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ABSTRACT: A new approach for the efficient parametrization of the
polarizable ionic liquid potential AMOEBA-IL and its application to
develop parameters for imidazolium-based cations is presented. The
new approach relies on the development of parameters for fragments
that can be transferred to generate new molecules. The parametrization
uses the original AMOEBA-IL parametrization approach, including the
use of Gaussian electrostatic model-distributed multipoles (GEM-DM)
for the permanent multipoles and approximation of the van der Waals
parameters using quantum mechanics energy decomposition analysis
(QM-EDA) data. Based on this, functional groups of the selected initial
structures are employed as building blocks to develop parameters for
new imidazolium-based cations (symmetric or asymmetric) with
longer alkyl chains. The parameters obtained with this proposed method were compared with intermolecular interactions from
QM references via energy decomposition analysis using symmetry adapted perturbation theory (SAPT) and counterpoise-corrected
total intermolecular interactions. The validation of the new parametrized cations was carried out by running molecular dynamics
simulations on a series of imidazolium-based ionic liquids with different anions to compare selected thermodynamic and transport
properties, including density ρ, enthalpy of vaporization ΔHvap, radial distribution function g(r), and diffusion coefficients D±, with
experimental data. Overall, the calculated gas-phase and bulk properties show good agreement with the reference data. The new
procedure provides a straightforward approach to generating the required AMOEBA-IL parameters for any imidazolium-based
cation.

■ INTRODUCTION
Ionic liquids (ILs) are mixtures of cations and anions forming
salts that are liquid at room temperature, remaining in that
phase even at high temperatures.1,2 The first ionic liquid was
reported in 1914 by Paul Walden, synthesized by neutraliza-
tion of ethylamine with concentrated nitric acid, resulting in
ethylammonium nitrate salt,3 [EtNH3][NO3]. In the 1990s, it
was discovered that ILs can be stable in air and aqueous
conditions, and since then, the interest in this type of systems
has increased exponentially in both academia and industry.3,4 A
number of possible applications have been investigated,
including (but not limited to) electrolytes for batteries,
lubricants, organic solvent substitutes, biocatalysis, etc.5−12

The synthesis of ionic liquids can be carried out by
combining a (generally) asymmetric organic cation with an
inorganic anion.3 This means that, having a single cation, it is
possible to combine it with one of the numerous anions
available, forming a different ionic liquid with each
combination. One of the most investigated cations is
imidazolium [Im+] due to its particular properties such as
the ease with which the alkyl chain length can be modified on
the nitrogen atoms of the [Im+] ring, being an interesting
option to develop more solvents by combining it with different
anions, using the same basic structure for the cation.1 The
versatility of [Im+] cation is one of the reasons why [Im+]-

based ILs are some of the most employed ILs in industrial
applications.13

The vast possibilities for synthesizing ionic liquid pairs result
in the quandary of determining these compounds’ properties at
a reasonable time and cost. Computer simulations have
become a useful tool in studying and determining the
properties of ionic liquids as well as predicting specific ionic
liquids with desired properties.14,15 Molecular dynamics (MD)
simulations to investigate ILs16,17 can be carried out using
nonpolarizable18 or polarizable19 force fields. The latter option
provides an approach that explicitly includes the electronic
polarization contribution, which may play an important part in
these systems.20

We have developed an all-atom polarizable IL potential
based on the AMOEBA force field, termed AMOEBA-IL.14,21

AMOEBA-IL uses distributed multipoles obtained from the
Gaussian electrostatic model (GEM-DM).22,23 GEM-DM has
been shown to be transferable for the development of atom-
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centered multipoles for the AMOEBA force field.24 So far,
AMOEBA-IL has been limited to a small number of cations
and anions due to the costly parametrization procedure, which
involves the determination of distributed multipoles for each
molecule. We have shown that AMOEBA-IL can accurately
reproduce bulk properties.14,21 Additionally, AMOEBA-IL has
been shown to predict properties for previously uncharac-
terized pairs. Specifically, for spirocyclic pyrrolidinium [sPyr+]
and [BF4

−], calculations with AMOEBA-IL prior to the
experimental synthesis of the ions predicted the melting point
for this ion pair within 2% of the subsequently calculated
value.15

