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ABSTRACT:Experimental solvation free energies are nowadays
commonly included as target properties in the validation and
sometimes even in the calibration of condensed-phase force� elds.
However, this is often done in a nonsystematic fashion, by
considering available solvation free energies involving an arbitrary
collection of solutes in a limited set of solvents (e.g., water, octanol,
chloroform, cyclohexane, or hexane). Here, this approach is made
more systematic by introducing the concept of cross-solvation free
energies� sGA:B

� for a set ofN molecules that are all in the liquid
state under ambient conditions, namely the matrix ofN2 entries for
� sGA:B

� considering each of theN molecules either as a solute (A) or
as a solvent (B). Relying on available experimental literature
followed by careful data curation, a complete� sGA:B

� matrix of 625
entries is constructed for 25 molecules with one to seven carbon
atoms representative for alkanes, chloroalkanes, ethers, ketones,
esters, alcohols, amines, and amides. This matrix is then used to
compare the relative accuracies of four popular condensed-phase
force � elds: GROMOS-2016H66, OPLS-AA, AMBER-GAFF, and CHARMM-CGenFF. In broad terms, and in spite of very
di� erent force-� eld functional-form choices and parametrization strategies, the four force� elds are found to perform similarly well.
Relative to the experimental values, the root-mean-square errors range between 2.9 and 4.0 kJ·molŠ1 (lowest value of 2.9 for
GROMOS and OPLS), and the average errors range betweenŠ0.8 and +1.0 kJ·molŠ1 (lowest magnitude of 0.2 for AMBER and
CHARMM). These di� erences are statistically signi� cant but not very pronounced, especially considering the in� uence of outliers,
some of which possibly caused by inaccurate experimental data.

1. INTRODUCTION

Classical atomistic simulation1Š3 and, in particular, molecular
dynamics4Š10 (MD) are nowadays a key component in the
investigation of (bio)chemical processes in the condensed
phase. However, the reliability of this approach depends
crucially on the accuracy of the underlying potential-energy
function or force� eld.11Š15

For condensed-phase properties, the accuracy of a force� eld
depends primarily on the representation of the dihedral-angle
torsions16Š20 and of the intermolecular nonbonded inter-
actions.21Š26 Restricting the discussion to pairwise-additive
force � elds15 without explicit treatment of electronic polar-
izability, a nonbonded interaction scheme is characterized
by25,26 (i) the pairwise potential-energy functions selected for
the electrostatic and van der Waals interactions; (ii) the
treatment of the long-range component of both types of
interactions (e.g., neglected, mean-� eld, or lattice-sum); (iii)
the choice of combination rules for the van der Waals
interactions; and (iv) the parametrization procedure and

resulting parameters for both types of interactions (e.g., atomic
partial charges, Lennard-Jones dispersion and repulsion
coe� cients). Clearly, these choices are interdependent, and
force-� eld parameters are only expected to be appropriate
when using the same functional-form representation as the one
selected during their calibration.25

One approach for deriving the nonbonded interaction
parameters of a condensed-phase force� eld relies on
calibration against experimental thermodynamic properties of
small organic molecules in the liquid or solid states.27Š31 Two
examples of force� elds relying on this approach are the
GROMOS-2016H66 force� eld32 and the OPLS-AA force
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� eld.33Š35 Another strategy is to derive the atomic partial
charges from quantum mechanics (QM) calculations in-
stead,36,37 via either an electrostatic-potential� t36Š48 or an
electron-density partitioning.49Š57Two examples of force� elds
relying on this approach are the AMBER-GAFF force� eld58,59

and the CHARMM-CGenFF force� eld.60,61 Note that QM-
based derivation procedures have also been developed for the
calculation of the dispersive van der Waals interaction
parameters.62Š73 However, the calibration of the correspond-
ing repulsive parameters still requires empirical adjustments by
comparison with experimental thermodynamic data.71Š75

Thermodynamic and transport properties of pure liquids
have long been used for benchmarking76 or parametriz-
ing32,74,77,78 condensed-phase force� elds. More recently,
progress in the accuracy, e� ciency, and automation of free-
energy calculation procedures has made it possible to also
consider free-energy data pertaining to mixtures, including in
particular solvation free energies (see below), limiting activity
coe� cients,79Š83 osmotic coe� cients,84 and composition-
dependent mixing free energies.85

