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In recent years molecular simulation has emerged as a useful tool to predict physical properties of complex chemical
systems. A methodology to estimate the n-hexane/water and I-octanol/water partition coefficients of environmentally
relevant solutes, namely substituted alkyl-aromatic molecules, chlorobenzenes, polychlorinated biphenyls (PCBs) and
polychlorinated diphenyl ethers (PCDEs) using molecular simulation is elucidated here. The partition coefficients are
calculated based on the absolute solvation Gibbs energies in each phase which are estimated from molecular dynamics
simulations employing the thermodynamic integration approach. Very encouraging results, with average absolute
deviations of 0.4 log P units are presented. Consequently, this molecular-based approach with a strong physical
background can provide reliable prediction of the partition coefficients in different solvent pairs without the a priori

knowledge of experimental data. © 2011 American Institute of Chemical Engineers AIChE J, 58: 1929-1938, 2012

Introduction

Many important biochemical processes involve the inter-
action of solutes with both hydrophobic and hydrophilic
environments. In this context, it becomes extremely impor-
tant to understand how compounds partition and interact
between two or more different fluid phases. Partition coeffi-
cients reflect the solute hydrophobicity, partitioning between
different solvents or pharmacokinetic characteristics. They
are widely used as a measure of environmental fate and
have found several applications in the pharmaceutical (e.g.,
drug design) or chemical industries (e.g., separation technol-
ogy).'

Undoubtedly, the most widely used partition coefficient is
the 1-octanol/water partition coefficient (hence, referred as
log Pow). The amphiphilic nature of the 1-octanol mole-
cules, with a polar head group attached to a flexible nonpolar
tail, affords them similar characteristics to the main constitu-
ents of biological membranes.>” 1-Octanol molecules can
also mimic the complex behavior of soil. Thus, log Pow
plays an important role in the prediction of solute partition-
ing in environmental fate and toxicological processes. Fur-
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thermore, hydrophobicity is conventionally expressed by the
log Pow value, where a positive value of this ratio (for the
case of a lipophilic substance) reflects a preference for the
organic phase while a negative value (for the case of lipo-
phobic substance) indicates an affinity for water. Hydropho-
bicity (or lipophilicity, in the opposite sense) is a key
descriptor used to assess and model the distribution and
transport potential of pollutants in biological and environ-
mental systems. Prediction of drug partitioning and pharma-
cokinetic characteristics in biological systems can also be
quantified by expressions based on this partition coeffi-
cient.*” Finally, log Pow may be useful to estimate the solu-
bility of a solute in a solvent®’ or used as a measure of the
bioconcentration factor.®’

Apart from 1-octanol, other lipophilic phases are also im-
portant to assess the potential hazard of pollutant compo-
nents in the environment. An example is n-hexane as a
model of an inert and hydrophobic organic phase. n-hexane/
water partition coefficients are used in environmental and
chemical engineering or as inputs of linear solvation energy
relationships.lo These partitioning data are important in the
chemical engineering field for a rapid selection of a solvent
for liquid-liquid extraction from multicomponent aqueous so-
lution. They are also important when taken together with log
Pow, as one can compare the solute-solvent intermolecular
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Figure 1. Polychlorinated biphenyl (PCB) structure and
atom numbering.

interactions (l-octanol is a polar hydrogen bonding mole-
cule, whereas n-hexane is a hydrophobic compound), and
extract different structural information by analyzing the
behavior of the same chemical in different environments.

Partition coefficients can be measured experimentally by
applying, for example, the shake-flask method'""'? where sa-
turated liquid phases are generated and then a solute sample
is quantitatively analyzed (e.g., by high-performance liquid
chromatography). Still, this can be a very expensive and
time-consuming procedure. In some cases, such as for hydro-
phobic low aqueous solubility compounds, log P values are
not easy to determine experimentally, given that direct me-
thods are difficult to apply due to analytical limitations.
Moreover, experimental measurements may not even be fea-
sible in cases where the compound of interest is unavailable
or has not yet been synthesized (e.g., drug design). For all of
these reasons, it is very important to develop accurate pre-
dictive methods for partition coefficients. It is worthwhile to
notice that for environmental issues, theoretical approaches
become an even more important tool because they avoid
direct handling of highly toxic, carcinogenic or generally
hard-to-handle compounds for which log P is required.