In this contribution, we present a new method for the
parametrization of imidazolium-based AMOEBA-IL cations
consisting of transferring the parameters of specific fragments
of previously parametrized groups of the alkyl chain of a
relatively small imidazolium cation to form new cations by just
adding specific parametrized functional groups in asymmetric
imidazolium-based cations, referred as initial structures
(imidazolium ring, methyls, and methylenes), from 1-ethyl-3-
methylimidazolium, [EMIm], 1-propyl-3-methylimidazolium,
[PMIm], 1-butyl-3-methylimidazolium, [BMIm], and para-
metrized groups of symmetric imidazolium-based cations from
1,3-diethylimidazolium, [diEIm], and 1,3-dibutylimidazolium,
[diBIm], to imidazolium-based cations with longer alkyl chain
(Figure 1). The new procedure is tested by generating

parameters for medium- and long-chain symmetric such as
1,3-dihexylimidazolium, [di6Im], and asymmetric imidazo-
lium-based cations such as 1-pentyl-3-methylimidazolium,
[5MIm], 1-hexyl-3-methylimidazolium, [6MIm], 1-hexyl-3-
ethylimidazolium, [6EIm], and 1-dodecyl-3-methylimidazo-
lium, [12MIm] (see Supporting Information). MD simulations
were performed to calculate various bulk properties. Our
results show that the transferred parameters show minimal loss
of accuracy compared with the full parametrization procedure,
and good accuracy in comparing calculated bulk properties
with experimental data.

The remainder of the paper is as follows: in the next section
we describe the details of the previous parametrization
approach, the new method to transfer the required parameters
to generate arbitrary alkyl chains in imidazolium cations, and
details of the MD simulations and analyses. Subsequently,
results for gas-phase and bulk calculations are presented and
compared with reference data from the literature for selected
imidazolium-based IL combinations, followed by concluding
remarks.

■ COMPUTATIONAL METHODS
Parametrization of Imidazolium-Based Cations for

AMOEBA-IL. The parametrization procedure for the starting
structures follows the AMOEBA modified parametrization

method reported previously.14 Briefly, the AMOEBA poten-
tial25−27 includes bonded and nonbonded terms to reproduce
inter- and intramolecular interactions.

= + + + + + +

+
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where Vbond, Vangle, Vbθ, Vout, and Vtorsion are bond stretching,
angle bending, bond-angle cross term, out-of-plane bending,
and torsional rotation modes, respectively. The remaining
terms, VCoul, VPol, and VvdW correspond to the nonbonded
intermolecular interactions: Coulomb, polarization, and van
der Waals, respectively.

AMOEBA is a polarizable force field that uses a multipole
expansion up to quadrupoles on specific centers (atoms) to
represent the permanent electrostatic component. The polar-
ization is taken into account using the induced atomic dipoles
approach20 coupled with a Thole ́ damping function to avoid
the so-called “polarization catastrophe” at short distances.27

For van der Waals interactions, the buffered Halgren
pairwise potential is employed following the AMOEBA FF
functional form.28 The mathematical form of this potential is as
follows:
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where εij is the potential well, rij is the separation distance
between sites i and j, and Rij

0 is the minimum energy interaction
distance for sites i and j.

AMOEBA-IL follows the AMOEBA procedure to para-
metrize the bonded terms.29 The nonbonded terms are initially
parametrized by comparing individual intermolecular inter-
action contributions of gas-phase dimers to QM energy
decomposition analysis (QM-EDA) reference values as
described in ref 14. In the current work, we have used DFT-
based symmetry adapted perturbation theory (SAPT-DFT) to
obtain the reference QM intermolecular interactions.30 Once
the initial nonbonded terms are parametrized, bulk simulations
are carried out to calculate densities and heats of vaporization
to determine the accuracy of the parameters and, if needed,
adjust the Halgren parameters to optimize agreement for both
gas-phase and bulk properties.15,31,32

As mentioned above, the distributed multipoles are obtained
by using GEM-DM. The procedure to obtain GEM-DM has
been discussed in detail previously in refs 23, 24, and 33.
Briefly, GEM-DM multipoles are extracted from fitted GEM
densities directly. The GEM densities are fitted by minimizing
the error of the intermolecular Coulomb interaction for a series
of dimers, here composed of the initial [Im+]-based cation
structures and an already parametrized water molecule34 as a
function of the distance between the monomers (cation
position fixed) on the same axis with increments of 0.5 Å from
one dimer to the next one.14,34 The intermolecular Coulomb
interaction reference values were obtained using the symmetry-
adapted perturbation theory (SAPT) method implemented in
Psi4.30 Validation for the calculated total energies of the
parametrized fragments was done by comparing counterpoise
corrected total intermolecular interactions computed with
Gaussian 16 package35 at the MP2(full)/aug-cc-PVTZ level of