Due to the high relevance of water in (bio)chemistry and the
availability of a large body of experimental data, high-
throughput calculations of the hydration free energies of
small molecules have now become a key component of force-
� eld validation,86Š97 sensitivity assessment25,98Š100(e.g., to the
e� ect of nonbonded interaction schemes and long-range
corrections),� ne-tuning74,91,93,100Š108 (e.g., speci� c bypass of
combination rules), or even calibration.19,32,109Š113 In
addition, considering that the balance between hydrophilic
and hydrophobic interactions is essential for the accurate
description of many (bio)molecular phenomena, it has also
become common to use the solvation free energies (or
corresponding transfer free energies from water) of small
molecules in low-polarity solvents (e.g., octanol, chloroform,
cyclohexane, or hexane) for force-� eld validation114Š118 or
calibration.19,32,108,111,112In a few cases, more extensive sets of
soluteŠsolvent pairs have been considered.79Š81,85,95,96,119

However, although a wide range of chemical functional groups
has been considered in these studies, the soluteŠsolvent pairs
included are selected based on the availability of experimental
data, and are thus rather imbalanced in terms of the
intermolecular interactions they probe.

The goal of the present study is to compare di� erent force
� elds in their ability to accurately reproduce experimental
values for a complete set of cross-solvation free energies. More
precisely, given a set ofN compounds which are all in the
liquid state under ambient conditions, the cross-solvation
matrix is de� ned as theN × N matrix containing the standard
solvation free energies� sGA:B

� of any of theN compounds A
taken as a solute into any of theN compounds B taken as a
solvent. By construction, this matrix probes on an equal footing
the interactions of each molecule in the set with a surrounding
consisting of the bulk liquid of each molecule (other or self) in
the set. Provided that the molecule set is su� ciently diverse in
terms of chemical functional groups, this data accounts in a
comprehensive and balanced fashion for the intermolecular
interactions that should be accurately represented by the force
� eld. In particular, cross-solvation matrices are expected to
represent a sensitive test for the van der Waals combination
rules used in a given force� eld, and a signi� cant accuracy
improvement might be achieved on a case by case basis by
re� ning or bypassing them.

By collecting and curating data from seven di� erent
literature sources,120Š126 a complete experimental 25× 25
cross-solvation matrix is established for the 25 compounds
shown inFigure 1. These are molecules with one to seven

carbon atoms, representative for alkanes, chloroalkanes, ethers,
ketones, esters, alcohols, amines, and amides. This set of 625
experimental values is then used to compare the accuracies of
four popular condensed-phase force� elds: GROMOS-
2016H66, OPLS-AA, AMBER-GAFF, and CHARMM-
CGenFF.

2. METHODS
2.1. Compounds Considered.The 25 organic molecules

considered in this work (Figure 1) consist of aliphatic and
aromatic molecules with one to seven carbon atoms,
representative for alkanes, chloroalkanes, ethers, ketones,
esters, alcohols, amines, and amides. Each molecule is referred
to in the text by a three- to� ve-letter acronym. These
acronyms are listed inTable 1along with associated chemical
formulas, identi� ers, and key experimental properties.

2.2. Experimental Data.The main experimental quantity
considered in this work is the standard Gibbs solvation free
energy� sGA:B

� of a solute A in a solvent B. Among di� erent
possible choices of standard-state de� nitions, the so-called
point-to-point or Ben-Naim convention127Š129is adopted here,
which implies that the same reference molar volumes are
employed for the ideal-gas and the ideal-solution states, rather
than a reference pressureP° = 1 bar for the gas. In this
convention,� sGA:B

� corresponds to the reversible work for
transferring one molecule of A from a� xed point in vacuum
(in� nitesimal-pressure limit) to a� xed point in the bulk of
solvent B (in� nite-dilution limit), expressed on a per-mole
basis. The transfer is performed at a constant temperatureTŠ =
298.15 K (both phases) and at a constant pressureP° = 1 bar
(solution phase).

Figure 1. Chemical structures and acronyms of the 25 organic
molecules considered in this work. SeeTable 1for corresponding
chemical formulas, identi� ers, and key experimental properties.
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All the molecules ofFigure 1andTable 1are considered
both as solute (A) and as solvent (B). For this reason, the free
energies� sGA:B

� are referred to here as cross-solvation free
energies. They also include the self-solvation free energies
� sGA:A

� as particular cases. For the 25 molecules considered,
this data corresponds to a matrix of 25× 25 entries,i.e., 625
cross-solvation free energies, including 25 self-solvation free
energies along its diagonal. Here, the notation A:B always
refers to solute A and solvent B, and the matrices will be
displayed with the solutes as lines and the solvents as columns.
For the ease of comparison, the ordering of the molecules
along the lines and columns is always the same and
corresponds to a decreasing polarity according to the
molecular dipole moment� (ordering ofTable 1). The 25
compounds considered are also sorted into three categories,
labeled low-polarity (LP), medium-polarity (MP), and high-
polarity (HP) molecules (also indicated inTable 1).

