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A recently developed multiscale coarse-graining (MS-CG) approach for obtaining coarse-grained force fields
from fully atomistic molecular dynamics simulation is applied to the challenging case of the EMIM+NO3

-

ionic liquid. The force-matching in the MS-CG methodology is accomplished with an explicit separation of
bonded and nonbonded forces. While the nonbonded forces are adopted from this force-matching approach,
the bonded forces are obtained from fitting the statistical configurational data from the atomistic simulations.
The many-body electronic polarizability is also successfully broken into effective pair interactions. With a
virial constraint fixing the system pressure, the MS-CG models rebuild satisfactory structural and
thermodynamic properties for different temperatures. The MS-CG model developed from a modest atomistic
simulation is therefore suitable for simulating much larger systems, because the coarse-grained models show
significant time integration efficiency. This approach is expected to be general for coarse-graining other ionic
liquids, as well as many other liquid-state systems. The limitations of the present coarse-graining procedure
are also discussed.

1. Introduction

Molten salts are liquid systems composed only of ions.
Inorganic molten salts generally have a melting temperature
much higher than room temperature. However, ionic liquids are
a special kind of molten salts having a melting temperature
around room temperature. This is generally achieved by
employing a bulky asymmetric organic cation to prevent the
ions from packing easily.1 Although molten salts in general have
been investigated for many decades,2 only recently have ionic
liquids drawn extensive attention and found possible industrial
applications.1,3,4 Due to their non-volatile behavior, the most
attractive application of ionic liquids may be to replace the
traditional volatile organic solvents, which are harmful to the
environment. Other features, such as reusability, low viscosity,
better reactivity and selectivity, also suggest that ionic liquids
may be a good candidate to achieve the end goal of “green
chemistry”.

There are numerous ionic liquid systems5 to be chosen from
to meet specific requirements. However, despite the extensive
experimental and theoretical studies in the past few years, current
understanding of the physical and chemical properties of ionic
liquids is still insufficient. One problem in theoretical studies
is that bulky cations generally contain tens of atoms, which
makes atomistic-scale computer simulations very expensive.
Additionally, strong correlations between ions due to long-range
Coulomb interactions require long time simulation. Furthermore,
the many-body electronic polarizability, which has been found
to have a significant influence on the properties of ionic liquid
systems,6,7 limits the simulation time step to less than 1 fs.

Coarse-grained (CG) models can provide extensive simulation
data at a reasonable computational cost. In addition to the benefit

of computational efficiency, it is also expected that the CG
models can reveal the essential physical and chemical properties
of ionic liquids by averaging over less important detailed
information at the atomistic level. Several CG approaches have
been developed to treat various kinds of chemical and biological
systems (see, e.g., refs 8-15 and references therein). Generally
speaking, coarse-graining is achieved by grouping atoms into
fewer interaction sites. As a result, the major challenge is how
to construct the effective force field between the CG sites.
Typically, CG potentials of a preselected analytical form are
parameterized either to match thermodynamic properties8 or to
reproduce average structural properties. The latter can be
achieved by using an interactive adjustment of potential
parameters, starting from an approximation based on potentials
of mean force,11,12 through the solution of the Ornstein-
Zernicke equation,13 or using the inverse Monte Carlo tech-
nique.14,15The applicability of these approaches may be limited
by the preselected analytical forms for the CG potential, which
usually has not been directly derived from the underlying
atomistic interactions.

Recently, we have developed the alternative “multiscale
coarse-graining” (MS-CG) approach16,17 which is based on a
force-matching (FM) method.18-20 The MS-CG approach
derives the effective force field between CG sites systematically
from an underlying explicit atomistic molecular dynamics (MD)
simulation by force-matching the coarse-grained image of
atomistic trajectory and force data. It divides the radial distance
between pairwise CG sites into bins and fits the force inside
each bin individually, so that the generated force field is no
longer restricted to a simple analytical form for the range of its
radial distance.

In this work the MS-CG approach is applied to coarse-grain
the polarizable atomistic model6,7 of the 1-ethyl-3-methylimi-
dazolium nitrate (EMIM+NO3

-) ionic liquid system. A force-
matching with explicit separation of bonded and nonbonded
interactions is used. A method is then introduced to refine
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bonded force field parameters from the atomic configuration
data. It will be shown that, upon application to the ionic liquid
system, the MS-CG approach maps the many-body polariz-
ability into effective pair potentials and leads to CG models
that provide satisfactory structural properties for different
temperatures. With the system virial also built in, thermody-
namic properties can additionally be reproduced by the CG
models with good accuracy. The bonded parameters are found
to be transferable to different temperatures, but the nonbonded
effective potentials are less so because they are approximate
site-site potentials of mean force (PMF) for the given ther-
modynamic conditions. The errors in the structural properties
and the nontransferability between temperatures can be largely
attributed to the isotropic CG representation of anisotropic
atomistic structures, making the site-site PMF quite different
at different temperatures. However, it will be shown that the
MS-CG models are well transferable to different system sizes.
The MS-CG models can easily simulate a system about 200
times larger than the polarizable atomistic model for a given
amount of CPU time. The MS-CG method is expected to be
suitable for other ionic liquids, as well as many other organic
chemical systems.

The structure of this paper is as follows. In section 2 the
nonpolarizable and the polarizable atomistic ionic liquid models
are described, along with the method of retrieving bonded force
field parameters from the configurations and the FM method
for the nonbonded interactions. Section 3 reports the details of
the coarse-graining and force-matching procedures applied to
the EMIM+NO3

- ionic liquid system, as well as the comparison
of the structural and thermodynamic properties between the
atomistic and the CG simulations. Conclusions are then given
in section 4.

2. Models and Methods

In this section the nonpolarizable and the polarizable atomistic
models for the EMIM+NO3

- ionic liquid are first described,
followed by the systematic development of the CG models for
ionic liquids, based on the underlying atomistic simulations. The
nonbonded interactions are first obtained by the FM method
with explicit separation of bonded and nonbonded forces. The
parameters for the bonded interactions are then defined by
directly retrieving statistical data from the saved atomistic MD
configurations.

