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ABSTRACT: Quantitative prediction of physical properties of room
temperature ionic liquids through nonpolarizable force field based molecular
dynamics simulations is a challenging task. The challenge lies in the fact that
mean ion charges in the condensed phase can be less than unity due to
polarization and charge transfer effects whose magnitude cannot be fully
captured through quantum chemical calculations conducted in the gas phase.
The present work employed the density-derived electrostatic and chemical
(DDEC/c3) charge partitioning method to calculate site charges of ions using
electronic charge densities obtained from periodic density functional theory
(DFT) calculations of their crystalline phases. The total ion charges obtained
thus range between −0.6e for chloride and −0.8e for the PF6 ion. The mean
value of the ion charges obtained from DFT calculations of an ionic liquid
closely matches that obtained from the corresponding crystal thus confirming
the suitability of using crystal site charges in simulations of liquids. These partial charges were deployed within the well-
established force field developed by Lopes et al., and consequently, parameters of its nonbonded and torsional interactions were
refined to ensure that they reproduced quantum potential energy scans for ion pairs in the gas phase. The refined force field was
employed in simulations of seven ionic liquids with six different anions. Nearly quantitative agreement with experimental
measurements was obtained for the density, surface tension, enthalpy of vaporization, and ion diffusion coefficients.

■ INTRODUCTION
In recent years, room temperature ionic liquids (ILs) have
engaged the attention of many researchers as they are fluids
with wide ranging applications. Due to their unique properties
such as low melting points, negligible to low vapor pressure,
nonflammability, and good ionic conductivity, the possibility of
manifold applications in catalysis, electrochemistry, separation
technologies, and nanoparticle syntheses or as performance
chemicals has stimulated extensive study on this class of
compounds during the past decade.1−16

Molecular simulation methods have been widely used to
obtain atomic-level understanding of room temperature ionic
liquids. These include ab initio molecular dynamics
(AIMD)17−25 and molecular dynamics (MD) simulations
using polarizable force fields8,26−29 and those employing
empirical potentials.3,4,30−33 Although AIMD simulations can
possibly provide an accurate picture of cation−anion hydrogen
bonding and anion polarization, they are computationally
expensive. Force fields that include terms that include ion
polarizations do offer an improvement over those with fixed
charges; however, they too can be computationally demanding
and are not available for a wide class of compounds.
Nonpolarizable force fields for several ILs based on the

imidazolium, pyridinium, and phosphonium cations were
developed by Lopes, Padua, and co-workers using the OPLS-
AA and AMBER framework.34−38 In a similar approach, Wang

and co-workers developed a force field for a few ILs based on
the imidazolium cation.39 Other force fields developed for ILs
are a few united atom models,40−42 the OPLS-AA model,43

coarse grained models,44−46 etc. Though many of them
reproduce well the density and to a large extent the
intermolecular structure, their ability to quantitatively repro-
duce surface tension and transport quantities such as the
diffusion coefficient has been a matter of discussion.47−53

Ludwig et al.50 developed a force field for [CnMIM][NTf2] that
describes the thermodynamic and transport properties
reasonably well, in particular for ILs with short alkyl tails.54

Properties of ILs such as their low vapor pressure, ionic
conductivity, shear viscosity, etc. are largely determined by the
electrostatic interactions between the ions. Charge transfer and
polarization of ionic species determine their effective charges in
bulk ILs. Thus, one observes a net decrease in the effective
charges on ions in bulk liquids,8,55,56 in good agreement with
recent photoelectron spectroscopy experiments of Licence and
co-workers.57,58 Atomic charges used in many force fields have
mostly been derived from quantum chemical calculations of an
ion or an ion pair studied in gas phase. The charges calculated
thus do not capture these condensed phase effects and their use
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often leads to overbinding of ions in bulk. Such an approach
was also found to diminish values of diffusion coefficients of
ions in the liquid phase, relative to experimentally determined
values.26,39,59−63

Voth and co-workers introduced polarizable force fields for
ILs to capture the effect of electronic polarizability in
condensed phases of ILs,26 which resulted in a much faster
diffusion of ions compared with results using the non-
polarizable model. Borodin and co-workers have contributed
significantly to the development of both polarizable and
nonpolarizable force fields for several ILs whose prediction of
properties are in quantitative agreement with experi-
ments.28,63−66 A simpler (mean field level) treatment of charge
transfer and polarizability within a nonpolarizable force field
model is to scale the overall atomic charges and allowing for ion
charges to deviate from values of ±1 e. The dynamics in the
liquid consequently speeds up due to the lower electrostatic
binding and this procedure has been implemented for ionic
liquids by several groups.49,55,56 However, the scale factors used
so far have been empirical in nature.
Koßmann et al.67 have employed second-order Møller−

Plesset perturbation theory (MP2) and density functional
theory (DFT) techniques to study clusters of [MMIM][Cl]
and obtained a reduced charge for the chloride ion of −0.823 e.
An ab initio molecular dynamics simulation of liquid [MMIM]-
[Cl] followed by a Mulliken population analysis of snapshots
performed by Bühl et al.,18 also yielded a reduced charge for the
chloride anion to be between −0.7 and −0.8 e. More recently,
Delle Site and co-workers developed a protocol to calculate
atomic partial charges to account for bulk phase charge transfer
and polarization.68−70 They have carried out a liquid phase
AIMD simulation and used the Blöchl71 method to calculate
site charges for snapshots selected from the CPMD trajectory.
Starting from CLaP parameters as an initial guess along with

the atomic charges calculated using the Blöchl method, Holm
et al. refined the force field for [MMIM][Cl].72 The density of
the simulated liquid reproduced the experimental value
reasonably well. At low temperature, the calculated ionic
conductivity overestimated the experimental value, but the
deviation from experiment vanishes in the high temperature
region. Very recently, Holm et al. described a design of
transferable force field for [MMIM]+, [EMIM]+, and [BMIM]+

