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ABSTRACT: In many applications, ionic liquids (ILs) work
in a nonequilibrium steady state driven by an external electric
field. However, how the electric field changes the structure and
dynamics of ILs and its underlying mechanism still remain
poorly understood. In this paper, coarse-grained molecular
dynamics simulations were performed to investigate the
structure and dynamics of 1-ethyl-3-methylimidazolium nitrate
([EMIm][NO3]) under a static electric field. The ion cage
structure was found to play an essential role in determining the
structural and dynamic properties of the IL system. With a
weak or moderate electric field (0−107 V/m), the external electric field is too weak to modify the ion cage structure in an
influential way and thus the changes of structural and dynamic properties are negligible. With a strong electric field (107−109 V/
m) applied, ion cages expand and deform apparently, leading to the increase of ion mobility and self-diffusion coefficient with
electric field, and the self-diffusion of ions along the electric field becomes faster than the other two directions due to the
anisotropic deformation of ion cages. In addition, the Einstein relation connecting diffusion and mobility breaks down at strong
electric fields, and it also breaks down for a single ion species even at moderate electric fields (linear-response region).

1. INTRODUCTION

Ionic liquids (ILs) have many unique properties such as low
volatility, tunable solubility, good thermal and chemical
stabilities, and conductivity, which make ILs very promising
in industry.1−4 In many applications, especially when ILs are
used as electrolytes in electrochemical devices, such as lithium
secondary batteries,5,6 fuel cells,5,7 electrospray,8 and electro-
phoresis systems,9 ILs work in a (nearly) nonequilibrium steady
state driven by a static external electric field. In these
applications, high ion transport is desired, but due to the
relatively high viscosity of ILs, their slow ion mobility and
diffusion are the major obstacles that limit the applications of
ILs as electrolytes.10 Therefore, great efforts have been made to
investigate the dynamic properties of ILs. Nevertheless,
previous studies have mainly focused on the equilibrium
properties of ILs, whereas, from a theoretical perspective, the
properties measured and calculated under equilibrium con-
ditions may not be naturally applied to nonequilibrium states.
Moreover, the theorems established for equilibrium states
might fail in nonequilibrium states. Therefore, a deeper
understanding of the structure and dynamics of ILs in
nonequilibrium steady states is of great importance for the
electrochemical applications of ILs.
Compared with the extensive studies on equilibrium

properties of ILs in the past decade, investigation on
nonequilibrium behavior of ILs is still in its infancy. Only a
few experiments11,12 and simulations13−20 have been performed
to study the structure and dynamics of ILs under an external

electric field. Nuclear magnetic resonance (NMR) measure-
ments have revealed the promotion of ion transport in ILs
under a weak electric field. For example, Saito and co-workers12

reported that the measured mobilities of several neat ILs jump
abruptly at a threshold electric field around 100 V/m. In
contrast, Hayamizu et al.11 found a gradual increase of the
diffusion coefficient with an increasing electric field from 0 to
300 V/m. The two controversial experiments raised two
questions: (1) As the electric field increases, do the transport
properties increase gradually or abruptly? (2) What is the
microscopic mechanism that can explain the structural and
dynamic changes of ILs when an external electric field is
applied?
Recently, the interfacial structures of ILs on charged

electrodes have been widely studied. Under an electric field
between two electrodes, ILs form an electric double layer with
the interfacial layering of ions extending into the bulk for
several nanometers, which has been reported in many
experiments21,22 and simulations.23−38 However, those studies
have focused on the equilibrium interfacial structure of ILs
under an external electric field, leaving behind a profound
understanding of the nonequilibrium structure and dynamics of
ILs. In fact, when ILs are used as electrolytes in electrochemical
devices, they usually work in a nonequilibrium state, in which
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the bulk ions are driven to drift by an external electric field,
leading to a net ionic current.
Just as a powerful tool for studying equilibrium properties of

ILs, in recent years, molecular dynamics (MD) simulations
have also been employed to investigate their nonequilibrium
properties. English et al.15,16 studied the effect of strong
electromagnetic field on the structure and dynamics of ILs as
well as their water mixtures. The nonequilibrium MD
simulations were also used to study the heterogeneous
structure,19,20 conductivity,17 electrospray,13,14 polarization
relaxation,35 and hydrophilicity18 of ILs under a strong static
electric field. In agreement with experiments, dynamic changes
of ILs under an external electric field were observed in those
MD simulations. However, a large gap between the strengths of
the electric fields applied in experiments and simulations
disallows a straightforward comparison of simulation results
with experiments. In experiments, weak electric fields (E < 106