2.1. Atomistic Models. A nonpolarizable atomistic model
for ionic liquids21 can be expressed as an empirical force field
potentialVnp with a bonded partVb and a nonbonded partVnb,
such that

The termVb generally has the typical bond, valence angle, and
dihedral angle terms among atoms. One widely used choice for
ionic liquids21-24 has harmonic terms for bonds and valence
angles, and cosine terms for dihedral angles, i.e.,

wherekr, kθ, Vn are force constants,r, θ, φ are bond, valence
angle, and dihedral angle, respectively,r0, θ0, and γ are
equilibrium positions, andn is an integer number.

The nonbonded potentialVnb contains the short-range van der
Waals potentialsVVDW and the long-range Coulomb contribu-
tions Vel between nonbonded atoms, given by

The van der Waals interactions generally take the 12-6
Lennard-Jones potential form,

whereε is the depth of the energy minimum,σ is the minimum
energy distance,rij is the distance between atomi and atomj.
In the Coulomb potentials, the chargeqi on atomi is the partial
charge including the permanent dipole effect. The partial charges
can be obtained from an ab initio study of the ions, satisfying
the constraintΣiqi ) 1 for cation, andΣiqi ) -1 for anion.
With those partial charges, the Coulomb potential is written as

Recently Yan et al.6,7 developed a polarizable model for ionic
liquids. Rather than using the simpler but much slower dipole
iteration method, a fast extended Lagrangian approach25 similar
in spirit to the Car-Parrinello method26 has been used to treat
the many-body polarizable model. In this method the induced
dipole degrees of freedom are coupled to a heat bath with a
very low temperature (∼0.1 K) separated from the system heat
bath to help keep them evolving on the adiabatic surface. Despite
the increased simulation time (about a factor of 2), the
polarization caused by the induced dipoles has been shown6,7

to have a significant influence on both the structural and the
dynamical properties of ionic liquids. The polarizable model
also brings the atomistic simulation results into closer agreement
with the experimental data.6,7

In the polarizable model, an induction termVind is added to
the nonpolarizable potentialVnp. The total potential of the
polarizable model is therefore given by

with Vind expressed as

In the above equationEi
0 ) Σj*iqjr ij/rij

3 is the electric field on
atom i, generated by the partial charges of all other atoms,
excluding those within the same ion of atomi. The dipole field
tensorT ij is calculated from the electrostatic potentialφf(|r i -
r j|) at point j due to the charge at pointi: T ij ) ∇i∇iφ

f(|r i -
r j|). The induced dipole moment isµi ) Ri[Ei + Σj)1,j*i

N T ij ‚
µj], whereRi is the atomic polarizability of atomi, Ei is the
electric field on atomi. The isotropic atomic polarizabilities
{Ri} are determined by fitting the anisotropic molecular
polarizabilities of the ions, which can be obtained by ab initio
simulation. Note that all of the terms inVnp are pair potentials,
but the induced dipole on each atom depends on the positions
of all atoms, so the polarizability is a many-body effect.

2.2. Force-Matching Method for Nonbonded Interactions.
The coarse-graining of ionic liquids involves a reduction in the
number of interaction sites inside of each ion. The center of a
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CG site can be taken to be the center-of-mass of the underlying
atoms. A group of atoms can be most readily coarse-grained as
one site if there are relatively few degrees of freedom inside
that group. For example, an aromatic ring can be considered as
one CG site because its backbone structure is almost a rigid
body. A methyl group can also be one CG site because in many
cases it rotates along its principal axis symmetrically. The anion
of ionic liquids is also generally small and amenable to coarse-
graining as a single CG site. By contrast, the atoms of the bulky
cation generally have to be grouped into several CG sites,
connected by new intramolecular bonds and angles at the CG
level. In our previous MS-CG work,16,17bonded and nonbonded
interactions were mixed together, with the bond force field
parameters being decided according to the matched force, and
the angles were treated as harmonic bonds. This approach works
well for the bonds, but for ionic liquids treating the valence
and dihedral angles as harmonic bonds may not be a good
approximation. A different approach of obtaining the bonded
parameters will therefore be introduced in section 2.3, and the
FM procedure described below will be applied only to the
nonbonded CG sites.

A new FM method18 is the basis of the MS-CG approach.
This FM method is an extension of the least-squares FM
approach originally suggested by Ercolessi and Adams.27 It can
determine a pairwise effective force field from given trajectory
and force data regardless of their origin, e.g., ab initio MD
simulation,18 path-integral MD simulation,20 or coarse-graining
of atomistic MD simulation.16,17With the FM methodology, the
many-body polarization effects are also able to be represented
by pairwise effective potentials.

In the MS-CG methodology, the atoms are first grouped into
CG sites, with the CG force on a CG siteR being the net force
on all underlying atoms,FR

cg ) ΣifR
i, wherefR

i is the force on
the ith underlying atom. The pairwise effective forcef p(rij)
between CG sitesi and j is represented as the sum of a short-
range part and a long-range Coulomb part, i.e.,

whererij is the modulus of the vectorr ij ) r i - r j connecting
the two CG sites,Qi is the partial charge of CG sitei, andnij

) r ij/rij. The short-range termf (rij) is represented by third-order
polynomials (cubic splines)28 connecting a set of points{rk}
(which meshes the interatomic separation up to the cutoff radius
rkmax), thus preserving continuity of its functions and their first
two derivatives across the junction such that

wherer ∈[ri, ri+1], A, B, C, andD are known functions ofr,
{rk}, {fk}, and {f ′′k} are tabulations off (r) and its second
derivatives on a radial mesh grid{rk}. A key property for the
success of this method is that a spline representation depends
linearly on its parameters, which are tabulations off (r) and its
second derivative,{fk, f ′′k}, on a radial mesh{rk}. The param-
eters{fk, f ′′k} are obtained from the fit.