cations with a combination of thiocyanate [SCN]−, chloride
[Cl]−, and dicyanamide [DCA]− as anions.73 A similar
refinement procedure as before was adopted. However, the
density of simulated liquid [EMIM][DCA] was less than the
experimental value by about 5%, which was attributed to an
artifact of reduced net charge. The ionic conductivity too was
underestimated by 50%.
Although attractive, this approach requires a AIMD

simulation of the liquid to be performed, which is forbidding
due to the computational cost. In a recent work, Zhang and
Maginn proposed a novel idea to calculate atomic site charges
for an IL from its crystalline phase.74 They fitted a periodic
electrostatic potential for crystalline 1-n-butyl-3-methylimida-
zolium hexafluorophosphate ([BMIM][PF6]) and 1-ethyl-3-
methylimidazolium hexafluorophosphate ([EMIM][PF6]) and
derived atom charges from it. Using these charges within the
General AMBER force field (GAFF) framework, they
concluded that charges calculated from crystalline phases are
better in reproducing the dynamics of ILs than those obtained
using the Blöchl method or that from scaling the unit charges

calculated from gas phase quantum chemical calculation of one
ion pair.
The local coordination shell of a cation in an ionic liquid

shares much commonality with its crystalline counterpart. One
should thus be able to exploit this aspect and generalize the
approach delineated by Zhang and Maginn74 for other ionic
liquids. In the present work, we present a direct and systematic
method to derive atomic charges for imidazolium based room
temperature ionic liquids. Motivated by the work of Zhang and
Maginn, we come up with a consistent set of site charges for
cations and anions in six different ionic liquids by studying their
crystalline counterparts using density functional theory. We
have employed the density-derived electrostatic and chemical
(DDEC) charge partitioning method75,76 to calculate atomic
charges of ions. The DDEC/c3 method has been proven earlier
to be very accurate to calculate charges for periodic systems. It
has been used to calculate charges for various porous and
nonporous periodic systems such as metal organic framework,
zeolites, etc.77,78 In the present work, dihedral and nonbonded
interaction parameters have been refined by taking into
consideration the revised charges. This procedure is shown to
reproduce experimental density, heat of vaporization, surface
tension, and ion diffusion coefficients for several ionic liquids in
nearly a quantitative fashion.
The content of this work is divided into three parts. First, we

present the procedure to calculate atomic site charges for
different ILs. Second, the protocol to refine intra- and
intermolecular parameters accommodating these new set of
charges is described. In the last section, results of various
properties obtained using this refined force field are compared
against experimentally determined quantities.

■ METHODOLOGY AND SIMULATION DETAILS
The force field developed by Lopes, Padua, and co-workers
(CLaP)34−38 covers a wide range of ILs and it reproduces static
properties reliably48 and is thus widely used. However,
transport properties such as diffusion coefficient (and thus
electrical conductivity) appears to be underpredicted by this
model.48−51 Thus, we have chosen the CLaP force field as an
initial framework for our refinement procedure. The bond and
angle parameters of CLaP have been retained; however, the
partial charges on the atoms have been derived using the
DDEC/c3 method as applied to electron density of either
crystals (whose experimentally determined structures are
known) or liquids. The electron density itself was obtained
using density functional theory (DFT) calculations. The
proposed set of partial charges would have an effect on the
short-range (SR) interactions and thus the nonbonded
potential parameters too need to be refitted. Revision of the
charges and nonbonded parameters demands a revision of
dihedral parameters as the two are related through 1−4
interactions.

Derivation of Atomic Charges. 1-Alkyl-3-methylimidazo-
lium based ionic liquids containing six different anions were
considered for calculation of site charges. These were
hexafluorophosphate (PF6), tetrafluoroborate (BF4), bis-
(trifluoromethylsulfonyl)imide (NTf2), chloride (Cl), nitrate
(NO3), and trifluoromethanesulfonate or triflate (CF3SO3). For
each anion, three ILs with different lengths of pendant alkyl
tails ranging from methyl to butyl were chosen for the
calculations.
The nomenclature used to describe sites on the imidazolium

ring is shown in Figure 1.
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Crystalline Phase Charges. Atomic charges were calculated
from crystalline phases of ILs wherever experimental crystal
structures are available. Initial cell parameters and atomic
positions were taken from Cambridge crystal structure
database.79−81 The size of the simulation cell considered for
all the crystals was 1 × 1 × 1. A description of all the systems
studied here is provided in Table S1 of the Supporting
Information.
Density functional theory (DFT) calculations were carried

out using CP2K software.82 All valence electrons were treated
with triple-ζ double-polarized basis and a density cutoff of 280
Ry was used. Exchange and correlation effects were considered
through the Perdew, Burke, and Ernzerhof (PBE) functional.
Geodecker−Teter−Hutter (GTH) pseudopotentials83 were
used to consider the effect of core electrons and nuclei.
Neither the coordinates nor the cell parameters were
optimized. The wave functions were optimized with a
convergence criterion of 10−7 on its gradient. Cube files of
valence electron density were saved. DDEC charges were
computed with the codes available at http://ddec.sourceforge.
net as described by Manz and Sholl using the DDEC/c3
method.75,76 We have tried to calculate atomic charges using
some other methods also, such as Blöchl,71 REPEAT,84 and
RESP.85 However, charges obtained through these methods
were not always consistent across different IL compounds and
thus were discarded. A short discussion about these methods
and results obtained from them is provided in the Supporting
Information.
Charges Derived from the Liquid Phase. To check the

transferability of the charges derived from a crystal and its
corresponding liquid, simulations of the liquid phase were also
carried out with the following protocol. A number of snapshots
were chosen from a classical molecular dynamics (MD)
simulation of an IL, carried out primarily using the CLaP
force field. Liquid [BMIM][BF4] alone was modeled using the

