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Abstract

Current force fields underestimate significantly the dielectric constant of
formamide at standard conditions. We present a derivation of an accurate
potential for formamide, which functional form builds on the OPLS/AA force
field. Our procedure follows the approach introduced by Salas et al. (J. Chem.
Theory and Comp., Just accepted, 2015), that can use information from ab
initio calculations and molecular dynamics simulations. We consider several
strategies to derive the atomic charges of formamide. We find that the inclusion
of polarization effects in the quantum mechanical computations is essential to
obtain reliable force fields. By varying the atomic charges and the Lennard-
Jones parameters describing the dispersion interactions in the OPLS/AA force
field, we derive an optimum set of parameters to obtain accurate results for
the dielectric constant, surface tension and bulk density of liquid formamide
in a wide range of thermodynamic states. We test the transferability of our
parameters to investigate liquid/liquid mixtures. We have chosen as case study
an equimolar mixture of formamide and hexan-2-one. This mixture involves two
fluids with very different polar characteristics, namely, large differences in their
dielectric constants and their performance as polar solvents. The new potential
highlights the importance of the correct parametrization of the pure liquid
phases to investigate liquid mixtures. Finally, we examine the microscopic
origin of the observed inmiscibility between formamide and hexa-2-one.



1 Introduction

Formamide is a highly polar molecule that forms strong hydrogen bonds through
interactions between hydrogen and oxygen atoms lying in two different molecules (C-
H...O and N-H...O). The hydrogen bond character of the liquid makes formamide an
excellent reference system to study the hydrophilic and hydrophobic interactions [1].
Further, formamide has attracted the attention of biologist and biochemists, since it
is the smallest unit featuring in a peptidic chain. Also, formamide has been adopted
as a model to investigate the formation and breaking of peptidic bonds[2]. The
description of these bonds is essential to understand the physico-chemical properties
of proteins.

A considerable effort has been devoted in the last thirty years to develop force
fields capable of accurately reproducing the thermodynamic properties of complex
fluids in a wide range of temperatures and pressures. Often, force fields have fo-
cused in reproducing the bulk density and heat of vaporization of liquids [3, 4, 5].
This approach does not warranty the accurate prediction of all the properties and
indeed deviations between simulation and experiment, e.g. critical temperature and
orthobaric densities, have been reported [6]. This has prompted the development
of alternative parametrization strategies, targeting e.g. the critical temperature and
liquid coexistence density [7, 8]. However, very often these force fields fail to repro-
duce the dielectric constant of polar fluids [9]. One possible reason for this may be
connected to the approach used to derive the atomic charges, which has relied on
quantum mechanical computations of molecules in vacuum, hence neglecting molec-
ular correlations.

The properties of pure formamide have been investigated in a number of com-
puter simulation studies [5, 10]. The latter approach takes into account multibody
correlations, but requires the use of a force field to compute the properties of the
condensed phase. One of these force fields is the Optimized Potential for Liquid Sim-
ulations (OPLS), which was originally derived for amides by Jorgensen and Swenson
in 1985. [5] Later, in 1997, Essex and Jorgensen reported [11] the dielectric constant
of formamide and dimethylformamide using isothermal isobaric Monte Carlo (MC)
simulations with the OPLS force field.[5] The simulation result for formamide, 59,
is about half of the measured dielectric constant, 109. Pohuvski et al. in 2003, [12]
reported the structural and dynamic properties of formamide using an intermolecular
potential derived from ab initio computations. The force field was fitted to reproduce
the structure obtained from neutron diffraction. Cordeiro [13] in 1997 performed MC
simulations to derive a force field of formamide able to reproduce the experimental
liquid density and heat of vaporization. Bako et al. published later on [14] an analysis
of the hydrogen bond structure of formamide using the OPLS [5] and Cordeiro’s [13]
potentials. It has been suggested that the failure of current force fields to reproduce
the dielectric constant of liquids is connected to the atomic charges that have been



derived without considering intermolecular polarization effects, which would be rel-
evant in condensed phases. One step in that direction are the computations of the
dielectric properties of N-methyl-formamide and N-N methyl-formamide by Harder
et al. in 2008, using polarizable force field based on the classical Drude oscillator
[15]. The simulation results were close to the experimental data.

Recently, Caleman et al. reported [16] an extensive investigation containing force
field benchmark data for 146 organic liquids. The accuracy of the OPLS/AA and
GAFF force fields [3, 4] to reproduce the liquid density, enthalpy of vaporization,
heat capacity, surface tension, isothermal compressibility, volumetric thermal expan-
sion coefficient and dielectric constant was assessed. Most of the calculated proper-
ties agree well with the experimental results, but the surface tension and dielectric
constant were systematically lower than the experiment. The deviations for surface
tensions were ~ 70% and ~ 90% for GAFF and OPLS/AA, respectively. Zubillaga et
al. [17] revisited the OPLS/AA force field computations using a longer truncation dis-
tance for the Lennard-Jones dispersion interactions. The new surface tension results
were in much better agreement with the experiment, highlighting the importance of
long range corrections in the computation of the pressure tensor. The dielectric con-
stant calculated by Zubillaga et al. [17] was not sensitive to changes on truncation
distance. Both force fields, GAFF and OPLS/AA, underestimated the experimental
dielectric constant of most of the 146 organic liquids by ~50%. For the specific case of
formamide the dielectric constant at 298.15 K and 1 bar was 41 and 50 using GAFF
and OPLS/AA force fields, respectively.