The 625 experimental values for� sGA:B
� are collected from

seven di� erent sources.120Š126The information concerning the
involved thermodynamic equations and data-curation proce-
dures is provided inAppendix A. The resulting experimental
values are reported inSupporting Information Section S.1
(Table S.1). The same data can be downloaded freely from the

web site of ref130, where the� le containing the present values
is labeled as version 1.0. Further versions will include revisions
or/and expansions of this data set.

Based on the cross-solvation free energies� sGA:B
� , it is

possible to calculate two other types of phase-transfer free
energies, namely in� nitesimal-mixing free energies� mGA:B

� and
transfer free energies� tGC:A� B

� (Figure 2). These alternative
quantities are relevant not only experimentally but also when
evaluating the relative accuracies of di� erent force� elds, as
error calcellation or ampli� cation may a� ect them di� erently
compared to� sGA:B

� . The quantity� mGA:B
� is de� ned as

G G Gs sm A:B A:B A:A� = � Š �� � �
(1)

It corresponds to the free-energy change associated with the
� xed-point transfer of a molecule of A from the bulk of its own
liquid phase (pure) to the bulk of solvent B (at in� nite
dilution). As discussed inAppendix A, � mGA:B

� is directly
related to the limiting activity coe� cient� � ,A:B

� of A in B (eq
A.5). The quantity� tGC:A� B

� is de� ned as

G G Gs st C:A B C:B C:A� = � Š ��
� � �

(2)

where the notation C:A� B refers to a solute C transferred
from a solvent A to a solvent B. This queantity corresponds to

Table 1. 25 Organic Molecules Considered in This Work, along with Associated Acronyms, Chemical Formulas, Identi� ers,
and Key Experimental Propertiesj

IUPAC name acronym formula CAS � [D] Tm [K] Tb [K] � Hvap [kJ·molŠ1] � liq [kg·mŠ3] � polarity

N,N-dimethylacetamide DAMD C4H9NO 127-19-5 3.7a 253.00 439.30 49.15 936 37.8 HP
propan-2-one PPN C3H6O 67-64-1 2.88 178.50 329.22 31.30 785 20.5 HP
butan-2-one BTN C4H8O 78-93-3 2.78 186.46 352.73 34.51 799 18.2 HP
pyridine PYRI C5H5N 110-86-1 2.21 231.60 388.40 40.41 978 13.0 HP
water H2O H2O 7732-18-5 1.85 273.15d 373.15d 43.95e 997 78.4e HP
1,2-dichloroethane C2CL2 C2H4Cl2 107-06-2 1.83a 237.55d 356.55d 35.17f 1247 10.1 HP
ethyl acetate EAE C4H8O2 141-78-6 1.78 189.60 350.26 35.62 894 6.0 MP
pentan-1-ol PTL C5H12O 71-41-0 1.7a 195.00 411.13 56.94 811 14.7 MP
methanol MTL CH4O 67-56-1 1.7 175.47 337.70 37.43 786 33.5 MP
ethanol ETL C2H6O 64-17-5 1.69 158.66 351.44 42.31 785 24.8 MP
butan-1-ol BTL C4H10O 71-36-3 1.66 184.53 390.88 52.34 806 17.3 MP
2-methylpropan-2-ol 2M2P C4H10O 75-65-0 1.66a 298.77 355.50 46.82 781 12.4 MP
propan-1-ol 1PL C3H8O 71-23-8 1.63a,b 147.00 370.30 47.49 799 20.5 MP
propan-2-ol 2PL C3H8O 67-63-0 1.63a 185.20 355.39 45.52 780 12.7 MP
aniline ANLN C6H7N 62-53-3 1.13 267.17 457.55 55.83 1017h 6.7i MP
ethoxyethane DEE C4H10O 60-29-7 1.1 156.90 307.58 27.10 707h 4.2i MP
chloroform CHCL3 CHCl3 67-66-3 1.04 209.85d 334.35d 29.78g 1478 4.7 MP
N-ethylethanamine DEAN C4H11N 109-89-7 0.92 223.40 328.70 31.32 701h 3.9i LP
N,N-diethylethanamine TEAN C6H15N 121-44-8 0.66 158.50 362.02 34.81 723h 2.4i LP
toluene TOL C7H8 108-88-3 0.37 178.16 383.78 37.99 862 2.4 LP
benzene BZN C6H6 71-43-2 0.0c 278.69 353.23 33.84 873 2.3 LP
heptane HPE C7H16 142-82-5 0.0c 182.60d 371.53d 31.73g 679 1.7 LP
hexane HXE C6H14 110-54-3 0.0c 177.88d 341.87d 29.11g 655 1.9 LP
tetrachloromethane CCL4 CCl4 56-23-5 0.0c 250.35d 349.85d 29.84g 1584 2.2 LP
cyclohexane CHE C6H12 110-82-7 0.0c 279.85d 353.85d 29.89g 773 2.0 LP