Figure 1. General structure of imidazolium-based cations derived in
this work.
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theory. Additionally, the total intermolecular interaction at the
second-order perturbation was calculated with SAPT as
implemented in Psi4. On the other hand, the Coulomb and
total intermolecular energies reproduced by the developed
parameters were calculated with the analyze program of
TINKER.36

Comparison between Structure Minimization with
GEM-DM and QM Geometry Optimization. In order to
test the accuracy of the intra- and intermolecular interactions
for a single cation, a geometry optimization of a distorted
[5MIm] was computed using both TINKER and Gaussian 16.
A geometry optimization using AMOEBA-IL was performed
with the minimization routine implemented in TINKER 8.7.
Geometry optimization of the distorted [5MIm] in Gaussian
was calculated at the MP2/cc-PVTZ level of theory. Root
mean squared deviation (RMSD) calculation of the overlapped
structures was performed in VMD for quantitative and
qualitative analysis of the optimized structures.

Parameter Transfer for AMOEBA-IL Imidazolium
Cations. The parametrization procedure described above
requires that each individual cation is parametrized separately.
However, given the vast diversity of symmetric and asymmetric
cations, we wanted to investigate the possibility of transferring
parameters of specific molecular fragments from previously
parametrized imidazolium-based cations.

To this end, the [Im+]-based cations considered as starting
structures for the reference parametrization were [EMIm],
[diEIm], [PMIm], [BMIm], and [diBIm]. Once the
parameters for all the initial structures were obtained and
tested, the imidazolium and methyl group from the [EMIm]
were taken as one of the functional groups used to construct
new cations. The parameters for the remaining [Im+]-based
cations were transferred from functional groups of selected
[Im+]-based cations parametrized with the original method.

The methylenes and methyl groups from alkyl chains in each
of the starting structures were analyzed to compare the
differences in individual multipolar components between each
considered fragment (van der Waals parameters remained the
same). The analysis of all the functional groups showed that
the multipoles from [diEIm] were very different from the rest
of the cations. The ethyl groups on both sides of [diEIm]
presented different charges than the corresponding ethyl group
in [EMIm]. Additionally, having methylenes bonded to the
nitrogens in [diEIm] makes these groups chemically different
from methylenes placed further away from the ring along the
alkyl chain. This indicated that the ethyl groups in [diEIm]
would not be amenable as an initial structure for asymmetric or
symmetric cations, and thus [diEIm] parameters were deemed
to be not transferable from the starting structures (see
Supporting Information).

To form the basic structure of an asymmetric cation with a
n-carbon alkyl chain, the methylene group bonded to its
corresponding nitrogen in the ring was taken from [PMIm],
parametrized in this work following the standard procedure
(see above). For the rest of the methylenes in the n-carbon
alkyl chain, the multipoles were taken directly from [BMIm],
also parametrized in this work, following the original
procedure. The same idea was applied to symmetric cations.
The basic structure for this type of cations is [diBIm], and its
basic structure was tested by transferring parameters to similar
symmetric cations with longer alkyl chains, for example,
[di6Im].

In molecules with conformational flexibility, it has been
shown the dependency of the electrostatics on the con-
formation of the molecule and how defining polarizable groups
within the same molecule improves the polarizable force field
description of possible conformers.25 To account for internal
polarization, in each of the starting structures, the methyl
group bonded to its corresponding nitrogen, the imidazolium
ring, each methylene, and the methyl of the alkyl chain were
considered as individual polarization groups. This means that
the number of polarizable groups in a specific cation depends
on the number of carbons contained in each alkyl chain. Figure
2 shows the imidazolium-based cations taken as starting

structures for the rest of the cations built with the proposed
approach. Figure 3 shows a schematic representation of the
parametrization of 1-hexyl-3-methylimidazolium [6MIm] from
the existing parameters.