From the discussion above one may conclude that it is difficult to obtain the cor-
rect dielectric constant of formamide without including explicitly polarization effects.
However, it has been shown recently [9, 18, 19] that it is possible to reproduce the ex-
perimental dielectric constant of water using non-polarizable force fields. Alejandre et
al. developed the TIP4Q and TIP4P /e non-polarizable water force fields [18, 19]. The
parameters were derived to reproduce simultaneously the liquid dielectric constant
and the temperature of maximum density. Both models reproduced other thermo-
dynamic and transport properties, including the water density anomalies. This work
shows that rigid models can indeed reproduce the experimental data. We exploit this
approach in this paper.

In a recent work, Salas et al. introduced [9] a procedure that enables the system-
atic derivation of a liquid force field, by fitting the atomic charges to reproduce the
dielectric constant, and the Lennard-Jones (LJ) parameters, €, and oy, to repro-
duce the surface tension and liquid density, respectively. This procedure has been
applied to methanol, pyridine, diclhoromethane and EMIM-BF4 liquids. The result-
ing force fields represent an improvement over existing ones, providing generally a
better representation of the experimental data. We note that the molecules investi-



gated with that procedure do not have very high dipole moments. This enables the
parametrization of charges and LJ parameters using a simple linear scaling of the
existing force fields parameters. We are interested in extending this methodology to
derive force fields of highly polar molecules, such as formamide, and in particular
reproduce the liquid dielectric constant. The latter property is an important input
parameter in theories that model the solvent as a dielectric continuum, which have
applications on solubility computations.

In this work we will test the applicability of the procedure introduced by Salas
et al. [9] to derive a new force field that describes the properties of liquid for-
mamide. We will build on the work of Caleman et al. in the web page http :
//Jwww.virtualchemistry.org and reparametrize the OPLS/AA force field. Advanc-
ing the discussion below we will show that the linear scaling of the force field pa-
rameters is not enough to derive an accurate force field of formamide. This can be
explained as a consequence of the strong hydrogen bonding between molecules, which
depends very strongly on the magnitude of the atomic charges. We present alternative
strategies to fit the atomic charges, which rely on quantum mechanical computations
and the introduction of polarization contributions, which allow us to successfully de-
rive an accurate force field. Further, we test the transferability of our formamide
force field to investigate liquid binary mixtures, in particular formamide/hexan-2-
one. This mixture is an example of two components with a highly different polar
behavior.

The paper is organized as follows. We firstly describe in Section 2 the simulation
details. A discussion of the different optimization procedures employed in this work
follows. We then discuss our results and close the paper with a summary of the main
conclusions and final remarks.

2 Force field and simulation details

We employ here a generic potential based on the OPLS/AA force field, which com-
bines intramolecular terms (bond stretching, angle bending and torsion) with inter-
molecular and intramolecular non-bonded interactions [20]. The OPLS/AA func-
tional form for the intermolecular contributions contains Lennard-Jones and coulom-

bic terms,
Viry) =< 4e;; i S A v4J L 1
(7ij) { E [(sz) (Tij) ] +47T507“ij}fj @

where 7;; is the distance between atoms ¢ and j, ¢; is the partial charge on atom
i, €¢ is the vacuum permittivity, o;; and ¢; are the effective atom diameter and
interaction strength, respectively. The factor f;; is 0.5 for interactions involving
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intramolecular interactions between atom pairs separated by three or more bonds,
and 1 for intermolecular interactions [3]. The cross interactions are calculated using
the geometric mixing rules: o;; = (04;0;;)"? and €;; = (e;€55)"/2.

Molecular dynamics simulations in the isothermal-isobaric ensemble, NPT, with
isotropic fluctuations of volume, were performed to compute the liquid density and di-
electric constant at the standard pressure, 1 bar. These simulations involved typically
500 molecules.

Simulations in the canonical ensemble, NVT, were also performed to compute
the surface tension of the liquid, by simulating an explicit liquid-vapor interface
containing, typically, 1000 molecules. The interface was generated by setting up
a liquid slab surrounded by vacuum in a simulation box with periodic boundary
conditions in the three spatial directions. The dimensions of the simulation cell were
L, = L,=52 A with L, = 3L,, where z being the normal direction to the liquid-vapor
interface.

