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†Departamento de Química, Universidad Autońoma Metropolitana-Iztapalapa, Av. San Rafael Atlixco 186, Col. Vicentina, 09340,
Mex́ico Distrito Federal, Mex́ico
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ABSTRACT: A new strategy to develop force fields for molecular fluids is
presented. The intermolecular parameters are fitted to reproduce experi-
mental values of target properties at ambient conditions and also the critical
temperature. The partial charges are chosen to match the dielectric con-
stant. The Lennard-Jones parameters, εii and σii, are fitted to reproduce
the surface tension at the vapor−liquid interface and the liquid density,
respectively. The choice of those properties allows obtaining systematically
the final parameters using a small number of simulations. It is shown that
the use of surface tension as a target property is better than the choice of
heat of vaporization. The method is applied to molecules, from all atoms to
a coarse-grained level, such as pyridine, dichloromethane, methanol, and
1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF4) at different
temperatures and pressures. The heat of vaporization, radial distribution
functions, and self-diffusion coeficient are also calculated.

1. INTRODUCTION

Molecular simulation methods are powerful tools to determine
macroscopic properties from microscopic interactions. The
main ingredient to develop a simulation is the force field which
determines the quality of predicted properties. During the last
three decades a lot of efforts have been made to develop
efficient and accurate force fields. When comparing simula-
tion results with experimental data it is common to obtain the
potential parameters to match some target experimental pro-
perties in the liquid phase. It is well accepted that the molecular
geometry obtained from electronic structure calculations is
in good agreement with experimental data. Thus, the intra-
molecular parameters are usually extracted from spectroscopic
experiments or by quantum mechanical calculations of isolated
molecules. The charge of an atom in a molecule is not well-
defined, and its value depends strongly on the used level
of theory. Force fields such as OPLS/AA,1 GAFF,2 and
CHARMM3 obtained the charges from highly accurate ab initio
calculations. The partial charges sometimes have been scaled4,5

to include, in an effective way, many body effects in a liquid, but
it is not clear how the scaling factor has to be chosen. The
Lennard-Jones, LJ, parameters can be fitted using molecular
simulations to reproduce target experimental liquid properties
such as density, ρ, radial distribution functions, and heat of

vaporization, ΔHvap,
1,2,4,6,7 at ambient conditions. The force

fields parameters obtained in that way, sometimes, are not able
to reproduce the experimental critical temperature and
orthobaric densities.8

Water is perhaps the more studied system by computer
simulations. The TIP3P,9 SPC/E,10 and TIP4P11 force fields
were developed to reproduce the liquid density and heat of
vaporization at ambient conditions, while the target properties
for the TIP4P/200512 model were the temperature of maxi-
mum density and density of several ices. Vega et al.13,14 in 2009
and 2011 evaluated rigid nonpolarizable models with three,
four, and five sites and arrived to the conclusion that TIP4P/
200512 was the best; however, that model predicted 58 for the
dielectric constant, ε, at 298 K and 1 bar in comparison with
the experimental value of 78.
Caleman et al.15 in 2011 developed molecular dynamics

simulations over 146 organic liquids to evaluate the efficiency of
OPLS/AA and GAFF force fields in reproducing the experi-
mental values of ρ, ΔHvap, heat capacities, isothermal compress-
ibility, volumetric expansion coefficient, dielectric constant, and
surface tension, γ, at the liquid−vapor interface. In both force
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fields, the intramolecular parameters and charges were obtained
from quantum mechanical calculations, while the LJ parameters
were fitted to reproduce ρ and ΔHvap. The main conclusions
drawn by Caleman et al.15 were that both force fields sys-
tematically predicted lower ε and γ with respect to experimental
data. The dielectric constant is a measure of the dipole moment
fluctuations; therefore, it is important to have force fields that
reproduce the experimental value of that property to under-
stand its role in solubility of systems containing charged atoms.
It is well-known that, in simulations, the γ is strongly affected
by truncation distance16 of short ranged interactions and
surface area.17 Zubillaga et al.18 found that the surface tensions
reported by Caleman et al.15 were not correct because their
calculations were developed with a small truncation distance.
The surface tension results reported by Zubillaga et al.18 for the
OPLS/AA force field agreed well with experiment; however,
the increase of truncation distance left unchanged the dielectric
constant. It has been argued that in order to reproduce the
experimental dielectric constant it might be necessary to use
polarizable force fields.20 Including polarizability seems to be a
good alternative to develop force fields because the electric field
that surrounds a molecule is taken into account to modify the
electrostatic interactions. Those models are computationally
more expensive compared with those where the charges are
fixed. Advances in that field have been made, but it is not
possible to say that the issue is solved. Recently, the polarizable
force field iAMOEBA21 of water has been able to improve the
results of the best nonpolarizable models. However, for other
molecular systems the situation is not so good. More work is
needed to find the best way to include polarizability at low
computational cost.
Before starting to develop that kind of models it is conve-

