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ARTICLE INFO ABSTRACT

Keywords: Ketones are some of the most widely used solvents, with a variety of applications. In addition, molecules with

Force_ ﬁ‘ﬂ_ds ketone functional groups feature prominently in pharmaceutical APIs. However, they present a particular

zolla“tz_auon challenge for modelling, particularly when considering solutions and mixtures. In this paper, we present a new
olvation

classical nonpolarizable model for ketones, based on our recently-proposed Polarization-Consistent Approach
(PolCA). PolCA is based on a theoretically-grounded consideration of polarization effects in a nonpolarizable
framework, which lead to an optimal selection of the model’s effective dipole moment and point charges, as well
as to the derivation of post facto corrections for solvation free energy and dielectric constant predictions. This
allows us to effectively account for the missing effects of polarization in a computationally expedient way. At the
core of this approach is a realistic estimate of the dipole moment of ketones in the liquid phase, which we obtain
by applying the recently-developed Self-Consistent Electrostatic Embedding (SCEE) method. The new model,
developed under this paradigm, provides significantly improved predictions over the state-of-the-art TraPPE

Molecular dynamics
Point charges

model, and shows improved transferability to heterogeneous systems.

1. Introduction

Classical non-polarizable (also known as “fixed-charge”) models are
the workhorses of most molecular simulation studies of liquids and so-
lutions. In this approach, electrostatic interactions between molecules
are accounted for by assigning partial point charges to individual
interaction sites followed by the application of Coulomb’s law. These are
then most often combined with the Lennard-Jones (LJ) potential to
describe repulsion and dispersion interactions, and with harmonic and
torsional potentials to describe bonded degrees of freedom, giving rise to
the standard functional form in generic non-polarizable force fields (e.g.
CGenFF [1], GAFF [2], OPLS-AA [3], TraPPE [4]). One problem with
this approach is that polarization (also called induction) effects are not
explicitly described, but are instead assumed to be incorporated
implicitly into effective point charges and LJ parameters. However, this
is often done in an ad hoc manner with little or no theoretical founda-
tion, which has been shown to lead to inconsistencies and poor trans-
ferability [5-11]. Recently, our group has proposed a new approach to
parametrize non-polarizable force fields that accounts for polarization
effects in a rigorous, theoretically-grounded, way. We call this the
Polarization-Consistent Approach (PolCA), which has been applied to

* Corresponding author.
E-mail address: miguel.jorge@strath.ac.uk (M. Jorge).

https://doi.org/10.1016/j.molliq.2023.122070

develop a new united-atom (UA) force field for aliphatic alcohols [12].
Importantly, this approach has led to improved predictions of the sol-
vation free energy of alcohols in both polar and non-polar solvents.

In this paper, we apply PolCA to develop a new fixed-charge UA force
field for aliphatic ketones. One of the most well-known ketones is
propanone, also known as acetone, which is widely used as a solvent for
fats, oils, waxes, resins, rubber, plastics, lacquers, varnishes, and rubber
cements. This compound dissolves in water in all proportions since the
carbonyl oxygen’s lone pair electrons can act as a hydrogen bond
acceptor, and thus, it forms hydrogen bonds with water. Another
excellent solvent for many organic compounds is butan-2-one, also
known as methyl ethyl ketone. [13]. Some ketones, like nonan-2-one
and undecan-2-one, are found in essential oils [14], and many com-
pounds containing a carbonyl group are relevant to the pharmaceutical
industry, like the oral contraceptive norethindrone [13]. Thus, it is
important to be able to accurately predict solvation properties of mol-
ecules containing ketone groups.

The OPLS-UA force field for propanone [15] was developed by Jor-
gensen et al. in 1989 to reproduce thermodynamic and structural
properties of pure liquid propanone, and the authors showed that it was
able to predict the free energy change obtained when mutating acetic
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acid to propanone in water and chloroform. Later on, Jorgensen et al.
developed the OPLS all-atom (AA) force field for many common organic
groups, and they included propanone and butan-2-one in its develop-
ment [3]. Non-bonded parameters were obtained by fitting to densities
and enthalpies of vaporization of 34 organic liquids, mostly at 298.15 K.
In general, OPLS becomes less accurate for conditions further away from
298.15 K and 1 atm, as has been shown by Martin and Siepmann when
developing the TraPPE-UA force field for n-alkanes [16]. Later on,
Stubbs et al. extended the TraPPE-UA force field to ketones by fitting the
LJ parameters of the carbonyl carbon to the vapor-liquid coexistence
curve of propanone [17]. To keep the number of fitting parameters at a
manageable level, the carbonyl group’s partial charges were taken from
OPLS-UA [15], while the LJ parameters for the carbonyl oxygen were
taken from the TraPPE force field for carbon dioxide [18].

Another UA force field for ketones focused on vapor-liquid equilibria
is the anisotropic united-atom (AUA) force field developed by Kranias
et al. [19] in 2003. This model is an extension of the AUA4 model by
Ungerer et al. [20], with partial charges from ab initio calculations and
new LJ parameters for the carbon and oxygen atoms of the ketone group.
The LJ parameters of these two atoms were fitted to reproduce the vapor
pressures, enthalpies of vaporization and liquid densities of propanone
and butan-2-one at ambient conditions and at a reduced temperature of
0.8. This force field yields good agreement between experimental and
simulated data for the coexistence curves of propanone, butan-2-one and
pentan-2-one, and it does a very good job at predicting the enthalpies of
vaporization of those molecules from 250 to 500 K. The GROMOS-53A6
force field [21] was developed in 2004 to reproduce free energies of
solvation in water and non-polar solvents, and in 2011, Horta et al. [22]
proposed new interaction parameters for ketones by fitting to the liquid
density, enthalpy of vaporization, hydration free energy and solvation
free energy in cyclohexane of propanone and butan-2-one. Meanwhile,
pentan-2-one, pentan-3-one, hexan-2-one and hexan-3-one were part of
the validation stage.

Apart from its practical importance, propanone is also very inter-
esting from a fundamental point of view, particularly because it is able
to act as a hydrogen-bond acceptor (through the very electronegative
carbonyl oxygen atom) but not as a hydrogen-bond donor. As such, even
though propanone molecules cannot form hydrogen bonds in the pure
liquid, they are able to do so when mixed with molecules like chloro-
form, water or methanol, leading to substantial non-ideal effects and
anomalies in the mixture thermodynamics [23-27]. In fact, it has
recently been argued that one of the reasons for the systematic failure of
generic non-polarizable models in predicting the correct thermody-
namic behavior in non-ideal mixtures involving propanone is the neglect
of polarization effects [26,27]. Although we do not explicitly address the
issue of binary mixtures in the present paper (with the exception of
solvation free energy in alkanes, as discussed below), we believe that a
pure-liquid ketone model that is based on a rigorous treatment of po-
larization effects will serve as a better basis for testing its performance in
predicting thermodynamic properties of solutions and mixtures. The
main aim of this paper is precisely to report on the development, vali-
dation and testing of a new polarization-consistent model for ketones.