Wang force field.39 These configurations were then taken into
DFT framework. The basis set, density cutoff, and pseudopo-
tentials used were the same as mentioned previously. For each
of these configurations, the gradient of the electronic wave
functions and the force on the nuclei were optimized with
convergence criteria of 10−7 and 10−3, respectively. With these
quenched configurations, atomic charges were calculated
following the same procedure as described earlier for crystal
systems. The charges thus obtained were averaged over all ions
and configurations. Typical system sizes in these liquid
simulations were around 30−40 ion pairs. A full description
of these systems is provided in Table S2 in the Supporting
Information.
The force field developed by Lopes and co-workers34−37 was

employed and MD simulations were carried out using the
LAMMPS86 software package. Furthermore, because the
interaction cutoff has to be less than half box length, we have
used a pairwise cutoff distance of 10 Å in these classical MD
simulations. Initial positions of all atoms were generated by
placing the molecules randomly in a box of length 20 Å.
Equations of motion were integrated with the velocity Verlet
algorithm with a time step of 1 fs. All C−H covalent bonds
were constrained using the SHAKE algorithm as implemented
in LAMMPS software.86 Long range electrostatic interactions
were computed using the particle−particle particle-mesh
(PPPM) solver with a precision of 10−5. As prescribed in the
force field, a multiplication factor of 0.5 was used to scale down
the nonbonded interactions calculated for a pair of atoms
separated by three bonds. The parameters for cross interactions
between different molecular species (atomic groups) were
derived using standard Lorentz−Berthelot rules.87 Cubic
periodic boundary conditions were applied.
Constant-pressure and constant-temperature ensemble

(NPT) simulations were carried out until the volume
converged. The temperature and pressure of the system were
maintained at 300 K and 1 atm using a Nośe−Hoover
thermostat and barostat, respectively, with a damping factor of
1 ps. The densities of the systems compared well against
experimental data. The final coordinates of the NPT run were
taken to the constant-volume and constant-temperature (NVT)
ensemble for a further equilibration for 5 ns under constant
NVT conditions. Finally, an analysis run was generated for 10
ns. Configurations at every 1 ns were selected for coarse
geometry optimization within DFT (as described earlier) and
further for the calculation of atomic charges using the DDEC/
c3 method.

Optimization of Short-Range Interactions. The accu-
rate representation of short-range (SR) interactions is quite

Figure 1. Atom labeling in the imidazolium ring.

Figure 2. Directions along which the cation−anion distance was varied, shown here for [BMIM][PF6]: (a) along the C−HA bond; (b) along the C−
HB bond; (c) perpendicular to the imidazolium ring plane. Color scheme: nitrogen, purple; carbon, blue; hydrogen, ochre; phosphorus, black;
fluorine, orange.
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important in reproducing intermolecular structure accurately,
which can have a bearing even on long time dynamics.88 Here,
the SR interactions between the particle types i and j are
described through the standard 12-6 LJ potential with σ and ε
as parameters.
Given that the site charges as well as the total ion charges are

changed from values associated with the CLaP force field, one
needs to adjust the parameters of both the nonbonded and
dihedral interaction terms. Toward this purpose, we have
carried out quantum chemical calculations of six different ion
pairs in the gas phase with [BMIM] as a common cation. For
each anion, these calculations involved three potential energy
scan runs in each of which the cation−anion distance was
varied along a certain direction. Such potential energy surfaces
(PES) were taken as references against which those obtained
using the refined force field were benchmarked. Nonbonded
parameters (typically of sites in the anion) were refined so as to
reproduce the PES of the quantum calculation. The latter were
carried out using Gaussian09,89 for which the initial structures
were constructed using GaussView.90 These reference calcu-
lations were calculated at M06/aug-cc-pvdz level of theory
whose binding energy was within 2 kcal/mol of that obtained
through MP2/aug-cc-pvdz level of theory. In the scan runs, the
cation was held fixed while the anions were displaced along the
(I) CR−HA vector, (II) CW−HB vector (closer to the methyl)
and (III) perpendicular to the center of the imidazolium ring as
illustrated in Figure 2a−c, respectively.
Scan runs with the same coordinates as used in the quantum

run were initiated to obtain the PES from the empirical force
field. These were carried out using LAMMPS.86 In these gas
phase scan runs alone, CLaP force field parameters were used
to model the IL pairs with a unit ion charge value and with site
charges as per CLaP. As these scan runs were conducted in the
gas phase, the ions can be expected to be unaffected by
polarization which is present in the condensed phase. Thus, the
original site charges of CLaP were used. The box length was set
to 200 Å in these calculations and the interaction sphere of a
site included all other sites irrespective of distance. Nonbonded
interaction parameters were iterated manually until the surfaces
obtained from the force field best matched those from the
quantum runs. To achieve this, the LJ parameters of the three
hydrogen atoms directly attached to imidazolium ring (HA and
HB) as well as of the sites on the anions were tuned. Parameters
involving other atom types in the cation were unaltered from
their CLaP values.
The first ion pair to be studied was [BMIM][PF6] and the

procedure described above was followed. However, while the LJ
parameters of other anions were refined, the cation parameters
were left unchanged and those of the sites on the anion alone
were refined. Thus, in the refined force field, the LJ parameters
of the cation are independent of cation tail length or of the
anion type. The LJ parameters of the anion are independent of
the cation tail length too. In Figure 3a−c, we show results of
scan runs performed in case of [BMIM][PF6]. In all the three
directions, the potential well obtained from the CLaP model
was seen to be marginally shallower and to be present at slightly
larger distances relative to the quantum result. By refining the
parameters, the location of the minimum in all the three scan
runs for a given anion was obtained within 0.05 Å of the M06
result. The difference in the well depth between the quantum
data and that of the refined force field was within 2.5 kcal/mol,
for all the IL systems studied here. The tuned LJ potentials are
provided in Table 1.