V/m) are usually applied to avoid decomposition of ILs. In
contrast, MD simulations are always performed at strong
electric fields (E > 107V/m) to make the ion drift observable
during the simulation time, which is typically tens of
nanoseconds. Moreover, no microscopic mechanisms have
been proposed to clearly explain the dynamic changes of ILs
under an external electric field. Therefore, a unified microscopic
mechanism is greatly desired to provide consistent explanations
for both experiments and simulations.
The effective concept of cage was proposed a long time ago

to understand the microscopic structure and dynamics of
liquids beyond the continuous hydrodynamic model.39 From
the statistical point of view, on ensemble average, one molecule
can be considered as surrounded by an effective “cage”
composed of several neighboring molecules in the first
coordination shell. This central molecule thermally vibrates
inside the cage and frequently escapes from the cage and
diffuses.40−43 The above concept of cage is also applicable to IL
systems.44−53 Since ILs are composed solely of ions, an ion cage
forms with a central ion encapsulated by its neighboring
counterions in the first coordination shell, as a result of the
local charge ordering in ILs.47,54−57 Due to the very strong
intrinsic electrostatic interactions in ILs,58 ions are usually
trapped in their cages for a long time, which results in the slow
dynamics of ILs. Systematic investigation of the ion cage
structure can provide new insight into the structural and
dynamic properties of nonequilibrium IL systems.
In the present work, MD simulations with the effective force

coarse-graining (EF-CG) model59,60 of the 1-ethyl-3-methyl-
imidazolium nitrate ([EMIm][NO3]) IL have been conducted
to study its structure and dynamics under a static electric field
ranging widely from 0 to 109 V/m, and a microscopic
mechanism has been suggested on the basis of the analysis of
simulation results from the ion cage perspective. We found that,
at weak or moderate electric fields (0 < E ≤ 107 V/m), the
dynamic properties and the underlying ion cage structure both
show no measurable changes. When a strong electric field (107

V/m < E ≤ 109 V/m) is applied, the ion cage expands, which
lowers the energy barrier of the effective cage potential well and
hence boosts the mobility and self-diffusion of ions. Besides, the
strong electric field deforms the ion cage to be anisotropic, so
the effective cage potential well and thus the self-diffusion also
become anisotropic. In addition, the Einstein relation
connecting diffusion and mobility breaks down at strong
electric fields and it also breaks down for a single ion species
even at moderate electric fields (linear-response region).

2. SIMULATION AND ANALYSIS METHODS
2.1. Simulation Methods and Procedure. At weak and

moderate electric fields, drift velocities of ions are very small, so
a long time simulation is necessary to allow them to be more
detectable. Since the EF-CG MD simulation60 has an
accelerated dynamics compared with corresponding all-atom
MD simulations, the EF-CG model of the [EMIm][NO3] IL

59

was used to perform the MD simulations. The atomistic
molecular structure and the EG-CG model of [EMIm][NO3]
are shown in Figure 1. In the CG strategy, the nitrate anion is

coarse-grained as CG site D, the imidazolium ring as site A, the
methyl group attached to the ring as site B, and the methylene
and methyl groups on the alkyl chain as sites C and E,
respectively.
Although only one IL ([EMIm)[NO3]) was studied in this

work, we believe that the ion cage concept and the microscopic
mechanism of an IL responding to an external electric field are
applicable to other ILs, despite their differences in chemical
details, for the following reasons: (1) the ion cage concept is
based on the charge ordering which has been observed in
various ILs; (2) regardless of chemical details, it is the
competition between the internal and external fields, which
exists in all ILs, that determines the structural and dynamic
changes of ILs under an external field.
The [EMIm][NO3] system with 512 ion pairs in a periodic

cubic simulation box with a side length of about 50 Å has been
simulated with a static electric field E ranging from 0 to 109 V/
m applied along the X direction. In the rest of the paper, we
refer the term “weak electric field” to the range 0 < E < 106 V/
m, “moderate” to 106 V/m ≤ E ≤ 107 V/m, and “strong” to 107

V/m < E ≤ 109 V/m. The long-range electrostatic interactions
were treated by the Ewald sum. A cutoff distance of 14 Å was
applied for both the van der Waals and the real part of the
electrostatic interactions. All the simulations were performed by
using the DL_POLY program61 with a time step of 4 fs.
An equilibrated initial configuration was taken from our

previous simulation.59 A constant NPT nonequilibrium MD
simulation at T = 400 K and P = 1 atm was performed for 4 ns
to allow the system to reach its steady state as well as to
determine the average system size. For the case of weak electric
fields, a constant NVT production run for 20 ns was followed to
collect data. For the case of moderate or strong electric fields,
for each E, a constant NVT run at T = 2000 K was then
performed for 10 ns to generate 20 random initial
configurations by evenly sampling along this 10 ns trajectory.
Beginning from these random initial configurations, 20
independent constant NVT production runs at T = 400 K
were carried out. The duration of these runs was 4 ns for each
moderate electric field and 2 ns for each strong electric field.
For comparison, an equilibrium constant NVT run was also
performed for 40 ns without an electric field at T = 400 K. All
simulation data were evenly sampled every 1000 steps from
each trajectory. In order to calculate the conductivity by the
Green−Kubo relation, another equilibrium constant NVT run