2. Methodology
2.1. Model design and optimization

As in our previous work, we developed the PolCA ketone force field
under a united-atom approximation, whereby all aliphatic hydrogen
atoms are merged with their adjacent carbon atoms, giving rise to single
CH, interaction sites. Furthermore, the TraPPE-UA force field is used as
a basis for development of PolCA. Therefore, all bonded parameters
were taken directly from the TraPPE-UA model for ketones [17] without
further changes, and they are reported in Table S1 of the Supplementary
Information. The LJ parameters for the alkyl chains were taken from our
previous work [28], where the original TraPPE-UA aliphatic
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hydrocarbon parameters were slightly modified to eliminate systematic
deviations in solvation free energies [29]. As observed previously for
alcohols [12], combining the modified alkane parameters with standard
TraPPE-UA parameters for the functional group (in this case, the
carbonyl group) naturally leads to systematic deviations from experi-
mental data, as shown in Figure S1 for the density of aliphatic ketones.
Therefore, as expected, the carbonyl group parameters need to be
recalibrated to be consistent with the new alkane parameters, as well as
to effectively account for polarization effects. In order to keep the
number of fitting parameters to a manageable level, thus avoiding
overfitting, and after a preliminary sensitivity test, we have opted to
keep the LJ parameters of the carbonyl carbon identical to the original
TraPPE-UA values, while reparametrizing the LJ parameters on the ox-
ygen atom alone.

The TraPPE-UA model for ketones represents electrostatic in-
teractions of the carbonyl group through point charges of equal
magnitude and opposite sign on each of its atoms, i.e. the adjacent alkyl
groups are assumed to be electronically neutral. However, other models
assign a non-negligible charge to the alkyl groups connected to the
carbonyl carbon [15,25,27]. To ascertain whether the approximation
applied in TraPPE-UA was valid, we carried out a quantum mechanical
(QM) calculation on a propanone molecule surrounded by a dielectric
continuum to represent a pure liquid environment. The calculation was
carried out on Gaussian 09 [30] using the B3LYP functional [31,32] and
the aug-cc-pVTZ basis set [33], which includes diffuse functions. The
dielectric continuum was described using the IEFPCM model [34] with
default parameters for propanone. Atomic charges were calculated from
the optimized wavefunction using the CHelpG scheme [35].

The result of the QM calculation on propanone is shown in Fig. 1,
where we have grouped together the charges belonging to each aliphatic
CH3 group, in line with the UA formalism. As we can see, the charges on
the aliphatic sites adjacent to the carbonyl group, although small, are
clearly non-negligible. It is important to note that simple dielectric
continuum models have been shown to significantly underestimate the
degree of polarization observed in a realistic liquid environment due to
the neglect of local solvation effects [36-41], and therefore the magni-
tude of the solute’s multipole moments (and consequently of its point
charges) is likely to be underestimated. However, we expect the
dielectric continuum model to yield a reasonable description of the
relative charge distribution over the different atoms of the molecule. On
this basis, we chose to include a small partial charge on the alkyl groups
adjacent to the carbonyl carbon in order to better represent the elec-
tronic distribution of solvated ketones, as done in previous models of
propanone [15,25,27]. However, we optimized the overall magnitude of
the charges (and hence the dipole moment of the model) by applying a

Fig. 1. CHelpG partial charges for propanone (acetone) calculated at the
B3LYP/aug-cc-pVTZ level of theory using the IEFPCM polarizable continuum
model to represent the effects of the surrounding liquid phase. The charges on
the CHy groups (bottom) were added together in accordance with the united-
atom approach.
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scaling factor of 0.961 to the CHelpG charges shown in Fig. 1, as dis-
cussed in detail in section 2.3.

To summarize, we optimized the ¢ and ¢ LJ parameters of the
carbonyl oxygen atom (6o and €o, respectively) and the scaling factor (o)
for the point charges (i.e. 3 fitting parameters) to match the density,
enthalpy of vaporization and self-diffusion coefficient of propanone,
hexan-2-one and decan-2-one (i.e. 9 experimental target values). The
optimized model was then validated against the same bulk liquid
properties for the whole set of linear ketones (i.e. from propanone to
decan-2-one), as well as against the dielectric constant and self-solvation
free energy of those molecules. Furthermore, we validated the model
against experimental data for the solvation free energy of linear ketones
in n-hexadecane solvent, to test the transferability of the model. Note
that only experimental data up to octan-2-one was available for the
solvation in n-hexadecane.

The parameter optimization made use of a similar approach as the
one described in our previous paper [12]. In short, meta-models were
constructed to predict molecular simulation results for a given set of
parameters, in order to more efficiently explore the parameter space
[42]. The parameter levels used to construct the grid for meta-model
fitting were as follows: oo € [0.290, 0.295, 0.300, 0.305, 0.310,
0.315];e0€[0.1, 0.2, 0.4, 0.55, 0.657, 0.75, 0.85]; o € [0.75, 0.95, 1.00,
1.05]. The performance of the meta-models in predicting the target
properties is depicted in Figure S2. The objective function took the form
of equation (1), where k is the target property, j is the target compound,
fij(X) is the value predicted by the meta-model for parameter set X, and
Yexp,; is the experimental value for the corresponding property and

compound.
3 3
F(X) :Z Z(fk-j(x)_yexpk/)z (1)
j=1 k=1

This function was minimised using a steepest descent algorithm with
a variable step length and a maximum number of iterations equal to
4000. The lowest value from these iterations was used as the initial point
for a second optimisation which used smaller step lengths and a
maximum number of iterations equal to 100. Table 1 reports the opti-
mized values of the non-bonded parameters for the PolCA model of
ketones.

2.2. Simulation details

To calculate the bulk liquid properties of each molecule, molecular
dynamics (MD) simulations were carried out with GROMACS version
5.1.2 [43,44]. The number of molecules introduced in each cubic and
fully periodic simulation box was chosen to yield box lengths of ~ 3 nm
(the exact number of molecules for each compound is shown in
Table S2). The simulation protocol comprised of an initial steepest
descent energy minimisation, followed by a 100 ps NVT simulation at
298.15 K to equilibrate the energy, a 100 ps NPT simulation at 298.15 K

Table 1

Non-bonded parameters of the PolCA force field for ketones. Only the parame-
ters on the ketone functional group were optimized in this work, while param-
eters for alkane groups were taken from previous work [28].