The GROMACS 4.5.4 package [21] was employed in all the simulations presented
in this work. The equations of motion were solved using the leap-frog algorithm with a
time step of 2 fs. The temperature was coupled to the Nosé-Hoover thermostat with
a parameter 77=0.2 ps while the pressure was coupled to the Parrinello-Rahman
barostat with a coupling parameter 7p=0.5 ps. The bond distances in the formamide
molecule were kept rigid by using the LINCS algorithm|[22] and the molecule was con-
sidered to be planar. The electrostatic interactions were computed with the Particle
Mesh Ewald approach [23] with a tolerance of 1075 for the real space contribution,
with a grid spacing of 1.2 A and spline interpolation of order 4. In the isotropic
NPT simulations the real part of the Ewald summation and the LJ interactions were
truncated at 12 A. Long range corrections for the LJ energy and pressure were added.
The dielectric constant was computed using the dipole moment fluctuations of the
system [24].

The density and dielectric constant were calculated in the same simulation for at
least 120 ns after an equilibration period of 10 ns. For the surface tension compu-
tations in the NVT ensemble the cutoff was set to 25 A, since the surface tension
depends on the truncation of the interactions [25, 17] and the interface cross sectional
area [26, 27]. The equilibration period for the interfacial simulations was 2 ns and the
results for the average properties were obtained over an additional 6 ns trajectory.
The equations used to calculate the dielectric constant, surface tension, self-diffusion
coefficient and pair distribution function are given as Supplementary Information.

The quantum mechanical computations were performed with the Gaussian09 set
of programs[28] using the M062X functional [29] and the 6-3114++g** basis set [30,
31]. The hybrid functional was chosen because it was parametrized with molecules
containing nitrogen and the basis set represents better the atomic orbitals.

Amongst other approaches, we derived the atomic charges from populations anal-



yses that rely on the fitting of the molecular electrostatic potential using both the
CHELPG [32] and Merz-Singh-Kollman (MK)[33, 34] schemes. The criteria for con-
vergence of these approaches is based on energy, density or orbital gradient [35].

3 Results

First, ab initio calculations and molecular dynamics simulations were performed to
obtain the optimum set of partial charges and the LJ parameters to determine dielec-
tric constant, surface tension and liquid density in good agreement with experimental
data. At the end, the original and new force field of formamide were used to study
a binary mixture between hexan-2-one and formamide to analyze their miscibility
properties.

3.1 Linear Scaling approach

Linear scaling has been successfully employed in the past to compute the atomic
charges of weakly polar molecules [9]. The method can be applied by perturbing the
parameters of existing force fields, and re-scaling the parameters to reproduce specific
thermodynamic properties. We tested the accuracy of the OPLS/AA force field in
determining the dielectric constant of formamide by performing NPT computer sim-
ulations at 298.15 K and 1 bar. In agreement with previous studies [16] the dielectric
constant, 50, is much lower than the experimental result, 109. Hence, as a first step
to correct the force field we applied the method introduced by Salas et al. [9]. We
re-scale linearly the charges only, while the rest of the force field parameters were
the same as in the OPLS/AA force field. The liquid density, dielectric constant and
self-diffusion coefficient are reported in Table 1. The molecular dipole moment and
liquid density increase by increasing the atomic charge but the dielectric constant
features a small dependence with charge, except for very large charges. We find that
€ increases about 5 units (~ 10 %) for a 20 % increase in the charge. Interestingly,
further increase in the charge, 35 %, results in a very large reduction of the dielec-
tric constant, from 55 to 11. We have tested the convergence of our calculations by
computing the average of the dipole moment, < M > (where M = Zil qirj) of a
system containing N particles and r; the position of atom i. For the equilibrium
situation the average of the dipole moment magnitude, (M) must converge to zero.
We checked (see (M) in Table 1) that our simulations were well converged. Hence
the strong non-linear effects observed in the dielectric constant must be connected to
a strong modification of the liquid upon increasing the atomic charges. In particular,
the non-linear dependence of ¢ with the atomic charge indicates that orientational
correlations are important in determining the dielectric response of formamide. The
reduction of € at large charges is connected to a strong modification of the hydrogen



bond interactions (C-H...O and N-H...O ) in the liquid. The electrostatic interactions
between the hydrogen bonding sites leads to an enhancement of the liquid structure,
with formation of molecular clusters and a concomitant reduction of the liquid dy-

namics, which is reflected in a smaller diffusion coefficient at higher atomic charges
(see Table 1).

Atom/ f, 1.0 1.1 1.2 1.35
0.500  0.550  0.600  0.675
-0.500 -0.550 -0.600 -0.675
0.000  0.000 0.000  0.000
-0.760 -0.836 -0.912 -1.026
0.380 0.418 0.456 0.513
0.380 0.418 0.456 0.513

4.20 4.62 5.04 5.68
1122.6 1152.2 1178.4 1202.1
50.2 55.1 55.1 11.2
<M > 1.32 2.23 6.07 110.82

D/107° 0.51 0.14  0.013 -

nszlmEzEoN

Table 1: Atomic charges (in units of the electron charge) for the original OPLS/AA force
field. The charge scaling factor is f,. The molecular dipole moment in Debyes is p. The
liquid density in kg/m? is p, the average dipole moment of the system in Debyes is < M >
and the self diffusion-coefficient in cm?/s is D.