The concept of modeling theoretically the partition coeffi-
cient of a solute between 1-octanol and water was first intro-
duced in 1964 by Hansch and Fujita.'” In the beginning,
mostly semiempirical approaches based on the sum of frag-
ment contributions or atom-derived group equivalents were
proposed.14 Nowadays, fragment additive schemes remain a
standard method to estimate solvation free energies and
partition coefficients,"> but the most common methods to
estimate solvation properties are based on quantitative
structure—property relationships (QSPR). These are statisti-
cally-based techniques that correlate partition coefficients or
solvation properties with other calculated or available mole-
cular properties. QSPR methods are considerably fast and
applicable to large databases of molecular structures but they
also require the input of large multiparameter tables. More
importantly, they often lose predictive ability for compounds
that are significantly different from their training set, and
have, thus, been the object of criticism.'® Naturally, there is
a lack of existing parameters to calculate log Pow for new
chemical groups, which is a major drawback of such me-
thods. Linear solvation energy relationships (LSERs) are
also used to reproduce log Pow data, as shown in two recent
critical reviews.'”!8

The majority of the previously mentioned empirical meth-
ods only describe the overall process of solute distribution
and sometimes lack information about the underlying ther-
modynamic processes. One exception was the prediction
with a quite simple and fast model called mobile order and
disorder thermodynamics theory presented by Ruelle” and
applied to a very large database. In another work, Duffy and
Jorgensen20 used simulations based on linear response theory
and molecular descriptors to derive empirical relationships
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for estimating generic log P values. Finally, approaches
based on free energy perturbation employing continuum
models based on electronic structure calculations have also
been investigated.zl_23

In this work, we will explore a different approach to the
previously mentioned tools, in which one can use the know-
ledge of absolute Gibbs energies of solvation in the different
phases to estimate the partition coefficient. From the Gibbs
energies of solvation (Ag.yG) in two different phases (here
generically named @ and b) at constant temperature (7), and
pressure (p), one can readily calculate the corresponding par-
tition coefficient, log P*”, according to the following expres-
sion

Asolv G — Asolv Gb

log P4/" =
o8 2 303RT

ey

Equation 1 requires knowledge of the Gibbs energy of sol-
vation of the solute in both solvents of interest, which can
be estimated from molecular simulations of free energies as
explained in the next section. Initially, this approach was
used to predict the water/CCly partition coefficients of small
alcohols®® and it has previously been applied only to a few
specific solvent pairs, e.g., chloroform/water” and n-octane/
water”® partition coefficients. Recently, this approach has
been generalized and applied to the partitioning in solvents
of different polarity.27

In this study, we aim to explore the prediction of both
1-octanol/water and n-hexane/water (log Pyw) partition coef-
ficients of different chemicals that are environmentally
relevant, namely, substituted alkyl-aromatic molecules,
chlorobenzenes, polychlorinated biphenyl (PCB), and poly-
chlorinated diphenyl ether (PCDE) congeners. In Figures 1
and 2, the general structure of PCBs and PCDEs and the
atom numbering used in this work are shown. PCBs are haz-
ardous molecules and their environmental impact associated
with risk assessment is well documented.”® PCDEs result
from incomplete combustion, e.g., emissions from water
incinerators, and have been detected in several environmen-
tal samples.29 Due to their importance, several attempts to
predict the partitioning of such chemicals have been under-
taken: parameters for the Abraham solvation equation (an
empirical relationship) have been recently updated in order
to reproduce PCBs log POW3O; Van Noort has derived QSPR
to predict PCB’s log Pow reporting deviations of 0.12 log P
units®'; a similar study was presented by Lu et al. where mo-
lecular descriptors such as molecular surface area, polari-
zability and the maximum valency of a carbon atom have
been used?; very recent QSPR/QSAR models to predict bio-
logical activity of PCDEs>® were proposed; finally, LSERs
have also been applied for polycyclic aromatic hydrocarbons
and PCBs.*

Another class of compounds studied here are halogenated
organic compounds, such as chloro- and multichloro-substi-
tuted benzenes, which resist degradation, are lipophilic, and
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Figure 2. Polychlorinated diphenyl ether (PCDE) struc-
ture and atom numbering.
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tend to bioaccumulate, being often considered as a hazardous
chemical group in toxicology and public health. Some other
molecules, involving common functional groups such as
alcohols, alkanes and ketones were also included in the test
set for validation purposes, since solvation data is widely
available for these simpler molecules.

In this article, we test the log Pow and the log Pyw pre-
dictive capability of molecular simulations, identify suc-
cesses and failures, and compare its accuracy with that of
common methods to estimate log P. The remainder of this
paper is organized as follows: in the next section we briefly
summarize the computational methods used, and briefly pres-
ent the force field parameters used in this work. In the
Results and Discussion section, we first evaluate the capabil-
ity of the force field to predict absolute solvation energies,
and subsequently discuss partition coefficient predictions.
The main conclusions are summarized in the last section.

Simulation Methods and Potential Details

In this work solvation Gibbs free energies have been esti-
mated via molecular simulation and thermodynamic integra-
tion (TI), following the protocol presented in our previous
articles.>”> This methodology has been shown to yield accu-
rate values of solvation free energies in a wide range of envi-
ronments.””*® Using a different approach, partition coeffi-
cients can also be directly calculated from the ratio of number
densities obtained in a Gibbs ensemble Monte Carlo (GEMC)
simulation.’” In this section, a brief overview of molecular
modeling and free energy calculations is provided together
with details of the molecular dynamics (MD) protocol.