Atom type® 6 (nm) ¢ (kJ/mol) Charge
C(=0) 0.382 0.333 0.710
0(=C) 0.2955 0.08 —-0.610
(CH3)-CH, 0.379 0.833 0
(CH3)-C=0 0.379 0.833 —0.05
(CH,)2-(CH2) 0.399 0.392 0
(CH,)-(CH2)-C =0 0.399 0.392 —-0.05
(CH,)3-(CH) 0.473 0.085 0
(CH,)2-(CH)-C=0 0.473 0.085 —0.05
(CH,)4-(C) 0.646 0.00426 0
(CH3-(C)-C=0 0.646 0.00426 —-0.05

2 _ Parameters refer to the atoms/sites in bold face font.
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and 1 bar to equilibrate the density, and finally a production run of 25 ns
in the NPT ensemble, again at 298.15 K and 1 bar. The temperature was
controlled using the V-rescale thermostat [45] with a time constant of
0.1 ps, while the pressure was controlled using the Parrinello-Rahman
barostat [46] with a time constant of 2 ps and isothermal compress-
ibility of 4.5 x 10 bar !. A leap-frog algorithm [47] was used to
integrate Newton’s equations of motion with a time step of 2 fs. All
bonds were constrained using the LINCS algorithm [48]. The Verlet
scheme was chosen for neighbour searching, with a cut-off radius of 1
nm for both van der Waals and electrostatic interactions, and long-range
dispersion corrections for energy and pressure were applied. Long-range
electrostatic interactions were calculated using PME [49] with a Fourier
spacing of 0.16 nm. In total, ten independent simulations were run for
each compound and error bars were calculated to give a 95 % confidence
interval of the mean. In most cases, the error bars are too small to be
visible in the plots.

The bulk liquid density was simply calculated from the system vol-
ume at equilibrium using the GROMACS built-in tool gmx energy. The
enthalpy of vaporization was calculated according to equation (2),
where Uggs is the potential energy of an isolated molecule in the gas
phase and Uy is the potential energy per molecule in the liquid phase.

AHya, = (Ugas) — (Upig) +RT 2

Ugqs was calculated from a 50 ns NVT simulation of a single molecule
without periodic boundary conditions or cut-off radii. Both internal
energies were computed using gmx energy. The self-diffusion coefficient
was calculated by applying the Einstein relation, i.e. from the slope of
the mean-square displacement, computed using the GROMACS built-in
tool gmx msd. We have applied finite-size corrections, obtained by
extrapolating the self-diffusion coefficient to infinite box size. To ach-
ieve this, we ran simulations of each ketone with four box lengths (L): 2
nm, 3 nm, 4 nm and 5 nm. The results were plotted against 1/L and
extrapolated to the origin, with the correction for each compound being
determined from the difference between the extrapolated value and the
coefficient obtained with the 3 nm (default) box size. For the parameter
optimization stage, as done previously [12], the finite-size corrections,
shown in Table S3, were computed with the TraPPE-UA force field and
assumed to be parameter-independent. This assumption was confirmed
to be valid for the final set of PolCA parameters. Finally, the dielectric
constant was calculated from the fluctuations of the total dipole moment
of the simulation box using the GROMACS built-in tool gmx dipoles.
Solvation free energy calculations, both in the pure solvent (i.e. self-
solvation free energies) and in n-hexadecane solvent, were carried out
with Bennett’s acceptance ratio (BAR) method [50,51] using a one-step
transformation, i.e. employing the option “couple-intramol = no” in
GROMACS. Except for the application of a stochastic dynamics inte-
grator [52] and the corresponding Langevin thermostat, MD simulation
details were the same as for the pure liquid simulations. We used 14
values of the coupling parameter XA for the LJ component of the free
energy (i.e., 0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.7,
0.85, and 1) and 5 A values for the electrostatic component (0, 0.2, 0.4,
0.7, and 1). During the decoupling of the LJ component, a soft-core
function [53] was applied to avoid instabilities close to the noninter-
acting state, with parameters “sc-power = 17, “sc-sigma = 0.3” and “sc-
alpha = 0.5”. The LJ contribution to the solvation free energy was
simulated for 5 ns while 10 ns were used for the electrostatic component.
The \-states were selected based on their relative entropies to ensure a
good degree of overlap between them, as described in detail in our
previous paper [12], and the simulation times were chosen to ensure
convergence of the free energies of solvation against simulation times
(see Figures S3 and S4 in Supplementary Information for examples).

2.3. Polarization corrections and liquid-phase dipole moments

A key element of PolCA is to apply post facto corrections to effectively
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account for polarization effects when comparing the predictions of
classical non-polarizable models against experimental data. No polari-
zation corrections are needed for bulk-phase properties that depend only
on the Potential Energy Surface (PES) of the liquid, such as the density
and self-diffusion coefficient (although the latter requires finite-size
corrections, as discussed in section 2.2). However, the dielectric con-
stant needs to be corrected for polarization, because it depends strongly
on the Dipole Moment Surface (DMS) of the liquid [9]. The correction
needs to take into account two effects: i) the contribution of purely
electronic degrees of freedom of the liquid, which are not present in
classical non-polarizable models [7], and can be quantified by the
infinite-frequency dielectric constant (¢.,); ii) the difference between the
(fixed) dipole moment used in the non-polarizable model (uy) and the
dipole moment of the real liquid (4r). The correction thus takes the form
of equation (3) [10], where &gy, is the dielectric constant for comparison
with experimental data and ¢yp is the dielectric constant calculated in
the non-polarizable MD simulation.

2
Epyp = €oo T (ﬂ—L) (emp — 1) 3)
Hu

We note that equation (3) can be applied regardless of whether eyp is
calculated from the dipole moment fluctuation formula [54] or from the
Kirkwood expression [55] where the so-called Kirkwood g-factor de-
scribes the mutual orientation of the molecular dipoles [56]. It has been
shown that application of equation (3) can eliminate systematic de-
viations between simulated and experimental dielectric constants for a
wide range of pure compounds, as well as mixtures [10,11].

In order to apply equation (3), it is necessary to obtain a realistic
value for the molecular dipole moment in the liquid phase. This is very
challenging to achieve experimentally, and we are only aware of one
such study for liquid water [57]. Therefore, we need to rely on theo-
retical methods to calculate this property. The advantages and disad-
vantages of different theoretical approaches for calculating liquid phase
dipole moments have been discussed in detail previously [36]. Here, we
apply the Self-Consistent Electrostatic Embedding (SCEE) method
[36,37] to calculate the liquid dipole moments of propanone and butan-
2-one. SCEE is based on a QM/MM approach, which strikes a good
balance between accuracy and computational efficiency, and has been
shown to predict dipole moments in good agreement with experiment
for the case of water [36] and with ab initio MD simulations for both
water and methanol [36,37].