Figure 1. Atomistic molecular structure (a) and coarse-grained model
(b) of [EMIm][NO3].
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was conducted without an electric field for 4 ns with the
velocity recorded every five steps.
To see if a 2−4 ns CG trajectory is sufficient for studying the

structure and dynamics of [EMIm][NO3], we checked the
convergence of potential energy and self-diffusion coefficient of
the IL system, as shown in section A in the Supporting
Information. Moreover, an ensemble of many independent
short trajectories can explore the phase space more adequately
than a single long trajectory. In all MD simulations, the
temperature was kept constant by using the Nose−́Hoover
thermostat.62,63 In principle, the validity of applying a
thermostat developed for equilibrium conditions to a non-
equilibrium MD simulation is questionable. In practice, we may
still use it if the error is acceptable. A detailed discussion of the
validity of thermostats in nonequilibrium MD simulations is
given in section B in the Supporting Information.
2.2. Calculation of Drift Velocity. Since the drift motion

of ions is usually submerged in the noisy self-diffusion at the
molecular level, the determination of the drift velocity or,
equivalently, the mobility by MD simulation is still very
challenging. For example, the drift velocity of the [EMIm][BF4]
IL is about 10−7 m/s at an electric field of E = 100 V/m, much
smaller than its thermal velocity of 190 m/s at T = 298 K (see
section C in the Supporting Information for details).
Consequently, the small drift motion is entirely submerged in
the large thermal motion at the molecular level. Only when a
very strong electric field is applied can the drift velocity be
directly calculated from the average ion velocity.14 This is the
reason why most of the nonequilibrium simulations only
focused on the behavior of ILs at strong external electric fields.
This problem is quite general in the nonequilibrium MD
simulations of various electrolytes including ILs. Near
equilibrium, the Einstein relation

=D uk T ze/B (1)

can be used to calculate the mobility u from the diffusion
coefficient D, where T is the temperature and ze is the charge of
the ion. However, since the Einstein relation was found to
break down when the system is far from equilibrium,64 as also
demonstrated by this work (see section 5.2), this method fails
to obtain the mobility under an external electric field.
Therefore, a new method to calculate the drift velocity or,
equivalently, the mobility is desired.
In the present paper, an approach previously developed for

theoretical and numerical calculations65,66 has been introduced
to calculate the drift velocity in MD simulations. In simulation,
the spontaneous displacement of ion i along the direction of the
external field in a time interval Δt at a time tj can be
decomposed into a random diffusive term and a directional drift
term:

Δ = Δ + Δr t r t r t( ) ( ) ( )i j i j i j
diffusion drift

(2)

Because the diffusive motion is random walk in all directions
and has a spectrum of white noise, for an infinite number of
spontaneous displacements, we have

∑ Δ =
→∞ =M
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M j

M
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1
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where M is the number of time intervals. Therefore, the drift
velocity can be approximately calculated from a finite length of
trajectory by using the equation
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where N is the number of ions. In practice, we calculate a series
of Δr with respect to different Δt and determine vtraj by linear
fitting the curve of Δr versus Δt. If we replace the long time
average by the ensemble average of many independent short
trajectories, we estimate the ion drift velocity by

= ⟨ ⟩v vdrift traj (5)

where the brackets ⟨···⟩ denote the ensemble average over all
trajectories.

2.3. Quantification of Structural Properties. In the IL
system, by assuming the ion position distribution P(r) in the
ion cage (r is the spontaneous deviation of the central ion from
the center of mass of its ion cage) is independent of the
momenta, cage positions, and directions, P(r) can be computed
from the simulation data and then fitted with a Boltzmann
distribution in each direction as

= · −
⎡
⎣⎢

⎤
⎦⎥P r A

U r
k T

( ) exp
( )

B (6)

where U(r) is the effective cage potential, kB is the Boltzmann
constant, T is the temperature, and A is a normalization
coefficient. In this way, we can determine the effective one-
dimensional cage potential U(r) that characterizes the strength
of the effective cage potential well.

2.4. Quantification of Dynamic Properties. Besides the
drift velocity, the cage dynamics describing the relaxation of ion
cage structure was analyzed by using the continuous time
correlation function (TCF)46,67

=
⟨ ⟩

⟨ ⟩
C t

p P t
p

( )
(0) ( )

cage
(7)

where the population variable p(t) is unity if one ion pair
contacts at time t and zero otherwise. The survival index P(t) is
unity when the tagged ion pair remains in contact continuously
until time t and zero otherwise. ⟨p⟩ denotes the average value of
p. Here the two ions are regarded as being in contact if their
distance is shorter than a cutoff of 7 Å, which is the first valley
position of the cation−anion radial distribution function (see
Figure 3a). By definition, a central ion only contacts with its
neighboring counterions in its ion cage.
The mobility u, which quantifies the ability of ion movement

in response to an external electric field, can be calculated by

=u v E/drift (8)

where vdrift is the drift velocity and E is the strength of the
applied electric field. The diffusive motion of ions was
characterized by the effective self-diffusion coefficient Deff for
each direction65,66