nient to explore with more detail the capabilities of non-
polarizable force fields to reproduce the dielectric constant.
Alejandre et al. developed in 2011 the nonpolarizable TIP4Q

force field of water22 using as target properties the dielectric
constant and temperature of maximum density. It was shown
in that work that the dielectric constant changes linearly
with dipole moment and that it was almost independent to
changes in the LJ parameters. Later on, in 2014, Fuentes and
Alejandre23 developed also the nonpolarizable TIP4P/ε model
where a dipole moment of minimum density was found at
240 K that allowed fitting the geometry and charges in order
to calculate the dielectric constant. Fuentes and Alejandre23

found that changing the LJ parameters εLJ/kB (where kB is the
Boltzmann constant) from 78 to 93 K and σLJ from 0.3154 to
3.165 nm modified the dielectric constant value in only three
units. The procedure of finding the optimum molecular dipole
moment was much faster in TIP4P/ε than in TIP4Q. The
TIP4Q is 60% more computationally expensive than the
TIP4P/ε, but both models gave excellent results compared with
experimental data at different temperatures and pressures.
Those works show that the long-range forces are almost inde-
pendent from the LJ interactions when the dielectric constant is
used as a target property.
Fennell et al.24 in 2012 proposed a method to develop force

fields of chloromethanes and SPC water using as target pro-
perties ρ, ε, and ΔHvap. The charges were scaled to reproduce
the dielectric constant. They observed that the effect of
changing εLJ was more important on the ΔHvap than in ε and ρ.
The procedure proposed by Fennell et al.24 to find the potential
parameters to reproduce the experimental properties at room
conditions consisted of changing linearly: first, all the σLJ values

to reproduce ρ, second, all the charges to reproduce ε, and
finally all εLJ to reproduce the ΔHvap. The procedure was
repeated up to four steps in order to obtain the optimum
parameters. The new water model, H2O − DC, developed by
Fennell gave 255 K for the temperature of maximum density in
contrast to the experimental value of 277 K. The model also
fails to reproduce the experimental dielectric constant of water
as a function of temperature.
In 2014, Wang et al.25 developed the ForceBalance method

to generate the parameters for the TIP3P-FB and TIP4P-FB
force fields of water. The procedure involves highly detailed ab
initio calculations over 100 000 cluster geometries extracted
randomly from liquid−vapor and liquid−solid simulations for
the polarizable iAMOEBA water model.21 In addition,
temperature and pressure dependence simulations were perfor-
med to obtain ρ, ΔHvap, thermal expansion coefficient, iso-
thermal compressibility, isobaric heat capacity, ε, and ice
density. The final parameters of the TIP4P-FB force field were
essentially the same as those reported by Fuentes and Alejandre
for the TIP4P/ε model.
The heat of vaporization is directly related with the inter-

molecular potential energy of a liquid,15 but it has to be cor-
rected by adding an effective polarization10,26 to compare with
experimental data. That correction was added to increase the
charges of the SPC force field to obtain the SPC/E model
where the dielectric constant changed from 66 to 71. The
polarization correction has not been used to develop most of
the force fields that uses the ΔHvap as a target property. On the
other hand, the force fields based on ΔHvap fail to reproduce
the critical temperature. Siepmann and collaborators, to over-
come that problem, developed the transferible potentials for
phase equilibrium simulations, TraPPE,27 where the potential
parameters were adjusted to reproduce the critical temperature
and saturated liquid densities. Parameters for that force field
have been published for hydrocarbons,27 methanol,28 and
amines,29 among others. The parameters for hydrocarbons have
also been obtained using the critical temperature and orthobaric
densities using NERD force fields30

The use of dielectric constant as a target property in the
fitting procedure does not improve the critical temperature. It is
shown in this work that the force field developed by Fennell
et al.24 for dichloromethane to match ε has a critical tempera-
ture 100 K above the experimental value and overestimates the
vapor pressure and γ at all temperatures.
The main goal of this work is to propose a systematic

procedure to develop nonpolarizable force fields of molecular
fluids taking advantage of the fact that electrostatic interactions
are independent of the short ranged interactions if ε is used as a
target property. It is shown that γ at the liquid−vapor interface
can be used as a target property to fit the εLJ parameters. Until
our knowledge, the surface tension has only been used as a
target property to develop a coarse-grained force field of hydro-
carbons.31 The σLJ parameters in this work were fixed to match
the experimental density. By performing an additional simula-
tion at the liquid−vapor interface, a rough estimation of the
critical temperature was obtained by assuming γ changes
linearly with temperature.
The work is organized as follows: Section 2 describes the

simulation details, the optimization procedure is explained in
Section 3, the results and discussions are found in Section 4,
and conclusions and references are given. Finally, the new force
field parameters are given in the Appendix.
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2. SIMULATION DETAILS