The SCEE method has been described in detail elsewhere [37], and
only a brief summary is provided here. To begin with, 200 evenly-spaced
configurations were extracted from equilibrated classical MD simula-
tions of each pure liquid, which in this case were carried out with the
PoICA force field for ketones, as described in section 2.1. Dummy
aliphatic hydrogen atoms were added to the central “solute” molecule to
ensure compatibility between the united-atom PolCA model and the
subsequent fully atomistic QM calculation. For each of the 200 extracted
configurations, a spherical cluster of radius 2.0 nm centered on the so-
lute molecule was generated and converted to the appropriate input
format for Gaussian 09 software [30] using an in-house script [37]. In all
QM/MM calculations, only the central molecule was treated at the QM
level, while surrounding molecules of the cluster were described at the
MM level. Three input files were generated, each with a different value
for the dipole moment of the surrounding MM liquid molecules. For each
of these values and each configuration (i.e. a total of 600 calculations),
an initial geometry optimization of the central QM solute at the B3LYP/
cc-pVTZ level of theory was carried out with the ONIOM method [58,59]
to ensure the correct liquid-phase environment was replicated. This was
followed by two single-point calculations at the B3LYP/aug-cc-pVTZ
and B3LYP/aug-cc-pVDZ levels of theory using electrostatic embed-
ding, to accurately calculate the dipole moment of the central QM
molecule.

From the results of the above calculations, we obtained an analytical
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correlation (essentially a quadratic function) between the QM dipole
moment (uqy) and the pre-set dipole moment of the surrounding MM
molecules (uppy) for each configuration, from which we were able to
calculate the self-consistent liquid phase dipole —i.e. the value for which
Uqm = pmm- Statistical analysis of the 200 configurations was carried out
using Tukey’s method [60] to remove any outliers (typically about 3% of
the configurations were removed), and to then compute the average
liquid phase dipole moment. These values were then corrected for
purely electronic polarization effects using the approach described
previously [37], based on QM calculations of the central molecule sur-
rounded by an IEFPCM dielectric continuum model [34]. Finally, the
corrected average dipole moments obtained at the aug-cc-pVDZ and
aug-cc-pVTZ levels were used to extrapolate the result to infinite basis
set, using the method proposed by Truhlar [61], thus yielding the final
value of the SCEE dipole moment for the target liquid.

In our previous work for water and methanol [36,37], the chosen
B3LYP/aug-cc-pVTZ level of theory was able to very accurately match
the experimental gas-phase dipole moment for both molecules. How-
ever, here we found it somewhat overestimated the gas-phase dipole
moment of ketones — we obtained 3.07 D for propanone and 2.92 D for
butan-2-one, compared to the experimental values of 2.88 D and 2.78 D,
respectively. To mitigate for this discrepancy, our final value of the
liquid phase dipole moment was calculated from equation (4):

py = (= ) + pe” “

The inherent assumption in equation (4) is that any inaccuracies due
to the QM level of theory are identical in the calculation of the gas-phase
and liquid-phase dipole moments. In other words, we argue that SCEE
will still provide an accurate estimate of the induced dipole moment (i.e.
UL — g, or Au), even if the absolute values of the gas phase dipole mo-
ments are not entirely accurate. As mentioned above, the liquid phase
dipole moment thus obtained was used in equation (3) to correct the
dielectric constant predictions.

Polarization corrections are also relevant for properties that char-
acterize a change of phase, such as the enthalpy of vaporization or the
solvation free energy. These corrections should account for: i) the un-
favorable energetic cost of distorting the electronic wavefunction of the
molecule from its ground state in the gas phase to its polarized state in
the liquid/solution [62,63]; ii) the favorable interaction energy between
the polarized molecule and the electronic degrees of freedom of the
liquid environment [7]. However, it has been shown that, at least for
pure polar liquids, these two terms largely cancel out [6,8]. Further-
more, when the dipole moment used in the non-polarizable model is
approximately halfway between that of the gas and of the liquid phase, it
has been shown theoretically (under a linear response approximation)
that the net polarization correction to the energy of a pure liquid phase is
negligible [64-67]. In other words, by selecting a model dipole moment
with an intermediate degree of polarization between the gas and the
liquid dipoles, one can avoid having to apply polarization corrections to
the enthalpy of vaporization and self-solvation free energy of pure polar
liquids. We adopt this approach here.

To determine the optimal value for the model dipole moment (and
hence the magnitudes of its point charges), we adopted the approach of
Karamertzanis et al. [64] with a slight modification to account for a
second-order error term that was assumed to be negligible in those au-
thors’ treatment of polarization effects. This leads to the following
expression, a detailed derivation of which is provided in Supporting
Information (section S2):

(1-9)
2

Hy = Mg+ (L = He) ()

In the above equation, py is the (intermediate) dipole moment of the
non-polarizable model, from which all forces are computed during the
MD simulations, while y; is the dipole moment of the fully polarized
liquid phase and y¢ is the dipole moment of an isolated molecule in the
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gas phase. The factor § represents the residual second-order term, which
we estimated to be ~ 10 % of the total induction energy (see SI for
details). Substituting this value in equation (5) yields:

Har = Hg+0.45 X (up — pg) (6)

Note that this implies that the optimal dipole moment for the model,
which implicitly captures induction effects and provides the best
description of the Potential Energy Surface of the liquid, turns out to be
slightly lower than the arithmetic average between the gas- and liquid-
phase dipole moments. Using equation (6) together with experimental
values of ug and results for y; obtained with the SCEE method [37], we
estimate the following model dipole moments: water = 2.262 D; meth-
anol = 2.108 D; acetone = 3.245 D. The estimated optimal dipole
moment for water is quite close to the value for TIP4P/2005 (2.305 D)
[68], widely considered to be one of the best classical non-polarizable
models for water [69]. The estimated dipole moment for methanol, on
the other hand, is very close to the value for our previous PolCA model of
alcohols (2.07 D) [12], which was optimized to reproduce a wide range
of liquid thermodynamic properties. This gives us confidence in using
the value of 3.245 D for the optimal dipole moment of our new PolCA
model for ketones, which we adopt by applying a fixed scaling factor of
0.961 to the point charges shown in Fig. 1.

As explained above, using a dipole moment for the model determined
through equation (6) means that energetic induction effects are
implicitly accounted for in simulations of pure liquids. However, when a
molecule is transferred from the gas phase to a solvent that is different
from the pure liquid, the two energetic contributions described above no
longer cancel out, and explicit polarization corrections need to be
applied. This is particularly the case when the solute is polar and the
solvent is non-polar, e.g. alkanes. In such cases, we have calculated the
energetic polarization corrections using SCEE, as described in detail
elsewhere [37], by carrying out two additional single-point calculations
on the 200 configurations optimized with ONIOM - one in which the
surrounding environment is removed, corresponding to a fully polarized
solute molecule in vacuum, and another in which the solute is sur-
rounded by an electronic continuum (using the SCIPCM method [70])
with a dielectric constant equal to the experimental value of ¢, for the
liquid. We have previously shown that this approach significantly im-
proves the transferability of classical non-polarizable force fields for
heterogeneous systems, namely when predicting the solvation free en-
ergy of alcohols in alkane solvents [12].