Equalization of the atomistic MD forcesFil
cg to forces

predicted by using the representation in eqs 8 and 9, which act
on the ith CG site in thelth configuration sampled along the
atomistic trajectories, results in the following set of linear
equations

with respect to the force parameters subject to the fit{fRâ,γ,k,
f ′′Râ,γ,k, QRâ}, whereR ) 1, ‚‚‚, K, i ) 1, ‚‚‚, NR. In eqs 10,
{Ril} labels theith atom of kindR in the lth configuration;
rRil ,âjl is the distance between atoms{Ri} and {âj} in the lth
configuration;QRâ ) QRQâ with QR the partial charge of the
CG sites of kindR; Nâ andK are, respectively, the number of
the CG sites of kindâ and the total number of kinds of CG
sites in the system.

The method also permits systematic separation of bonded and
nonbonded CG forces. This is important for the sites which have
an overlap in regions of intra- and intermolecular motion,
causing the FM force field to be a mixture of bonded and
nonbonded components, which then become impossible to
separate for these regions. To explicitly fit the bonded forces,
the additional indexγ ) {nb,b}, which indicates whether the
site pairRil , âjl is bonded (i.e.,γ ) b), is used to distinguish
the f, f ′′ parameters in eqs 10 for bonded and nonbonded
interactions. For bonded pairs the Coulomb term is absent, which
is enforced by theδγ,nb term which is unity ifγ ) nb, and zero
otherwise. It will be assumed that in eqs 10 the indexl runs
over a sufficiently large number of the configurationsL such
that the equations overdetermine the force parameters. Standard
equations which are linear with respect to{fRâ,γ,k, f ′′Râ,γ,k} must
also be included in eqs 10 to ensure that the first derivative of
f (r) is continuous across the boundary between two intervals.28

The MS-CG force fields described above perform well in
reproduction of the structural properties; however, in some cases
they fail to maintain the proper internal pressure in the system,
and as a result the density can be wrong (too low) in constant
NPT simulations. This behavior is attributed to two primary
reasons which can be seen from the virial equation used to
evaluate the pressure in MD simulation, i.e.,

where

is the average kinetic energy and

is the virial of the system. In eq 12N is the number of system
degrees of freedom andT is the system temperature. As seen
from eq 12, because the coarse-graining of the system eliminates
some degrees of freedom, the first term in eq 11 is lower
compared to atomistic simulation and therefore so is the pressure
P. The second reason for an inaccurate density from MS-CG
models is related to the second (virial) term in eq 11. The coarse-
graining of the system does not preserve the virial term. In
particular, it contracts the system virial of contributions of forces
which are “intra” with respect to the atomic groups subject to
coarse-graining. Fortunately, because the virial〈W〉 depends
linearly on the atomic forces andEkin does not rely on the forces
at all, the FM force field can be constrained to produce the

f p(rij) ) - (f (rij) +
QiQj

rij
2 )nij (8)

f(r,{rk},{fk},{f ′′k}) ) A(r,{rk})fi + B(r,{rk})fi+1 +
C(r,{rk})f ′′i + D(r,{rk})f ′′i+1 (9)

- ∑
γ)nb,b

∑
â)1,K

∑
j)1,Nâ

(f {rRil ,âjl},{rRâ,γ, k},{fRâ,γ, k},{f ′′Râ,γ,k} +

QRâ

rRil ,âjl
2
δγ,nb)nRil ,âjl ) FRil

cg (10)

P ) (23〈Ekin〉 + 〈W〉)/V (11)

〈Ekin〉 ) NkBT/2 (12)

〈W〉 ) 〈13∑i<j

f ij‚r ij〉 (13)
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correct pressure. This task can be accomplished by adding to
eqs 10 the constraint

whereWl
atm is the “instantaneous” virial for thelth configuration

along the atomistic trajectories, and

In eq 15,El
kin,atm and Ekin,CG are the “instantaneous” kinetic

energies for thelth configuration along atomistic trajectories
and its CG representation, respectively. The difference∆Ekin,
which accounts for the change in pressure due to the reduction
in system degrees of freedom, can be calculated less accurately,
but more conveniently, as

whereNatm andNCG are numbers of degrees of freedom of the
atomistic and CG systems, respectively.

The fitted data in eqs 14 depend explicitly on the instanta-
neous kinetic energy and, therefore, on the temperature in the
reference atomistic simulation. This may further reduce the
transferability of the MS-CG models to other temperatures. In
particular, thermodynamic properties which rely on the deriva-
tives of the temperature (e.g., thermal expansion coefficient)
may be less accurate. However, this is not a serious issue
because the MS-CG potential can be readily refit for different
thermodynamic conditions, as will be demonstrated later.

Because of the limited number of fitted atomistic MD
configurations, the matched nonbonded forces contain some
statistical noise that makes the force profiles somewhat rough.
The roughness can be smoothed out by using a least-squares
fit with a proper set of analytical functions. For ionic liquids,
the matched nonbonded forces are usually quite regular, so a
polynomial function is more than adequate for the least-squares
fit of the spline data in eq 9, i.e.,

wherefij(r) is the short-range term of the matched force between
the CG sitesi andj defined in eq 8,r is the radial distance,Aij

n

is the coefficient for thenth polynomial item,M is the highest
order of the power. For the EMIM+NO3

- ionic liquid, M ) 16
is found to provide good accuracy.