In classical statistical mechanics, systems are described by
their Hamiltonian 7, written as a sum of kinetic and poten-
tial energy contributions. Potential energy plays a very im-
portant role in molecular systems and needs to be accurately
determined. It is commonly decomposed into intermolecular
energy, arising from the interaction between atoms in differ-
ent molecules, and intramolecular energy, arising from the
interactions between atoms in the same molecule. Intermo-
lecular energy is usually split into an electrostatic compo-
nent, a polarization component, a dispersion component and
a repulsive component. Polarizable models®® take all four
components into account, but are very computationally inten-
sive for the purposes of this study. In this work, we have,
thus, employed a nonpolarizable additive force field, which
means that the polarizable term is implicitly accounted for
by a correct parameterization of the effective point charges
in the model. Electrostatic interactions are modeled based on
Coulomb’s law while the dispersion and repulsive energies
are both included into the widely employed Lennard-Jones
(LJ) potential model.

The solvation process consists of the transfer of a solute
molecule from a well-defined gas (or vacuum) state into so-
lution. For the prediction of solvation Gibbs energies, we
have followed the thermodynamic integration approach,
where the solvation Gibbs energy can be computed from a
thermodynamic cycle in which solute-solvent intermolecular
interactions are progressively switched off.** One may use a
coupling parameter to enable the transition between the two
states (a fully interacting state and a noninteracting state
where LJ and electrostatic interactions between solute and
solvent are zero), and equilibrium averages are used to eva-
luate derivatives of the free energy with respect to that order
parameter. During the decoupling process, the electrostatic
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interactions were linearly interpolated, as a function of /,
between neighboring states while the LJ interactions were
interpolated via soft-core interactions,* using a soft-core pa-
rameter of 0.5.*' One then integrates the free energy deriva-
tives along a continuous path connecting the initial and final
states to obtain the free energy difference between them.
The integration of the LJ Hamiltonian derivatives was car-
ried out by fitting the data to a physically-based approxima-
tion to the cavity formation and dispersion interaction terms,
and then integrating the curve analytically.** For the integra-
tion of the electrostatic component, Simpson’s rule was
used. Here, we simply present the final expression based on
which Gibbs energies of solvation are computed

AsorsG = Ason GF“ + Ao, G =
1

_ 0/ <67;i}")>fl“d/1+ 0/1 <m;§’1)>jldz 2)

Based on the latter, one can compute the Gibbs energy
of solvation as a sum of two well-defined contributions
(Lennard-Jones and electrostatic interactions). H is the total
Hamiltonian of the system, as a function of the atom coor-
dinates and momenta, and A is the coupling parameter used
to switch off intermolecular interactions. The electrostatic
term represents the free energy cost of charging/discharging
the solute, while the LJ component is the sum of an unfav-
orable cavity formation term and a favorable dispersion
contribution.

The core of any molecular simulation is the force-field,
which represents the interactions between all pairs of atoms
in the system. Except for water and chlorine, all atoms (or
beads) of the molecules under study were represented by
the transferable potential for phase equilibria (TraPPE)
force field.*> In the general framework of this force field,
nonbonded interactions are described by pairwise-additive
LJ 12-6 potentials and Coulombic interactions of partial
charges. We have used a united-atom (UA) description of
alkyl CH, groups*** and an all-atom (AA) description for
the polar groups: OH group in 1-octanol* and the CO
group in ketones and esters.*® For aromatic rings, we have
followed an explicit-hydrogen (EH) description47 together
with a recent parameterization of its partial atomic charges,
designed to yield better agreement with experimental Gibbs
energies of hydration.*® This reparameterization slightly
underestimates the enthalpies of vaporization relative to the
original TraPPE-EH parameters, but correctly reproduces
experimental liquid densities. The performance of this
model in reproducing vapor-liquid coexistence curves was
not assessed. Lorentz-Berthelot combining rules were used
to determine the parameters for unlike LJ interactions. All
bond lengths were treated as rigid and, with the exception
of the fully rigid aromatic rings, all molecular models
included harmonic angle bending and torsional degrees of
freedom.