3. Results and discussion

In Table 2, we report the results of the SCEE calculations on prop-
anone and butan-2-one. The distributions of liquid dipole moments for
both compounds are shown in Fig. 2, together with fits to a Gaussian
expression. We can see that both distributions conform to the expected
approximately Gaussian shape. Although the absolute value of the liquid
phase dipole moment is slightly higher for propanone than for butan-2-
one, the value of the dipole enhancement (i.e. the induced dipole) is
identical for both compounds. The observed enhancement, 0.81 D, is
somewhat lower than that observed for both water and methanol, which
was ~ 0.9 D [37]. The difference becomes even more pronounced if we
consider the relative enhancement with respect to the ground state gas-

Table 2

Dipole moments for ketones obtained from experiments and SCEE calculations.
For the latter, the results are averages over ~ 200 MD configurations with the
B3LYP functional, extrapolated to the infinite basis set limit. The final estimates
of the liquid phase dipole moment were calculated from equation (4).

Molecule ﬂgxﬂ D) pEEMD)  pSCEE(D) Ap (D) #, (D)!
propanone 2.88 3.07 3.88 £ 0.02 0.81 £+ 0.02 3.69 £ 0.02
butan-2-one 2.78 2.92 3.73 £0.03 0.81 £ 0.03 3.59 £ 0.03

1 - Calculated from equation (4).

Journal of Molecular Liquids 383 (2023) 122070

phase dipole moment — ~50 % for water and methanol, compared to ~
26 % for ketones. This difference is most likely due to the lack of
hydrogen bond formation in pure liquid ketones, a phenomenon which
was shown to contribute significantly towards polarization in water and
methanol [37]. Interestingly, the dipole enhancement obtained with
SCEE for ketones is comparable (in fact, even somewhat lower) than that
obtained using a simple dielectric continuum - we obtained values of
0.93 D and 0.98 D for propanone and butan-2-one, respectively, using an
IEFPCM solvation model. This is in marked contrast to water and
methanol, where a full account of local configurational effects was
necessary to yield an accurate description of liquid phase polarization
[36,37]. We are currently carrying out additional studies of molecules
with different functional groups to determine if this is a general phe-
nomenon or if, on the contrary, it is fortuitously observed for ketones.

In Fig. 3, we compare the predictions of our new PolCA model for
ketones against experimental data and results obtained with the original
TraPPE-UA model [17]. Both PolCA and TraPPE-UA are able to correctly
predict the densities of linear ketones (Fig. 3a), although a systematic
underestimation is observed for butan-2-one and pentan-2-one in both
models; at the moment, it is not clear what might lead to this effect.
PolICA arguably does a slightly better job at predicting the densities,
particularly for propanone, although it should be considered that this
was one of the target properties in the fitting procedure. For the enthalpy
of vaporization (Fig. 3b), however, PolCA yields significantly improved
predictions over TraPPE-UA, and solves the systematic underestimation
observed in the predictions of that model. A similar improvement is
observed for the self-diffusion coefficient (Fig. 3c), where PolCA elimi-
nates the systematic overestimation observed in TraPPE-UA. Finally, the
predictions of the self-solvation free energy (Fig. 3d) are comparable for
both models, although again PolCA provides slightly improved
predictions.

The fact that both the enthalpy of vaporization and the self-solvation
free energy of pure ketones can be reproduced without the need to apply
polarization corrections lends further support to the validity of the
halfway-charge approximation, which states that by choosing model
dipole moments that are intermediate between the gas and the liquid
leads to an implicit account of the energetic contributions to polariza-
tion [64-67]. However, such energetic polarization corrections, which
cancel out in the pure liquid, become important in heterogeneous sys-
tems, particularly when a polar molecule is solvated in a non-polar
solvent. We have estimated the distortion and electronic contributions
to the polarization correction using SCEE (see section 2) for propanone
dissolved in n-hexadecane. As expected, the propanone molecule is
much less polarized in an alkane environment than in the pure liquid -
the dipole moment of propanone in n-hexadecane is only 3.44 D. This
leads to a very small distortion energy, 1.0 & 0.5 kJ/mol, but to a still
significant electronic energy, —7.0 + 0.1 kJ/mol. As a consequence, the
total polarization correction is strongly negative, at —6.0 & 0.1 kJ/mol,
as observed previously for alcohols in n-hexadecane [12]. This correc-
tion was applied to the predictions obtained from the PolCA and TraPPE-
UA models. In Fig. 4, we compare the predictions of both models for the
solvation free energy of ketones in n-hexadecane, where we can see that,
although not providing perfect predictions, PolCA improves the trans-
ferability of the force field for heterogeneous systems.

Finally, Fig. 5 shows the predictions of the dielectric constant using
PolCA and TraPPE-UA. As we can see, when polarization corrections are
applied according to equation (3) [10,11], both models are able to
accurately describe the dielectric constants of all linear ketones. The
results for the uncorrected TraPPE-UA model (full black squares)
emphasize the importance of accounting for the difference between the
effective model dipole moment (upg) and the real liquid-phase dipole
moment (1) when attempting to predict properties that depend strongly
on the dipole moment surface [9].
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4. Conclusions

In this paper, we extend our polarization-consistent approach [12] to
develop a new PolCA united-atom force field for ketones. The new model
improves the predictions of thermodynamic and electronic properties of
the pure liquids over the state-of-the-art TraPPE-UA force field.
Crucially, our work demonstrates the importance of adequately ac-
counting for polarization effects when parametrizing liquid-phase force

fields. While energetic polarization corrections cancel out in the pure
liquid if an appropriate effective dipole moment is chosen for the non-
polarizable model - approximately halfway between the dipole mo-
ments of the gas and the liquid [67] — such corrections must be applied
for heterogeneous systems, including solutions and mixtures. Both the
present work and our previous PolCA model for alcohols [12] show that
this is indeed the case for solvation of polar molecules in alkanes.
However, further tests are needed over a wider range of solute/solvent
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with and without the polarization corrections described by equation (3).

pairs. We plan to extend the PolCA force field to molecules with other
functional groups, which will provide the necessary framework for such
tests to be carried out in the future.