aIn the liquid phase.bValue at 303 K.cValue set to 0 due to molecular symmetry or very low polarity.dFrom ref193. eFrom ref168. fFrom ref198.
gFrom ref199. hFrom ref197. iFrom ref200. jSeeFigure 1for the corresponding molecular structures. The three- to� ve-letter acronyms are used
to refer to each molecule in the text. For water, the acronym H2O is sometimes replaced by the speci� cation of a water model, namely SPC (for the
SPC model131) or TP3 (for the TIP3P model144). The identi� ers are the International Union of Pure and Applied Chemistry (IUPAC) name and
the Chemical Abstracts Service (CAS) registry number. The experimental properties are the molecular dipole moment� , the melting temperature
Tm at 1 bar, the boiling temperatureTb at 1 bar, along with the liquid density� liq, the vaporization enthalpy� Hvap, and the static relative dielectric
permittivity� , at 298.15 K and 1 bar for the latter three quantities. The molecules are listed in order of decreasing polarity, as estimated by� , and
assigned to three categories of polarities, labeled high (HP), medium (MP), or low (LP). Unless otherwise speci� ed (footnotes), the data is from
the following sources: the values of� are from refs190Š192and correspond to molecules in the gas phase at 298.15 K; the values of� are from ref
193, corresponding values for the SPC and TIP3P water models being 61 (ref194) and 92 (ref195), respectively; the values of� liq are from ref
196; the values ofTm, Tb, and� Hvap are from ref197.
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the free-energy change associated with the� xed-point transfer
of a molecule of C from the bulk of a solvent A to the bulk of a
solvent B (in both cases at in� nite dilution). As discussed in
Appendix A, � tGC:A� B

� is directly related to the partition
coe� cient of C between A and B (eq A.6).

2.3. Force Fields Considered.The four force� elds
considered in this work for an evaluation in terms of cross-
solvation free energies are (i) the GROMOS-2016H66 force
� eld;32 (ii) the OPLS-AA force� eld;33Š35 (iii) the AMBER-
GAFF force� eld;58,59 and (iv) the CHARMM-CGenFF force
� eld.60,61 The � rst one relies on a united-atom resolution for
the aliphatic groups, whereas the other three are all-atom. The
main di� erences15 between these force� elds in terms of their
representation of the nonbonded interactions are discussed in
Appendix Band summarized inTable 2. They concern a
number of important design choices, including the selection of
cuto� distances, the handling of long-range electrostatic
interactions, the handling of long-range van der Waals
interactions, the choice of combination rules, and the

treatment of third-neighbor interactions. In addition, the
selection of speci� c torsional parameters may also signi� cantly
a� ect the pure-liquid and solvation properties.19 It is therefore
expected that the nonbonded interaction parameters (atomic
partial charges and van der Waals coe� cients) also di� er, so as
to partly absorb the e� ects of these design variations. An
analysis of the main parameter di� erences between the four
force� elds is provided inSupporting Information Section S.2
(Figures S.1ŠS.6). The charges present a high extent of
correlation between all the force� elds considered, while the
van der Waals (Lennard-Jones) parameters evidence higher
correlations between GROMOS and OPLS as well as between
AMBER and CHARMM.

2.4. Simulation Protocols.The simulation protocols were
designed to be compatible with the calibration conditions of
the di� erent force� elds, also matching the choices commonly
made in their application (Appendix Band Table 2). The
information relative to the employed water models as well as
peculiarities concerning the chlorinated compounds is
summarized inTable 3.