For systems with no more than 3 sites, e.g., water18 and
hydrogen fluoride,19 the partial charges{QR} can be recovered
by solving the nonlinear equationsQRâ ) QRQâ with QRâ
obtained from eqs 10. For CG models of ionic liquids, which
generally contain more than 3 CG sites, it is more difficult to
solve the partial charges explicitly from eqs 10. Fortunately,
the partial charge of each CG site can be simply fixed to be the
sum from the underlying atoms in the atomistic representation,
i.e.,

Equation 18 works as a constraint in addition to eqs 14 to solve

eqs 10. This approximation introduces two sources of error into
the effective long-range interaction. First, the dipole and higher
electrical moments caused by the finite distribution of underlying
atomic charges on the CG site are neglected. Second, the weak
long-range many-body polarization effects of the CG site are
not included in the long-range Coulomb part in eq 8. For a fixed
size of periodic boundary box for which the MS-CG procedure
is used, this approximation does not introduce significant error
into the CG results, because the above interactions are captured
by the short-range part in eq 8. It may make a difference only
when the MS-CG model is constructed from a smaller atomistic
MD system and then used to simulate a system at a significantly
larger size. Fortunately, this seems to not be a serious problem
in practice, because both are weak long-range effects.

It should be noted that the effective CG potentials, constructed
by the FM or any other approach intended to reproduce
structural properties, are actually a many-body site-site PMF.
The vibrational potentials among different CG groups are
averaged out. Although the resulting PMF may reproduce the
structural properties accurately, the neglect of vibrational
potentials and the reduced number of system degrees of freedom
will cause any CG model to exhibit a faster diffusion.19,29Further
methodological development is therefore necessary to yield
accurate dynamical properties. One possible approach is cou-
pling fictitious harmonic oscillators to the CG sites according
to the generalized Langevin equation (see, e.g., ref 30). The
diffusion of the CG sites will then be reduced without changing
the underlying liquid structure. In this paper, however, only the
structural and the thermodynamic properties of the MS-CG
models for ionic liquids are presented. The dynamical properties
of the MS-CG model will be the subject of future investigation.

Another general problem that influences the structural proper-
ties of CG models is that each CG site has been treated as an
isotropic sphere. That is, the CG potentials of mean force depend
only on their radial distance, not their mutual orientation.
However, the atomistic potentials between atomic groups
generally depend on the mutual spatial orientation. A matched
CG forcef p(rij) is therefore effectively averaged over the spatial
orientations, i.e.,

whereΩij is the relative spatial angle between two CG sitesi
and j, f p(rij,Ωij) is an orientation-dependent mean force, and
P(Ωij) is the normalized probability distribution ofΩij. Such
an approximation may be significant, so in the following sections
this will be referred to as the “anisotropy effect”.

2.3. Bonded Coarse-Grained Force Field Parameters.The
FM method allows one to explicitly separate the bonded and
nonbonded forces. The bonded forces are needed to describe
interactions between bonded CG site pairs in a CG MD
simulation. All bonds might be described at the simplest level
by harmonic potentials. In principle, the harmonic bonded
potentials can then be obtained through least-squares fit of the
FM bonded forces to a harmonic force (i.e., by a linear function).
However, as seen from Figure 1, the CG bonded forces for ionic
liquids often deviate from being harmonic, and some further
generalizations are required. Therefore, in the present work a
systematic and accurate way of retrieving effective bonded force
field parameters from the saved MD configurations is described.
This new approach is based on an existing method applied by
several other authors,31-33 but a further refinement of the method
leads to better accuracy. An example is given below by applying
the method to a bond interaction, but it is also valid for the

∑
γ)nb,b

∑
R)1,K
â)1,K

∑
i)1,NR
j)1,Nâ

(f (rRil ,âjl,{rRâ,γ,k},{fRâ,γ,k},{f ′′Râ,γ,k})rRil ,âjl +

QRâ

rRil ,âjl

δγ,nb) ) 3Wl
atm + 2∆Ekin (14)

∆Ekin ) El
kin,atm - El

kin,CG (15)

∆Ekin ) El
kin,atm(1 - NCG/Natm) (16)

fij(r) ) ∑
n)2

M

Aij
n/rn (17)

QR ) ΣiqRi (18)

f p(rij) ) ∫P(Ωij)f
p(rij,Ωij) dΩij (19)
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valence and dihedral angles. The only difference is the choice
of the functional forms of the potentials for the different classes
of bonded interactions.

If an isolated bond with a bond potentialVb(r) is in the
canonical ensemble, withr being the bond length, then the
probability P(r) of r obeys the Boltzmann distribution

whereC is a constant,kB is Boltzmann’s constant, andT is the
designated system temperature, which is a constant in the
canonical ensemble. The distributionP(r) of the bond lengthr
can be obtained from the configurations saved during the
atomistic MD simulation. With an appropriate functional form
of Vb(r) assumed, its parameters are determined by fittingP(r)
according to eq 20.

The above procedure has been employed by others,31-33

where the isolated system parameters are first obtained and used
as the input to the condensed phase CG simulations. However,
the above procedure is incomplete. Since the bond in a
condensed phase system is not isolated, the parameters thus
obtained may deviate from the actual equilibrium parameters
due to the environment. SupposeF is the functional representing
the effect of the interaction with the environment. Near
equilibrium it is assumed that this functional does not change
the functional form of the bond, but only the parameter values
of the functional. Now supposeA0 is the parameter set at
equilibrium, andA1 is the apparent fitted set obtained by the
described procedure in the previous paragragh, thenF{Vb(A0,r)}
) Vb(A1,r). Now the question is how, with an appropriate
assumed functional formVb(A,r) and a set of apparent fitted
parametersA1, one determines the actual desired setA0, or
equivalently, the functionalF.

If it is first assumed that, near equilibrium, the functionalF
does not change in the simulations with different set of
parameters, thenF can be determined from a further CG run.
By performing a CG run using the obtained set of parameters
A1 (presuming the nonbonded interactions have already been
determined by the procedure described in section 2.2), the fitting
of the resulting CG configurations gives another set of param-
etersA2. F is then determined from these two known sets,F{Vb-
(A1,r)} ) Vb(A2,r). OnceF is known, the desired setA0 can be
determined byVb(A0,r) ) F-1{Vb(A1,r)}.