We have also reported results for the liquid phase dipole moments of
propanone and butan-2-one determined using the self-consistent elec-
trostatic embedding method [36,37]. The enhancement of the dipole
moment by the liquid environment, compared to the gas phase dipole, is
not as pronounced as observed previously for water and methanol, due
to the absence of hydrogen bond formation in pure liquid ketones.
However, we expect such effects to become prevalent when ketones are
mixed with hydrogen-bond donors like water and alcohols, leading to a
more significant extent of polarization. We are currently carrying out
such calculations using the SCEE method, and will report on those re-
sults in due course. Our estimates of the liquid phase dipole moments
were used to apply polarization corrections to the dielectric constant
predicted in the MD simulations of the non-polarizable models.
Applying such corrections leads to excellent agreement with experi-
ment, eliminating systematic deviations caused by a mismatch between
the model and liquid-phase dipole moments. This confirms the conclu-
sions of previous studies on a wider range of pure liquids and mixtures
[10,11].

Overall, PolCA represents a paradigm change in the development of

Journal of Molecular Liquids 383 (2023) 122070

classical non-polarizable force fields, based on a theoretically grounded
treatment of polarization effects. Although fully polarizable force fields
are likely to be necessary for systems in which the degree of polarization
of a solute molecule varies spatially (e.g. interfacial transfer) or
dynamically (e.g. protein-ligand binding), our approach can effectively
account for polarization effects in a much more computationally effi-
cient non-polarizable framework for thermodynamic and electronic
properties of pure liquids and mixtures.

CRediT authorship contribution statement

Maria Cecilia Barrera: Methodology, Software, Validation, Formal
analysis, Investigation, Writing — original draft. Jordan Cree: Method-
ology, Formal analysis, Investigation. José R.B. Gomes: Conceptuali-
zation, Methodology, Software, Validation, Investigation, Resources,
Writing — review & editing. Miguel Jorge: Conceptualization, Meth-
odology, Software, Validation, Formal analysis, Investigation, Re-
sources, Data curation, Writing — original draft, Supervision, Project
administration.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

All data underpinning this publication are openly available from the
University of  Strathclyde KnowledgeBase at  https://doi.
org/10.15129/bfce60be-baf6-40ad-a2a9-4e6e93344281.

Acknowledgements

MCB acknowledges the University of Strathclyde for a PhD stu-
dentship. The authors thank Daniel J. Cole for helpful discussions during
the preparation of this manuscript. This work was developed within the
scope of the project CICECO-Aveiro Institute of Materials, UIDB/50011/
2020, UIDP/50011/2020 and LA/P/0006/2020, financed by national
funds through the FCT/MCTES (PIDDAC).

Appendix A. Supplementary material

Additional simulation details. Detailed derivation of equation (5).
Spreadsheets with analysis of SCEE data (zip file).

Supplementary data to this article can be found online at http://doi.
org/10.1016/j.molliq.2023.122070.

References

[1] K. Vanommeslaeghe, E. Hatcher, C. Acharya, S. Kundu, S. Zhong, J. Shim,

E. Darian, O. Guvench, P. Lopes, I. Vorobyov, A. MacKerell Jr., CHARMM General
Force Field (CGenFF): A force field for drug-like molecules compatible with the
CHARMM all-atom additive biological force fields, J. Comput. Chem. 31 (2010)
671-690.

[2] J. Wang, R.M. Wolf, J.W. Caldwell, P.A. Kollman, D.A. Case, Development and
testing of a general amber force field, J. Comput. Chem. 25 (2004) 1157-1174.

[3] W.L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, Development and testing of the
OPLS all-atom force field on conformational energetics and properties of organic
liquids, J. Am. Chem. Soc. 118 (1996) 11225-11236.

[4] B.L. Eggimann, A.J. Sunnarborg, H.D. Stern, A.P. Bliss, J.I. Siepmann, An online
parameter and property database for the TraPPE force field, Mol. Simul. 40 (2014)
101-105.

[5] A.Zhou, M. Schauperl, P.S. Nerenberg, Benchmarking electronic structure methods
for accurate fixed-charge electrostatic models, J. Chem. Inf. Model. 60 (2020)
249-258.

[6] A.W. Milne, M. Jorge, Polarization corrections and the hydration free energy of
water, J. Chem. Theory Comput. 15 (2019) 1065-1078.

[7] L Leontyev, A. Stuchebrukhov, Accounting for electronic polarization in non-
polarizable force fields, Phys. Chem. Chem. Phys. 13 (2011) 2613-2626.


https://doi.org/10.15129/bfce60be-baf6-40ad-a2a9-4e6e93344281
https://doi.org/10.15129/bfce60be-baf6-40ad-a2a9-4e6e93344281
http://doi.org/10.1016/j.molliq.2023.122070
http://doi.org/10.1016/j.molliq.2023.122070
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0005
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0005
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0005
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0005
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0005
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0010
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0010
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0015
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0015
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0015
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0020
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0020
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0020
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0025
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0025
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0025
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0030
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0030
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0035
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0035

M.C.

[8]
[91
[10]

[11]

[12]
[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

[35]

Barrera et al.

L.V. Leontyev, A. Stuchebrukhov, Electronic polarizability and the effective pair
potentials of water, J. Chem. Theory Comput. 6 (2010) 3153-3161.

C. Vega, Water: one molecule, two surfaces, one mistake, Mol. Phys. 113 (2015)
1145-1163.

M. Jorge, L. Lue, The dielectric constant: reconciling simulation and experiment,
J. Chem. Phys. 150 (2019), 084108.

J. Cardona, M. Jorge, L. Lue, Simple corrections for the static dielectric constant of
liquid mixtures from model force fields, Phys. Chem. Chem. Phys. 22 (2020)
21741-21749.

M.C. Barrera, M. Jorge, A polarization-consistent model for alcohols to predict
solvation free energies, J. Chem. Inf. Model. 60 (2020) 1352-1367.

J.D. Rawn, R.J. Ouellette, Organic Chemistry: Structure, Mechanism, Synthesis,
Academic Press, 2018.

R. Tisserand, R. Young, Essential Oil Safety; Chapter 2 - Essential oil composition.
Churchill Livingstone, second edition, 2014. https://doi.org/10.1016/B978-0-
443-06241-4.00002-3.

W.L. Jorgensen, J.M. Briggs, M.L. Contreras, Relative partition coefficients for
organic solutes from liquid simulations, J. Phys. Chem. 94 (1990) 1683-1686.
M.G. Martin, J.I. Siepmann, Transferable potentials for phase equilibria. 1. United-
atom description of n-alkanes, J. Phys. Chem. B 102 (1998) 2569-2577.

J.M. Stubbs, J.J. Potoff, J.I. Siepmann, Transferable potentials for phase equilibria.
6. United-atom description for ethers, glycols, ketones, and aldehydes, J. Phys.
Chem. B 108 (2004) 17596-17605.

J.J. Potoff, J.I. Siepmann, Vapor-liquid equilibria of mixtures containing alkanes,
carbon dioxide, and nitrogen, AIChE J. 47 (2001) 1676-1682.