MD Simulation Details. Molecular dynamics (MD)
simulations for cubic cells including 200 ionic pairs were
performed with the AMOEBA-IL force field using the GPU
version of TINKER 8.7, following a stepwise procedure for
heating the system to the target temperature (the temperature
with available experimental data for comparison). For each
temperature, 1 ns NPT simulations with an integration step of
1 fs, nonbonded cutoff of 10 Å, and sampling each 10 ps were
performed. For the heating process, the RESPA integrator,
Bussi thermostat, and Berendsen barostat were employed.
Long-range electrostatic effects were calculated via the smooth
particle mesh Ewald (sPME) method, with a 10 Å real-space
cutoff.37,38 The dimensions for the sPME reciprocal space grid
were set as the closest integer to 1.2 times the axis of the cubic
cell. Isotropic long-range corrections for the van der Waals
term were used to account for van der Waals interactions
beyond a cutoff distance of 10 Å.39 Test calculations with van
der Waals cutoffs of 8 and 14 Å were performed to determine
the influence of the cutoff. The values of the calculated
properties did not change compared to the original 10 Å cutoff
(results not shown).

After equilibration, the systems were subjected to 10 ns of
MD in the NPT ensemble. In all cases, the RESPA integrator,
Bussi thermostat, and Montecarlo barostat were used for all IL
systems studied. The integration step used was 1 fs, and
sampling was done each 1 ps. A nonbonded interaction cutoff
distance of 10 Å was used, coupled with PME. PME
summation was set as the closest integer to 1.2 times the
axis of the cubic cell.

All the imidazolium-based IL combinations studied in this
work are condensed in Table 1. In total, simulations for 17

Figure 2. [Im+]-based cations used as initial structures to build new
[Im+]-based cations: (1) 1-ethyl-3-methylimidazolium, (2) 1-propyl-
3-methylimidazolium, (3) 1-butyl-3-methylimidazolium, and (4) 1,3-
dibutylimidazolium. Functional groups from each starting molecule
used to form new cations are enclosed in red.
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distinct IL combinations have been performed at three
different temperatures. All anions used in this work were
parametrized previously. Results for [EMIm], [PMIm],
[BMIm], [5MIm], [diBMIm] [6MIm], and [6EIm] based
ILs are discussed below. The remaining cations with their
respective anion pairs are included in the Supporting
Information.

The quality of the parameters for the initial molecules and
the cations built from them was tested by calculating gas-phase
and selected bulk properties including density (ρ) and
enthalpy of vaporization (ΔHvap) at selected temperatures.

The latter property was calculated following the procedure
described in ref 27, where the enthalpy of vaporization is
expressed as the difference in the potential energy (Epot)
between the gas and liquid phase.

= +H E E liq RT(gas) ( )vap pot pot (3)

with the potential energy of the gas phase calculated by
running stochastic molecular dynamic simulations on an
isolated ionic pair at the desired temperature in TINKER.

Self-diffusion coefficients are another liquid property that
provides evidence of the robustness of the force fields used in
MD simulations. This property depends on many parameters
such as geometric structure, ion size, charge delocalization, and
strength of intermolecular interactions. The diffusion coef-
ficients were obtained via the diffuse routine in TINKER,
which uses Einstein’s relation

=±
±D

t
t

lim
MSD( )

6t (4)

Site−site radial distribution function (g(r)) was calculated in
order to get insights about the interionic correlations of the
ILs. The g(r) can be easily computed from production
trajectories using VMD.40 Finally, spatial distribution function
(SDF) was computed with TRAVIS41,42 to study the type of
interaction between the carbon atoms of the imidazolium ring
from the cation and the anion.

Cation self-diffusion coefficients were calculated from the
production trajectories as the mean square displacement

Figure 3. Example of how [6MIm] was developed from initial structures using the proposed method.

Table 1. List of IL Pairs Studied in This Worka

anion

cation [Cl] [Br] [NO3] [BF4] [EtSO4]

[diEIm] √ √ - √ √
[PMIm] √ √ √ √ -
[EMIm] - - - √ -
[BMIm] - √ - √ -
[5MIm] - √ - - -
[6MIm] √ - - - -
[diBIm] - √ - - -
[di6Im] - √ - - -
[6EIm] - √ - - -
[12MIm] √ - - - -

aCations in italics were parametrized with the original method.
Cations derived from the proposed method are denoted in bold.
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⟨MSD(t)⟩ at the center of mass of the molecule. To ensure
that all the systems studied reached the diffusive regime, the
slope of the MSD log−log plot was calculated for each system
using the last 5 ns of simulation.43 In all cases, a slope of 1 was
obtained (examples shown in Figure S2). Box-size effects
corrections have been included using the procedure reported
by Yeh and Hummer.44

■ RESULTS AND DISCUSSION
Parametrization and Transferability. The parametriza-

tion was performed in the initial structures except [EMIm]
because this cation was previously reported.31 A reference
water molecule34 was used to form a set of dimers with
[PMIm], [BMIm], and [diBIm]. The Coulomb term was
computed with GEM and GEM-DM for all dimers and
compared with the electrostatic term obtained from SAPT.