3.2 Atomic charges via ab initio computations

We have shown in the previous section that it is not possible to reproduce the exper-
imental dielectric constant by simply re-scaling the atomic charges of the OPLS/AA
force field. We consider in the following ab initio approaches to fulfill this task. We
note that several approaches can be used at this respect. In this work we consider
computations in vacuum as well as additional computations introducing polarization
effects. As noted in section 2 our computations were performed using density func-
tional theory (DFT) with the M062X [29] functional and the 6-311++g** basis set
[30, 31]. We have considered approaches based on population analyses, and fitting to
the molecular electrostatic potential (CHELPG and MK), as well as wave function
analyses: Mulliken [36] and natural bond orbital (NBO) [37, 38]. We have collected
all our results in Table 2 for isolated molecules in vacuum. The bond distances and
angles were obtained in this work with ab initio calculations and they were essentially
equal to those of the original OPLS/AA. These charges in combination with the rest
of all original OPLS/AA parameters, including the bond distances and angles, were
used to perform NPT molecular dynamics computations of the dielectric constant.
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Figure 1: Results of the dielectric constant of formamide at 298.15 K and 1 bar from
ab initio calculation on isolated molecules in vacuum using the Mulliken, NBO, MK
and CHELPG approaches.

The values for the average dipole moment (see Table 2) indicate that our com-
putations were well converged. This can also be seen in the running average of the
dielectric constant (see Figure 1), which reaches the average value in 20-40 ns.

Different atomic charge electrostatic schemes (Mulliken, CHELPG and MK) gave
similar dipole moments but overestimated the experimental result, 3.73 D, in the gas
phase [39]. Among the standard methods to obtain charges and moments, it has
been found that the MK results show an appreciable dependence on the orientation
of the molecule [40]. The dielectric constant for the atomic charges obtained with the
different electrostatic methods are in poor agreement with experiment. In particular
the CHELPG and MK charge distribution lead to fairly low dielectric constant. Again
the differences observed in the dielectric constant do not correlate with the dipole
moment values. As a matter of fact the Mulliken and MK approaches predict the
same dipole moment, 4.02 D, while their dielectric constants are very different, 53.5
and 35.9 respectively. This is again an indication that orientation correlations play
a significant role in determining the dielectric constant. Further the MK atomic
charges in the atoms that mediate hydrogen bonds (N, O) are much higher than in
the Mulliken case.

The main conclusion from the analysis above is that the new ab initio charge
distributions do not improve the description of the dielectric constant. The poor
performance of these charge distributions prompted us to consider polarization ef-



Atom  Mulliken [36] NBO [37, 38] CHELPG [32] MK [33, 34]
C 0.1203 0.5464 0.7267 0.6553
O -0.3798 -0.6097 -0.5835 -0.5554
HC 0.1035 0.1045 0.0197 0.0128
N -0.3919 -0.8346 -0.9407 -0.9623
H 0.2852 0.4000 0.4277 0.4423
H 0.2628 0.3934 0.3895 0.4073
7 4.02 4.85 4.04 4.02
p 1094.7 1194.6 1146.8 1149.6
<M > 1.5 10.5 0.8 2.2
€ 53.9 27.5 34.8 35.9
D/107° 1.20 0.04 0.28 0.30

Table 2: The atomic charges derived from different population analyses for isolated
molecules in vacuum: Mulliken, NBO, CHELPG and MK. The variables u, p, (M), €
and D have the same meaning and units reported in Table 1. All data correspond to the
thermodynamic state, 298.15 K and 1 bar.

fects in our ab initio computations. These polarization effects are important in many
chemical and biochemical processes in solution. Existing continuum models, e.g. the
polarizable continuum model, takes into account the influence of the solvent through
an effective dielectric constant [41, 42, 43]. The solvation model density (SMD) by
Marenich et al. [44] provides another alternative to handle these effects. That model
is able to approximate the interaction of a molecule with a solvent. We performed
electronic structure computations including polarization effects. The SMD approach
was combined with the M062X functional and the same basis sets employed before
(6-3114++g™*). The atomic charges were derived by using the population analysis
methods mentioned above. We compile all the results from those theories in Table
3. We found that the inclusion of the polarization effects through the SMD method
results increased in a ~ 30 % the molecular dipole moment irrespective of the method
employed for the population analysis. The bond distances and angles were also ob-
tained in this work using the ab initio calculations with polarizable effects and they
were identical to the original OPLS/AA values. The new results were compared in
Table 4 with experimental data and with the original OPLS/AA values. The molec-
ular geometry was not affected because the inclusion of solvent effects, therefore, the
change in the molecular dipole moment is due only to the charge distribution. To
obtain the dielectric constant and other properties, we performed NPT MD simu-
lations of liquid formamide using the new charge distribution with all the original
OPLS/AA parameters including bond distances and angles. The density increases
slightly, ~ 10 %, with respect to the data reported in Table 2, while the dielec-
tric constant varies significantly depending on the method used to derive the atomic
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Figure 2: Typical snapshots of formamide systems simulated with charges derived from
different approaches with polarizable effects. A) Mulliken, B) NBO, C) CHELPG and D)
MK.