S. Kranias, D. Pattou, B. Levy, A. Boutin, An optimized potential for phase
equilibria calculation for ketone and aldehyde molecular liquids, Phys. Chem.
Chem. Phys. 5 (2003) 4175-4179.

P. Ungerer, C. Beauvais, J. Delhommelle, A. Boutin, B. Rousseau, A.H. Fuchs,
Optimization of the anisotropic united atoms intermolecular potential for n-
alkanes, J. Chem. Phys. 112 (2000) 5499-5510.

C. Oostenbrink, A. Villa, A.E. Mark, W.F. van Gunsteren, A biomolecular force field
based on the free enthalpy of hydration and solvation: the GROMOS force-field
parameter sets 53A5 and 53A6, J. Comput. Chem. 2004 (25) (2004) 1656-1676.
B.A.C. Horta, P.F.J. Fuchs, W.F. van Gunsteren, P.H. Hiinenberger, New interaction
parameters for oxygen compounds in the GROMOS force field: Improved pure-
liquid and solvation properties for alcohols, ethers, aldehydes, ketones, carboxylic
acids, and esters, J. Chem. Theory Comput. 7 (2011) 1016-1031.

M. Ferrario, M. Haughney, I.R. McDonald, M.L. Klein, Molecular-dynamics
simulation of aqueous mixtures: methanol, acetone, and ammonia, J. Chem. Phys.
93 (1990) 5156-5166.

S. Weerasinghe, P.E. Smith, Kirkwood-Buff derived force field for mixtures of
acetone and water, J. Chem. Phys. 118 (2003) 10663-10670.

G. Kamath, G. Georgiev, J.J. Potoff, Molecular modeling of phase behavior and
microstructure of acetone-chloroform-methanol binary mixtures, J. Phys. Chem. B
109 (2005) 19463-19473.

R.G. Pereyra, M.L. Asar, M.A. Carignano, The role of acetone dipole moment in
acetone-water mixture, Chem. Phys. Lett. 507 (2011) 240-243.

A. Pinke, P. Jedlovszky, Modeling of mixing acetone and water: how can their full
miscibility be reproduced in computer simulations? J. Phys. Chem. B 116 (20)
(2012) 5977-5984.

M. Jorge, Predicting hydrophobic solvation by molecular simulation: 2. New
united-atom model for alkanes, alkenes, and alkynes, J. Comput. Chem. 38 (2017)
359-369.

M. Jorge, N.M. Garrido, C.J. Simoes, C.G. Silva, R.M. Brito, Predicting hydrophobic
solvation by molecular simulation: 1. Testing united-atom alkane models,

J. Comput. Chem. 38 (2017) 346-358.

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,
G. Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X.
Li, H.P. Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J.A.J. Montgomery, J.E. Peralta, F. Ogliaro, M.
Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin, V.N. Staroverov, R. Kobayashi, J.
Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, M.
Cossi, N. Rega, N.J. Millam, M. Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C.
Pomelli, J.W. Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. Voth, P.
Salvador, J.J. Dannenberg, S. Dapprich, A.D. Daniels, O. Farkas, J.B. Foresman, J.
V. Ortiz, J. Cioslowski, D.J. Fox, Gaussian 09, Revision B.01, Gaussian, Inc.,
Wallingford CT. (2009).

C. Lee, W. Yang, R.G. Parr, Development of the Colle-Salvetti correlation-energy
formula into a functional of the electron density, Phys. Rev. B 37 (1988) 785-789.
A.D. Becke, Density-functional thermochemistry. III. The role of exact exchange,
J. Chem. Phys. 98 (1993) 5648-5652.

T.H. Dunning, Gaussian basis sets for use in correlated molecular calculations. I.
The atoms boron through neon and hydrogen, J. Chem. Phys. 90 (1989)
1007-1023.

J. Tomasi, B. Mennucci, E. Cancés, The IEF version of the PCM solvation method:
An overview of a new method addressed to study molecular solutes at the QM ab
initio level, J. Mol. Struct.: THEOCHEM 464 (1999) 211-226 https://doi.
0rg/10.1016/50166-1280(98)00553-3.

C.M. Breneman, K.B. Wiberg, Determining atom-centered monopoles from
molecular electrostatic potentials — the need for high sampling density in
formamide conformational-analysis, J. Comput. Chem. 11 (1990) 361-373.

[36]
[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]
[46]
[47]
[48]
[49]
[50]

[51]

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

[68]
[69]

[70]

Journal of Molecular Liquids 383 (2023) 122070

M. Jorge, J.R.B. Gomes, A.W. Milne, Self-consistent electrostatic embedding for
liquid phase polarization, J. Mol. Liq. 322 (2021) 114550.

M. Jorge, J.R.B. Gomes, M.C. Barrera, The dipole moment of alcohols in the liquid
phase and in solution, J. Mol. Liq. 356 (2022) 119033.

S. Chalmet, D. Rinaldi, M.F. Ruiz-Lopez, A QM/MM/continuum model for
computations in solution: comparison with QM/MM molecular dynamics
simulations, Int. J. Quantum Chem. 84 (2001) 559-564.

T.D. Poulsen, P.R. Ogilby, K.V. Mikkelsen, Linear response properties for solvated
molecules described by a combined multiconfigurational self-consistent-field/
molecular mechanics model, J. Chem. Phys. 116 (2002) 3730-3738.

A. Osted, J. Kongsted, K.V. Mikkelsen, O. Christiansen, A CC2 dielectric continuum
model and a CC2 molecular mechanics model, Mol. Phys. 101 (2003) 2055-2071.
L. Jensen, P.T. van Duijnen, J.G. Snijders, A discrete solvent reaction field model
within density functional theory, J. Chem. Phys. 118 (2003) 514-521.

F. Cailliez, A. Bourasseau, P. Pernot, Calibration of forcefields for molecular
simulation: sequential design of computer experiments for building cost-efficient
kriging metamodels, J. Comput. Chem. 35 (2014) 130-149.

H.J.C. Berendsen, D. van der Spoel, R. van Drunen, GROMACS: A message-passing
parallel molecular dynamics implementation, Comput. Phys. Commun. 91 (1995)
43-56.

M.J. Abraham, T. Murtola, R. Schulz, S. Péll, J.C. Smith, B. Hess, E. Lindahl,
GROMACS: High performance molecular simulations through multi-level
parallelism from laptops to supercomputers, SoftwareX. 1-2 (2015) 19-25.

G. Bussi, D. Donadio, M. Parrinello, Canonical sampling through velocity rescaling,
J. Chem. Phys. 126 (2007), 014101.

M. Parrinello, A. Rahman, Polymorphic transitions in single crystals: a new
molecular dynamics method, J. Appl. Phys. 52 (1981) 7182-7190.

R.W. Hockney, S.P. Goel, J.W. Eastwood, Quiet high-resolution computer models
of a plasma, J. Comput. Phys. 14 (1974) 148-158.