Figure 4 shows a comparison of the Coulomb and total
intermolecular interaction energies calculated with AMOEBA-
IL and SAPT for 1-propyl-3-methylimidazolium interacting
with a water molecule in five random orientations. Similar
comparisons for other cations parametrized with the original
procedure, [5MIm], and the new method, [6MIm], are shown
in Figures S1 and S2. In all cases good agreement between the
AMOEBA-IL parameters and SAPT is obtained.

Single Molecule Conformational Analyses. We per-
formed several calculations to test the performance of the
parameters for a single cation. A distorted structure for the
[5MIm] cation was generated where the ring was elongated by
30% along the N1 atom, and two methylene units were also
distorted (see Supporting Information). The geometry of this
structure was optimized with Gaussian 16 and TINKER to
compare the final minimized coordinates.

Figure 5 shows the superposition of the optimized structures
with both TINKER and Gaussian. The final root mean squared
deviation (RMSD) for both structures is 0.16 Å, which shows
the calculated parameters are able to reproduce intramolecular
structural properties.

An analysis of six conformers was done for the [5MIm]
cation. Single point (SP) calculations for six different (labeled
C1, C2, ..., C6) conformations of [5MIm] were performed
with Gaussian 16 at the ωB97XD/cc-PVTZ level of theory.
Total potential energies of the same six conformers (labeled
the same as QM the reference) were calculated using the
AMOEBA-IL parameters. Figure 6a shows the energies of the

different conformers (Figure 6b) relative to the lowest energy
conformer.

A similar analysis was performed for a series of 10
conformers of [di6Im] cation to investigate the larger
conformational space allowed by the two alkyl chains. Figure
7a shows the plot of [di6Im] with the relative energies of the
studied conformers (Figure 7b). In the case of both cations, it
can be observed that AMOEBA-IL total energies follow the
same trend as the QM reference with very few exceptions.
Deviations concerning the absolute energies are observed, in
particular for conformers where the chains are oriented closer
to the ring (Figure 7a).

The observed energy deviations for these conformers may be
attributed to several factors such as errors from the bonded
energy terms or penetration effects between the tails of the
alkyl chains and the ring or methylene carbons closer to the
rings.

Radial Distribution Functions (RDFs). Site−site radial
distribution function g(r) out to a 20 Å radius was calculated
for all the systems studied at different temperatures, depending
on the availability of previously reported data. It was also
possible to compare site−site g(r) of systems where the size of
the cation was similar to the cation with reported data. Figure
8a shows the calculated g(r) in this work for [EMIm][BF4],
where the hydrogens used as reference sites for the cation are
marked in red, and the sites of the anion used for this
calculations were the fluorine atoms.

Figure 4. (a) AMOEBA-IL Coulomb with multipoles from GEM-DM was fitted with respect to SAPT reference for 5 [PMIm][H2O] dimers. (b)
Total intermolecular energy comparison for the same dimers.

Figure 5. Structural comparison of [5MIm] optimized with
AMOEBA-IL (red) and Gaussian 16 (blue) starting from a distorted
structure.
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Small differences are observed with respect to previously
reported data given that atoms H4 and H5 in [EMIm] were
considered equivalent for their respective parametrization
procedure31 and included in AMOEBA-IL. Overall, the
calculated site−site g(r) presents a pronounced peak at 2.5 Å
and another small peak at 5 Å as reported elsewhere.45 In
general, the patterns found in the calculated g(r) are in
agreement with related RDFs reported previously using
computational studies for this IL at the same temperature.45

The small shoulder at 10 Å is more pronounced in the
calculated g(r) in this work probably because of the
equivalence of atoms H4 and H5.

Calculated RDFs for [PMIm][Cl] were compared to the
data reported for the [EMIm][Cl] system.45 Since [PMIm] is
just one carbon longer than [EMIm], it is reasonable to assume
that similar patterns may be observed when the same anion is
used. Figure 8b shows the sites from [PMIm]; in this case, all
marked atoms were considered different atoms in AMOEBA-
IL for this work. For [PMIm][Cl], similar peaks for H2, H4,
and H5 are found compared with the computed reference.45 A
more intense peak at 2.5 Å is observed for the three sites
computed in the cation with respect to the [Cl]. The shoulder
at 6.5 Å is more pronounced in [PMIm][Cl] due probably to
stronger attractive Coulomb interactions with the anion as
noticed for the parametrized cations in this work. These
calculations provide evidence of expected behavior for ILs
similar to a previously calculated reference.

