD cell. The 
dotted lines show the periodic boundaries. Vac. denotes vacuum. 
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and the interaction energy between water molecules and IL ions was 
well correlated with the miscibility of the two liquids.42,45,49,51 Sha et 
al. reported that applying a strong electric field (e.g., 0.8 V nm−1) to 
the whole MD cell mixes IL and W in the IL-W two-phase system.46 
Wipff et al.42–44,47 and Konieczny and Szefczyk50 analyzed the 
orientation of alkyl chains of IL cations with single alkyl moiety at the 
IL|W interface and found that cations having a longer chain are more 
preferentially oriented pointing the chain toward the IL side. Frost et 
al. analyzed the behavior of nanoparticles with different 
hydrophobicity on the IL|W interface.52 Although these previous MD 
studies revealed several physicochemical aspects of the IL|W 
interface, none of them explicitly controlled the interfacial potential 
difference, and therefore, the potential dependence of the structure at 
the IL|W interface has not been explored. In the present study, we 
analyzed the ionic structure and its potential dependence at the 
electrochemical IL|W interface53 by using MD simulation. 

2 Method 
2.1 Details of MD simulation 

All the MD simulations for the IL-W two-phase system were 
performed using DL-POLY classic54 implemented with the Yeh-
Berkowitz correction.55 TOMAC4C4N (trioctylmethylammonium 
bis(nonafluorobutanesulfonyl)amide, Fig.1a) was used as IL and 0.5 
M LiCl aqueous solution as W. The method for preparing the IL-W 
two-phase system is described in SI. The velocity Verlet method was 
used to calculate the equations of motion. The cutoff for non-bonded 
interaction and the electrostatic interaction was set to 12 Å. The 
electrostatic interaction was calculated by applying the SPME 
method56 with an accuracy of 1×10−5. The time step was 2 fs. The 
trajectory was saved every 100 steps. The force fields were; IL: 
CL&P,57,58 H2O: SPC/E,59 Li: Aquvist,60 Cl− and graphene: OPLS-
AA.61 The parameters used are shown in Tables S1 to S4. The atomic 
charge for the IL ions was reduced by a factor of 1/√2 to take into 
account the electronic polarization with εel = 262–64 as the dielectric 
constant in the visible light region. 

To electrochemically polarize the O|W interface in MD, 
Gschwend et al. added uneven numbers of cations and anions to the 
O and W phases as electrolytes or applied an electric field to the entire 
MD cell in the direction normal to the interface.65 Raiteri et al. gave 
the positive and negative charges to the two solid electrodes which 
sandwich the O-W two-phase system, although they did not add ions 
into the system and therefore no EDL was formed at the interface.66 
We adopted the latter strategy by sandwiching the IL-W two-phase 
system with two graphene plates (Fig.1b, see SI for the preparation), 
which we confirmed to be effective in our previous MD studies on the 
EDL structure in ILs.41,67 Each C atom of the two graphene plates on 
the IL and W sides was charged (qg,IL = ±6.06, ±3.03, 0 μC cm−2, qg,W 

= −qg,IL) to polarize the IL|W interface. The simulation results for 20 
ns at 423 K were analyzed. The z-axis was set normal to the interface 
(Fig.1b), and the z location of the IL|W interface, Δz = 0, was defined 
as the Gibbs dividing surface of the electron density distribution of W 
(0.5 M LiCl solution at qg,IL = 0). 

 
2.2 Analysis of MD results 

The MD trajectories were analyzed to obtain the number density 
distribution of ions (Fig.S3).68 Each N atom in TOMA+ and C4C4N− 
was regarded as the representative point of these ions. The charge 
density distribution, ρchg,all(z), was obtained by multiplying 𝜌𝜌𝑖𝑖(𝑧𝑧) by 
the atomic charge from the force field qi

FF and adding them together 
(Eq.1). 