Molecular dynamics in the liquid phase were performed in
systems with 500 or 864 molecules using the isotropic
isothermal−isobaric ensemble (NPT) to obtain ε and ρ. The
surface tension was obtained in the canonical ensemble (NVT)
using slab simulations with a liquid surrounded by a vapor
for systems containing between 2000 and 3000 molecules.
The simulations were carried out using the GROMACS 4.5.4
package,32 and the equations of motion were solved using the
leapfrog algorithm with a time step of 2 fs. The internal
temperature was coupled to a Nose−́Hoover thermostat with a
parameter τT = 0.5 ps, while the pressure was coupled to a
Parrinello−Rahman barostat with a parameter τP = 1.0 ps.
Orthogonal periodic boundary conditions were used in all
directions. The bond distances were kept rigid by using the
LINCS procedure. Except for pyridine and methanol where the
bending angles were flexible, the dichloromethane and EMIM-
BF4 were fully rigid, and the equilibrium geometry of those
molecules is shown in Figure 1.

The electrostatic interactions were treated with the Ewald
sum33 with a tolerance of 1 × 10−6 for the real space
contribution. The real part of the Ewald summation and the LJ
interactions were truncated at 1.2 nm with added long-range
corrections. The long-range contribution of electrostatic
interactions was determined through the particle mesh Ewald
method with a grid of reciprocal vectors of 1.2 nm and spline of
order 4. The dielectric constant, obtained using the dipole
moment fluctuations of the system, and density were calculated
in the same simulation for at least 50 ns after an equilibration
period of 10 ns. The surface tension, obtained using the average
components of the pressure tensor, depends on truncation
distance16,18 and surface area;17 therefore, the calculations were
carried out using a truncation distance of 2.5 nm and dimen-
sions of the simulation cell of at least Lx = Ly = 5.0 nm; Lz was
around 3Lx. The equilibration period was 2 ns, and the average
values were obtained for an additional 6 ns. The standard
deviation was estimated from 3 blocks of 2 ns. The density

profile was also obtained in the interface simulations, and the
orthobaric densities were calculated from the average value in
the bulk regions. The vapor pressure was obtained using the
normal component of the pressure tensor.

3. OPTIMIZATION PROCEDURE

The procedure used in this work to obtain the optimum force
field parameters involves the calculation of ε and γ. The
dielectric constant requires long simulations to obtain reliable
results, while the surface tension requires large system. The
surface tension and vapor pressure were calculated using the
mechanical definition of pressure for a planar interface. The
calculation details can be found in the original sources.16,18 For
a planar interface, the mechanical stability requires that the
gradient of the pressure tensor is zero everywhere in the
fluid, and it implies that the normal pressure is a constant.19

Nowaday, it is possible to develop in 1 day simulations for
several ns of large systems due to the use of very fast parallel
computers and efficient molecular simulation programs. The
procedure proposed in this work is systematic, and it requires a
small number of simulations to obtain the optimum parameters.
In this work, the procedure is focused on scaling linearly the

intermolecular parameters to match four target experimental
properties; however, the method is more general. The dielectric
constant at the end is obtained using the molecular dipole
moment. For a given new molecule, the geometry and charges
can be obtained from electronic structure calculations. The
dipole moment can be varied by scaling the charges or by
changing the geometry. This is particularly important when
the molecules are not planar and the torsional angles play an
important role to define the composition of the system. By
choosing the dielectric constant as a target property it is possi-
ble to find the optimum charges, geometry, and torsional
barriers. It is a procedure to discard some results obtained by
quantum mechanical calculations. The method also leads to
optimum LJ parameters even if the original force field fails to
reproduce the surface tension or density; that is the case of
dichloromethane. The procedure followed in this work is as
follows:
1) All charges are scaled to obtain ε.
2) With the new charges, all the εLJ values are scaled to

determine γ.
3) With the new charges and new εLJ, all the σLJ values are

scaled to obtain ρ.
4) With the optimum parameters the critical temperature is

roughly estimated with additional simulations assuming a linear
behavior of surface tension with temperature.
A reparameterization step can be performed if in the first

cycle the relative error between simulation and experimental
results of a given property is greater than the target tolerance.

4. RESULTS

In order to show the capabilities of the method, molecules with
different levels of description are chosen: all-atoms (pyridine),
united atoms (methanol and dichloromethane), and coarse-
grained level (EMIM-BF4). In this work, the maximum rela-
tive error or target tolerance of a property X, defined as ΔX =
|(Xexp − XMD)|*100/Xexp, between the molecular dynamics and
experimental was 8%, 5%, and 1% for ε, γ, and ρ, respectively,
while the target tolerance for the critical temperature was 8%.
For comparison, the average tolerances for ε, γ, and ρ of 146
liquids reported by Caleman et al.15 for OPLS/AA were 43%,