For GROMOS, the simple point charge (SPC) model131

was employed for water. The topology building blocks
(including Lennard-Jones atom types and charges) were
taken directly from the GROMOS-2016H66 force-� eld
� les,32 except for the three chlorinated molecules. For
chloroform and tetrachloromethane, the GROMOS mod-
els110,132,133 were used, labeled CHCL3 and CCL4, respec-
tively (note that the CHCL3 model does not rely on the usual
GROMOS geometric-mean combination rules for the
Lennard-Jones parameters132). However, neither of these two
sets provides parameters for 1,2-dichloroethane, and the
corresponding topology, labeled C2CL2, was constructed
according to the approach of ref78. Chloroform and
tetrachloromethane model variants were also constructed
according to the same approach for comparison purposes,
labeled C1301 and C1401, respectively. The parameters for
these three models, which are close but not rigorously identical
to the � nal parameters of ref78, are reported inSupporting
Information Section S.3(Tables S.2ŠS.4).

For OPLS, the topology� les in GROMACS format were
generated using the TPPMKTOP tool134 and used together
with the OPLS parameters in the GROMACS distribu-
tion135,136 (version 5.0.2). For AMBER, the atomic partial
charges were calculated using the RESP� tting protocol36

within the Antechamber137 package, based on structures
optimized at the HF/6-31G(d) level of theory138Š140 and
sampling points for the potential distributed according to the
MerzŠKollman scheme141,142using the option IOp(6/33 = 2)

Figure 2.Three types of phase-transfer free energies considered in
this work. The cross-solvation free energy� sGA:B

� is the reversible
work for the� xed-point transfer of a molecule of A from the gas phase
(at in� nitesimal pressure) to a solvent B (at in� nite dilution). The
in� nitesimal-mixing free energy� mGA:B

� is the reversible work for the
� xed-point transfer of a molecule of A from the bulk of its own liquid
phase (pure) to a solvent B (at in� nite dilution). The transfer free
energy� tGC:A� B

� is the reversible work for the� xed-point transfer of
molecule C from the bulk of a solvent A (at in� nite dilution) to the
bulk of a solvent B (at in� nite dilution). The� xed-point transfer (i.e.,
transfer from a� xed-point in one phase to a� xed point in the other
phase) refers to the Ben-Naim convention,127Š129 the reference
pressure isP° = 1 bar, the reference temperature isTŠ = 298.15 K,
and the free energies are expressed on a per-mole basis. The
connection between the three quantities is provided byeqs 1and2.
The corresponding matrices ofexperimental data for the 25
compounds considered (Figure 1andTable 1) are shown inFigure
3, Figure 4, andSupporting Information Figure S.9.

Table 2. Four Force Fields Compared in This Work, along with Their Main Design Featuresa

Fam. Set AA WAT EL Meth.
Charge
Deriv.

3rd Nei.
EL LJ Meth. Comb. Rules 3rd Nei. LJ

GROMOS 2016H66 SPC RF 1.4 nm Fit to exp. normal Cuto� 1.4 nm No Corr. Geom. Mean Spec. Set
OPLS AA × TP3 PME Fit to exp. ×0.5 Cuto� 1.1 nm + Tail Corr. + Pot. Swi. Geom. Mean ×0.5
AMBER GAFF × TP3 PME QM ×0.833 Cuto� 1.1 nm + Tail Corr. + Pot. Swi. LorentzŠBerthelot ×0.5
CHARMM CGenFF × TP3 PME QM normal Cuto� 1.2 nm + Tail Corr. + Force Swi. LorentzŠBerthelot Spec. Set

aThe force-� eld speci� cation includes the family (Fam.), the speci� c parameter set (Set), whether the force� eld is all-atom (AA), and its standard
water model (WAT). The treatment of electrostatic interactions includes the method (EL Meth.), the derivation scheme for the atomic partial
charges (Charge Deriv.), and the adjustment of the third-neighbor electrostatic interactions (3rd Nei. EL). The treatment of the Lennard-Jones
interactions includes the method (LJ Meth.), the type of combination rules (Comb. Rules), and the adjustment of the third-neighbor Lennard-
Jones interactions (3rd Nei. LJ). Abbreviations: simple point charge (SPC), transferable intermolecular potential TIP3P (TP3), reaction-� eld (RF),
particle-mesh Ewald (PME), quantum mechanics (QM). SeeSection 2.3andAppendix Bfor explanations.
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in the Gaussian09 software.143 For both OPLS and AMBER,
the three-point transferable intermolecular potential (TIP3P)
model27,144 was employed for water, with the label TP3.
Additional simulations were also performed with the SPC
model. In OPLS, the CHCL3 parameters are those given in ref
76 (provided online at ref145).