Figure 8c shows g(r) for [5MIm][Br] as a prediction for this
system because neither experimental nor computational data
have been reported. In this case, marked in red are the sites for
[5MIm], in which all the hydrogen atoms selected were
defined as different atoms in AMOEBA-IL. A peak is observed
around 3 Å for the sites selected. There are two more peaks
between 5 and 7 Å due to the interactions of H4 and H2 with
[Cl], respectively. The pattern for this IL is very similar to the
one observed for [PMIm][Cl] 8b.

Spatial Distribution Function (SDF). Spatial distribution
function (SDF) analyses for [5MIm][Br] and [6MIm][Cl]
were computed to compare the distribution for an IL pair
where the cation was fitted with the original procedure and one
with a cation for which the parameters were obtained with the
transfer procedure. In both cases, the distribution is calculated
with respect to the carbons of the imidazolium ring and the
corresponding anion.

Figure 9 shows that large surfaces are observed opposite to
the carbon atoms of the imidazolium (Im) ring. This is
consistent with the fact that hydrogen atoms in aromatic
systems tend to be more electrophilic in resonant systems. The
longer alkyl chain bound to C3 can orient toward one face of
the ring resulting in preferential interaction of the anion with
the opposite face. These results are in agreement with the
observations for the aromatic hydrogens in the RDF
calculations (see Figure 8).

Densities. Densities for [Im+]-based cations parametrized
with the original procedure and with the transferred approach
were calculated at three different temperatures and compared
with their respective available experimental data. For the
[EMIm][BF4] combination, previously reported parameters
were used.14,31 Figure 10a shows that the calculated density for
[EMIm][BF4] at three different temperatures is in good
agreement with available experimental data.46,47 The computed
densities at 293, 328, and 353 K were 1.270 g/cm3, 1.308 g/
cm3, and 1.288 g/cm3, respectively, compared with their
experimental counterparts of 1.286 g/cm3, 1.265 g/cm3, and
1.253 g/cm3 at the same temperatures.

The [EMIm] was defined to have three polarization groups
given the importance of internal polarization in ILs as
discussed by Torabifard et al.15

The error between the calculated and experimental data is
less than 4% for each temperature. The van der Waals
parameters for [EMIm] were adjusted to fit better with
experimental ΔHvap (discussed below). It is possible that the

Figure 6. (a) Energy of six different conformers of [5MIm]. Labels
indicate the same conformers in Gaussian and TINKER. (b)
Examples of some of the [5MIm] conformers used for comparison.

Figure 7. (a) Energy of 10 different conformers of [di6Im]. The
labeling is the same as in the case of [5MIm]; e.g., the geometry of C2
is the same in both calculations, Gaussian and TINKER. (b) Examples
of some of the [di6Im] conformers used for comparison.
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parameters used for van der Waals resulted in slightly more
attractive interactions at lower temperatures, but this attraction
is relatively compensated at higher temperatures.

Parameters for the [PMIm] cation were determined using
the original parametrization as described in the methods
section. Due to the amount of available experimental data, it

Figure 8. Radial distribution functions for selected ILs.
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Figure 9. (a) Calculated structure distribution function (SDF) for [5MIm][Br], (b) SDF for [6MIm][Cl], isovalue = 0.5 and maximum
observation radius = 10 Å. The plots show the distribution of the anions around the cation.

Figure 10. (a) Calculated and experimental densities for [EMIm][BF4]. (b) Calculated and experimental densities for [PMIm]-based ionic liquids
at different temperatures. [EMIm] and [PMIm] cations are starting structures, and their parameters were obtained following the original method.

Figure 11. (a) Comparison of calculated densities of [BMIm]-based ILs with experimental data. (b) Comparison of calculated densities of
[diBIm]-based ILs with experimental data. [BMIm] and [diBIm] cations are starting structures, and their parameters were obtained following the
original method.
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was tested to form as many ILs as possible with the anions
available in the AMOEBA-IL anion parameter set.14 Figure
10b shows the [PMIm]-based ILs calculated compared with
their respective experimental densities.