= ⟨ ⟩ − ⟨ ⟩
→∞

D
x t x t

t
lim

( ) ( )
2t

eff

2 2

(9)

where ⟨x2(t)⟩ is the mean-square displacement and ⟨x(t)⟩ is the
drift movement of ions.
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3. STRUCTURAL CHANGES

3.1. Ion Cage Structure. Due to the very strong intrinsic
electric field in ILs,58 ions are always surrounded by several
counterions. Figure 2 shows the spatial distributions of anions
around a cation in the absence and presence of an external
electric field of 109 V/m, respectively.
It can be seen that, regardless of the external electric field, the

cation is almost encapsulated by anions in its first coordination
shell, forming an ion cage structure. With a strong electric field
applied, the spatial distribution of anions is more ragged and
the anions have less probability to appear near CG sites B and
E.
In order to further investigate the ion cage structure of

[EMIm][NO3], the center-of-mass radial distribution functions
(RDFs) were calculated, as shown in Figure 3. The RDFs for
weak and moderate electric fields (only E = 106 and 107 V/m
are shown) overlap with each other. For all the electric fields
applied, the oscillations of the cation−anion RDFs have an
opposite phase compared with the cation−cation and anion−
anion RDFs. This indicates that the local charge ordering in
[EMIm][NO3], commonly observed in ILs,47,54−57 still remains
under an external electric field. Both spatial and radial
distribution functions agree with the fact that ions in ILs are
surrounded by several counterions, forming an ion cage
structure. Our calculations indicate that, in the [EMIm][NO3]
IL, each ion is surrounded by 6.1 ± 0.8 counterions.
Figure 3a shows the cation−anion RDFs at different electric

fields. As the external electric field increases, the first peak of
the cation−anion RDFs shifts to the left and its value becomes
smaller, but the probability of ions appearing in the first
minimum slightly increases. This phenomenon is known as the
relaxation effect,68 with which the central ion position
distribution in its cage is biased. Parts b and c of Figure 3
show the cation−cation and anion−anion RDFs, respectively.
The right shift of the first peak illustrates the slightly larger
separation of ions with the same sign with increasing electric
field, demonstrating a slight expansion of ion cage under a
strong electric field. However, no expansion was observed at
moderate electric fields, as indicated by the overlapped RDFs at
E = 106 and 107 V/m. This result is consistent with the change
of system density that apparently decreases with increasing
strong electric fields but shows no obvious change under
moderate electric fields (see section D in the Supporting
Information).
3.2. Effective Cage Potential Well. Several studies45,48,49

have suggested that, due to the strong ion−ion interactions in
ILs, the ion cage plays an important role in determining the
dynamic properties of ILs. One usually accepts the microscopic

picture that an ion is trapped and thermally vibrates in its ion
cage and occasionally hops out of the cage and diffuses.
To quantify the ion vibration inside the ion cage, the one-

dimensional ion position distributions of cations and anions in
their cages with respect to the center of mass of the cage were
calculated, as plotted in Figure 4. It can be clearly seen that
both cations and anions are trapped and vibrate in a small
region of about ±2 Å. When a strong electric field is applied,
the ion position distribution inside the cage is slightly biased
along the X axis, but no bias is observed in the Y and Z axes.
This again confirms the relaxation effect, with which the applied
electric field is balanced by the dislocation of the central ion
from the cage center.68 In addition, as a result of ion cage

Figure 2. Spatial distribution of anions around a cation with an isosurface value of 0.009 Å−3 in the absence (a) and presence (b) of an external
electric field of 109 V/m. Red: site A in cation. Cyan: sites B, C, and E in cation.

Figure 3. Radial distribution functions between the center of mass of
cations and anions (a), cations and cations (b), and anions and anions
(c), under different strengths of external electric fields. The insets
show the enlarged images of the rectangular regions.
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expansion, the ion position distributions become wider and the
peak values are lower as the electric field increases. On the
other hand, when a moderate electric field is applied, no
noticeable changes of ion position distributions were observed.
The thermal vibration of an ion inside its cage can be

considered as the confined movement of the ion in an effective
cage potential well. Further examination shows that all the ion
position distributions have a perfect Gaussian form (see section
E in the Supporting Information). By fitting the ion position
distributions with the Boltzmann distribution (eq 6), the
effective potential experienced by the trapped ion can be
described by the form