charges. The dielectric constant obtained from the Mulliken analysis, 132.5, is of
the order, but higher than the experimental value of 109. A snapshot for the last
configuration is shown in Fig. 2-A where a liquid configuration is observed. We found
that the simulations with the other atomic charges (NBO, CHELPG, MK) featured
in general poor stability, with large fluctuations in the simulation cell dipole mo-
ment, which precluded the computation of reliable values for the dielectric constant.
The highly negative and positive charges on the oxygen/nitrogen and carbon lead to
strong ordering effects. Inspection of simulation snapshots are shown from Fig. 2-B
to Fig. 2-D. It is remarkable the strong impact of the atomic charges in driving the
formation of solid structures with the molecules arranging themselves in well defined
rows. Figure 3 shows typical the oxygen-oxygen and nitrogen-nitrogen pair distribu-
tion functions where it is observed a liquid structure for results with the Mulliken
method and a solid-like structure for the NBO, CHELPG and MK approaches. The
radial distribution functions for oxygen-nitrogen and carbon-carbon are provided as
Supplementary Information.

3.3 Derivation of an accurate force field for liquid formamide

We have shown that the direct application of standard ab initio approaches to fit the
atomic charges does not provide a route to obtain an accurate force field to simulate
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Figure 3: Radial distribution functions for formamide. A) oxygen-oxygen B) nitrogen-
nitrogen. The results were obtained with charges derived from different approaches includ-
ing polarizable effects.

the liquid phase of formamide. Hence, we considered the approach reported by Salas
et al. [9]. Firstly, we derived the atomic charges from the Mulliken analysis reported
in the previous section in combination with the SMD approach. The charges were then
optimized to match the experimental dielectric constant using molecular dynamics
simulations, keeping constant the rest of the original OPLS/AA parameters. Then,
we kept the optimal charges fixed and performed a linear re-scaling of the OPLS/AA
Lennard-Jones values for €7, ; to obtain the experimental surface tension. Finally, the
original o7 ; OPLS/AA values were also linearly re-scaled to obtain the experimental
liquid density keeping constant the new charges and new €7 ; parameters.

In order to quantify the impact of the new fitted parameters on the properties of
the liquid we define a ratio that measures the relative percent change (RPC) of the
new parameter with respect to the original OPLS/AA one. For instance, the relative
change for the charges is given by, RPC = (q/qo—1) x 100, where ¢ is the OPLS/AA
charge. Similar equations were employed for the €, ; and o ; parameters. To facilitate
the comparison of the results obtained with different parameter sets, we normalized
the target properties, €, v and p, by their corresponding experimental value. We show
in Figure 4 the variation of the normalized property with the relative percent change.
The largest changes in the properties are observed upon modifying the atomic charges
and the interaction strength, €7 ;. From the three properties investigated the bulk
density features the smallest change, while the surface tension and dielectric constant
both are more sensitive to changes in the charges and interaction strength.

To check whether a result is acceptable, it is necessary to define a tolerance. To
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Atom  Mulliken NBO CHELPG MK
C 0.1472  0.5562 0.7804 0.7079
O -0.5561  -0.7537  -0.7709  -0.7450

HC 0.1845  0.1471 0.0178 0.0494
-0.4382  -0.8031  -0.9202  -0.9296
0.3341  0.4232 0.4614 0.4724
0.3285  0.4303 0.4315 0.4449

N
H
H
I 5.71 6.33 5.80 5.83
p
M
€

1202.1 1334.2 1244.2 1283.3
> 5.1 1718.0 1516.8 1821.2
132.5 - - -

<

Table 3: Atomic charges obtained from different population analyses. The polarization
effects were taken into account through the SMD model. [44]. The properties reported in
the table have the same meaning and units as those in Tables 1 and 2. All the simulations
were performed in the NPT ensemble at 298.15 K and 1 bar.

Property Experiment[45, 46] Original New
Bond distance

C-N 1.368 1.335  1.333
N-H 1.027 1.010  1.012
C-0 1.212 1.229  1.229
C - HC 1.125 1.090  1.098
Bond angle
N-C-O 125.0 122.9 1246
N-C-HC 112.7 114.0  113.8
C-N-H 118.7 119.8  119.1
C-N-H 119.7 120.0 120.6
O-C-HC 122.5 123.0 120.4

Table 4: Bond distances in A and bond angles in degrees for formamide obtained
in this work, labeled New, with ab initio calculations using polarization effects SMD
and M062X/6-311g++g** levels of theory. The experimental and the original values
for the OPLS/AA are also given.

do this we define the relative error AX = |(X.yp — Xyp)| X 100/ Xeyp, where M D
and exp denote simulation and experimental results, respectively. We set 8%, 5%
and 1% as acceptable relative errors for €, v and p, respectively.