The potential distribution  ϕ(z)  was obtained using the Poisson 
equation as follows (Eq.2). 

d2ϕ(z)
dz2 = 

ρchg,all(z)
ε0εr

 (2)  

where ε0  is the permittivity in vacuum and εr  is the relative 
permittivity, εr = 1 . The integration constants in Eq.2 were 0. The 
potential was averaged over the range of z = 90~110 Å to obtain the 
bulk potential of W, φW, and over the range of z = 150~160 Å to obtain 
the bulk potential of IL, φIL. The interfacial potential difference E 
(=φIL−φW) was then determined. The surface charge density σIL on the 
IL side of the IL|W interface was obtained by integrating the charge 
density distribution of Li+ and Cl− along the z-axis from the W bulk to 
the interface. The electron density distribution was calculated by 
multiplying ρi(z) by the number of electrons in each atom and adding 
them together. 

We analyzed the orientation distribution of the ions in the first 
ionic layer at the IL|W interface, which was defined by the number 
density distribution (grey area in Fig.S3). The orientation distribution 
was defined as d(θ), which satisfies the following equation (Eq.3). 

where θ is the angle between an interatomic vector in an ion and the 
z-axis. For TOMA+, two vectors analyzed were from the N atom to 
the terminal C atoms of the methyl (Me) and octyl (Oc) groups. For 
C4C4N−, one vector from the N atom to the terminal C atom of the 
perfluorobutyl (Rf) group was analyzed (Fig.2). 
 
3 Results and discussion 

3.1 Control of interfacial potential difference 

The IL|W interfacial potential difference E was successfully 
controlled by charging the two graphene plates, as shown in the 
potential profiles in Fig.3. ΔE (= E−E0 where E0, 0.68 V, is the 

ρchg,all(z) = � qi
FF

𝑖𝑖

ρi(z) (1)  

� d(θ)sinθdθ = 2 (3) 

Fig.2 Interatomic vectors in TOMA+ and C4C4N− and the definition of 
their orientation angle θ with respect to the z axis. Fig.3 Potential profiles at ΔE = 0.43 (red), 0.18 (dark green), 0 

(black), −0.13 (pink), and −0.28 V (blue). 
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interface potential difference at qg,IL = 0) was in the range from +0.43 
to −0.28 V, whose width is similar to the polarizable potential window 
experimentally available at the same IL|W interface.69 In fact, further 
polarization caused the transfer of ions in W and/or IL into the other 
phase, corresponding to an experimental situation where the faradaic 
current steeply rises at potentials beyond the potential window. The 
nonzero E0 is likely to result from the dipolar contribution of water 
molecules at the liquid-liquid interface rather than the monopolar one 
of ions (see below), which has also been confirmed in previous MD 
studies on the O|W interface.7065  

3.2 Ionic layer structure on the IL side of the IL | W interface 

To investigate the EDL structure at the IL|W interface, the charge 
density distribution around the IL|W interface was analyzed, which is 
shown in Fig.4. At ΔE = 0, no charge was accumulated on either of 
the IL side (Δz > 0) or W (Δz < 0) side of the interface. This indicates 
that ΔE = 0 corresponds to the potential of zero charge without 
specific adsorption of ions from W at the TOMAC4C4N|W(LiCl) 
interface, which also agrees with experimental results.32 For ΔE ≠ 0, 
positive and negative peaks appeared on the IL side originating from 
the enrichment and depletion of TOMA+ and C4C4N− in the first ionic 
layer, which indicates an ionic monolayer-like EDL structure. The 
peak width, 5 Å, is much smaller than the thickness of an ionic layer, 
10 Å (Fig.6). This suggests that the polar and charged moieties of IL 
ions are oriented toward the interface (toward the W side) in the first 
ionic layer and implies the anisotropic orientation of ions, which will 
be discussed in detail below. On the W side (Δz < 0), the charge 
density peaks, due to enrichment and depletion of Li+ and Cl−, decay 
slowly into the W bulk, which is the behavior of a conventional diffuse 
EDL. This agrees with experimental results at the same IL|W 
interface.32 On the other hand, this is different from the interfacial ion 

pairs between hydrophilic and hydrophobic ions at the O|W interface 
found in a previous MD study.65 Because ILs are fully packed with 
ions, the formation of such interfacial ion pairs at the IL|W interface 
would be weakened by neighboring IL ions. The diffuse EDL looks 
thicker than the Debye length of 5 Å for this 0.5 M LiCl solution 
(estimated using the dielectric constant in the literature71). This can be 
explained by the interfacial roughness of the IL|W interface, with a 
width of 2.5 Å, estimated using the capillary wave theory.  