= −U r U r r( ) ( )0 0
2

(10)

where U0 is the effective cage potential strength and r0 is the
position shift from the cage center. The shift r0 as a function of
electric field strength is plotted in Figure 5a. With a strong
electric field applied, the ion cage with a central cation (anion)
has a positive (negative) position shift along the X axis,
suggesting that the electric fields tilt the effective cage potential
well. As a result, the hopping rate for an ion to escape its cage
becomes asymmetric along the electric field, leading to a
unidirectional drift motion. In fact, the field-induced drift
motion is observed in our simulations and we will discuss it
later in section 4.2. Besides, the effective cage potential strength
U0 was found to decrease with the electric field strength in all
three directions, as shown in Figure 5b. Due to the competition
of the external electric field to the intrinsic electrostatic
interactions, the ions tend to be more apart from each other.
Since larger separation of ions reduces the ion−ion
interaction,58 the expansion of the ion cage weakens the
effective cage potential. This explains why the effective cage
potential strength and ion cage structure begin to change at the
same strength of electric field. Moreover, the cation experiences

a higher effective cage potential than the anion, possibly due to
its larger size.
The cage potential shift and strength under moderate electric

fields are plotted in the insets of Figure 5. It can be seen that
the ion position distribution still shifts a very small distance in
the order of 10−3 Å for both cation and anion, which indicates
the tilt of cage potential well under moderate fields. In contrast,
the cage potential strength shows no detectable changes,
because a moderate electric field cannot change the ion cage
structure in an influential way, as demonstrated in section 3.1.
Besides the tilt and weakening of the effective cage potential,

under a strong electric field, the effective cage potential well
becomes anisotropic for both cation and anion. It can be seen
from Figure 5b that the cage potential strength U0 becomes
slightly lower along the field direction than the other two
directions, whereas no differences were found between the Y
and Z directions. This anisotropic cage potential can be
attributed to the anisotropic deformation of the ion cage by the
external field, which is also illustrated by the angle-resolved
RDFs plotted in Figure S4 in the Supporting Information.
The effect of an external electric field on the ion cage

structure is summarized as follows: (1) the ion position
distribution in the cage is always biased, indicating a tilt of
effective cage potential well; (2) a moderate electric field is too
weak to change the ion cage structure and the effective cage
potential in an influential way; (3) under a strong electric field,
the ion cage expands and deforms, as schematically illustrated
in Figure 6, thus leading to a weaker and anisotropic effective
cage potential well.
Up to this point, we have shown how the external electric

field changes the ion cage structure. In the following sections,
we will demonstrate how these structural changes of the ion
cage influence the dynamic properties of ILs and how the
structural changes are associated with the dynamic changes.

Figure 4. One-dimensional ion position distributions with respect to the center of mass of the ion cage in the field direction for cations (a) and
anions (b) under various strengths of external electric fields.

Figure 5. Effective cage potential shift r0 (a) and strength U0 (b) along different directions as a function of the electric field strength ranging from 106

to 109 V/m. Insets: enlarged plots for 106−107 V/m.
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4. DYNAMIC CHANGES
4.1. Ion Cage Dynamics. A rational explanation of the

relatively high viscosity of ILs is that ions are trapped in their
cages for a long time before they occasionally hop out. To
quantify this dynamic process, the TCF Ccage(t) describing the
relaxation of ion cage structure was calculated by eq 7. By
definition, Ccage(t) characterizes the probability of a cation and
an anion that remain continuously in the same cage until time t,
given that they stay in the same cage at time zero. Since Ccage(t)
is averaged over all ions in the cage, it actually describes the
dynamics of the ion cage rather than an ion pair.46,69 It can be
seen from Figure 7 that Ccage(t) decays much faster for a

stronger electric field, which indicates that by pulling the
cations and anions toward the opposite directions, the external
electric field significantly accelerates the ion-escaping processes.
On the other hand, as suggested by the overlap of Ccage(t) at E
= 106 and 107 V/m, a moderate electric field does not
measurably change the ion cage dynamics.
The ion cage structure plays an important role in

determining the dynamics of ions, and in turn, the ion cage
dynamics can also influence the ion cage structure, because the
central ion and its cage are strongly correlated: the ion that is
caged by its neighbors also behaves as a cage member of its
neighbors. Therefore, the ion cage relaxation should be
regarded as a correlated rather than individual behavior of
ions.48 From this perspective, the expansion and deformation of
ion cage discussed in the previous sections can be understood
as follows. Without an external field, the ion is usually long-time
trapped in its cage due to the very strong electric attraction
between the central ion and its cage; under a strong electric
field, when the central ion frequently escapes the cage, the
counterions repulse each other and the ion cage expands.
Besides, the counterions are pushed away from a central ion
perpendicular to the field direction to allow the central ion to
drift along the field direction, which results in an anisotropic
deformation of the ion cage.

On the basis of the above discussion, we propose that the
central ion and its ion cage are highly correlated in ILs: owing
to the fast ion cage dynamics at strong external electric fields,
the ion cage expands and deforms through collective rearrange-
ment of ions, which further influences the dynamic properties
of ILs. In the following sections, we will discuss the effect of
electric field on the ion mobility and self-diffusion of
[EMIm][NO3] in detail.