Figure 1. Molecular geometry of the systems studied in this work: A)
methanol, B) pyridine, C) dichloromethane, and D) EMIM-BF4.
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22%, and 2%, respectively, and for GAFF 35%, 23%, and 4%,
respectively. The initial parameters of every system, that can be
taken from a known force field, are called in the rest of the
manuscript “the original parameters” and they will be denoted
with a subindex 0. To show the effect of changing the original
parameters on the target properties it is convenient to express
them as a ratio. For instance, the change of charges with respect
to the original values is (q/q0 − 1) × 100. The equation gives a
zero value for the original charges. The same definition is used
for changes of εLJ and σLJ. The target properties, ε, γ, and ρ,
were normalized by the corresponding experimental value; in
that way, the relative error in every property is the difference
between the calculated value and the experimental data, and it
can be obtained directly from an inspection of a figure. The
normalized experimental value of all the target properties is
always one as it is shown in Figure 2. All the numerical data for
all the systems are given as Supporting Information. The results
from this work with the new parameters are shown with the
legend MD.
4.1. Methanol. The initial force field parameters, fitted to

reproduce the liquid−vapor coexisting densities as a function
of temperature and the critical temperature, were taken from
the TraPPE force field.28 The cross interactions for the LJ
parameters were calculated using the Lorentz−Berthelot mixing
rules. The molecule is rigid in bond distances and flexible in
the bending angle, and the methyl group is treated as a united
atom. The intramolecular parameters were as follows: r0(CH3−
O) = 0.143 nm, r0(O−H) = 0.0945 nm, θ0(CH3−O−H) =
108.5, and kθ = 460.67 kJ/(mol rad−2). The calculated values of
ρ and γ with the original parameters, a value of zero in the X
axis of Figure 2-A, are in excellent agreement with experimental
data. The TraPPE force field, at room conditions, predicts a
dielectric constant of 23 and that value was calculated in this

work. It is 28% smaller than the experimental value of 32, see
Figure 2-A.
The results of target properties when all the charges are

scaled keeping constant the rest of the original parameters are
shown also in Figure 2-A. The charges were increased by 10%
to reproduce the dielectric constant. The surface tension and
density increased by 32% and 3%, respectively. The value of
zero in the X axis in Figure 2-B is for results obtained with the
new charges and the rest of original parameters constant,
including εLJ. The original εLJ parameters were decreased by
10% to reproduce the surface tension, which decreased 26%, as
shown in Figure 2-B. The dielectric constant and density
decreased only 2.5%. The value of zero in the X axis in Figure
2-C is for results obtained with the new charges and new εLJ
leaving constant the rest of the original parameters, including
σLJ. The results obtained with the new σLJ are shown in Figure
2-C. The properties change linearly with changes in σLJ;
however, it is seen that all the properties with zero in the X axes
are within the required tolerance, and therefore a change on σLJ
values was not performed.
Every target property changed linearly, within simulation

error, with its correponding changes on the force field param-
eters; therefore, the optimum values of every parameter might
be estimated by performing three simulations, two to find a
linear equation and a third to match the experimental data.
The final step of the fitting procedure was to evaluate the

capabilities of the optimum parameters, obtained at ambient
conditions, to predict the properties as a function of tempera-
ture. The procedure is shown for methanol in Figure 2-D. The
surface tension at the critical point is zero; therefore assuming
that it changes linearly with temperature, it is possible to have a
rough estimation of the critical temperature by performing an
additional simulation close to that temperature, at 450 K in this
case. With the surface tension results from simulations with the

Figure 2. Systematic procedure to develop force field parameters of methanol: A) effect of changing charges, B) effect of changing εLJ, C) effect of
changing σLJ, and D) rough estimation of the critical temperature using a linear correlation on the surface tension. The black continuous lines are
results for the experimental values taken from dielectric constant,38 surface tension,39 and density.40 The discontinuous lines are used for the target
properties [dielectric constant in A), surface tension in B), and density in C)] for an easy identification. The dielectric constant and density were
calculated at 298.15 K and 1 bar. The surface tension was obtained at 298.15 and 450 K.
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new parameters, a linear equation was fitted, and the critical
temperature was obtained by extrapolation. The linear
assumption on surface tension allows a rapid evaluation of
the final parameters to reproduce the effect of temperature also
in density. Of course, the correct value of the critical tempera-
ture has to be obtained with more simulations close to the
critical point. The results for methanol are shown in Figure 2-D
where it is seen that when the original charges were increased
by 10% the extrapolated critical temperature was 562 K with a
relative error of 8.4%, higher than the required tolerance of 8%.
The slope of the line can be modified by changing the charges.
The estimated critical temperature was obtained within the
tolerance when the original charges were scaled by 7% and the
dielectric contant at 300 K was 30; both values lie within the
tolerance. The surface tension and liquid density at 300 K using
the new charges were within the tolerance, and therefore it was
not necessary to reparameterize εLJ and σLJ. The final force field
parameters for methanol are given in the Appendix.
Figure 3 shows the results of methanol for dielectric con-