The number density distributions of IL ions around the IL|W 
interface (Fig.6) showed behaviors different from the charge density 
distribution (Fig.4), whereas those of Li+ and Cl− showed similar 
behaviors. The number density distributions of IL ions around the 
IL|W interface (Fig.6) ide (Δz > 0) or W (Δz < 0) side of the interface. 
This indicates that ΔE = 0 corresponds to the potential of zero charge 
without specific adsorption of ions from W at the 
TOMAC4C4N|W(LiCl) interface, which also agrees with 
experimental results.32 For ΔE ≠ 0, positive and negative peaks 
appeared on the IL side originating from the enrichment and depletion 
of TOMA+ and C4C4N− in the first ionic layer, which indicates an 
ionic monolayer-like EDL structure. The peak width, 5 Å, is much 
smaller than the thickness of an ionic layer, 10 Å (Fig.6). This 
suggests that the polar and charged moieties of IL ions are oriented 
toward the interface (toward the W side) in the first ionic layer and 
implies the anisotropic orientation of ions, which will be discussed in 
detail below. On the W side (Δz < 0), the charge density peaks, due to 
enrichment and depletion of Li+ and Cl−, decay slowly into the W bulk, 
which is the behavior of multilayering, different from the monolayer-
like EDL in the charge density (Fig.4), indicating that the effect of 
overlayers to the potential screening is marginal.  

The charge density distributions from MD were compared with 
those from the GCS-Oldham EDL model at the IL|W interface,72 
(Fig.S4) which takes into account “crowding” in the EDL of ILs but 
not “overscreening”. The ignoring of the latter can be justified by the 
above observation that the contribution of overlayers to the potential 
screening is negligible. The MD and model results were in close 
quantitative agreement. However, the peaks on the IL side of the 
interface in the EDL model were relatively apart from the interface, 
especially at ∆E = 0.43 V (∆z = 5Å), while those from MD were 
located near the interface independent of the potential. The peak 
displacement indicates the characteristic of the EDL model where the 
ionic orientation is not taken into account.  

By integrating the charge density profile, the surface charge 
density σIL was evaluated, which is plotted against ΔE in Fig.5. The 
slope of the plot, corresponding to the differential capacitance Cd (=
𝜕𝜕𝜎𝜎IL 𝜕𝜕𝜕𝜕⁄ ), is twice as large for ΔE < 0 as for ΔE > 0 and this 
corresponds to the ion occupation area ratio (estimated from the 
molecular volumes of the cation and anion, 𝑉𝑉mol,c  and 𝑉𝑉mol,a  using 
quantum chemical calculations; �𝑉𝑉mol,c 𝑉𝑉mol,a⁄ �2 3⁄ = 1.8). At ΔE > 0, 
the differential capacitance Cd decreases due to the predominance of 
bulkier cations in the first layer. On the other hand, at ΔE < 0, it 
increases due to the predominance of anions, which have a smaller 
volume than cations.  