4.2. Ion Mobility. The ion drift velocity and the related
mobility are essential quantities for characterizing the transport
property of ILs. However, since the feeble drift motion is
usually submerged in the vibrant thermal motion, it is very
difficult to measure in experiment and to calculate in
simulation. With the method described in section 2.2, we
managed to determine in MD simulation the drift velocity at
both moderate and strong electric fields, as shown in Figure 8.

The drift velocity grows almost linearly in the range of
moderate electric fields but increases rapidly and nonlinearly at
strong electric fields. This indicates that the system remains in a
linear-response region (near equilibrium) until a strong electric
field is applied.
The ion mobility, describing the moving ability of ions in

response to the external electric field, was calculated from the
drift velocity according to eq 8. As shown in Figure 9, the ion
mobility keeps constant at moderate fields, since the effective

Figure 6. Schematic illustration of an ion cage in the absence (left)
and presence (right) of a strong external electric field.

Figure 7. Time correlation functions of ion cage dynamics with
various strengths of external electric fields. The curve for E = 106 V/m
overlaps exactly with the curve for E = 107 V/m.

Figure 8. Drift velocities as a function of electric field strength ranging
from 106 to 109 V/m. Inset: enlarged plot for 106−107 V/m. The error
bars show the standard deviations of drift velocities, which are too
small to be seen at strong electric fields.

Figure 9. Ion mobilities of cations and anions as a function of electric
field strength ranging from 106 to 109 V/m. Inset: enlarged plot for
106−107 V/m. The error bars show the standard deviations of ion
mobilities, which are too small to be seen at strong electric fields.
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cage potential well and the underlying ion cage structure have
no detectable changes under moderate electric fields. On the
other hand, at strong electric fields, the expansion of the ion
cage effectively promotes the drift motion by weakening the
effective cage potential and thus allows the trapped ions to
escape the cage much easier. As a result, the ion mobilities of
cations and anions both increase gradually but apparently with
electric field. Both smaller volume and lighter mass of anion
favor a faster drift motion of anion than cation.
4.3. Self-Diffusion. By deducting the drift motion from the

mean-square displacement of ions (see section H in the
Supporting Information), the effective self-diffusion coefficients
were calculated with eq 9, as plotted in Figure 10. Similar to the

change of mobility, the self-diffusion gradually and significantly
increases at strong electric fields but remains a constant at
moderate electric fields. Along with the previous discussion on
the ion cage structure, the effect of external electric field on the
dynamic properties of ILs can be consistently understood by
the changes of ion cage structure: under a moderate electric
field, the mobility and self-diffusion coefficient remain constant,
since the moderate electric field is too weak to change the ion
cage structure in an influential way; under a strong electric field,
the electric field induces the expansion of the ion cage, and thus
weakens the effective cage potential, leading to the increase of
both mobility and self-diffusion of ions. At strong electric fields,
as a result of the anisotropic deformation of the ion cage, the
diffusion along the field direction is faster than the other two
directions.
Another proposed mechanism12 postulates that the external

electric field aligns the ions to provide ion transport pathways
accelerating the dynamics along the field direction. Our results,
however, strongly discourage that mechanism based on two
facts: (1) as we show in section G in the Supporting
Information, the field-induced orientational ordering of cations
is not very large even at very strong fields; (2) the ion
alignment mechanism would lead to a slower dynamics in the
direction perpendicular to the electric field, but our analysis has
shown that the effective self-diffusion increases with electric
field in all three directions. Therefore, it is the ion cage
structure rather than the orientational ordering that determines
the changes of the dynamic properties of ILs.

5. DISCUSSION

5.1. Microscopic Mechanism. The structural and dynamic
changes of [EMIm][NO3] under an external electric field can
be systematically explained by a microscopic mechanism based
on the statistical concept of ion cage. In this mechanism, an ion
vibrates inside an effective cage potential well and occasionally
jumps out of the potential well by climbing over its energy
barrier. The minimum energy that an ion needs to climb over
the energy barrier (height of the effective cage potential well) is
called the activation energy, which determines the dynamic
properties of the system: lower activation energy allows an ion
to escape easier and hence the ion diffuses faster. We estimated
the activation energy in the system by fitting the self-diffusion
coefficients to the Arrhenius law. As shown in section I in the
Supporting Information, the activation energy decreases
apparently at strong electric fields but remains constant at
weak and moderate electric fields. Moreover, the activation
energy in the field direction becomes lower than the other two
directions at strong electric fields. The changes of the effective
cage potential well under an external electric field are
schematically illustrated in Figure 11.