Water was represented by the modified extended simple
point charge (MSPC/E)* model, while aromatic chlorine
atoms, due to the unavailability of TraPPE-EH parameters,
were represented by the model of Jorgensen et al.>® The
chlorine partial atomic charge was optimized to reproduce
the gas-phase dipole moment and later scaled by a constant
to reproduce liquid properties.’® For ketones, improved par-
tial atomic charges assigned to both carbon and oxygen
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Table 1. Experimental and Predicted Gibbs Energies of Solvation (kJ/mol) in n-Hexane for Different Solutes

Homologous Series

Homologous series Solute Agon GE7 AGY = Ag,, GCate Overall AAD (kJ/mol)
1-Alcohols methanol —6.2 —3.3; 34
ethanol —11.0 —6.65
1-butanol —15.8 —12.74
1-hexanol —-21.5 —18.13
Aromatics benzene —16.6 —18.25 1.5
toluene —20.3 —20.34
o-xylene —21.8 —24.2,
m-xylene —20.9 —24.1,
Ketones acetone —10.9 —11.4, 0.6
diethylketone n.a. —17.3,
Chlorobenzenes clorobenzene —-21.5 —22.33 1.3
1,2-dichlorobenzene n.a. —26.2,
1,4-dichlorobenzene —23.8 —25.6,
1,2,3-trichlorobenzene n.a. —29.6,
1,3,5-trichlorobenzene n.a. —29.9,
hexachlorobenzene —42.6 —41.2;
PCB’s biphenyl n.a. —38.0, -
2-PCB n.a. —40.9,
4-PCB n.a. —41.65
2,2'-PCB n.a. —42.65
2,5-PCB n.a. —44.5;
2,2' 3-PCB n.a. —46.35
2,3,3.44 5-PCB n.a. —59.4,4
PCDE’s diphenyl ether n.a. —38.3, -
2-PCDE n.a. —40.15
4-PCDE n.a. —42.05
2,3, 4-PCDE n.a. —49.3,
3,4,4'-PCDE n.a. —49.95

The subscripts give the statistical accuracy of the last decimal point shown.

atoms have also been employed, to reproduce correct hydra-
tion free energies in the aqueous phase.27

Integration of MD equations was conducted with version
4.0.7 of the GROMACS software®" using the leap-frog Ver-
let integration algorithm®® with a time step of 2 fs. Simula-
tions were performed using periodic boundary conditions in
all directions. Covalent bonds involving hydrogen atoms
were constrained using the LINCS algorithm53 while the
water geometry was fixed with the SETTLE algorithm54.
For efficiency reasons (see> for details), the reaction-field
method,’® which approximates the medium beyond a cut-
off distance of 1 nm by a dielectric continuum of uniform
permittivity, was used to handle long-range electrostatics.
The dielectric constant was adjusted to be the permittivity
of each solvent. The remaining cut-off radii were 1 nm for
the short-range neighbor list and a 0.8-0.9 nm switched
cut-off for the LJ interactions. We have also applied long-
range dispersion corrections for energy and pressure.57 Sol-
vated systems consisted of one solute molecule and 500
water, 150 1-octanol or 156 hexane molecules at 298 K
and 1 bar.

Langevin stochastic dynamics®® was used to control the
temperature, with a frictional constant of 1 psfl, while for
constant pressure runs the Berendsen barostat,59 with a
time constant of 0.5 ps, and an isothermal compressibility
of 45 x 107 bar !, was used to enforce pressure cou-
pling. For each simulation, we first run an energy minimi-
zation (the Limited-memory Broyden-Fletcher-Goldfarb-
Shanno algorithm® during 5,000 steps followed by a steep-
est descent minimization during 500 steps were used) and
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afterward a constant volume equilibration (100 ps), a con-
stant pressure equilibration (500 ps), sufficient to obtain
complete equilibration of the box volume, and finally a 5
ns NpT production stage.

Results and Discussion
Gibbs energies of solvation

In the first part of this work, we have estimated the solva-
tion Gibbs energies of the different solutes in n-hexane,
water and 1-octanol using the previously mentioned thermo-
dynamic integration methodology. Results obtained are pre-
sented in Tables 1 through 3, respectively, for the three
solvents. For the case of polar solvents, both LJ and electro-
static contributions to the total solvation energy are given.
Experimental data®' are also included, when available.
Unfortunately, available experimental data do not report their
associated uncertainty. In general, uncertainty estimates for
some common compounds have been suggested to be around
0.2 kcal/mol or higher.62’63

Since n-hexane is a nonpolar molecule, the Coulombic
term in Eq. 2 becomes zero. This means that simulations in
n-hexane are particularly useful because they enable us to
evaluate solely the influence of the LJ intermolecular inter-
actions, separated from the effect of the point charge para-
meterization. Experimental data for the monofunctional mol-
ecules are widely available and one can compare simulation
predictions directly against such data. This is the main rea-
son why we need to include simpler molecules in our test
set. In general, experimental solvation energies are well pre-
dicted by the TraPPE force-field. The only exception is the

June 2012 Vol. 58, No. 6 AIChE Journal



Table 2. Experimental and LJ and Coulombic Contributions to the Predicted Gibbs Energies of Hydration (kJ/mol) for the