B. Hess, H. Bekker, H.J.C. Berendsen, J.G.E.M. Fraaije, LINCS: a linear constraint
solver for molecular simulations, J. Comput. Chem. 18 (1997) 1463-1472.

T. Darden, D. York, L. Pedersen, Particle mesh Ewald: an N-log(N) method for
Ewald sums in large systems, J. Chem. Phys. 98 (1993) 10089-10092.

C.H. Bennett, Efficient estimation of free energy differences from Monte Carlo data,
J. Comput. Phys. 22 (1976) 245-268.

S. Bruckner, S. Boresch, Efficiency of alchemical free energy simulations. I. A
practical comparison of the exponential formula, thermodynamic integration, and
Bennett’s acceptance ratio method, J. Comput. Chem. 32 (2011) 1303-1319.

N. Goga, A. Rzepiela, A. De Vries, S. Marrink, H. Berendsen, Efficient algorithms for
Langevin and DPD dynamics, J. Chem. Theory Comput. 8 (2012) 3637-3649.
T.C. Beutler, A.E. Mark, R.C. van Schaik, P.R. Gerber, W.F. Van Gunsteren,
Avoiding singularities and numerical instabilities in free energy calculations based
on molecular simulations, Chem. Phys. Lett. 222 (1994) 529-539.

M. Neumann, Dipole moment fluctuation formulas in computer simulations of
polar systems, Mol. Phys. 50 (1983) 841-858.

J.G. Kirkwood, The dielectric polarization of polar liquids, J. Chem. Phys. 7 (10)
(1939) 911-919.

C. Zhang, J. Hutter, M. Sprik, Computing the kirkwood g-factor by combining
constant maxwell electric field and electric displacement simulations: application
to the dielectric constant of liquid water, J. Phys. Chem. Lett. 7 (2016) 2696-2701.
Y.S. Badyal, M.-L. Saboungi, D.L. Price, S.D. Shastri, D.R. Haeffner, A.K. Soper,
Electron distribution in water, J. Chem. Phys. 112 (2000) 9206-9208.

F. Maseras, K. Morokuma, IMOMM: A new integrated ab initio + molecular
mechanics geometry optimization scheme of equilibrium structures and transition
states, J. Comput. Chem. 16 (1995) 1170-1179.

S. Dapprich, I. Komaromi, K.S. Byun, K. Morokuma, M.J. Frisch, A new ONIOM
implementation in Gaussian98. Part I. The calculation of energies, gradients,
vibrational frequencies and electric field derivatives, J. Mol. Struct. THEOCHEM.
461-462 (1999) 1-21.

J.W. Tukey, Exploratory Data Analysis, Addison-Wesley, Boston, 1977.

D.G. Truhlar, Basis-set extrapolation, Chem. Phys. Lett. 294 (1-3) (1998) 45-48.
H.J. Berendsen, J.R. Grigera, T.P. Straatsma, The missing term in effective pair
potentials, J. Phys. Chem. 91 (1987) 6269-6271.

W.C. Swope, H.W. Horn, J.E. Rice, Accounting for polarization cost when using
fixed charge force fields. I. Method for computing energy, J. Phys. Chem. B 114
(26) (2010) 8621-8630.

P.G. Karamertzanis, P. Raiteri, A. Galindo, The use of anisotropic potentials in
modeling water and free energies of hydration, J. Chem. Theory Comput. 6 (2010)
1590-1607.

D.S. Cerutti, J.E. Rice, W.C. Swope, D.A. Case, Derivation of fixed partial charges
for amino acids accommodating a specific water model and implicit polarization,
J. Phys. Chem. B 117 (8) (2013) 2328-2338.

D.J. Cole, J.Z. Vilseck, J. Tirado-Rives, M.C. Payne, W.L. Jorgensen, biomolecular
force field parameterization via atoms-in-molecule electron density partitioning,
J. Chem. Theory Comput. 12 (2016) 2312-2323.

M. Jorge, M.C. Barrera, A.W. Milne, C. Ringrose, D.J. Cole, What is the optimal
dipole moment for nonpolarizable models of liquids? J. Chem. Theory Comput. 19
(6) (2023) 1790-1804.

J.L.F. Abascal, C. Vega, A general purpose model for the condensed phases of
water: TIP4P/2005, J. Chem. Phys. 123 (2005), 234505.

C. Vega, J.L.F. Abascal, Simulating water with rigid non-polarizable models: a
general perspective, Phys. Chem. Chem. Phys. 13 (2011) 19663-19688.

J.B. Foresman, T.A. Keith, K.B. Wiberg, J. Snoonian, M.J. Frisch, Solvent Effects. 5.
Influence of cavity shape, truncation of electrostatics, and electron correlation on
ab initio reaction field calculations, J. Phys. Chem. 100 (1996) 16098-16104.


http://refhub.elsevier.com/S0167-7322(23)00873-5/h0040
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0040
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0045
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0045
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0050
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0050
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0055
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0055
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0055
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0060
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0060
https://doi.org/10.1016/B978-0-443-06241-4.00002-3
https://doi.org/10.1016/B978-0-443-06241-4.00002-3
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0075
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0075
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0080
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0080
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0085
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0085
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0085
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0090
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0090
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0095
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0095
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0095
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0100
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0100
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0100
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0105
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0105
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0105
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0110
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0110
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0110
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0110
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0115
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0115
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0115
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0120
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0120
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0125
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0125
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0125
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0130
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0130
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0135
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0135
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0135
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0140
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0140
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0140
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0145
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0145
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0145
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0155
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0155
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0160
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0160
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0165
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0165
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0165
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1016/S0166-1280(98)00553-3
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0175
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0175
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0175
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0180
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0180
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0185
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0185
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0190
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0190
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0190
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0195
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0195
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0195
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0200
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0200
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0205
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0205
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0210
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0210
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0210
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0215
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0215
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0215
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0220
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0220
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0220
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0225
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0225
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0230
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0230
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0235
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0235
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0240
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0240
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0245
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0245
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0250
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0250
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0255
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0255
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0255
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0260
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0260
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0265
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0265
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0265
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0270
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0270
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0275
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0275
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0280
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0280
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0280
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0285
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0285
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0290
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0290
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0290
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0295
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0295
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0295
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0295
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0300
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0305
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0310
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0310
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0315
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0315
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0315
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0320
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0320
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0320
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0325
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0325
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0325
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0330
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0330
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0330
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0335
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0335
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0335
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0340
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0340
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0345
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0345
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0350
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0350
http://refhub.elsevier.com/S0167-7322(23)00873-5/h0350

	Polarization-consistent force field for ketones
	1 Introduction
	2 Methodology
	2.1 Model design and optimization
	2.2 Simulation details
	2.3 Polarization corrections and liquid-phase dipole moments

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