stant, orthobaric densities, surface tension, and vapor pressure
as a function of temperature. The results for the TraPPE force
field with the original parameters were obtained in this work to
make a comparison using the same conditions in the simula-
tions. The new results were in excellent agreement with those
reported in the original sources.28 Figure 3 shows only the new
results. The new force field improves the dielectric constant
betwen 250 and 350 K, but TraPPE seems to be better after
350 K, see Figure 3-A. The dielectric constant of methanol as a
function of temperature was calculated using the OPLS/AA
model in order to analyze if the difference between the calcu-
lated values and experimental results was due to the united
atom approximation used for CH3. The results shown in Figure 3
were similar to TraPPE and shifted to lower values with respect
to the new model. The united atom approximation does not

improve the results of the dielectric constant. The liquid−vapor
phase diagram is shown in Figure 3-B. The new parameters
improve the TraPPE liquid densities close to the critical point.
The critical temperature obtained using the rectilinear dia-
meters law with critical exponent 0.32 was 533 K, slightly
different than that obtained by extrapolation using the surface
tension during the fitting procedure. The critical temperature
obtained in this work using the TraPPE parameters was 500 K,
while the reported value by Chen28 was 502 K. The experi-
mental data is 513 K. The surface tension is shown in Figure 3-C;
there is an excellent agreement between results from both
models and with experimental data. Figure 3-D shows the vapor
pressure in a Claussius-Clapeyron version. The new parameters
are in excellent agreement with experiment, and they improve
the results from the TraPPE model.
The heat of vaporization was obtained in two ways: first

using the difference between the vapor and liquid enthalpies,
ΔHv = Hgas − Hliq, and second, through the slope of a
Claussius-Clapeyron linear equation for the vapor pressure as a
function of inverse temperature. The value of Hgas was esti-
mated by developing a calculation of an isolated molecule. The
results for TraPPE using both procedures were 38.8 and
34.5 kJ/mol, respectively. The model with the new parameters
gave 47.3 and 41.1 kJ/mol. The experimental value at 300 K is
39.5 kJ/mol. The pair−pair radial distribution functions were
almost unaffected by the use of the new parameters. The self-
diffusion coefficient was 0.9 × 10−9 m2/s which was compared
with the values of 2.4 × 10−9 m2/s and 2.2 × 10−9 m2/s for the
experimental value and the TraPPE model. The results of
methanol are given as Supporting Information.

4.2. Pyridine. The procedure to search the parameters for
pyridine is shown in Figure 4. The original intra- and intermo-
lecular parameters of the OPLS/AA force field were taken from
the Web page http://www.virtualchemistry.org. The parameters

Figure 3. Thermodynamic properties of methanol as a function of temperature. The results for the TraPPE model were obtained in this work. A)
Dielectric constant and the experimental values are shown with continuous38 and discontinuous41 lines. B) Coexisting densities and the experimental
data are those reported by Smith and Srivastava.40 C) Surface tension and the experimental data are from ref 39. C) Vapor pressure and the
experimental data are from ref 40. The experimental critical temperature was taken from ref 28.
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for intramolecular interactions were as follows: r0 = 0.108 nm for
bonds (CN−HN, C−HC, C5−H, CN−HN), r0 = 0.140 nm for
(CN−C, C−C5, C−CN), and r0 = 0.1339 nm for (CN−N).
The bending angles parameters were as follows: (θ0, kθ) = (120,
292.88 kJ/mol rad2) for angles (HN−CN−C, CN−C−HC,
HC−C−C5, C−C5−H), (120, 585.76 kJ/mol rad2) for angles
(C−CN−N), (166, 292.88 kJ/mol rad2) for angles (HN−CN−
N), (124, 585.76 kJ/mol rad2) for angles (C−CN−N), and (117,
585.76 kJ/mol rad2) for angles (CN−N−CN). The dihedral
angles were given by the Ryckaert and Bellemans potential; the
parameters were the same for all the angles: [c0 = 30.334, c1 =
0.0, c2 = −30.334, c3 = c4 = c5 = 0.0] kJ/mol. The cross
interactions were calculated using the geometric mixing rules for
the LJ parameters. The calculated values of density and surface
tension with the original parameters, a value of zero in the X axis
of Figure 4-A, are in excellent agreement with experimental data;
however, the dielectric constant is almost half. In the first step of
the fitting procedure, the original charges were scaled linearly
more than 40% to reach the experimental dielectric constant;
that change in charge increased the surface tension and density
to around 30% and 5%, respectively. The value of zero in the X
axis in Figure 4-B is for results obtained with the new charges
and the rest of the original parameters constant, including εLJ.
The initial values of the normalized target properties were the
final values shown in Figure 4-A. In the second step of the fitting
procedure, all the original εLJ values were scaled linearly keeping
constant the charges obtained in the first step and the rest of the
original parameters. After decreasing εLJ by around 20% the
surface tension reached the experimental value, and the change in
dielectric constant and density was around 5%. Decreasing εLJ by
20% returned the density close to its experimental value. The
value of zero in the X axis in Figure 4-C is for results obtained