For example, given a harmonic bond potentialVb(r) ) 1/2
kr(r - r0)2, the set of parameters from the atomistic configura-
tions isA1 ) {kr

1,r0
1}, that from the subsequent CG run isA2

) {kr
2,r0

2}, so then

where ck ) kr
1/kr

2, and cr ) r0
1 - r0

2. This determines the
desired CG set

No systematic way has been established to determine the
actual best functional formVb(r) for the bonded interactions.
In a practical sense, several possible forms may be fitted to the
distributionP(r) from the atomistic MD simulation to see which
one yields the best fit. The results in section 3.1 will show that,
for the present system being studied, this method is complete
and accurate.

3. Results and Discussion

In this section the MS-CG procedure is applied to con-
struct CG models for the EMIM+NO3

- ionic liquid system at
two different temperatures,T ) 400 and 700 K. The experi-
mental melting temperature of this liquid is∼313 K.34 The
CG simulations are then compared with the results of
atomistic MD simulations for different sizes. The DL_POLY
program35 was used to perform the MD simulations for both
the atomistic and the CG models. Periodic boundary conditions
were employed within a cubic cell. The long-range charge-
charge, charge-dipole, and dipole-dipole interactions were
treated using the Ewald sum.36 The system was coupled to
either a Nose´-Hoover thermostat37 for the constant NVT
ensemble or a Hoover barostat38 for the constant NPT
ensemble. Another Nose´-Hoover thermostat or Hoover barostat
with a very low temperature ofT ) 0.1 K was used for the
induced dipole degrees of freedom to treat the electronic
polarizability.6,7 A cutoff of 12.17 Å was applied to the short-
range interactions.

Figure 1. Matched bonded force by the FM approach between CG
sites B and E (shown in Figure 2b). The error bars are the standard
deviations. By contrast, a harmonic force would be linear with a constant
slope.

P(r) ) C exp(-Vb(r)/kBT) (20)

F {Vb(r)} ) {kr f ckkr, r0 f cr + r0} (21)

Figure 2. (a) Atomic structure of the EMIM+NO3
- ionic liquid. (b)

Coarse-grained EMIM+NO3
- ionic liquid structure. The numbers shown

on the CG sites are their partial charges.

Figure 3. Matched force of CG sites A-A at T ) 400 K before and
after smoothing out by the polynomial function in eq 17.

A0 ) {kr
0 ) ckkr

1 ) (kr
1)2/kr

2, r0
0 ) cr + r0

1 ) 2r0
1 - r0

2}
(22)
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The choice of T ) 400 K is based on the fact that
EMIM+NO3

- has been studied extensively at this temperature
by MD simulations with both nonpolarizable22 and polarizable6,7

atomistic models. The results at a higher temperature ofT )
700 K are compared here with those atT ) 400 K to
demonstrate that the MS-CG approach works well for different
temperatures, and also that the major error of the present CG
model comes from the anisotropy effect described in section
2.2. Although experimentally 700 K might be higher than the
decomposition temperature of EMIM+NO3

-, it is not an issue
with the present MD simulations, because the intramolecular
bonds in the atomistic-level force field are not allowed to break.
The higher temperature results are to be taken as illustrative
results only.

3.1. Coarse-Graining and Force-Matching Procedures.
As stated earlier, the EMIM+NO3

- ionic liquid has been
studied with both nonpolarizable22 and polarizable6,7 atomistic
models atT ) 400 K. The Amber force field parameters39 have
been used in these models. While both models have yielded
satisfactory results, the results for the polarizable model are
closer to the experimental data, demonstrating that electronic
polarizability can play an important role in ionic liquid systems.
Figure 2a shows the atomic structures of the EMIM+ cation
and the NO3

- anion. The atomic polarizabilities reported in ref
7 have been adopted in this work. The force field parameters
and the atomic polarizabilities are listed in the Supporting
Information.

For the MS-CG models, the atoms have been grouped into
5 CG sites, as illustrated in Figure 2a. The resulting structure
of the MS-CG models is shown in Figure 2b. This CG structure

is designed so that the number of CG sites is as few as possible,
but also with no significant degrees of freedom inside of each
CG site. Because the anion and the backbone of the aromatic
ring in the cation are almost rigid bodies, each of them has
been considered as one CG site (Site A as the aromatic ring,
site D as the anion). As the methyl group and the two methylene
groups are rotationally symmetric to their principal axes, they
have been coarse-grained as sites C, B, and E, respectively. For
the CG cation, there are three bonds (A-B, A-C, and C-E),
two valence angles (B-A-C and A-C-E), and one dihedral
angle (B-A-C-E).

An atomistic-scale EMIM+NO3
- system with 64 ion pairs

under cubic periodic boundary conditions was first equilibrated
with the polarizable atomistic model in the constant NPT
ensemble at a temperature ofT ) 400 K and a pressure ofP )
1 atm. The presence of polarizability limited the time step to
0.45 fs. The system size of 64 ion pairs was chosen because it
is small enough for easy manipulations of the force-matching
equations, while still large enough so that the pairwise effective
short-range interactions are well sampled up to the point where
the force can be truncated as 0.

The system was then simulated using a constant NVT
ensemble atT ) 400 K, with the volume set to be the average
volume obtained from the constant NPT run,V ) a3, wherea
) 25.0155 Å is the side length of the boundary cube. After
equilibration, 3× 106 MD time steps were simulated, propagat-
ing the system for a total of 1.35 ns. During the simulation, a
total of 4000 configurations were evenly sampled with an
interval of 750 steps. In each configuration, the system virial,

Figure 4. Matched short-range nonbonded forces between CG sites atT ) 400 K (dashed lines) and 700 K (solid lines). Only six out of fifteen
possible site-site forces are shown. Most of the forces are different for the two temperatures, indicating that the nonbonded forces have limited
transferability between temperatures.
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as well as the positions, the velocities, and the forces of all
atoms, were recorded.