Different Compounds

Homologous Series

Homologous series Solute Apiya GEw AGH AGE! Atiya Geake Overall AAD (kJ/mol)
1-Alcohols methanol —-21.2 11.63 —30.434 —19.05 22
ethanol —21.1 8.0, —28.335 —20.1,
1-butanol —19.8 10.65 —27.965 —17.35
1-hexanol —18.0 13.24 —28.145 —14.9,
Aromatics benzene -3.6 5.5, —9.13; —3.6, 0.4
toluene —3.7 5.9, —10.153 —4.2,
ethylbenzene -33 7.1, —10.324 —-3.3,
o-xylene —-3.8 6.6, —10.85 —4.2,
m-xylene -3.5 7.1, —11.2, —4.1,
p-xylene —3.4 6.6, —10.95 —4.3,
Ketones acetone —15.9 6.4, —22.405 —16.04 0.05
diethylketone n.a. 6.4, —23.664 —17.24 -
Chlorobenzenes clorobenzene —-52 6.05 —6.33; —0.35 2.2
1,2-dichlorobenzene —6.3 4.1 —8.65; —4.65
1,4-dichlorobenzene —-5.8 5.15 —8.75; —3.7;
1,2,3-trichlorobenzene 74 5.05 —12.43, —7.53
1,3,5-trichlorobenzene n.a. 5.4; —12.614 —7.25
hexachlorobenzene n.a. 2.4, —31.324 —28.9,
PCB’s biphenyl n.a. 345 —17.84, —14.4; -
2-PCB n.a. 4.2, —17.164 —13.03
4-PCB n.a. 533 —16.36,4 —11.13
2,2'-PCB n.a. 5.9; —13.885 —8.03
2,5-PCB n.a. 4.4, —17.534 —13.25
2,2' 3-PCB n.a. 3.3, —14.775 —11.44
2,3,3' 4,4 5-PCB n.a. 2.03 —30.74, —28.73
PCDE diphenyl ether n.a. 7.55 —28.00g —20.5; -
2-PCDE n.a. 7.9;3 —28.92, —21.13
4-PCDE n.a. 7.9; —26.307 —18.4;
2,3 4-PCDE n.a. 7.34 —27.30, —20.04
3,4,4'-PCDE n.a. 5.9; —27.03g —21.13

The subscripts give the statistical accuracy of the last decimal point shown.

Table 3. Experimental and LJ and Coulombic Contributions to the Predicted Gibbs Energies of Solvation (kJ/mol) in

1-Octanol for the Different Compounds

Homologous Series

Homologous series Solute Asory GEP AGH AGEM Asory GE Overall AAD (kJ/mol)
1-Alcohols methanol —16.3 —2.05 —13.535 —15.63 1.0
ethanol —18.4 —4.45 —14.115 —18.4;
1-butanol —24.5 —9.9,4 —11.265 —21.24
1-hexanol —29.5 —17.7, —10.005 —27.14
Aromatics benzene —15.9 —16.15 —0.69, —16.85 0.7
toluene —18.9 —19.24 —0.67; —19.9,
ethylbenzene -21.2 —20.65 —1.11¢ —21.7;
o-xylene —222 —21.5,4 —1.195 —22.7,
m-xylene —21.6 —20.65 —1.165 —21.83
p-xylene -21.6 —21.65 —1.335 —22.9;
Ketones acetone —13.2 —9.9, —2.295 —12.2, 1.0
diethylketone n.a. —14.5; —2.33, —16.85 —
Chlorobenzenes clorobenzene n.a. —20.45 —1.654 —22.15
1,2-dichlorobenzene —-24.9 —25.45 —2.745 —28.15
1,4-dichlorobenzene —254 —25.15 —1.47; —26.63
1,2,3-trichlorobenzene —29.6 —28.45 —3.575 —32.05
1,3,5-trichlorobenzene —27.7 —28.05 —1.324 —29.35
hexachlorobenzene —42.0 —39.84 —18.66, —58.57
PCB’s biphenyl —35.1 —37.05 —2.98; —40.05 4.9
2-PCB n.a. —39.74 —2.905 —42.64
4-PCB n.a. —39.95 —2.74; —42.75
2,2/-PCB n.a. —41.55 —2.89,4 —44.35
2,5-PCB n.a. —43.66 —3.04; —46.6¢
2,2' 3-PCB n.a. —46.2¢ —5.39; —51.66
2,3,3' 4,4 5-PCB n.a. —60.57 —13.855 —74.4,
PCDE’s diphenyl ether n.a. —36.65 —5.264 —41.95 -
2-PCDE n.a. —38.75 —5.435 —44.15
4-PCDE n.a. —40.25 —5.22;3 —45.55
2,3/ 4-PCDE n.a. —46.3¢ —3.814 —50.1¢
3,4,4-PCDE n.a. —48.55 —6.295 —54.85

The subscripts give the statistical accuracy of the last decimal point shown.
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case of alcohols where slightly larger deviations (AAD
around 3 kJ/mol) are found. However, this may be due to a
large uncertainty in the experimental values, as already dis-
cussed in a previous work.*® The main argument in support
of this hypothesis is that accurate log Pow and log Pyw data
are predicted from the simulations, despite the discrepancies
between experimental and simulated hydration free energies.
This effect was observed previously,”” and is discussed in
more detail later (see Partition Coefficients section).