Dihedral Interactions. The 1−4 term (12-6 LJ and
Coulomb with a scale factor) acts between atoms separated
by three covalent bonds. Because the nonbonded interaction
parameters have been altered, the 1−4 energy will also be
changed. The effect of reparametrization of nonbonded
interactions needs to be reflected in the 1−4 interactions as
well, which will affect the dihedral energy too. Hence, the
dihedral potential needs to be reparametrized. In this process,
we found it convenient (within LAMMPS) to employ the
multiharmonic function to describe the dihedral potential,
expressed as,

∑ ϕ=
=

−E A cos ( )
n

n
n

dihedral
MH

1

5
1

(1)

The dihedral interaction parameters Ai were refitted in a
manner so as to reproduce the dihedral profile obtained from
quantum chemical calculations. For the latter, we adopt the
dihedral potential profile of the CLaP model. The procedure
we follow is identical to that described in ref 72. The potential
energy between sites 1 and 4 defined according to CLaP can be
split as72

= + +− −E E E ECLaP
1 4,LJ
CLaP

1 4,Coulomb
CLaP

dihedral
CLaP

(2)

Coulombic and LJ contributions to the 1−4 interactions in
the CLaP model are scaled by a factor of 0.5. In our model, we
employ this factor for 1−4 LJ interactions whereas that for 1−4

Figure 3. Potential energy as a function of distance between cation site
and anion from quantum calculation (M06), from the CLaP
model,34−36 and from our refined model for [BMIM][PF6]. The
three directions are described Figure 2.
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Coulomb interactions is zero (i.e., 1−4 pairs do not interact via
Coulomb forces). This procedure aids in introducing better
transferability to the force field. Note that the total 1−4
interaction energy in our force field for ions in gas phase is the
same as that of the CLaP (eq 2). The dihedral energies in our
refined model, EMH can be obtained from

= + =−E E E Erefined
1 4,LJ
refined

dihedral
MH CLaP

(3)

We demand that Erefined be the same as ECLaP. Thus,

+ = + +− − −E E E E ECLaP
1 4,LJ
refined

dihedral
MH

1 4,LJ
CLaP

1 4,Coulomb
CLaP

dihedral (4)

and

= + + −− − −E E E E Edihedral
MH

1 4,LJ
CLaP

1 4,Coulomb
CLaP

dihedral
CLaP

1 4,LJ
refined

(5)

To obtain the dihedral interaction parameters Ai, we have
calculated the energies of every type of dihedral angle. Later,
Edihedral
MH was fitted to eq 5. In this procedure, the positions of the

first and last atoms of all the dihedral angles were stored with a
step size of 5° over the range −180° to +180°. The OPLS
potential was used to calculate Edihedral

CLaP . The OPLS potential
parameters for all the dihedral angles were taken from the
CLaP model. At each step, the Edihedral

MH energy was calculated.
The multiharmonic dihedral potential for two dihedral types,
e.g., N−CR−N−C1 and CR−N−C1−C2 are shown in Figure
4a,b, respectively, for purposes of illustration. From the first
two plots, we can see that Edihedral

CLaP and Edihedral
MH are different. The

E1−4 energies for those two dihedrals were also found to be
different by about a few kcal/mol. Hence, it is evident that the
reparametrization of short-range interactions does affect the
dihedral potentials. Hence, it is important to adapt the dihedral
potentials such that it would reproduce the dihedral energies
obtained from quantum chemical calculations.
As discussed earlier, the LJ potential parameters for sites on

the cation are independent of the IL that they constitute.
Hence, in this dihedral refitting method, the set of LJ
parameters used to calculate E1−4,LJ

refined are also the same for any
IL. As E1−4,Coulomb

refined is chosen to be zero, the dihedral potential
parameters for the cation too are independent of the specific IL.
This characteristic imbues a general and transferable nature to
the refined force field. Dihedral potentials for polyatomic
anions containing dihedral angles, such as , bis-
(trifluoromethylsulfonyl)imide (NTf2) or triflate (CF3SO3),
were also refined in a similar fashion. The dihedral interaction
potentials for different types of dihedral angles are tabulated in
Table 2. As an illustration, the energy profile of the dihedral
angle term for the C−F−S−O bond in CF3SO3

− anion is
shown in the Supporting Information as Figure S2.

Molecular Dynamics Simulations. The refined set of
force field parameters was used to model various ionic liquids.
Classical molecular dynamics simulations of liquid phases of ILs
were carried out in the isothermal−isobaric (NPT) as well as in
canonical (NVT) ensembles using the LAMMPS86 package.
The particle−particle particle mesh Ewald (PPPM) solver was
used to calculate the long-range interactions with a precision of
10−5. Following the CLaP convention, real space cutoff
distances were defined at 11, 12, and 13 Å for the [EMIM]+,
[BMIM]+, and [HMIM]+ salts, respectively. Long-range
corrections to energy and pressure were applied. Equations of

Table 1. Lennard-Jones Parameters for the 1-Alkyl-3-
methylimidazolium Cation and Selected Anions According
to the Refined Modela

atom ε (kJ mol−1) σ (Å)

N 0.71128 3.25
CR 0.29288 3.55
CW 0.29288 3.55
HA 0.04184 1.70
HB 0.12552 2.00
C1 0.27614 3.50
H1 0.12552 2.50
C2/CE 0.27614 3.50
HC 0.12552 2.50
CS 0.27614 3.50
CT 0.27614 3.50
P (PF6

−) 0.83680 3.74
F (PF6

−) 0.17152 2.75
B (BF4

−) 0.25104 3.68
F (BF4

−) 0.08368 2.80
N (NO3

−) 0.33800 3.06
O (NO3

−) 0.56816 2.70
S (CF3SO3

−) 0.75312 3.55
O (CF3SO3

−) 0.41840 2.80
C (CF3SO3

−) 0.15062 3.50
F (CF3SO3

−) 0.17991 2.95
N (NTf2) 0.41840 3.25
S (NTf2) 0.54392 3.55
O (NTf2) 1.04600 2.96
C (NTf2) 0.10878 3.50
F (NTf2) 0.09623 2.95
Cl (Cl−) 1.25452 3.30

aAtoms separated by three covalent bonds interact via 1−4
interactions with the following scale factors: 0.5 for Lennard-Jones
and zero for Coulomb.