Since we sandwich the IL-W two-phase system with graphene 
electrodes, we can also obtain the EDL structure at the IL|graphene 
interface simultaneously with the same MD simulations. The EDL 
structures at the IL|W interface and IL|graphene interface were 
compared with the number density distributions of ions (Fig.6). The 
ionic multilayering behavior was found for both the interfaces, 
however, it was less prominent for the IL|W interface than for the 
IL|graphene interface. This smearing is caused by the capillary wave, 
which was confirmed by convolving the number density distributions 
at the IL|graphene interface and a gaussian distribution with a 
capillary wave width of 2.5 Å (Fig.6). The “roughened” distributions 
at the IL|graphene interface resembled those at the IL|W interface, 

Fig.4 Charge density distribution at the IL|W interface at ΔE=+0.43 
(red), +0.18 (dark green), 0 (black), −0.13 (pink) and −0.28 V 
(blue). The vertical dotted line represent the position of the IL|W 
interface. 
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Fig.5 Surface charge density σIL on the IL side of the IL|W 
interface as a function of the potential. 
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reaffirming that multilayering behavior is universal for the interfaces 
of ILs (Fig.6 a-e).  

3.3 Density depletion layer on the W side of the IL|W interface 

 Fig.7 shows the electron density distribution at the IL|W interface. 
The electron density increased (decreased) on the IL side of the IL|W 
interface at ΔE > 0 (ΔE < 0), reflecting that the first ionic layer is 
enriched by C4C4N− (TOMA+) whose electron density is higher 
(lower) with 0.229 eÅ−1 per ion pair (0.171 eÅ−1). The W side of the 
interface also has a low-density “layer”. This density depletion has 
been predicted73,74 and confirmed by XR75–79 and MD70,78,80,81 at the 
hydrophobic interface of water, which originates from the disfavor of 

water molecules toward the hydrophobic interface. The thickness of 
the depletion layer has been evaluated as a parameter, which is the 
zero-density layer thickness D = Dl(1 − ρl/ρw), where Dl is the layer 
thickness, ρl is the layer density, and ρw is the bulk water density. The 
D values reported are typically 1~2 Å for the hydrophobic and solid 
interfaces,75,77,79,81,82 and 0~0.5 Å for the hydrophobic and liquid 
interfaces.78,83,84 The D value in the present study was estimated to be 
0.9 Å from the difference in the center z positions of two error 
functions fitted to the electron density distributions of W and IL at ΔE 
= 0 (Fig.S5). This value is comparable to those reported at the solid 
interfaces and greater than those at the liquid counterparts. The greater 
value for the present liquid-liquid (IL|W) interface than the previously 

Fig.6 (a-e) Number density profiles of TOMA+ (red) and C4C4N− (blue) at the IL|W interface and (f-j) those of TOMA+ (dark red) and C4C4N−(dark blue) 
at the IL|graphene. In the figures also shown are the convolved number density distributions at the IL|graphene interface of TOMA+ (pink) and C4C4N− 
(light blue) for comparison (see text). For the two figures in the same row, the surface charge densities on the IL side are the same as each other at 
(a,f) +6.0, (b,g) +3.0, (c,h) 0 , (d,i) −3.0, and (e,j) −6.0 μC cm−2. The vertical dotted lines in (a-e) show the position of the IL|W interface and the vertical 
grey lines in (f-j) show the position of the graphene plate in the IL side. Conv. denotes convolved, and IL|G denotes IL|graphene. 
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studied water interfaces with alkanes70,78,84 and a perfluoroalkane84 
would partly result from high temperature (423 K) in the present study 
because a higher temperature is known to increase the D value.80,81 To 
the best of our knowledge, there are no reports of depletion layers at 
the electrochemical liquid|liquid (O|W or IL|W) interface. The 
existence of a depletion layer at this electrochemical IL|W interface is 
probably caused by the bulky non-polar moieties (octyl and 
perfluorobutyl groups) of the IL ions (Fig.1a).  
 

3.3 Interfacial orientation of IL ions 

The orientation of IL ions in the first ionic layer (grey area in 
Fig.S3) was analyzed by determining the angle θ between an 
interatomic vector and the z-axis (Fig.1b). The analyzed vectors are 
shown in Fig.2 and the orientation distributions are shown in Fig.8. 
Even at ΔE = 0 V (Fig.8a), the polar Me group of TOMA+ was 
oriented toward the W side. The non-polar Oc group was oriented 
preferentially parallel to the interface (Fig.8a). Since water molecules 
repel non-polar moieties like Oc, it is natural that the Oc group is not 
oriented to the W side. On the other hand, this parallel orientation may 
be counterintuitive because it is in contrast to the alkyl perpendicular 
orientation to the O side at the O|W interface for quaternary 
ammonium cations with a single long alkyl chain.85,86 The parallel 