For the more complex molecules, experimental data are
scarce, but in the case of chlorinated benzenes the experi-
mental trend is very well reproduced, particularly for the
case of hexachlorobenzene which has the most favorable sol-
vation energy of the series. In short, the results from Table 1
enable us to conclude that the LJ term of the TraPPE force
field accurate represents the nonpolar (dispersion and repul-
sion) contributions to the total potential energy.

We turn our attention next to the simulations in the water
phase, a highly polar solvent. Results obtained are also in
very good agreement with experimental data, indicating that
the description of the polar groups (namely by their assigned
atomic partial charges) is generally correct. In the case of
the chlorinated benzene family it seems that simulation pre-
dictions overestimate the hydration energy values, although
the obtained average absolute deviation of 2.2 kJ/mol can be
considered reasonably accurate if one compares it with
standard deviations in other hydration studies from molecular
simulation.’”*%5 The accuracy of these values is reflected
in the good log P predictions for this class of compounds
(see Partition Coefficients section). However, we should note
that the parameterization of the aromatic chlorine atom was
done only considering the chlorobenzene molecule™ and did
not explicitly consider multisubstituted halogenated aro-
matics. This effect manifests itself in the very high value
obtained for the electrostatic term in hexachlorobenzene.

In this work, we assume that the chlorine charge value
remains constant, independent of the degree of aromatic sub-
stitution, which is a rough approximation. At this point, it
becomes important to explore and discuss further how force
fields are developed and how the transferability of parame-
ters between different molecules may become problematic.
Two key factors are usually involved in the successful use
of force field parameters: accuracy and transferability. If one
is unable to achieve an accurate fit to the training data, it is
unlikely that the force field will perform well for more com-
plex systems. However, even if a parameter set is successful
in accurately reproducing the behavior of the model systems,
testing transferability to the larger systems and properties of
interest is of critical importance.®® During the parameteriza-
tion procedure of a given force field, LJ sites and intramo-
lecular bonded energetic parameters can be reasonably (and
automatically) assigned through atom-typing and the use of
hierarchy well-defined rules.®” The principal problem is the
correct assignment of partial atomic charges, particularly for
new or arbitrary molecules. Such charges can be obtained,
e.g., from gas-phase ab initio potentials, quantum mechanics
calculations or can be fitted to reproduce one or more liquid-
phase experimental properties. In the case of the Jorgensen
model for chlorine aromatic atoms used here, following the
OPLS philosophy®® the charge parameterization strategy is
based on a balance between the reproduction of gas-phase
dipole moments, pure liquid properties and aqueous beha-
vior. This strategy has a drawback, because if we deal with
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an organic molecule in an environment with some degree of
polarization, the charge distribution selected will result in an
absolute free energy that is smaller than expected.®’

The solution to overcome this problem and the choice of
suitable parameters to work on different environments is far
from trivial. One approach is to include explicitly polariza-
tion in the force field model. Another solution is to assign
different partial charges to the solute depending on the envi-
ronment. In this case, solvation data may also be included in
the parameterization of partial atomic charges.‘m’70 However,
a generic application of this expensive parameterization pro-
cedure to a large data set (to decrease the risk of over-fitting
to a single experiment data point with an unknown uncer-
tainty) using free energy techniques is still today very
demanding and time-consuming.

The transferability of force field parameters becomes noto-
riously problematic if one tries to apply the same atom type
values in a broad range of molecules. For example, chloro-
benzene, o-, m-, and p-dichlorobenzene conceivably require
different partial charges on the chlorine atom(’g; however, it
is possible to choose a single-partial charge value that will
perform reasonably well regardless of the presence and posi-
tion of the second substitution. The large discrepancies
observed with experiment for the solvation of hexachloro-
benzene in l-octanol (Table 3) may suggest that separate
atomic parameters should be considered. This observation is
consistent with the parameterization of fluorobenzenes with
the OPLS-AA force ﬁeld,50 where fluorobenzene, difluoro-
benzene and hexafluorobenzene have progressively smaller
partial charges on the fluorine atoms to account for the natu-
ral change in charge distribution from increased substitu-
tion.®” However, such a detailed parameterization is outside
of the scope of this work.