For CHARMM, the topologies were obtained from the
CHARMM-GUI web site.146Š149 The simulations relied on a
slightly modi� ed mTIP3P water model,150 involving nonzero
Lennard-Jones interaction parameters on the hydrogen atoms.
For simplicity, the same acronym TP3 is used to refer to this
model as well. Additional simulations were also performed with
the SPC model. The simulations involving CHCL3 and CCL4
were not performed, as the corresponding parameters could
not be obtained from the CHARMM-GUI server.

All simulations involved a single solute molecule in a cubic
computational box containing 512 solvent molecules, except
for the solvent water (1000 molecules). They were performed
under periodic boundary conditions in the isothermalŠisobaric
(NPT) ensemble atP° = 1 bar andTŠ = 298.15 K. The
temperature was maintained close toTŠ by application of
stochastic dynamics (SD) with a friction coe� cient set to 10
psŠ1, except for the solvent water with GROMOS (91 psŠ1).
The pressure was maintained close toP° by application of a
weak-coupling barostat151 with a coupling time of 1 ps and an
isothermal compressibility of 4.5× 10Š5 barŠ1, except for
GROMOS (0.5 ps and 4.575× 10Š4 kJŠ1 mol nm3). The
Langevin equation of motion was integrated using the leapfrog
algorithm152 (SD variant153) with a time step of 2 fs. The
initial soluteŠsolvent con� gurations were generated using the
Packmol software,154and equilibrated atP° andTŠ during 0.2
ns, resulting in box edges ranging between 3.1 and 5.0 nm.

To calculate the solvation free energy, the soluteŠsolvent
Lennard-Jones and electrostatic interactions were gradually
turned o� in the Hamiltonian according to a coupling
parameter� , changing from zero (fully coupled) to one
(fully decoupled). Note that the use of SD alleviates possible
issues related to the lack of kinetic-energy exchange between
solute and solvent close to the decoupled state. All calculations
relied on simulations at� xed successive� -values, each
involving a sampling time of 3 ns after at least 0.1 ns
equilibration.

For the GROMOS force� eld, these free-energy calculations
were performed using the GROMOS software.155Š158 They
relied on thermodynamic integration159 with Simpson
quadrature considering 21 equispaced� -points. The soluteŠ
solvent electrostatic and Lennard-Jones interactions were
decoupled simultaneously using a soft-core scheme160 with

the parameters� LJ = 0.5 and� C = 0.5 nm2. A reaction-� eld
correction161,162 was applied to account for the long-range
electrostatic interactions using the permittivities listed inTable
1, which correspond to experimental values except for water
(permittivity of the SPC model). No correction was applied for
the corresponding long-range Lennard-Jones interactions. The
SHAKE algorithm163was applied to constrain all bond lengths
(for water, to enforce the full rigidity), with a relative
geometric tolerance of 10Š4. The center of mass translation
of the computational box was removed every 2 ps. In a separate
set of calculations, the electrostatic component� GELE of the
solvation free energy was calculated by turning o� only the
electrostatic soluteŠsolvent interactions, using a linear
coupling scheme and 21 equispaced� -points. The van der
Waals (Lennard-Jones) component� GVDW was then deduced
by subtracting� GELE from the total solvation free energy.

For OPLS, AMBER, and CHARMM, the free-energy
calculations were performed using the GROMACS soft-
ware135,136 (version 5.0.2). They relied on the Bennett
acceptance ratio (BAR) estimator164 considering a series of
successive� -points. The electrostatic and Lennard-Jones
interactions were decoupled in two steps. In a� rst calculation,
the electrostatic component� GELE was calculated by turning
o� the soluteŠsolvent electrostatic interactions using a linear
coupling scheme and 21 equispaced� -points. In a second
calculation, the Lennard-Jones component� GVDW was
calculated by subsequently switching o� the soluteŠsolvent
Lennard-Jones interactions, using a soft-core coupling
scheme160 with � LJ = 0.5 and 25� -points at 0.00, 0.06, 0.12,
0.18, 0.24, 0.30, 0.36, 0.42, 0.46, 0.50, 0.52, 0.54, 0.56, 0.58,
0.60, 0.64, 0.68, 0.72, 0.76, 0.80, 0.84, 0.88, 0.92, 0.96, and
1.00. The electrostatic interactions were calculated using the
PME scheme,165 with an interpolation order of 6 and a grid
spacing of 0.12 nm. A long-range Lennard-Jones correction
was included in the energy and the pressure.1 The LINCS
algorithm166 was applied to constrain all bond-lengths with an
order of 12, except for water (SETTLE algorithm167to enforce
full rigidity). For the self-solvation of water,i.e., TP3:TP3,
TP3:SPC, SPC:TP3, and SPC:SPC, the LINCS algorithm was
applied to the solute water, as GROMACS does not allow the
application of SETTLE to more than one type of molecules.
The center of mass translation was removed every 0.2 ps.