with the new charges and the new εLJ leaving constant the rest of
the original parameters, including σLJ. The results obtained with
the new σLJ are shown in Figure 4-C. The density changes
linearly with changes in σLJ. It is seen from the figure that the
comparison with experiment can be improved if σLJ is increased
by around 1%; however, the values of all the properties with
coordinate X = 0 are within the required tolerance, and therefore
a change on σLJ values was not performed.
The last step of the fitting procedure is to evaluate the new

parameters to reproduce the critical temperature. A simulation
at 450 K was performed to obtain the surface tension at the
liquid−vapor interface, see Figure 4-D. The relative error of the
critical temperature with respect to the experimental value was
8.1%, around the target tolerance of 8%. Therefore, a repara-
meterization of the force fields parameters was not perfomed.
The number of simulations to obtain the optimum parameters
for pyridine was less than in methanol. The final parameters are
given in the Appendix.
The results of pyridine for dielectric constant, liquid−vapor

phase coexistence, surface tension, and vapor pressure are
shown in Figure 5. The dielectric constants at all temperatures
for the new parameters are in excellent agreement with experi-
ment; however, as expected, the property is underestimated by
the OPLS/AA force field, see Figure 5-A. The orthobaric
densities for the OPLS/AA and new force fields parameters are
in excellent agreement. The critical temperature predicted by
the new model using the reactilinear diameters law with a
critical exponent of 0.32 was 590 K ± 3, see Figure 5-B, and the
relative error with experimental data is lower than the target
tolerance. Figures 5-C and 5-D show the surface tension and
vapor pressure as a function of temperature. The results from

Figure 4. Systematic procedure to develop force field parameters of pyridine: A) effect of changing charges, B) effect of changing εLJ, C) effect of
changing σLJ, and D) rough estimation of the critical temperature using a linear correlation on the surface tension. The continuous lines are results
for the experimental values taken from dielectric constant,39 surface tension, and density.42 The discontinuous lines are used for the target properties
[dielectric constant in A), surface tension in B), and density in C)] for an easy identification. The dielectric constant and density were calculated at
298.15 K and 1 bar. The surface tension was obtained at 300 and 450 K.
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both models are in excellent agreement with experimental data.
The critical temperature estimated for OPLS/AA was 605 K.
The results of ΔHv for OPLS/AA using both procedures

explained for methanol were 39.1 and 34.5 kJ/mol, respectively.
The model with the new parameters gave 43.1 and 37.2 kJ/mol.
The experimental value at 300 K is 40.1 kJ/mol. The pair−pair
radial distribution functions were almost unaffected by the use
of the parameters. The self-diffusion coefficient for pyridine at
300 K and 1 bar with the new set of parameters was 1.0 ×
10−9 m2/s, while that for the OPLS/AA model was 1.2 ×
10−9 m2/s. The experimental value is 1.5 × 10−9 m2/s. The
results of pyridine are given as Supporting Information.
4.3. Dichloromethane. The original parameters for dichlo-

romethane were taken from the work of Fennell et al.,24 and
they were fitted to reproduce, at ambient conditions, ε, ρ, and
ΔHvap. The molecules were fully rigid. The cross interactions
were calculated using the Lorentz−Berthelot mixing rules for
the LJ parameters. The intramolecular parameters were as
follows: r0(CH2−Cl) = 0.18215 nm and r0(Cl−Cl) = 0.29334
nm. The procedure used by Fennell et al. to parametrize
dichloromethane will be compared with the one proposed in
this work. Therefore, molecular dynamics simulations of liquids
at 300 K and 1 bar were performed using the original param-
eters to check if our calculations agreed with those reported by
Fennell et al. and also to avoid differences due to different
simulation conditions. The comparison of results for different
properties is given as property = (Fennell, this work): mole-
cular dipole moment = (2.1, 2.1) D, dielectric constant = (8.8,
8.9), density = (1316.3, 1317.0) kg/m−3, ΔHvap = (28.74, 36.2)
kJ/mol, self-diffusion coefficient = (2.13, 2.3) 10−9 m2/s. The
ΔHvap obtained in this work, without adding any correction,
was −⟨Uinter⟩/N+RT, where ⟨Uinter⟩ is the average intermo-
lecular energy of N molecules, R is the ideal gas constant, and T
is the temperature. Fennell et al. used the same definition. The
liquid density was also calculated as a function of temperature
and 1 bar; the results from this work with the original
parameters, filled squares in Figure 6, were the same as those

reported by Fennell et al., but they were different from the
experimental data. The results from this work for all the
properties, using the original parameters reported by Fennell
et al., agreed well with those reported for them except ΔHvap;
therefore, we are confident that our calculations were correct.
With the new set of parameters, see filled circles in Figure 6, the
density is in excellent agreement with experimental data at all
temperatures. The surface tension was not reported by Fennell
et al., and then a molecular dynamics at 300 K was performed
in this work to evaluate the ability of the original parameters to
predict that property. The result was 43 mN/m in contrast to
the experimental value of 27 mN/m. The critical temperature
was estimated using two values of surface tension, and the
calculated value was 100 K higher than the experimental data. It
is seen that the model proposed by Fennell et al. fails to
reproduce also the surface tension at 300 K and the critical
temperature.