We show in Figure 4-A the impact of re-scaling only the magnitude of the atomic
charges obtained through the Mulliken analysis. This force field overestimates the
value of the three properties investigated here: density (7 %), dielectric constant
(22 %), and surface tension (50 %) (see data at RPC=0). These properties can be
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Figure 4: Variation of the normalized properties: dielectric constant, surface tension, and
bulk density with the relative change in the force field parameters. Black lines correspond
to experimental values. The lines with filled circles correspond to: dielectric constant (red),
surface tension (green) and liquid density (blue). A) Scaling of the charges. B) Scaling of
er7 and C) Scaling of o7, 7. The dashed lines indicate the property that has been optimized
in each panel. Dielectric constant in panel A, surface tension in panel B and density in
panel C. The experimental values were: €p;,=108.94, Yg,,=57.03 mN/m and pggp= 1129.0
kg/m3

brought into closer agreement with the experimental data by re-scaling the original
charges towards smaller values. In this way it is possible to obtain accurate result for
the dielectric constant, improving at the same time the surface tension (see Figure
4-A). But getting better agreement for the latter requires a reparametrization of the
interaction strength. This has a knock on effect on the dielectric constant, which
features now a 15% underestimation (see Figure 4-B). Finally, we considered the
density. We find that only a small change of 1% in o, is needed to reproduce the
experimental density. After this final fitting, both the density and the surface tension
(see Figure 4-C) are, within our required tolerance, equal to the experimental values.
However, we found that the the simulated dielectric constant is 13% lower than the
the experimental one. To resolve this problem and reduce the difference between
simulation and experiment, we performed a second re-scaling of all the parameters,
starting with the values shown in Figure. 4-C and (o/0¢ — 1) x 100) = 1. This new
iteration involved a 5% re-scaling of the atomic charges and 0.5 % for o ;. The €,

14



values were not modified. The results obtained with those values are not shown in
Fig. 4. The final optimized force field parameters are given in Table 5, and compared
with the original OPLS/AA parameters. We have collected in Table 6 the simulated
and experimental data for the three target properties discussed above. The data
show that the new force field provides a good description of the dielectric constant,
surface tension and liquid density. We have included in the Supporting information
the numerical data of the liquid density, dielectric constant and surface tension for
all the systems investigated in this work.

Original q(e) o (nm) ¢ (kJ/mol)
C 0.5000  0.37500 0.43932
O -0.5000  0.29600 0.87864

HC 0.0000  0.24200  0.06276
N -0.7600  0.32500  0.71128
H 0.3800  0.00000  0.00000
H 0.3800  0.00000 0.00000

New q(e) o (nm) e (kJ/mol)
C 0.1398 0.380625  0.307524
O -0.5283 0.300440  0.615048
HC 0.1753 0.245630  0.043932
N -0.4163 0.329875  0.497896
H 0.3174  0.000000  0.000000
H 0.3121  0.000000  0.000000

Table 5: Original and new parameters obtained in this work for the OPLS/AA force field.

Property Original New  Experiment[47],[48]
€ 50.2 107.6 108.9
y 61 57.0 57.0
p 1122 1128.5 1129.0

Table 6: Results obtained in this work using the OPLS/AA force field with the original
and new parameters obtained in this work. The calculated relative errors using the new
parameters are: 0.44%, 1.14% and 0.41% for €, v and p, respectively. The surface tension
is given in mN/m, and density in kg/m?3.

An important element of a force field are the combination rules employed to
computer cross interactions. These rules determine the transferability of the potential
to simulate, e.g. mixtures. The OPLS/AA force field uses the geometric mixing rule,
while other force fields, such as the general Amber force field (GAFF), use the so-
called Lorentz-Berthelot where 0;; = (0;;4+0;;)/2. The combination rule for ¢;; is the
same in both force fields. To test these different implementations of the combining
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rules we run additional simulations to compute the target properties at 298.15 K. The
liquid calculations were carried out at 1 bar. The factor f;; appearing in equation (1)
was identical in both mixing rules, 0.5 for intramolecular interactions between atoms
separated by three or more bonds and 1.0 for atoms in two different molecules. The
parameters obtained in this work are used in both calculations. The results are shown
in Table 7. The combination rule is shown to have a small impact on the liquid and
interfacial properties, with a maximum deviation in the surface tension of ~ 5%.
Generally, the observed differences are within our target tolerance. Considering the
small differences between both combination rules and because we want to compare
results from the OPLS/AA force field, we will be using the geometric rule to perform
the rest of the computations presented in this work.