The cross-solvation free energies calculated using the above
protocols automatically match the point-to-point standard
convention adopted for� sGA:B

� . An investigation of the
sensitivity of the results to the simulation time, box size, and
number of� -points is presented inSupporting Information
Section S.4, along with a comparison to previously published

Table 3. Special Features Related to the Water Model and the Chlorinated Molecules for the Four Force Fields Consideredh

Fam. Set WAT NS TM EM Nsim Nfull Ncomp

GROMOS 2016H66 SPCa CHCL3,dCCL4e C1301,fC1401f 27 × 27 25× 25 22× 22-2
OPLS AA TP3b (SPC) CHCL3g 26 × 26 25× 25 22× 22-2
AMBER GAFF TP3b (SPC) 26× 26 25× 25 22× 22-2
CHARMM CGenFF TP3c (SPC) CHCL3,CCL4 24× 24 23× 23 22× 22-2

aReference131. bReferences27and144. cReference150. dReferences110and132. eReferences110and133. fReference78. gReference76. hThe
force-� eld speci� cation includes the family (Fam.), the speci� c parameter set (Set), and the standard water model (WAT). The water model
between parentheses is a nonstandard choice that is also considered in additional simulations for comparison. For the chlorinated compounds, the
description includes molecules that are not simulated (NS), molecules that are included with two models (TM), and external models (EM) taken
from other sources. The resulting numbers of simulationsNsim in the matrices, the numbers of simulationsNfull in the FULL set, and the numbers
of simulationsNcomp in the COMP set are also indicated. The extra models C1301 and C1401 (EM) are only considered for GROMOS as
alternatives to CHCL3 and CCL4 (TM), respectively, and implicitly belong to NS for the other three force� elds.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://dx.doi.org/10.1021/acs.jctc.0c00688
J. Chem. Theory Comput.2020, 16, 7556Š7580

7560

http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00688/suppl_file/ct0c00688_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.0c00688/suppl_file/ct0c00688_si_001.pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.0c00688?ref=pdf


results32 for the GROMOS-2016H66 force� eld. The
observations made there suggest that the uncertainties a� ecting
the calculated� sGA:B

� values are on the order of 1Š2 kJ·molŠ1.
For testing purposes, the ability of the four force� elds under

comparison to reproduce two important properties of the 25
molecules considered in the pure state, namely the pure-liquid
density � liq and the vaporization enthalpy� Hvap, was
evaluated. The results are reported inSupporting Information
Section S.3(Table S.8). Considering the statistics over the
entire set of molecules, the errors relative to experiment are
reasonable for the four force� elds. The root-mean-square of
these errors ranges between 18.3 and 24.9 kg·mŠ3 for � liq and
between 2.9 and 5.3 kJ·molŠ1 for � Hvap. For both observables,
the errors are slightly lower for GROMOS and OPLS

compared to AMBER and CHARMM. The root-mean-square
and the average of the errors for OPLS, AMBER, and
CHARMM are similar to the values reported in ref76.

2.5. Analysis Sets.The four force� elds under comparison
(Table 2) generally encompass one and only one para-
metrization for each of the 25 compounds considered (Figure
1 and Table 1). However, there are some exceptions
summarized inTable 3, see the columns WAT (water
model), NS (not simulated), TM (two models), and EM
(external model).