Figure 4. Energy profiles of the dihedral interaction for (a) N−CR−N−C1 and (b) CR−N−C1−C2. Black (dash-dotted) line, E
CLaP is the reference

energy between 1 and 4 sites. The green dashed line is Edihedral
MH derived using eq 5.
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motion were integrated using the velocity Verlet algorithm with
a time step of 1 fs, while all the C−H covalent bonds were
constrained. The temperature and pressure of the system were
controlled by using the Nośe−Hoover thermostat91 and
barostat. In all the constant pressure simulations, pressure
was held fixed at 1 atm. All systems were simulated at 300 K
except [BMIM][Cl], which was studied at 353 K. Cubic
periodic boundary conditions were applied.
Each ionic liquid was studied with 512 ion pairs. Initial

molecular coordinates were set up using Packmol software.92

The systems were equilibrated in the NPT ensemble for 10 ns.
This was followed by production runs lasting 25 ns, generated
in the NVT ensemble. All the systems are visualized using
Mercury93 and VMD.94

Surface tension was calculated using a simulation of the
liquid−vapor interface. A pre-equilibrated configuration of the
bulk liquid containing 512 molecules in the NVT ensemble was
taken. The length of the simulation box along the z-axis was
increased to 120 Å to generate two liquid−vacuum (or liquid−
vapor) interfaces. A 10 ns trajectory was generated and the
pressure tensor of the system was stored at every time step. The
surface tension γ was calculated from the diagonal components
of the pressure tensor Pii using eq 6 at 300 K ([BMIM][Cl] at
353 K).

γ = − −
l

P P P
4

(2 )z
zz xx yy (6)

where lz is the length of simulation box in the direction parallel
to the interface normal, here the z- axis.

The crystalline phase of two ionic liquids, [BMIM][PF6] and
[BMIM][Cl] were also simulated using the refined set of force
field parameters. Initial cell parameters and atom positions were
taken from the experimentally determined crystal struc-
tures.95,96 The size of the simulation cell considered for
[BMIM][PF6] and [BMIM][Cl] crystals was 4 × 4 × 4 and 3 ×
3 × 4, respectively, consisting of 4096 and 3744 atoms.
Classical molecular dynamics simulations were carried out in
the fully flexible, isothermal−isobaric (NPT) ensemble at 173
and 200 K, respectively, using the LAMMPS86 package. The
ewald/n solver was used to calculate the long-range interactions
with a precision of 10−5. All other simulation protocols were the
same as used in the simulation of liquid phases of ILs. The
systems were equilibrated in the NPT ensemble for 3 ns and
this was followed by production runs lasting 5 ns. Details of
simulated cell parameters and their comparison with experi-
ment are provided in Table S14 in the Supporting Information.
The crystal structures were found to be stable in the
simulations employing the refined force field.

■ RESULTS AND DISCUSSION
Atomic Charges. Charges calculated either from the crystal

or from the corresponding liquid show a decrease in the total
ion charge from unity, which accounts for the polarization and
charge transfer effects in the bulk environment, as shown in
Figure 5. The net ion charge varies from a value of ±0.64 e for
the chloride to one of ±0.79 e for BF4.
An interesting observation in the atomic charge distribution

as well as in the total ion charges was noticed. Total ion charges

Table 2. Proper Dihedral Parameters in Multi/Harmonic Form According to the Refined Model: Edihedral
MH = ∑n=1

5 An cos
n−1(ϕ)a

A (kJ mol−1)

dihedrals A1 A2 A3 A4 A5

N−CR−N−CW 14.7099 −0.95885 −19.7501 −0.11816 −0.04368
N−CR−N−C1 13.7712 −0.89994 −19.6735 −0.06280 −0.01782
N−CW−CW−N 50.4243 1.14629 −44.6186 0.15686 0.06079
N−CW−CW−HB 52.7715 1.33905 −44.6014 3.97756 3.62251
N−C1−C2−HC 2.27225 −0.21912 0.08213 0.75320 0.00109
N−C1−C2−CS −4.97220 −2.63207 −3.35502 −2.47295 −0.02335
CR−N−C1−H1 −3.21080 −0.23108 0.08841 0.15008 0.08769
CR−N−C1−C2 −2.86520 −2.66755 −0.00707 −0.00184 −0.00046
CR−N−CW−CW 16.0210 0.69856 −12.3393 0.08548 0.03146
CR−N−CW−HB 7.12874 −0.35581 −12.2003 0.74643 0.49777
CW−N−CR−HA 13.0390 −0.40932 −19.0264 0.87567 0.57367
CW−CW−N−C1 17.3763 0.74241 −12.3787 0.04866 0.01339
CW−N−C1−H1 −3.53060 −1.10516 0.05991 1.17817 0.08523
CW−N−C1−C2 2.66194 −4.80344 −6.11366 1.58603 −0.00042
HB−CW−N−C1 4.77081 −0.77312 −12.6223 0.02983 0.02272
HB−CW−CW−HB 55.1903 0.74542 −44.8956 0.01226 0.00218
HA−CR−N−C1 11.6353 −0.77517 −19.5152 0.05171 0.03464
C*−C*−C*−H* −1.80660 −2.29693 0.00000 3.06260 0.00000
C*−C*−C*−C* 11.2836 1.88903 0.65689 2.33459 0.00000
H*−C*−C*−H* 1.59553 −1.86226 0.02908 2.66964 0.00197

[CF3SO3]
−

O−S−C−F 20.9362 1.17315 0.889769 3.46649 0.324511
[NTf2]