In terms of comparison, literature reported values® for the
prediction of relative hydration Gibbs energy differences
between benzene and chlorobenzene are 1.2, kJ/mol (the
subscripts give the statistical accuracy of the last decimal
point) while the experimental value is —0.50 kJ/mol. It is
worthwhile to notice that this prediction reflects only the
value of mutating from benzene to chlorobenzenes, which is
natural easier to compute. When mutating between cloroben-
zene and 1,2—, 1,3— and 1,4—dichlorobenzene predicted va-
lues from Ref. 69 are —3.7, —0.04 and —1.3 kJ/mol, while
experimental values from the same reference are —1.5, —0.1
and 0.0 kJ/mol, respectively.

Finally, in Table 3 we report results of MD simulations in
the 1-octanol phase. Once again, for the monofunctional so-
lutes excellent predictions are obtained. Our predictions are
also close to the predicted solvation Energies of Chen and
Siepmann,® who used GEMC simulations and the TraPPE
force field. In the case of the chlorinated benzenes, results
predicted for the different compounds are in good agreement
with experimental data, except in the case of hexachloroben-
zene. This fact may again indicate that partial atomic
charges assigned to chlorine atoms connected to the aromatic
ring are perhaps too large in magnitude to reproduce solva-
tion energies. In fact, this molecule could be used to obtain
the optimal charges assigned to chlorine substituents that
exactly reproduce solvation energies in 1-octanol.

Overall, predicted values can be considered reasonably
accurate given that uncertainties in the experimental data are
about +1.2 kJ/mol.”" The remaining differences between ex-
perimental values and MD calculations can be attributed
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Table 4. Experimental'”'” and Predicted n-Hexane/Water

Partition Coefficients Data (log Pyyw) from MD Simulations

Table 5. Experimental®'® and Predicted 1-Octanol/Water
Partition Coefficients Data (log Poyw) from MD Simulations

log Puw log Pow

Solute Experimental Simulation Solute Experimental Simulation
methanol —2.80 —2.75 methanol —0.74 —0.59
ethanol —2.26 —2.37 ethanol —0.30 —0.30
1-butanol —0.78 —0.81 1-butanol 0.84 0.68
1-hexanol 0.45 0.56 1-hexanol 2.03 2.24
benzene 2.06 2.56 methane 1.09 1.32
toluene 2.75 2.83 ethane 1.81 1.69
o-xylene 3.12 3.52 propane 2.36 2.27
m-xylene 3.04 3.51 n-butane 2.89 2.64
acetone —-0.92 -0.79 n-pentane 3.39 3.52
diethylketone n.a. 0.02 n-hexane 3.90 4.11
clorobenzene 3.00 3.85 n-heptane 4.66 4.62
1,2-dichlorobenzene 3.60 3.78 n-octane 5.15 5.13
1,4-dichlorobenzene 3.81 3.85 benzene 2.13 2.31
1,2,3-trichlorobenzene 4.16 3.88 toluene 2.73 2.75
1,3,5-trichlorobenzene 4.53 3.98 ethylbenzene 3.15 3.22
hexachlorobenzene 5.69 2.15 o-xylene 3.12 3.24
biphenyl n.a. 4.13 m-xylene 3.20 3.10
2-PCB n.a. 4.90 p-xylene 3.15 3.26
4-PCB n.a. 5.35 acetone —0.24 —0.66
2,2'-PCB n.a. 6.06 diethylketone 0.82 —-0.07
2,5-PCB n.a. 5.50 chlorobenzene 2.84 3.82
2,2'.3-PCB n.a. 6.10 1,2-dichlorobenzene 3.38 4.13
2,33 4,4 5-PCB n.a. 5.37 1,4-dichlorobenzene 3.45 4.01
diphenyl ether n.a. 3.12 1,2,3-trichlorobenzene 4.05 4.30
2-PCDE n.a. 3.84 1,3,5-trichlorobenzene 4.15 3.88
4-PCDE n.a. 4.14 hexachlorobenzene 5.44 5.19
2,3',4-PCDE n.a. 5.13 biphenyl 4.09 4.48
3,4,4-PCDE n.a. 5.05 2-PCB 4.38 5.19
AAD 0.48 4-PCB 4.63 5.36
2,2'-PCB 4.90 6.37
2,5-PCB 5.00 5.86
2,2',3-PCB 5.60 7.04
2,3,3',4,4 5-PCB 7.44 8.00
primarily to a deficiency in the charge distributions of the diphenyl ether n.a. 3.75
model. Further studies are needed to clarify this issue. 2-PCDE 4.45 4.05
4-PCDE 4.79 4.76
2,3',4-PCDE 5.65 5.26
Partition coefficients 3.4.4'-PCDE 5.88 591
AAD 0.41

The n-hexane/water and 1-octanol/water partition coeffi-
cients at 298 K and 1 bar for the full test set can be readily
estimated from Eq. 1 using the Gibbs energies of solvation
previously calculated from the MD simulations. Results are
shown for the different solutes in Tables 4and 5 and repre-
sented in Figures 3 and 4, for log Pyw and log Pow, respec-
tively. The available experimental data are also included in
the tables. However, it is important to note that available log
Pow data may differ significantly depending on the experi-
mental method employed. For instance, measured log Pow
values for a molecule as simple as benzene range from 1.56
to 2.34 as discussed in Garst and Wilson,”* whereas reported
data for hexachlorobenzene range from 4.13 to 7.42.7° In
Tables 4 and 5 we have included the suggested experimental
values.