Property Geometric Lorentz-Berthelot Experiment
€ 107.6 105.7 108.9
y 57.0 54.4 57.0
p 1128.5 1117.3 1129.0

Table 7: Results for the target properties using the new parameters but with two mixing
rules for oij. The surface tension is given in mN/m and the density in kg/m?.

In order to check the accuracy of our force field and the general improvement
over the existing OPLS/AA potential we performed additional NPT and NVT com-
putations of liquid formamide as a function of the temperature. The new force field
parameters reproduce the experimental target properties as a function of temperature
within the request tolerance in the available temperature range, see Fig. 5. It has to
be noted that formamide is not stable for temperatures above 373 K as it decomposes
to hydrogen cyanide and water [49]. Overall, the new parametrization provides an
improvement on all the target properties over the existing OPLS/AA force field. The
relative error for the (original, new) parameters with respect experimental data are
(54, 1) for the dielectric constant, (-7, 0) for the surface tension and (0.6,0) for the
liquid density. We have obtained a force field that reproduces the dielectric constant
keeping at the same time the accuracy in predicting density and surface tension.

3.4 Testing the transferability of the new force field: the
hexan-2-one/formamide binary mixture

In order to test the transferability of our new force field parameters we studied a
liquid binary mixture consisting of formamide and hexan-2-one. As noted in the
introduction, this mixture is a stringent test as it involves two polar liquid with
significantly different dielectric constants. Further, hexan-2-one is a ketone used in
industrial applications as general solvent and in paints, with a low dielectric constant
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Property Temperature This work Experiment[47],[48]

€ 298.15 107.6 108.94
308.15 103.2 104.91
318.15 99.6 100.94
328.15 94.9 97.04

0% 298.15 D77 57.0
323.15 55.5 54.9
348.15 53.5 52.8
373.15 01.2 50.7

p 298.15 1128.5 1129.0
308.15 1120.7 1120.5
318.15 1113.3 1111.9
328.15 1105.4 1103.3

Table 8: Results of dielectric constant, surface tension (mN/m) and liquid density (kg/m?)
of formamide as a function of temperature (K) obtained with the new parameters for

OPLS/AA.

(15) at 298.15 K, and liquid density of 807 kg/m? [16]. Tt is known that this molecule
has low solubility in water, 14 g/L [50] while formamide shows a much higher solubility
in water, namely, 1000 g/L [49]. Hence, it is expected that a mixture with both
components will present a low miscibility.

First, a liquid simulations with 256 hexan-2-one was performed at 298.15 and 1 bar
obtaining a liquid density of 821 kg/m? and dielectric constant of 10.5 in acceptable
agreement with experimental and simulation data. [16]

To analyze and compare the accuracy of the original and new parameters derived
here for formamide, we performed simulations of the mixture. Two pre-equilibrated
configurations of formamide and hexan-2-one were placed side by side in an elon-
gated simulation cell such that the two liquids were initially completely demixed. In
one simulation we employed the original OPLS/AA parameters for both components,
while in a second independent run we used the original parameters for hexan-2-one
and the new OPLS/AA parameters for formamide. The cross interactions were com-
puted with the geometric combining rules. Long simulations involving 250 ns of
equilibration and up to 2.3 us of production time were performed to ensure a proper
relaxation of the system. We computed the density profile of every component for
different sub-averages to follow the miscibility. The results for the first simulation
averaged over the last 25 ns are shown in Figure 6-A. We find that the original
OPLS/AA predicts complete miscibility between both liquids. For the second simu-
lation, which was performed with the new formamide potential derived in this work
we find that the two liquids form a well defined liquid-liquid interface (see Figure 6-
B), hence clearly showing that they are inmiscible, a result that is expected in view
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Figure 5: Results of target properties for formamide as a function of temperature
using the OPLS/AA force field. A) Dielectric constant, B) Surface tension and C)
liquid density. The results for the original and new parameters are shown with
green squares and red circles, respectively. The experimental values are shown with
continuous lines.

of the large difference in dielectric constant. We were unable to find experimental
values of solubility for that mixture. There is a large amount of liquid for hexan-2-one
and formamide to evaluate the composition of every component in each liquid phase.
The hexan-2-one is more soluble in formamide than formamide in hexan-2-one.

In order to understand the role of molecular interactions in the solubility of the
mixtures studied in the previous section, the free energy of solvation of a hexan-2-one
molecule in a liquid formamide was obtained using the thermodynamic integration,
TI, method [51]. The change in free energy, AG, is obtained using that method
over a dummy variable, A, which couples to the Hamiltonian, and that enables the
systematic modification of the latter from a given reference system, for which the free

energy may be known,
L JOH(N)
AG = /0 <T>d)\ @)

where AG is the free energy of solvation and H is the Hamiltonian. As the coupling
parameter, A, changes from “0” to “1” the hamiltonian interpolates between two dif-
ferent systems, so that it is possible to switch off the interactions, and hence compute
the work (chemical potential) required to insert or extract a molecule in a fluid under
NPT conditions. Practically, obtaining accurate free energy differences between two
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Figure 6: Density profiles of the hexan-2-one/formamide mixture. A) Simulations
with the original OPLS/AA parameters for both components. B) Simulations with
the original OPLS/AA parameters for hexan-2-one and with the new parameters
derived in this work for formamide.