Figure 6. Liquid density of dichloromethane at different temperatures
and 1 bar. The legends MD and MD1 are results from this work using
the new set of parameters and those reported by Fennell et al.,24

respectively. The results reported by Fennell et al. are shown with
filled triangles. The experimental data were taken from ref 44.

Figure 5. Thermodynamic properties of pyridine as a function of temperature. The results for the OPLS/AA model were obtained in this work. The
legend MD is for results with the new set of parameters. The continuous lines are for experimental data. A) Dielectric constant and the experimental
values were taken from ref 39. B) Orthobaric densities and the experimental data are from ref 42. C) The surface tension and the experimental values
were taken from ref 42. D) Vapor pressure and the experimental data are from ref 43.
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The original charges reported by Fennell et al.24 were un-
changed in the first step of the fitting procedure because the
reported dielectric constant at 300 K was already in good
agreement with experiment. We also repeated the calculations
at different temperatures to obtain the dielectric constant using
the original parameters. The dielectric constant results are
shown with filled triangles in Figure 7-A; they were different
from those reported by Fennell shown with filled squares. The
results with the new parameters are in excellent agreement with
experiment at all temperatures.
The original εLJ parameters were decreased by 20% to match

the experimental surface tension, but the liquid density
decreased by 6.5%, and then the original σLJ values were
increased by 3.1% to have the target properties within the
required tolerance. The target properties obtained after apply-
ing the fitting procedure were within the requested tolerance.
The charges were the same as the original values. The rough
estimation of the critical temperature using the new parameters
to determine the surface tension at 300 and 450 K was around
5% of the experimental value, and then a reparameterization
was not necessary. The number of simulations to obtain the
optimum parameters was less than in methanol. The final
parameters are given in the Appendix.
The results of dichloromethane as a function of temperature

are shown in Figure 7. The calculated dielectric constant using
the new set of parameters is in excellent agreement with the
results obtained using the force field parameters reported by
Fennell et al.,24 see Figure 7-A; the agreement with experiment
is also excellent. We evaluated the ability of the new parameters
to describe the coexisting densities and surface tension as a
function of temperature. The results from this work show that
the Fennell force field overestimates the orthobaric densities,
surface tension, and vapor pressure at all temperatures, see
Figure 7-B, Figure 7-C, and Figure 7-D, respectively. The
critical temperature estimated from simulations using the new
parameters is within the target tolerance. The vapor pressure

with the new parameters is in excellent agreement with experi-
ment at all temperatures.
The heat of vaporization at 300 K was calculated through the

slope of a Claussius-Clapeyron linear equation for the vapor
pressure. The experimental data is 27.6 kJ/mol. The result for
the new model at 300 K was 25.8 kJ/mol, while that obtained in
this work for the original model was 29.2 kJ/mol, compared
with 36.2 kJ/mol obtained using the intermolecular energy.
The self-diffusion coefficient at 298 K and 1 bar for the model
with the new parameters is 3.0 × 10−9 m2/s in comparison with
the experimental value of 3.3 × 10−9 m2/s.

4.4. EMIM-BF4. The optimization procedure was also
applied to an ionic liquid at room temperature, EMIM-BF4, at a
coarse-grained level. The EMIM ion was a rigid dimer with one
site carrying a positive charge. The BF4 is modeled by one
charged site to warrant electroneutrality in the system. The
EMIM model used by Merlet et al.34 contained three charged
sites and required three charges and eight LJ parameters. The
model proposed in this work has one charge and four LJ param-
eters. The cross interactions for the LJ parameters were
calculated using the Lorentz−Berthelot mixing rules. The
charge for BF4 in this work was taken from Merlet et al.,34 and
the same value was assigned to the charged site on EMIM. The
starting point to simulate the EMIM-BF4 was to use sites with
the same values of σLJ = 0.492 nm and εLJ = 1.9 kJ/mol and a
bond length of 0.32 nm. The εLJ and σLJ of the uncharged site
were fitted to reproduce at 400 K, within the target tolerance,
the surface tension, and liquid density. The ionic liquids are, in
general, not stable at high temperatures; they form other
products, and therefore it is not possible to measure their
critical temperature. The final parameters are given in the
Appendix.
The results as a function of temperature are shown in Figure