Overall average absolute deviations (AAD) of 0.48 log
Pyw and 0.41 log Pow units were obtained when compared
to experimental data. From Figure 3 one can verify that one
of the data points exhibits a large deviation from experimen-
tal data. This point refers to hexachlorobenzene. By remov-
ing this point from the test set, the AAD to experiments
decreases to 0.27 log Pyw units. The poor description of this
log Pyw is probably due to a large deviation of the solvation
free energy in water (experimental value is not available)
while the n-hexane phase is likely to be well described, as
already discussed in the section “Gibbs Energies of Solva-
tion”.
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Deviations presented here are in general higher than the
ones obtained from statistical methods (ca. 0.2 log P units),
but it is worthwhile to notice that our methodology is purely
predictive (without need for experimental input), and can be
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Figure 3. Comparison of experimental data vs. simula-
tion predictions for log P (n-hexane/water).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

applied to any pair of solute/solvent systems without the
knowledge of a wide range of solute properties used for sta-
tistical analysis in QSPR methods. Apart from QSPR studies,
in terms of accuracy comparison, and although applied to
larger solute databases, deviations of 0.46 and 0.43 log P
units for 1-octanol/water and n-hexane/water partition,
respectively, can be found in the literature using an empiri-
cal thermodynamic approach.'® Multiple regression techni-
ques applied on descriptors based on molecular properties
and molecular partial charges can produce deviations of 0.65
log P units for 1-octanol/water partition coefficient.”* For
the same property, a combination of a group-contribution
approach together with several correction factors produces
deviations of 0.4 log P units.”> Neural network techniques
applied to the prediction of log P from nonlinear regression
of structure analysis using 10 to 18 descriptors produced
deviations ranging from 0.3 to 0.4 log P units.”® Finally, a
generic test of quantum mechanical and QSPR methodolo-
gies produced average deviations of 0.6 and a maximum of
2.15 log P units.”” This comparison suggests that molecular
simulation methods are competitive in terms of accuracy
with other techniques that are more commonly employed to
predict partition coefficients.

Conclusions

The focus of this work has been the prediction of the log
Pyw and log Pow for several environmentally important so-
lutes, through the calculation of the absolute Gibbs energies
of solvation using MD simulations and thermodynamic
integration. We have tested the Gibbs energy predictive
capability of the TraPPE force field, used to account for the
intra- and intermolecular interactions, identifying success
and failure cases, and pointing out particular classes of com-
pounds that could benefit from a refinement of the force field
parameters. Some of the failures presented in this article,
namely for chlorobenzenes, may be associated with using
OPLS-AA LJ parameters and partial charges for the chlorine
atom together with TraPPE parameters for the aromatic ring
(mixing parameters from different force fields is always
questionable). Thus, it remains an open question whether the
newly developed TraPPE-EH parameters for chlorinated
aromatics would suffer from similar shortcomings. The accu-
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racy of the TraPPE force field for the prediction of Gibbs
energies and partition data has not yet been thoroughly
evaluated, and the calculations presented here represent an
important step in this direction.

In general, our predictive results for log Pyw and log
Pow, which did not include correlation of solvation or parti-
tioning experimental data, are in satisfactory agreement with
experimental data. The accuracy of our predictions is compa-
rable to the popular statistically-based methods used to gen-
erate such partition data. Furthermore, the approach followed
here has the additional advantage of being easily extended to
any pair of binary solvent systems.

From the results in the inert (n-hexane) phase, one con-
cludes that nonpolar parameters of the force field used here
can correctly describe the relevant microscopic thermody-
namic behavior. In the case of the poly-chlorobenzenes the
description of the solvation free energy in polar solvents can
be improved by assigning different partial atomic charges
depending on the degree of substitution. With the increase in
computational power and with the availability of more ex-
perimental data it will become possible to directly include
solvation energy data in the parameterization of a force field.

In view of the recent advances in available computing
power, molecular simulation is emerging as a powerful com-
putational tool, allowing for fully predictive results to be
achieved in a reasonable amount of time. However, a predic-
tion of the partition coefficient for a single solute can take
around 24 h using a state-of-the-art processor. In this
respect, we cannot use such larger databases as many times
as when statistical methods are used to correlate the corre-
sponding data. However, we believe that the test set pre-
sented in this work is large enough to cover a wide variety
of cases and molecules important for environmental applica-
tions.
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