−

N−S−C−F 21.8644 1.56059 0.96483 3.29636 0.38304
S−N−S−C 76.4973 33.7603 14.4047 −2.45383 2.57709
S−N−S−O −109.112 −18.3380 −4.46968 −0.77684 0.13012
O−S−C−F 17.7697 0.66526 0.73270 3.25009 0.16869

aImproper dihedral parameters are the same as in the CLaP model.34−36 C* represents a generic aliphatic carbon, C1, C2, CE, CS, or CT. H*
represents either H1 or HC.
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calculated from the three crystalline compounds containing the
same anion, [MMIM][PF6], [EMIM][PF6], and [BMIM][PF6]
ILs, were nearly identical. In this specific instance, these were
found to be ±0.78, ± 0.77, and ±0.78 e, respectively. Similar
behavior was observed in the atomic site charges for these ILs
as well. Furthermore, atoms related to each other by crystal
symmetry carried the same charge. In fact, this criterion was
one of the vital ones that persuaded us to use the DDEC/c3
method over the ESP or Blöchl methods. Furthermore,
nitrogen atoms present in the imidazolium ring of the above
three ILs possess nearly the same charge values. Also, site
charges on the cation were found to be comparable in ILs
containing different anion types. The largest difference was for
sites present on the imidazolium ring. In addition, it was
observed that the charges of methyl or methylene groups lying
beyond the second carbon atom (C2) on the alkyl tail were
quite small. Charges obtained by the DDEC/c3 method for all
the crystals are provided in Table S3 to Table S13 in the
Supporting Information. In the liquid phase, the charges on
specific atoms in an IL too showed a spread of around 0.04e
around respective mean values.
A comparison of the atomic charges obtained from the

crystal and liquid phases was enlightening. As mentioned
earlier, liquid phase atomic charges were calculated using a
number of snapshots generated from classical MD simulation,
which were subsequently optimized for their geometries (albeit
to a coarse extent) within DFT. The ion charge distribution in
the liquid phase of [BMIM][BF4] and [BMIM][NO3] are
shown in Figure 6a,b, respectively. The ion charge from the
crystal compares very well with the mean of the distribution
from the liquid phase. Furthermore, the average charge values

on every atomic site was found to be very close to atomic
charges of the crystalline phase. Thus, for salts whose crystal
structures have not been determined, one can employ this
procedure to obtain the atomic site charges from the
corresponding liquid. It is much less expensive than performing
a full fledged AIMD simulation. The ion charge distribution in
the liquid phase of few other ILs are shown in Figure S7 in the
Supporting Information.
Our aim was to employ the same atom typing scheme of

CLaP. To achieve a force field that is transferable across ILs, a
few practical solutions were adopted. The site charges on the
cation were revised keeping their total charges unchanged.
First, for a particular type of anion, the total ion charges were
taken to be the mean of ion charges of ILs containing this
specific anion but with varying alkyl tail lengths on the
imidazolium cation. Site charges of all different atom types were
also averaged over in this fashion. Given that the total charge
on the anions depended on their type, the charge on the
imidazolium cation too would depend on the specific IL that it
is present in. It is also desirable that the charges on the
methylene group present beyond two bonds from the nitrogen
of the ring are neutral; this will enable the use of the same atom
types as that of CLaP. In an IL, the anions are located closer to
the imidazolium ring than to the alkyl group of the cation.
Thus, the total charge of methyl as well as methylene groups
that are located beyond the C2/E carbon atom were changed to
zero from the values calculated using DDEC/c3 method. The
difference in the charges was distributed equally over all the
sites on the imidazolium ring.
This procedure of a marginal reassignment of charges

provides the advantage of having the same charge distribution
within the alkyl part of the cation across all the ILs,
independent of the anion type. Thus, the only difference in
cation site charges in different ILs lies in the atoms of the
imidazolium ring. Charges obtained through the DDEC/c3
method as applied to crystals as well as those recommended by
us after reassignment for the sake of transferability are provided
in Tables 3 and 4. These charges together with the nonbonded
parameters provided in Table 1, constitute our refined force
field.
In summary, the site charges on the imidazolium cation

depend on the specific anion type that is present in the ionic
liquid, as it would in a polarizable force field. However, the
nonbonded, 1−4, and torsional parameters of the cation are
independent of the anion type present in the IL.

Density. The liquid phase of seven IL systems were
simulated using these refined set of partial charges combined
with tuned LJ parameters and refitted dihedral interaction

Figure 5. Ion charges of anions [BF4]
−, [PF6]

−, [Cl]−, [CF3SO3]
−,

[NO3]
−, and [NTf2]

− in imidazolium based ILs obtained from their
crystalline state.

Figure 6. Distribution of ion charges calculated from snapshots of a MD simulation trajectory of liquid phase of (a) [BMIM][BF4] and (b)
[BMIM][NO3]. The thin blue line is the mean of this distribution, and the star is the charge value in the crystalline phase.
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potentials. These systems were [BMIM][BF4], [BMIM][PF6],
[HMIM][PF6], [BMIM][CF3SO3], [BMIM][Cl], [BMIM]-
[NO3], and [BMIM][NTf2]. All of them were studied at 300
K, except for [BMIM][Cl], which was studied at 353 K due to
its higher melting point.
The liquid phase densities of all the IL systems were

calculated from MD simulations performed in the constant-
temperature constant-pressure (NPT) ensemble. The com-
puted densities are within 2% of experimental results (Table 5)
and are compared in Figure 7. The CLaP model has been
documented to reproduce liquid phase density well.48 However,

an earlier attempt to employ partial charges (obtained from the
crystalline phase) for liquid [BMIM][PF6] and [EMIM][PF6]

74

yielded differences in density of around 6%. This example
shows the importance of refining the nonbonded and torsional
interaction parameters along with the site charges.

Heat of Vaporization. Vaporization enthalpy is an
important physical property that is a signature of the strength
of intermolecular interactions. The strong electrostatic
interaction between the ions is a major reason for the higher
heat of vaporization of ionic liquids relative to those of
molecular liquids. Heats of vaporization (ΔHvap) can be
computed from simulations using the following eq 7.