orientation seems not only due to being repelled by water but also due 
to the steric hindrance between the three Oc groups in TOMA+ and/or 
the second ionic layer inhibiting the intrusion of the Oc group from 
the first layer. As ΔE goes positive (Fig.8a), the Me group was 
oriented more toward the W side, while the Oc group was oriented 
slightly more toward the IL side but still kept the parallel preference. 

Fig.7 Electron density distributions at ΔE=+0.43 (red), +0.18 (dark 
green), 0 (black), −0.13 (pink), and −0.28 V (blue). The vertical dotted 
line represents the position of the IL|W interface. 
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Regarding the Rf group of C4C4N− at ΔE = 0 V (Fig.8b), the parallel 
orientation also exists but milder, probably reflecting the shorter Rf 
than Oc and the smaller number of Rf than Oc per ion. As ΔE goes 
negative, the Rf group was more oriented toward the IL side (Fig.8b), 
similarly to the Oc orientation at ΔE > 0. The orientation analysis 
showed that an electric field across the interface facilitates the 
segregation of polar and non-polar moieties in the first ionic layer, 

which is consistent with the above observation that the ionic charge is 
displaced toward the W side in the first ionic layer (Fig.4). 

The ionic orientations at the IL|W interface were compared with 
those at the other two interfaces, the IL|vacuum and IL|graphene 
interfaces (Figs.9 and S5) at the non-charged condition. For TOMA+ 

at the IL|vacuum interface, the Oc group was perpendicular to the 
interface to the vacuum and IL sides (Fig.9a). The Me group was 
oriented parallel to the interface because the perpendicular Oc 
orientation forces the Me group to be pointed to the parallel direction. 
This tendency is the same as the orientation of smaller 
tributylmethylammonium cation at the IL|vacuum interface.68 In 
contrast, these Oc and Me orientations are totally different from those 
at the IL|W interface (Fig.9b), as described above. At the IL|graphene 
interface, the Oc group was parallel to the interface (Fig.9c), similar 
to the orientation at the IL|W interface. The Me orientation was 
toward the IL side, which was opposite to the Me orientation against 
the IL side at the IL|W interface. This difference is because the Me 
group, which is a polar moiety, tends to be oriented to the more polar 
side at the interfaces, the IL side at the IL|graphene interface and the 
W side at the IL|W interface. C4C4N− showed the tendency same as 
TOMA+; Rf was oriented to the vacuum at the IL|vacuum interface 
(Fig.S6a) but weakly oriented parallel at the IL|graphene interface 
(Fig.S6c), similarly to the IL|W interface. These comparison results 
suggest that hydrophilic and soft water surface behaves like a 
hydrophobic and hard electrode surface, both of which repel 
hydrophobic IL ions (for the latter sterically) and determine the 
orientation of IL ions at these electrochemical interfaces. 

4 Conclusions 

We constructed an MD system in which the interfacial 
potential difference at the IL|W interface is controllable. When 
the electric field was applied and changed to ΔE > 0 (ΔE < 0), 
the first layer of the IL side at the IL |W interface was charged 
positively (negatively), and the EDL was monolayer-like in the 
charge density distribution. However, the number density 
distribution of ILs showed multilayering structures, which 
suggests that the overlayers in the ionic multilayers are hardly 
involved in the potential screening. The non-polar moieties in IL 
ions were oriented parallel to the interface, which is similar to 
the orientations at the IL|graphene interface. Even with an 
electric field across the IL|W interface, the Oc group still 
preferred the parallel orientation. Comparison of the ionic 
orientations at the different interfaces of ILs suggests that the 
orientations at the IL|W and IL|graphene interfaces are similar, 
reflecting the repelling properties of both the water and graphene 
surfaces to hydrophobic IL ions.  
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