With the partial charge of each CG site fixed as the sum of
the respective atomistic partial charges, the FM procedure
described in section 2.2 was applied to the 4000 configurations
to find the best fit of the short-range nonbonded forces for each
pair of CG sites. The forces so obtained were then smoothed
using the polynomial expansion in eq 17. In Figure 3 the A-A
force before and after smoothing is shown. The other force
profiles look similar. The polynomial function is seen to smooth
out the noise quite well. The error bars on the curve can be
inferred from the spread in the FM data points.

Also seen from Figure 3, there is a small distancer < rcore

that cannot be sampled by the FM procedure without some sort
of additional enhanced sampling procedure. The FM force field
should therefore be somehow extrapolated. The specific choice
of the force atr < rcore is expected to have little impact on
system properties, so in the present work the force field is
assumed to be constant within the core region. The constant
force is chosen in such a way that it is neither too large to affect
the conservation of total energy because of the finite MD time
step interval, nor too small to allow the CG sites to get so deep
into the core region that the simulation collapses. Six out of
fifteen of the smoothed and extended forces between CG sites
are plotted in Figure 4.

From the same atomistic MD configurations used to carry
out the force-matching, the distributions of bonds, valence

angles, and dihedral angles were computed. The distributions
of bonds and valence angles were then fitted with the harmonic
functions

while the distribution of the dihedral angle was fitted with the
harmonic cosine function

wherekr, kθ, and kφ are harmonic constants,r, θ, andφ are
bond length, valence angle, and dihedral angle, respectively,
andr0, θ0, andφ0 are their equilibrium positions. The distribu-
tions and their fitting functions are plotted in Figure 5. Only
the results for the A-B bond, the A-C-E angle, and the
dihedral angle are shown, but the others are similar. Note that
the exact bonded forces of CG models may not necessarily have
the above harmonic functional forms, but the simulations show
that these choices of functional forms yield only small errors.

The fitted bonded parameters along with the matched
nonbonded forces were then used in the MS-CG model to
perform the first CG run. The bond and the angle distributions

Figure 5. Bond and angle distributions (dotted lines) from the atomistic
MD simulation and their fits (solid lines). Only the A-B bond, the
A-C-E angle, and the dihedral angle are shown. Others are similar.

Figure 6. Bond and angle distributions (dotted lines) derived from
the first CG run with the fitted parameters from Figure 5 and their fits
(solid lines). They deviate from those retrieved from the atomistic run
(dashed lines). Only the A-B bond, the A-C-E angle, and the dihedral
angle are shown. Others are similar.

V(r) ) 1
2
kr(r - r0)

2 (23)

V(θ) ) 1
2
kθ(θ - θ0)

2 (24)

V(φ) ) 1
2
kφ(cos(φ) - cos(φ0))

2 (25)
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obtained from this CG run were fitted and compared again to
the atomistic MD results in Figure 6. It is clearly seen that the
originally fitted parameters result in a deviation from the
atomistic MD run and therefore require adjustment. According
to the method described in section 2.3, the bonded parameters
were adjusted by eq 22. The same adjustments were also applied
to the valence and dihedral angle parameters by the transforma-
tions

and

The superscripts have the same meaning as in eq 22. The
adjusted bonded parameters were then put into the MS-CG
model to perform the second CG run. The bond and angle
distributions obtained from the latter run are compared with
those from the original atomistic MD simulation in Figure 7. It
is seen that the distributions in the second CG run are almost
identical with those from the atomistic run. These results suggest
that the method of deriving bonded CG parameters described
in section 2.3 is complete and accurate.

The same procedure was also applied to the 64 ion pair system
at T ) 700 K to get the bonded CG parameters and the
nonbonded CG potentials at that temperature. The time step of
the atomistic run was restrained to be even smaller, 0.36 fs,
because of the electronic polarizability at the higher temperature.

Since the system equilibrates faster at 700 K, shorter 2× 106

MD steps were simulated, propagating the system for 720 ps.The
parameters of both CG models at these two temperatures will
be given in the next subsection.

3.2. CG Models for the Ionic Liquid. The bonded force
field parameters of the CG models for the two temperatures
are listed in Table 1. Because the parameters at these two
temperatures are very close, it may be concluded that the bonded
part of the CG model only very weakly depends on temperature.

The nonbonded parameters obtained from the smoothing of
spline data according to eq 17 are listed in the Supporting
Information. As one might expect, the force field atT ) 700 K
is different from that atT ) 400 K. One reason for this
difference is the previously mentioned anisotropy effect (see
eq 19). The orientational distributionP(Ωij) is temperature
dependent, so that atT ) 700 K, it is closer to a uniform
(isotropic) distribution. By contrast, atT ) 400 K, the planar
imidazole ring and the anion structures are more likely to be

Figure 7. Bond and angle distributions (solid lines) derived from the second CG run with the adjusted parameters. The distributions from the
atomistic run (dotted lines) are seen well to be reproduced by the new parameters.

kθ
0 ) (kθ

1)2/kθ
2, θ0

0 ) 2θ0
1 - θ0

2 (26)

kφ
0 ) (kφ

1)2/kφ
2, φ0

0 ) 2φ0
1 - φ0

2 (27)

TABLE 1: Bonded Force Field Parameters for the CG
Models of EMIM +NO3

- at T ) 400 and 700 K.

T ) 400 K T ) 700 K

bond/angle K r0/θ0/φ0 K r0/θ0/φ0

A-B bond 18.282 eV/Å 2.705 Å 17.960 eV/Å 2.700 Å
A-C bond 19.050 eV/Å 2.694 Å 18.048 eV/Å 2.688 Å
C-E bond 25.814 eV/Å 1.658 Å 24.319 eV/Å 1.657 Å
B-A-C angle 12.054 eV/rad2 142.383° 12.604 eV/rad2 142.109°
A-C-E angle 5.921 eV/rad2 109.446° 6.195 eV/rad2 109.276°
Dihedral angle 0.088 eV 97.806° 0.120 eV 94.800°
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parallel. So even if the orientation-dependent mean force
f p(rij,Ωij) is temperature independent, the isotropic CG force
field f p(rij) adopts a dependence on temperature because of
P(Ωij). It is hard to say iff p(rij,Ωij) depends on temperature as
a result of neglecting the vibrational forces, the constraint of
the system virial, or from other sources.