states, requires small changes of \. Further it has been shown that better convergence
is obtained when the different interactions (coulombic and dispersion) are switched
off independently. It is customary to switch off the coulombic interaction first [52, 53].
The simulations were performed in the NPT ensemble at 298 K and 1 bar pressure.
We then computed, using the perturbation method outlined above, the solvation free
energy of one molecule of hexan-2-one in a liquid formamide. The results of free
energy change as a function of A for the hexa-2-one/formamide using the original
parameters for both components and for the hexa-2-one/formamide using the new
parameters for formamide are shown in a figure in the Supplementary Information.
This computation should be taken as an approximation to the true free energy of
solvation, as unlike in the free energy computation, the hexa-2-one molecule is not
at infinite dilution in the formamide phase, although the concentration is rather low,
see Fig. 6. The solvation free energy of the mixture with the original parameters
for both components were 8.28 kJ/mol and 14.56 kJ/mol when switching off the
Lennard-Jones and coulombic interactions, respectively, so that, the total change in
free energy is AG=22.84 kJ/mol. When the new parameters are used, the solvation
free energy were 2.75 kJ/mol and 13.21 kJ/mol when switching off the Lennard-Jones
and coulombic interactions, respectively. In this case AG=15.96 kJ/mol. It is im-
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portant to note that the difference in free energy between both simulations is 9 % for
the coulombic interactions and 81 % for the LJ contribution. The energy to insert
a molecule of hexan-2-one in formamide is the negative of the values given above.
The results show, that the attraction between both molecules in the insertion process
is larger in the first case than in the second. Those calculations suggest that the
phase separation is not due to coulombic interactions or to a large difference in di-
electric constant of two components (Ay=100 from simulations of this work) but that
the miscibility is driven by the short ranged interactions. The free energy provided
insights about the importance of the charge distribution in describing the solubility.

4 Conclusions

We have presented a systematic procedure that combines ab initio and molecular
dynamics computations, that allows the derivation of optimum parameters for the
formamide force field. The approach targets three different properties; the dielectric
constant, liquid density and surface tension. These properties are fitten by systemati-
cally varying (via linear re-scaling), the atomic charges, and the interaction strength (
ers) and atomic diameters (o, ;) appearing in the Lennard-Jones potential used to de-
scribe the dispersion interactions. First the charges from quantum calculations were
fitted to reproduce the dielectric constant. Second, the Lennard-Jones parameter €y, ;
were fitted to match the surface tension at the vapor-liquid interface and finally a
third step the o ; parameters were fitted to reproduce the liquid density. Two cycles
were needed to find the optimum parameters. The idea behind the method is that a
change in a specific force field parameter affects more one property than the others.
The parameters can then be fitted independently if appropriate target properties are
chosen. For instance, changes in the € ; affect much more the surface tension than
dielectric constant and liquid density. Starting from the widely used OPLS/AA force
field we derived new parameters that provide a good prediction of liquid density,
surface tension and crucially the dielectric constant of liquid formamide. The new
model represent a significant improvement in the prediction of this quantity, which is
now in very good agreement with the experiment. The previous OPLS/AA estimate
underestimated this property by over 50%. Although the parameters were fitted at
300 K, they show good transferability in the prediction of the liquid properties at
higher temperatures. We did also analyze the impact of the combination rules in the
accuracy of the force field. We find that the results are fairly independent on whether
the geometric or Lorentz-Berthelot combination rules are employed to derive cross
interactions between dissimilar atoms.

We performed additional simulations of a liquid-liquid mixture, consisting of
hexan-2-one and formamide. This mixture provides a further benchmark to test
the transferability of our force field parameters. We have shown that the miscibility
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behaviour is strongly dependent on the force field used. The original OPLS/AA pa-
rameters predict full miscibility, wile the new force field for formamide predicts that
the two liquids are inmiscible. The free energy calculations suggest that the driven
force of solubility comes from the short ranged interactions. The large difference in
dielectric constant between hexan-2-one and formamide, Ae= 100 for the calculated
values in this work, does not seem to be the reason for which the systems do not
mix. More work is needed to have definite conclusions on this subject. Neverthe-
less, reproducing the dielectric constant allows to obtain the optimum Lennard-Jones
parameters if the surface tension and liquid density are chosen as target properties.

The results from this work also show that polarizable models are not needed to
obtain the dielectric constant and surface tension of highly polar fluids and to describe
the miscibility of mixtures.

Supporting Information

Definitions and numerical results of thermodynamic, structural and electric prop-
erties, selected pair distributions for the systems studied in this work and the free
energy change as a function of A. This material is available free of charge via the
Internet at http://pubs.acs.org.
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