8-A for density and in Figure 8-B for surface tension at the
liquid−vapor interface. There are three sets of experimental
data for densities that have slightly different values.35−37 The
results published by Shamsipur et al.35 were used in this work

Figure 7. Thermodynamic properties of dichloromethane as a function of temperature. A) Dielectric constant, the legends MD and MD1 are results
from this work using the new set of parameters and those reported by Fennell et al.,24 respectively. The results reported by Fennell et al.24 are shown
with filled triangles. The experimental data were from ref 39. B) Orthobaric densities and the experimental values for liquid density were from ref 44,
and the critical temperature is from ref 45. C) Surface tension and the experimental values were from ref 46. D) Vapor pressure and the experimental
values were from ref 45.
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to parametrize the EMIM-BF4. The densities obtained with the
new parameters are in excellent agreement with experimental
data at all temperatures, while the results reported by Merlet
et al. are systematically lower. The difference might be due to
the use of different experimental data to fit the force field
parameters. The surface tension for EMIM-BF4 systems as a
function of temperature follows a linear equation at high tem-
peratures, as it is found in many fluids, but it is a quadratic
function when the whole range of temperatures is taken into
account. The surface tension at 400 K reported by Merlet et al.
was 44.3 mN/m in comparison with the experimental value of
41.9 mN/m, the relative error is 5.7%, and it is slightly larger
than the target tolerance. The surface tension obtained at the
same temperature with the new model is 42 mN/m.

5. CONCLUSIONS

The procedure proposed in this work to obtain force field
parameters of molecular fluids is systematic and requires a small
number of simulations. The charges or more general, the
molecular dipole moment, can be fitted using the dielectric
constant as a target property. The charges obtained from high
accurate ab initio calculations can be used as starting values in
the parametrization procedure, but after the scaling, they are
empirical. The change of the dipole moment can be seen as an
addition of an effective polarization to take into account the
electric field of the surrounded medium around a molecule.
The choice of surface tension as a target property allows

finding the optimum εLJ parameters leaving almost unchanged
the dielectric constant. It is interesting to observe that the
change in density due to the increase of charges is canceled
with the decrease of εLJ; therefore, in methanol and pyridine
the original parameters of σLJ were unchanged. In the case of
dichloromethane the original σLJ values were increased to
compensate the effect that εLJ had on the density. The results of
the dielectric constant obtained in this work using the original
and the new parameters for dichloromethane are the same,
within the simulation error; that means the effect of LJ param-
eters on that property is small or negligible. The rough estima-
tion of the critical temperature, within a tolerance, is performed
efficiently using two values of surface tension, and it helps to
obtain the optimum parameters valid for different temperatures
and pressures with a small number of simulations.
The surface tension is a well-defined macroscopic property,

and it is well-known how to calculate it in molecular simulations,

and the comparison with experiment is direct. In contrast, some
corrections, which in general are not easy to estimate, are needed
to compare the calculated ΔHvap with experimental data. The
method proposed in this work, using the surface tension as a
target property to obtain εLJ, improves not only the method that
uses ΔHvap but also that which is based on saturated densities
and critical temperature as is the case of TraPPE. The optimum
parameters for the ionic liquid, using a coarse-grained level of
description, are able to reproduce the surface tension and density
as a function of temperature.
The self-diffusion coefficient calculated using the new set of

parameters are systematically lower compared with exper-
imental data. If the target tolerances in dielectric constant,
surface tension, and liquid density are slightly increased, then it
might be possible also to include the experimental self-diffusion
coefficient in the process of parametrization. Work in that
direction is being performed.

■ APPENDIX
Charges and LJ parameters for the systems studied in this work
are obtained using the procedure described in Section 3. The

Figure 8. Thermodynamic properties of EMIM-BF4 at different temperatures at a coarse-grained level. A) Liquid density and the experimental data
are shown with continuous,35 dashed,36 and dotted-dashed37 lines, whereas the Merlet et al. simulation results are shown with filled triangles. B)
Surface tension and the experimental data are from ref 35. The experimental values were fitted to a polynomial function of second degree35 as shown
with a black dashed line.

Table 1

site q [e] εLJ [kJ/mol] σLJ [nm]

Methanol
CH3 0.284 0.7334 0.375
O −0.749 0.6960 0.302
H 0.465 0.000 0.000
Pyridine
CN 0.686 0.234 0.355
HN 0.017 0.100 0.242
C −0.648 0.234 0.355
HC 0.225 0.100 0.242
C5 0.329 0.234 0.355
H 0.094 0.100 0.242
N −0.983 0.569 0.325
Dichloromethane
CH2 0.40440 1.0255 0.3603
Cl −0.20220 1.0255 0.3421
EMIM-BF4
A −0.780 1.900 0.492
C1 0.780 1.900 0.492
C2 0.000 1.000 0.344
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sites names correspond to those shown in Figure 1. The force
field parameters are given in Table 1.
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