The CG models accelerate the simulation by about 40 times
as compared to the polarizable atomistic model for the same
MD time step. In addition, the interval for each time step in
the CG models can be at least 5 times larger, so the CG model
is at least 200 times faster for the same system size. For larger
system sizes, this increase in efficiency may be significantly
large. Nevertheless, in the following results, for the sake of
careful comparison, the same time interval and number of time
steps were used for both the CG models and the atomistic MD
model.

3.3. Comparison of CG and Atomistic MD Simulations.
a. Structural Properties.The structural properties were com-
pared by calculating radial distribution functions (RDFs), which
are defined as,36

whereV is the system volume,Ns is the total number of sites,
r is the radial distance,r ij is the distance vector between sites
i and j. For ionic liquids, the RDFs have been calculated for
cation-cation, anion-anion, and cation-anion pairs. The
positions of the cations and the anions have been described by
their center-of-mass.

The RDFs for the CG model atT ) 400 K are shown in
Figure 8. The RDFs for both the nonpolarizable and the
polarizable atomistic MD models are also shown in the same
figure for comparison. The cation-cation and cation-anion
RDFs for both atomistic models have some slight differences,
and those from the CG model deviate somewhat from them both.
For the atomistic cation-cation RDF, the characteristic second
peak appearing at about 4 Å is due to theparallel packing of
the planar-like cations. The CG model shifts this peak to a larger
distance, which is a consequence of the missing anisotropy of
the CG site A. The radial inhomogeneity of the atomistic
aromatic ring in the cation cannot be fully rebuilt by the isotropic
CG site A. The higher peak intensity of the CG model for the
cation-anion RDF can be explained by the same argument.

In Figure 8c, the anion-anion RDF for the polarizable model
is quite different from the nonpolarizable model, because the
large polarizability of the bulky cations changes the distribution
of the polarizable anions around them.7 Except that the first
peak is a little higher, which can also be explained by the
anisotropy effect for CG site D, the anion-anion RDF from
the CG model successfully reconstructs that of the polarizable
atomistic MD model. This demonstrates that the MS-CG
approach succeeds in this case in incorporating the many-body
polarization effects into the effective pair potential.

The RDFs from the polarizable atomistic model and the CG
model atT ) 700 K are compared in Figure 9. At such a high
temperature, the characteristic peak in the cation-cation RDF
and the plateau in the anion-anion RDF disappear, because
the high temperature allows the cations and the anions to move
and rotate more randomly, so that the orientational correlation
is no longer significant. In other words, the orientational
distributionP(Ωij) in eq 19 is almost uniform, and the simple
isotropic CG forcef p(rij) better represents the underlying atomic

group than at 400 K. Thus the CG model atT ) 700 K better
predicts the atomistic structure, as illustrated in Figure 9.

The RDFs between individual CG sites atT ) 400 K were
also computed and compared to those from the polarizable
atomistic MD simulation. The results are shown in Figures12-
14. The Site D-Site D plot is not shown because it is the same
as the anion-anion RDF shown in Figure 8c. The bonded peaks
are almost identical for both models, so in the figures they are
truncated to better demonstrate the nonbonded parts. It can be
seen that the CG site-site RDFs are closer to the polarizable
atomistic MD results than the cation-cation center-of-mass
RDFs. The results forT ) 700 K are similar and at least as
accurate as those forT ) 400 K.

The CG models atT ) 400 and 700 K, which were generated
using the system with 64 ion pairs, were also applied to systems
with the larger sizes of 128, 216, and 400 ion pairs. Only the
results for 400 pairs are plotted here because those for 128 and
216 pairs are quite similar. The RDFs are compared with those
from the atomistic MD runs. The results atT ) 400 K are shown
in Figure 10, while those atT ) 700 K are shown in Figure 11.
Although atT ) 400 K the long-range tails of the RDFs from
the CG model are a little out of phase with the atomistic MD
result, the long-range spatial correlations still exist, with the
oscillations extending to 23 Å, or about the half-length of the
simulation box. On the other hand, the maxima and the minima
of the RDFs are not very far from unity, indicating that the
short-range correlations are relatively weak, compared to the
inorganic molten salt.40 The first maximum of the cation-cation
RDF is broader and weaker than that of cation-anion RDF,
which might be expected from the fact that the ions of ionic
liquids are quite bulky.

At T ) 700 K, the RDFs in Figure 11 from the CG model
are again very close to those from the atomistic MD simulation.

g(r) )
V

Ns
2
〈∑

i
∑
j*i

δ(r - r ij)〉 (28)

Figure 8. RDFs of 64 ion pairs atT ) 400 K from the CG model
(solid lines), the polarizable atomistic MD model (dashed lines), and
the nonpolarizable atomistic MD model (dotted lines).
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Due to higher entropy, the cation-cation and anion-anion
RDFs lose their short-range structure and have only one regular
peak in the regionr < 10 Å. The long-range spatial correlations,
however, are still present, indicated by the oscillating tails.

b. Thermodynamic Properties.The MS-CG models were
also studied in the constant NPT ensemble to test their
thermodynamic properties. With the pressure ofP ) 1 atm, for
the systems with 64, 128, 216, and 400 ion pairs, the average
volumes vs number of ion pairs are plotted in Figure 15. The
fitted slopes give the average densities atT ) 400 and 700 K.
The densities from the CG models and the atomistic models
are compared in Table 2. The CG models give acceptable errors
of 1.2% at 400 K and 4.2% at 700 K. The densities atT ) 400
K and P ) 100 atm have also been computed and listed in
Table 2.