When compared with experimental data, the calculated
density values for [PMIm][Br],48 [PMIm][BF4],

49,50 and
[PMIm][Cl],51 show good agreement. Additionally, a relation
between the size and shape of the anion and the accuracy of
the calculations begins to emerge. The smaller the anion, the
higher is the accuracy. This can be reasonable because one-
atom ions just have the monopole term (charge) to be
reproduced by the force field. On the other hand, the relatively
small size of [PMIm] implies fewer possible degrees of
freedom for the propyl chain and the number of possible
interactions with the bromine cations is reasonably small.

For [BMIm][BF4],
52,53 an overestimation of the density is

observed, which is consistent with the observation on
[EMIm][BF4] (Figure 11a). This indicates that the parameters
result in a slightly more attractive interaction between the
cations and the anions.

The experimental densities for [BMIm][Br]54,55 are higher
compared with the calculated one. This is likely due to
shortcomings in the [Br] parameters. In this particular case,

the vdW parameters for [Br] had to be modified to fit better
with the ΔHvap (explained below).

For [5MIm][Br], the calculated densities and the exper-
imental references54,56 show similar trends. The error is
systematically consistent within 5%. On the other hand, for
[diBIm][Br], the trend and densities fit better with the
experimental reference1 (Figure 11b). The increased accuracy
for the bulk properties may be due to the symmetry of the
cation, which exhibits a more evenly distributed electronic
charge density around the molecule.

Densities for parametrized [Im+]-based ILs using the
transferred method are shown in Figure 12 and in Supporting
Information. [5MIm], [6MIm]-based, and [6EIm]-based ILs
show good agreement with experimental data. The parameters
for their imidazolium ring and the methyl group were taken
from [EMIm]. The pentyl and hexyl groups were constructed
using the equivalent atoms from the butyl group in [BMIm], as
described in previous sections.

In all [Im+]-based ILs parametrized using the transferred
procedure, errors within 5% are observed compared with the
experimental data, and the calculated densities show a similar
slope with respect to the experimental one as temperature
increases.

Figure 12. (a) Calculated densities comparison of [5MIm]-based ILs with experimental data. (b) Calculated densities for [6MIm]-based and
[6EIm]-based ILs compared with experimental data. [5MIm], [6MIm], and [6EIm] were constructed using the proposed method in this work to
transfer parameters from small [Im+]-based cations to bigger cations of the same family.

Figure 13. (a) Comparison of calculated and experimental enthalpy of vaporization of ILs with available experimental data. (b) Calculated enthalpy
of vaporization of ILs without available experimental data.
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This suggests that the transferability of multipole parameters
for the selected fragments to similar molecules results in an
accurate description of the new [Im+]-based cation.

For [5MIm][Br], the calculated densities and the exper-
imental references54,56 show similar trends. The error is
systematically consistent within 5%. It is observed that the
accuracy of the proposed model is acceptable under the
established criteria in this work (≤5%). The experimental
densities for [BMIm][Br]54,55 are higher compared with the
calculated one. This is likely due to shortcomings in the [Br]
parameters. In this particular case, the vdW parameters for [Br]
had to be modified to fit better with the ΔHvap.

Finally, Figure 12b shows results for two examples of long
chain [Im+]-based ILs adding evidence to our hypothesis that
it is possible to transfer preparametrized functional groups to
similar systems. The densities calculated for [6MIm]-based ILs
show a better fit with respect to the experimental data,57 and
similar trends are observed in both cases compared to the
experiment. For [6EIm], the hexyl group was transferred from
[6MIm], and the imidazolium and ethyl groups were
transferred from [PMIm]. In both cases, the impact of the
size of the alkyl chain and the shape and size of the anion on
the reproduction of bulk properties is observed again.

Enthalpy of Vaporization. The enthalpy of vaporization
was calculated at the same temperatures calculated for the
densities unless experimental data were available at other
temperatures.

Good agreement with experimental data for [EMIm][BF4]
and [BMIm][BF4]

58 (below 10% error) is observed. As
expected, the accuracy of ΔHvap depends on the size of the
cation and the anion (Figure 13a). This effect can be
explained, at least in part, by the compensation between the
Coulomb and van der Waals contributions from both types of
interaction. In all cases, each methylene group was treated as
an individual polarization group because it is important to
account for internal polarization as discussed previously.

In the case of [BMIm][Br], [Br] vdW parameters were
adjusted to improve the agreement with the experimental
ΔHvap.