Δ = Δ − Δ = − +H H H E E RTvap gas liquid total
gas

total
liquid

(7)

Etotal
gas is the average potential energy for an ion pair in the gas

phase and Etotal
liquid is the corresponding value in the liquid phase.

The vaporization enthalpy was computed for all these IL
systems parametrized by the refined force field and the results
are summarized in Table 6. It is very difficult to compare the
computed and experimental heats of vaporization values as the
values reported using different experimental techniques differ
from each other significantly.101,102 It is evident that the values
obtained from simulations show satisfactory agreement with
experimental results. Experimental ΔHvap values for [BMIM]-
[Cl] are not available, but our estimates compare well with the
value of 29.1 kcal/mol obtained by simulations earlier.43 Table
6 also displays values of vaporization enthalpy reported by
other simulations in the literature (ΔHvap).

Table 3. Atomic Site Charges (e) for the Cation According to the Refined Model

atom type [PF6]
− [BF4]

− [NO3]
− [CF3SO3]

− [Cl]− [NTf2]
−

N 0.145 0.140 0.145 0.145 0.130 0.145
CR −0.005 −0.010 −0.005 −0.030 −0.010 −0.005
CW −0.110 −0.110 −0.120 −0.110 −0.130 −0.120
HA 0.170 0.180 0.165 0.180 0.150 0.175
HB 0.160 0.170 0.160 0.170 0.140 0.170
C1 −0.250 −0.250 −0.250 −0.250 −0.250 −0.250
H1 0.120 0.120 0.120 0.120 0.120 0.120
C2 −0.076 −0.076 −0.076 −0.076 −0.076 −0.076
CE −0.174 −0.174 −0.174 −0.174 −0.174 −0.174
HC 0.098 0.098 0.098 0.098 0.098 0.098
CS −0.196 −0.196 −0.196 −0.196 −0.196 −0.196
CT −0.294 −0.294 −0.294 −0.294 −0.294 −0.294

Table 4. Atomic Site Charges (e) for the Anion According to
the Refined Model

atom charge

P (PF6
−) 1.589

F (PF6
−) −0.394

B (BF4
−) 1.010

F (BF4
−) −0.450

N (NO3
−) 0.780

O (NO3
−) −0.510

S (CF3SO3
−) 1.090

O (CF3SO3
−) −0.600

C (CF3SO3
−) 0.440

F (CF3SO3
−) −0.170

N (NTf2) −0.740
S (NTf2) 1.090
O (NTf2) −0.545
C (NTf2) 0.445
F (NTf2) −0.155
Cl (Cl−) −0.640

Table 5. Liquid Phase Densities (g/cm3) of ILs Obtained
from Simulations Using the Refined Force Field Compared
with Experimental Data at 300 Ka

system ρexp ρsim Δρ (%)

[BMIM][BF4] 1.20297 1.206 +0.33
[BMIM][PF6] 1.36897 1.388 +1.31
[HMIM][PF6] 1.29398 1.310 +1.31
[BMIM][NO3] 1.15499 1.164 +0.86
[BMIM][CF3SO3] 1.29897 1.317 +1.45
[BMIM][NTf2] 1.43797 1.446 +0.62
[BMIM][Cl]b 1.050100 1.038 −1.14

aThe uncertainty in the simulated density is around 0.002 g/cm3.
bThe temperature is 348 K.

Figure 7. Scatter plot of liquid phase densities of ionic liquids:
comparison between experiment and simulation. The dashed line is
the target.
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Radial Distribution Functions. Radial distribution
functions (RDFs) of anion around cation and of anion around
the acidic proton (HA) were obtained from the refined model,
and a few of them are shown in Figure 8. The RDFs between
the geometric centers of the imidazolium ring and the central
atom of the corresponding anion are shown in Figure 8a. Figure
8b exhibits the same between the central atom of the anion and
the acidic proton of the cation. Results of other radial
distribution functions are provided in Figure S3 and Figure
S4 in Electronic Supporting Information.
For all the ionic liquids, the cation−anion RDFs show a well

structured first peak and a shoulder between 5 and 7 Å. Such
features have been observed and discussed in earlier
simulations.49,39 These effects are due to charge ordering109

and van der Waals interactions and are observed up to a
distance of 20 Å (data shown in the Supporting Information).
In earlier reports, it was found that the anion prefers to locate
itself around the acidic hydrogen (HA), rather than near HB or
H sites present in the methyl (H1) or alkyl group (HC).

39

Moreover, such an arrangement leads to the formation of a
hydrogen bond between the acidic hydrogen and the anion.
The anion-HA(CR) RDF obtained from the refined model is
able to well reproduce this important feature. The RDF of HA−
Cl in [BMIM][Cl] shows the highest peak among all ILs and
[BF4]

− anion was found to have interact strongly with HA than
[PF6]

− or [NO3]
− does. These observations are in good

agreement with earlier results.39,110

Spatial Distribution Functions. Spatial distribution
functions (SDFs) were used for further characterization of
intermolecular structure in the liquid. The spatial density map
of anion around the cation center of mass are shown in Figure
9. The isosurface value of the anion density presented in all the
figures is 0.021 Å−3.

Anions have three preferred binding sites around the cation.
These are positioned around the three ring hydrogens: one HA
and two HB atoms. Among these three, the most preferred one
is the former. Anions are also present above and below the ring
plane. Between the two HB atoms, anions favor the methyl side
rather than the butyl (alkyl) side, as the conformational
flexibility of the latter can cause steric hindrance to the anion.

Surface Tension. The calculated values of surface tension
are compared against experimental data in Table 7 and the
agreement is quite reasonable (Figure 10).