When a weak or moderate electric field is applied, the
underlying ion cage structure and hence the dynamic properties
show no measurable changes, since the external electric field is
too weak to compete with the intrinsic electric field in ILs as
strong as 109 V/m.58 Under a strong external electric field, the
ion cage expands due to the competition of the external electric
field to the intrinsic electrostatic interactions, which effectively
lowers the energy barrier of the cage potential well and thus
accelerates the ion mobility and self-diffusion. The strong
external electric field also deforms the ion cage to be
anisotropic, so the effective cage potential well and hence the
self-diffusion become anisotropic with lower energy barrier and
faster diffusion in the field direction than the other two
directions.
Meanwhile, the effective ion cage potential well is always

tilted under an external electric field regardless of its strength,
as evidenced by the bias of the ion position distribution in the
ion cage. Although quite weak, we managed to observe the bias
in the order of 10−3 Å under a moderate electric field (see
Figures 4 and 5a). In the absence of an external electric field,
the ions have equal probabilities to hop out of the effective cage
potential well in any direction. When an electric field is applied,
the effective cage potential well is tilted and hence the
symmetry of the hopping motion along the field direction is
broken. Cations have a slightly higher probability to hop out
forward in the electric field direction, while anions tend to hop
backward, which leads to a net ionic current in the system.
Although the tilt is usually too small to be observed under a
weak external electric field, thanks to the feeble but persistent

Figure 10. One-dimensional effective self-diffusion coefficients as a
function of electric field strength ranging from 106 to 109 V/m. Inset:
enlarged plot for 106−107 V/m. The error bars represent the standard
deviations. Figure 11. Schematic illustration of the effective cage potential well at

different strengths of external electric fields.
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tilt of the effective cage potential well, the microscopic
asymmetric ion hops are accumulated to generate the
macroscopic ionic current.
5.2. Breakdown of the Einstein Relation. The Einstein

relation is an important theorem which connects mobility with
self-diffusion by assuming that liquid particles have weak
correlations. For a multicomponent system, if particles move
independently and the system stays in a linear-response region,
the Einstein relation holds for each species.70−72 For simplicity,
we define the scaled mobility for each species i as

′ =u u k T ze/i i B (11)

and thus the Einstein relation (eq 1) is simplified as

= ′D ui i (12)

Nevertheless, due to strong ion−ion coupling, the applicability
of the Einstein relation to ILs is questionable. Although the
validities of the derived Stokes−Einstein and Nernst−Einstein
relations have been widely studied,73−81 the validity of the more
fundamental Einstein relation for ILs still remains elusive due to
the difficulty of determining ion mobility in ILs under a weak or
moderate electric field. Since in this work we have managed to
calculate ion mobility at moderate and strong electric fields, we
can check directly the validity of the Einstein relation for a
single ion species (eq 12) as well as for the whole system (all
ions) (D+ + D− = u+′ + u−′ ) in [EMIm][NO3].
Unlike several studies74−77 indicating that the correlated ion

motions in ILs deviate from the Nernst−Einstein relation, the
overall scaled mobility (u+′ + u−′ ) and the overall self-diffusion
coefficient (D+ + D−) for all ions approximately obey the
Einstein relation under a moderate electric field (linear-
response region), as shown in section J in the Supporting
Information. However, due to the large statistical errors in our
simulation data, we cannot be certain if the Einstein relation
still holds for all ions in the linear-response region. On the
other hand, for a single ion species (cation or anion), we found
that the Einstein relation clearly breaks down at both moderate
and strong electric fields, as shown in Figure 12. (In the

moderate field region, we only show the data for E = 107 V/m,
because both mobility and self-diffusion keep constant in this
region.) Besides the expected breakdown at strong electric
fields, surprisingly, the Einstein relation also breaks down for
each ion species even in the linear-response region, which may

be attributed to the strong correlation of ion motions in the IL
system.
At strong fields (far from equilibrium), the Einstein relation

apparently breaks down for the whole system as well as for each
ion species. Moreover, the relation between diffusion and
mobility is different for cation and anion. For cation, the
diffusion coefficient is always larger than mobility, possibly
because its chain-like structure helps the thermal-driven
diffusion but its large size retards the field-driven drift motion.
For anion, in contrast, at a moderate electric field, mobility
becomes larger than the diffusion coefficient because its small
volume allows it to stay in the ion cage for a long time but,
along with its light mass, also allows it to be easily driven by the
electric field. This tendency for anion turns over when the
electric field is larger than 2 × 108 V/m, because the diffusion
coefficient increases faster than mobility with increasing
external field, as illustrated in Figures 9 and 10.