59 Since the parameters reproduced more attractive
interactions, the vdW radius of the anion was slightly increased
to compensate for this contribution, which resulted in minimal
impact on the density. There is evidence that ILs formed by
symmetric cations of the imidazolium family present lower
ΔHvap than ILs composed of asymmetric cations.60

Figure 13b shows the predicted heats of vaporization for ILs
in this study whose ΔHvap has not been reported. The expected
trend of lower ΔHvap as the temperature rises is followed in all
the examples. The enthalpy values are observed to increase as a
function of the molecular weight of cations (the size of the
anion is similar) as expected.

Self-Diffusion Coefficients. Self-diffusion coefficients
were computed for the same three temperatures used to
calculate densities in this work for IL pairs with reported
experimental values. The diffusive regime was achieved by
analyzing trajectories running 10 ns production after 1 ns for
equilibration at the target temperature. Correction for finite-
size effects were included using the correction formula by Yeh
and Hummer.44 Table 2 shows the calculated and experimental
references for [EMIm] and [BMIm] (Dcation), both paired with
[BF4] to form the corresponding IL. The predicted Dcation for
the rest of the ILs studied are reported in the Supporting
Information.

For all the cations in this work, the calculated Dcation values
are on the order of 10−8, an order of magnitude lower than the
experimental values of Dcation. Calculated values compared with
experimental data for [EMIm]61 and [BMIm]62 are smaller.
This trend is followed by all the ILs studied in this work, and it
is slightly improved after using the correction formula to take
into account the finite-size effect. Underestimation of self-
diffusion coefficients may be due to short production times or
because the parameters for ILs in this work resulted in stronger
attractive interactions in the bulk between cations and anions
or a combination of both. In all cases, the calculated values
follow a similar expected trend to the experimental diffusion
coefficients, with increasing Dcation as the temperature
increases.

AMOEBA-IL has been shown to reproduce properties such
as density within 2−5% error compared with experimental
data. This is in agreement with the results reported from
different force fields, polarizable and nonpolarizable.63−65 For
nonpolarizable force fields, corrections such as the scaled
charge method are commonly applied to improve the
performance of the force field on ionic liquid-phase properties
including enthalpy of vaporization or self-diffusion coefficients.
Nevertheless, this modification impacts density by systemati-
cally reducing roughly 3% the calculated values.63

In the case of enthalpy of vaporization property, AMOEBA-
IL consistently reproduces within 12% accuracy (with the
exception of [BMIm][Br]), unlike nonpolarizable force fields
where errors around 30% have been reported for ionic
liquids.63,65 Site−site RDFs from AMOEBA-IL are consistent
with similar interactions reported in both nonpolarizable and
polarizable force fields. Low or no discrepancies were found on
the peaks reported for the interactions.63−65

AMOEBA-IL systematically underestimates the Dcation by up
to an order of magnitude. This trend has been reported in
other scaled charge nonpolarizable force fields65 but is
improved in other polarizable force fields based on coarse-
grained approach,64 where their performance reproducing
other properties such as RDF is decreased.

■ CONCLUSIONS
A novel method for the parametrization of imidazolium-based
ILs for AMOEBA-IL has been proposed, based on the
hypothesis of parameter transferability for functional groups
of small molecules to bigger molecules of the same
imidazolium-based family. This new parametrization procedure
enables the study of 50 imidazolium-based IL pairs and
provides the tools to develop transferable parameters for other
cations in the future. The procedure applied to a number of ILs
shows good agreement with experimental data such as density,
ΔHvap, and radial distribution function. Diffusion coefficients
showed slower values for the calculated ILs compared with the
experimental references, but similar temperature trends are

Table 2. Comparison of Calculated and Experimental
Cation Self-Diffusion Coefficient of ILs (in cm2/s)

system Dcation (exp) Dcation (calc) temperature (K)

[EMIm][BF4] 4.2 × 10−7 3.75 × 10−8 293
1.19 × 10−6 1.10 × 10−7 328
2.07 × 10−6 2.2 × 10−7 353

[BMIm][BF4] 2.9 × 10−7 6.66 × 10−8 313
6.00 × 10−7 1.10 × 10−7 333
1.1 × 10−6 2.24 × 10−7 353
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observed. The developed parameters have been included in the
updated version of AMOEBA-IL. This procedure should be
applicable to other families of cations with reasonable accuracy
to ease the time for the parametrization process of new
molecules included in AMOEBA-IL.
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