Mean Square Displacement and Self-Diffusion Co-
efficients. Transport properties of ionic liquids were
determined from a calculation of mean square displacement
(MSD) of the center of mass of ions. MSD was calculated for
the ILs at 300 K (except for [BMIM][Cl] at 353 K) on the
basis of a 25 ns NVT trajectory and are shown in Figure S5 in
the Supporting Information. Consistent with experiments112,113

and many simulations,49,55,114 the cations diffuse faster than
anions.
To check whether the system is in the diffusive regime, we

have calculated the exponent β(t), defined as

β = ⟨Δ ⟩
t

r t
t

( )
d ln ( )

d ln( )

2

(8)

where Δr2(t) is the mean square displacement at time t. β(t) <
1 implies that the dynamics of the system is subdiffusive,
whereas β(t) = 1 implies diffusive motion. β(t) values for each
ion type were computed as a function of time, and these are
shown in Figure S6 in the Supporting Information. The self-
diffusion coefficients were obtained from the slope of the mean
square displacement data for the ions in the diffusive regime.
The time window over which the slope was calculated for each
system are provided in Table S15 in the Supporting
Information. The calculated values of self-diffusion coefficients
are given in Table 8. The values reported here shows a
significant increase in the ion dynamics over the CLaP force
field and are within 20% of experimental results in many
systems.

■ CONCLUSIONS
Periodic density functional theory calculations have been
carried out for crystalline and liquid phases of various room
temperature ionic liquids. The electronic charge density
obtained from such calculations have been used to determine
site charges on atoms through the robust DDEC/c375,76

method. Atomic site charges were obtained from both these
phases for ILs containing six different anion types, hexafluor-
ophosphate (PF6) , te t rafluoroborate (BF4) , b i s -

Table 6. Heat of Vaporization (kcal/mol) at 300 K of ILs
Obtained from Simulations Compared against Experimental
Data at 298 Ka

system ΔHvap
exp ΔHvap

sim error (%) ΔHvap
lit.

[BMIM][BF4] 33.78103 31.90 −5.56 27.8,43 33.6104

[BMIM][PF6] 37.00105 33.00 −10.81 31.9,43 35.9104

[HMIM][PF6] 33.41106 34.70 +3.86 40.143

[BMIM][NO3] 37.52107 33.57 −10.52 36.2104

[BMIM][CF3SO3] 33.22108 32.94 −0.84 31.1,43 34.1104

[BMIM][NTf2] 32.17106 31.23 −2.92 31.9104

[BMIM][Cl]b 28.02 29.143

aThe estimated standard error on the mean in the simulated heat of
vaporization is around 0.02 kcal/mol. bThe temperature is 353 K.

Figure 8. Radial distribution functions for (a) cation−anion and (b) anion−HA for four ionic liquids obtained using the refined model.
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(trifluoromethylsulfonyl)imides (NTf2), chloride (Cl), nitrate
(NO3), and trifluoromethanesulfonate or triflate (CF3SO3).
The set of partial charges are crucial in the refinement of the
force field, as electrostatic interactions are dominant in these
liquids. The total ion charges obtained through this procedure
were less than unity, which captures the effect of polarization
and charge transfer from neighboring ions in the bulk
environment. Surprisingly, for the five molecular anions studied
here, the total ion charge varied over a narrow range, from 0.75
to 0.8 e. The charge on the chloride as obtained from crystalline
[BMIM][Cl] was −0.6 e, implying the greater extent of charge
transfer in this system due to its relatively smaller size.

Although the charges obtained here are from crystals, we
have demonstrated that the mean ion charge in the liquid state
is nearly the same as that obtained from the crystal. Further, the
ion charge distribution in the liquid is rather narrow as well.
This observation offers the possibility of charge determination
by first carrying out a MD simulation of the desired liquid using
a reasonable force field followed by coarse geometry
optimizations within DFT of a few snapshots derived
therefrom. The procedure to obtain site charges either from
the crystal or from the liquid is quite tractable. These
procedures are much less expensive than performing a full-
blown ab initio MD simulation and are thus attractive.

Figure 9. Spatial distribution function of anions around the cation at an isosurface value of 0.021 Å−3: (a) [BMIM][BF4]; (b) [BMIM][PF6]; (c)
[BMIM][Cl]; (d) [BMIM][NO3]. Color scheme: red, nitrogen; orange, carbon; black, hydrogen.

Table 7. Surface Tension (mN/m) of ILs at 300 K
Calculated Using the Refined Force Field Compared with
Experimental Resultsa

system γexp γsim error (%)

[BMIM][BF4] 44.18 ± 0.02111 40.85 −7.5
[BMIM][PF6] 43.52 ± 0.04111 47.10 8.2
[HMIM][PF6] 38.35 ± 0.02111 40.21 4.5
[BMIM][NO3] 51.20
[BMIM][CF3SO3] 35.05 ± 0.03111 31.65 −4.2
[BMIM][NTf2] 33.09 ± 0.02111 36.15 9.1
[BMIM][Cl]b 39.52

aThe uncertainty in the calculated surface tension is around 0.06 mN/
m. bThe temperature is 353 K. Figure 10. Scatter plot for the comparison of surface tension of ionic

liquids between experiment and simulations. The dashed line is the
target.
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A transferable force field for ionic liquids was derived using
these set of partial charges as a basis. We adapted the well
established CLaP force field for this purpose; its nonbonded,
1−4, and torsional parameters were refined. This refinement
procedure was carried out by using three potential energy
surfaces established by gas phase quantum chemical calculations
of ion pairs, as benchmarks.
With the combination of refined site charges obtained from

condensed phase DFT calculations and the fine-tuned non-
bonded and torsional parameters, classical MD simulations of
various ionic liquids were carried out. The calculated physical
properties (density, heat of vaporization, surface tension,
diffusion coefficients) are in nearly quantitative agreement
with experimental data.
In principle, this procedure can be extended to other

imidazolium based ionic liquids with other anion types, as well
as to pyridinium or amino acid based salts. These form our
objective for the near future.
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