The isothermal compressibilityκT at T ) 400 K can be
evaluated from the densities atP ) 1 atm andP ) 100 atm, by
the expression41

where V is the system volume andF is the system density.
Similarly, the thermal expansion coefficientR at P ) 1 atm
can be evaluated from the densities atT ) 400 K andT ) 700
K by the expression41

The computedκT at T ) 400 K andR at P ) 1 atm are listed
in Table 2. Despite the fact that the system virial constraint of
the MS-CG models depends on temperature (see eqs 14), the

data from the MS-CG models are in good agreement with those
from the atomistic MD model. Similar to water, which has the
experimental values ofκT ) 4.58× 10-5 atm-1 andR ) 2.0×
10-4 K-1,42 EMIM+NO3

- is also a liquid with small compress-
ibility and coefficient of thermal expansion.

From the above results, it can be concluded that the MS-
CG models constructed from smaller systems can be used to
study larger systems, and with the system virial built in as
described in eqs 14, the MS-CG approach gives quite satisfac-
tory thermodynamic properties. The MS-CG approach permits
one to systematically construct a CG force field which is able
to reproduce both the structural and key thermodynamic
properties. Moreover, this method can be equally well applied
to systems in which the long-range electrostatics play an
important role. These features provide the potential advantages
of the method over several previously developed approaches8-14

for coarse-graining. To our knowledge, this is also the first
successful development of a CG model for ionic liquid systems.

4. Conclusions

The MS-CG method has been applied to the polarizable
atomistic model of the EMIM+NO3

- ionic liquid system. The
FM method has been used to fit the effective bonded and
nonbonded pair interactions separately. By this FM method the
many-body polarization effects were also successfully incor-
porated into effective CG pair interactions. The bonded force
field parameters were then refined by retrieving the parameters
from the saved atomic MD configurations.

The MS-CG models were run in both the constant NVT and
the constant NPT ensembles. They reproduce satisfactory
structural properties for different system sizes. With the system

Figure 9. RDFs of 64 ion pairs atT ) 700 K from the CG model
(solid lines) and the polarizable atomistic MD model (dashed lines).

κT ) -1
V(∂V

∂P)
T

) 1
F(∂F

∂P)
T

) (∂ln(F)
∂P )

T
≈ (ln(F2/F1)

P2 - P1
)

T
(29)

R ) 1
V(∂V

∂T)
P
≈ - (ln(F2/F1)

T2 - T1
)

P
(30)

Figure 10. RDFs of the system with the larger size of 400 ion pairs
at T ) 400 K from the CG model (solid lines) and the polarizable
atomistic MD model (dashed lines).

Multiscale Coarse-Graining of Ionic Liquids J. Phys. Chem. B, Vol. 110, No. 8, 20063573



virial built in, the effective pair interactions retain the system
densities and other thermodynamic properties with only small
errors at different temperatures. The MS-CG models are at least
200 times faster than the polarizable atomistic MD model.

In the present application of the MS-CG method, the major
source of error, which is a general issue of most CG approaches,
is the “anisotropy effect”, which comes from the approximation
that all interactions between CG sites are radially symmetric,
namely, orientation-independent. This behavior in CG models
arises when the coarse-graining has been particularly “aggres-
sive”, i.e., in the present case an entire imidazole ring has been

represented by a single CG site. This leads to a relatively small
deviation of the liquid CG structures from the atomistic
structures and contributes to the reduced transferability of the
nonbonded parameters between temperatures. Another possible
source of error is that the effective partial charges of the CG
sites have been simply set to be the sum of the partial charges
of the underlying atoms in the present application. By this
approximation the long-range polarizability and the dipole and
higher electric moments originating from the finite distribution

Figure 11. RDFs of the system with the larger size of 400 ion pairs
at T ) 700 K from the CG model (solid lines) and the polarizable
atomistic MD model (dashed lines).

Figure 12. Site-site RDFs between the CG sites atT ) 400 K
compared with the polarizable atomistic MD results.

Figure 13. Site-site RDFs between the CG sites atT ) 400 K
compared with the polarizable atomistic MD results. (continued)

Figure 14. Site-site RDFs between the CG sites atT ) 400 K
compared with the polarizable atomistic MD results. (continued).

Figure 15. System volume vs. number of ion pairs from the CG models
(solid lines) and the polarizable model (dashed lines) atT ) 400 K
and 700 K. The densities are obtained by fitting the slopes of the lines
and listed in Table 2.

TABLE 2: Densities G (g/cm3), Isothermal Compressibilities
KT (×10-5 Atm-1), and Thermal Expansion Coefficients
r (× 10-4 K-1) from the CG Models and the Polarizable
Atomistic MD Model

CG atomistic

F (T ) 400 K,P ) 1 atm) 1.1933 1.1791
F (T ) 700 K,P ) 1 atm) 1.0488 1.0070
F (T ) 400 K,P ) 100 atm) 1.1977 1.1830
κT (T ) 400 K) 3.7177 3.3355
R (P ) 1 atm) 4.3025 5.2592
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of the underlying atoms are approximated by short-range
effective pair interactions. This seems to not be a serious
problem, as both are weak long-range interactions.

Another general challenge for CG approaches is that the CG
sites generally dynamically diffuse faster than the underlying
atomistic MD model. This comes from the fact that the
interactions between CG sites are effectively site-site potentials
of mean force, which do not contain an effective time-dependent
frictional forces between the CG sites. This dynamical incon-
sistency in CG models is the subject of future research in our
group.

One of the advantages of the MS-CG method16,17 is that it
constructs the nonbonded interactions systematically from the
atomistic MD model and is not limited by a pre-selected function
form for these interactions. It is therefore expected to be a good
CG approach for other ionic liquids, as well as many other liquid
state systems.16,17These applications are currently also underway
in our group.
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