5.3. Structure and Dynamics under a Weak Electric
Field. In the previous sections, we have discussed in detail the
simulated structure and dynamics of [EMIm][NO3] under
moderate and strong electric fields and have proposed a
mechanism based on the ion cage structure to explain those
observations. Since most experiments were performed at weak
electric fields, it is necessary for us to investigate the structural
and dynamic properties of [EMIm][NO3] under weak electric
fields.
As stated above, the ion cage plays an essential role in

determining the structure and dynamics of ILs under an
external electric field. Since the ion cage does not have
detectable alteration even at a moderate electric field, we may
assert that the ion cage structure and related dynamic
properties remain unchanged at weak electric fields. This
assertion is supported by our calculated RDF, ion position
distribution, bulk density, effective cage potential strength,
cationic orientation, ion cage dynamics, and self-diffusion
coefficient of [EMIm][NO3]. As shown in section K in the
Supporting Information, all of the above properties exhibit no
observable changes within the statistical errors, when the
applied electric field increases from 0 to 106 V/m. This
assertion is also supported by our calculated conductivities,
which remain almost constant in the absence and presence of
moderate electric fields (see section L in the Supporting
Information for details). This is not surprising if we compare
the external electric field with the very strong intrinsic electric
fields in ILs, which has been determined to be in the order of
109 V/m.58

In contrast to our conclusions, some experimental groups
claimed that they observed the increase of mobility and self-
diffusion coefficient in several ILs at very weak electric fields
(0−400 V/m). In particular, by using the low-voltage
electrophoretic NMR technique, Hayamizu et al.11 observed a
gradual increase of self-diffusion coefficients in ILs with electric
field strength (0−300 V/m). Moreover, the self-diffusion
coefficient was found to be time dependent: it first increases
to a peak value and then decays slowly with time. This implies
that the system may not be in a steady state during the NMR
measurement. When an electric field is applied, cations and
anions move to the negative and positive electrodes,
respectively, forming the electric double layer on the electrodes.
Thus, the output signal reflects the local concentration
gradients near the electrodes rather than the self-diffusion of
the bulk IL in a nonequilibrium steady state.

Figure 12. Comparison of self-diffusion and mobility indicating the
breakdown of the Einstein relation. The bars around E = 0 V/m
represent the data for E = 107 V/m.
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In another NMR experiment, by assuming that the self-
diffusion coefficient is independent of the applied electric field,
Saito et al.12 found a sudden increase of ion mobility by 1 order
of magnitude in several ILs and proposed a mechanism of the
transport pathway formed by the ion alignment along the
electric field to explain their experimental results. However,
their assumption actually conflicts with Hayamizu’s NMR
experiment results showing that the self-diffusion coefficient
gradually increases with electric field, and as described in
section 4.3, our simulation results have also ruled out the
orientation ordering in ILs under a weak electric field. In fact,
their assumption of the independence of the self-diffusion
coefficient with the applied electric field is quite questionable,
leading to their conclusions being contradictory with another
experiment and our suggested mechanism.
Note that in a real setup the electric field is usually applied

between two electrodes. Therefore, besides the ion cage, the
interfacial structure of ILs at the electrodes may also play a role
in determining the nonequilibrium behavior of ILs. Combining
the ion-cage structure in the bulk and the layer structure at the
electrode interfaces could be the subject of future inves-
tigations.

6. CONCLUSIONS
In the present paper, the nonequilibrium steady state of the
[EMIm][NO3] IL driven by an external electric field (0−109
V/m) was investigated by nonequilibrium CG MD simulations.
In order to understand the microscopic mechanism for the
structural and dynamic changes of ILs when an electric field is
applied, a number of structural properties and their field
dependence were studied and interpreted by an “ion cage”
mechanism: under weak and moderate electric fields (0 < E ≤
107 V/m), the ion cage structure remains unchanged, since the
external electric field is too weak to compete with the intrinsic
electric field in ILs as strong as 109 V/m; under a strong electric
field (107 V/m < E ≤ 109 V/m), the ion cage expands and
deforms anisotropically, resulting in a lower and anisotropic
cage potential well.
An effective approach was successfully introduced to

calculate the drift velocity under moderate and strong electric
fields by eliminating the dominating random self-diffusion
velocities. The ion cage dynamics, mobility, and effective self-
diffusion coefficient were calculated and analyzed in detail. The
changes of the dynamic properties of ILs under an external
electric field are interpreted by the changes of the ion cage
structure: under weak and moderate electric fields, the dynamic
properties stay unchanged, since the applied electric field is too
weak to alter the ion cage structure; under a strong electric
field, the electric field induces the expansion of the ion cage,
which effectively lowers the energy barrier of the cage potential
well and thus leads to the enhancement of mobility and self-
diffusion of ions. The anisotropic deformation of the ion cage
structure results in faster diffusion in the direction along the
electric field. In addition, the Einstein relation connecting
diffusion and mobility breaks down at strong electric fields, and
we found that it also breaks down for a single ion species even
at moderate electric fields (linear-response region).
By employing the statistical concept of ion cage, this work

suggested a detailed microscopic mechanism to systematically
explain the structural and dynamic changes of ILs under an
external electric field, as well as to help better understand
experimental results. The suggested mechanism is anticipated
to further advance our knowledge of the effect of an external

electric field on the behavior of ILs and help the applications of
ILs in nonequilibrium conditions, such as electrochemical
devices.
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