Due to the above di� erences, the number of compounds
that were actually considered in the� sGA:B

� calculations di� er
slightly between the four force� elds, ranging between 24 and
27 (see entryNsim in Table 3for the number of simulations

Figure 3.Experimental values and associated spread for the cross-solvation free energies� sGA:B
� of 25 solutes A (rows) in the same 25 solvents B

(columns). The matrices correspond to recommended experimental� sGA:B
� values (a) and to the standard deviations� over available experimental

estimates (b). SeeSupporting Information Table S.1for the corresponding numerical values. The molecules considered and their acronyms are
listed inTable 1, and their structures are displayed inFigure 1. The molecules are listed in order of decreasing dipole moment, and the partitioning
into low (LP), medium (MP), and high (HP) polarity is also indicated (seeTable 1).
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performed). The set referred to as FULL excludes the
alternative models for water or/and for the chlorinated
compounds (see entryNfull). Comparisons with experiment
relying on this set may still be slightly biased for CHARMM
(Nfull = 23× 23) relative to the other force� elds (Nfull = 25×
25). An alternative set referred to as COMP is introduced for
performing comparisons at an identical set size ofNcomp= 22×
22Š2 = 482 cross-solvation free energies. In this set, only the
standard water model is included, the chlorinated compounds

are entirely omitted, and the strong outliers H2O:2M2P and
PYRI:ANLN (see discussion in theResults section) are
excluded.

Finally, the following classes are introduced to categorize
deviations relative to the experimental cross-solvation energies,
referring to the thermal energykBT

Š of 2.5 kJ·molŠ1. The low-
deviation class (L-Dev) refers to an error below or equal to
kBT

Š, the medium-deviation class (M-Dev) to an error
betweenkBT

Š and 2kBT
Š, and the high-deviation class (H-

Figure 4.Experimental values for the in� nitesimal-mixing free energies� mGA:B
� and experimental liquidŠliquid miscibility characteristics of 25

solutes A (rows) in the same 25 solvents B (columns). The top matrix (a) corresponds to the recommended experimental� mGA:B
� values,

calculated from the� sGA:B
� data inSupporting Information Table S.1using usingeq 1. The bottom matrix (b) corresponds to experimental

miscibility characteristics based on the available mixing properties (e.g., mixing density, excess volume, excess enthalpy) as provided in the Springer
Material database.168A cross indicates an expected immiscibility of the two liquids,i.e., a pair for which the values of� mGA:B

� and� mGB:A
� are both

above 2kBT
Š. A dark-green pixel indicates a pair for which a mixing property was found over the entire concentration range atTŠ, indicating

miscibility in all proportions. A light-green pixel indicates the availability of such a full-range mixing, but reported at a temperature other thanTŠ

(within 50 K). A red pixel indicates that the mixing data is limited to the dilute regime (i.e., mole fractions close to 0 or 1), so that it is likely that
the two solvents have limited miscibility. The molecules considered and their acronyms are listed inTable 1, and their structures are displayed in
Figure 1. The molecules are listed in order of decreasing dipole moment, and the partitioning into low (LP), medium (MP), and high (HP)
polarity is also indicated (seeTable 1).
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Dev) to an error larger than 2kBT
Š. In addition, the low-or-

medium class (LM-Dev) refers to the combination of L-Dev
and M-Dev, and the medium-or-high class (MH-Dev) refers to
that of M-Dev and H-Dev.

3. RESULTS AND DISCUSSION
3.1. Experimental Data. Based on the seven literature

sources considered120Š126 and after data curation (Appendix
A), a single recommended experimental value of the cross-
solvation free energy� sGA:B

� was retained for each of the 625
pairs A:B of solutes (A) and solvents (B), along with a rough
error estimate provided by the standard deviation� over the
available experimental estimates. The corresponding numerical
values are reported inSupporting Information Table S.1, and
the matrices of� sGA:B

� and� are displayed inFigures 3a and
3b, respectively.

The experimental� sGA:B
� estimates range betweenŠ39.5

and +11.1 kJ·molŠ1. Nearly all the values are negative,
indicating that the solvation process is exergonic. This is
expected considering that the main energetic e� ect associated
with the� xed-point transfer of a molecule A from vacuum to
the bulk of a liquid B is the formation of favorable AŠB
interactions. Only four LP solutes in the solvent H2O are
associated with a positive solvation free energy, resulting from
a particularly strong hydrophobic e� ect. In this case, the new
AŠB interactions are not su� ciently favorable to compensate
for a simultaneous weakening of the BŠB interactions
(predominantly, hydrogen bonds) upon insertion of the solute
A.

The experimental cross-solvation matrix only presents
limited symmetry features across its diagonal. The root-
mean-square deviation between the 300 values of the upper
and lower triangles,i.e.,� sGB:A

� vs � sGA:B
� , is 5.3 kJ·molŠ1,

although the corresponding average deviation is only 0.2 kJ·
molŠ1. The extent of symmetry is analyzed in more details in
Supporting Information Section S.5(Figure S.8) in terms of
the di� erences� sGA:B

� Š � sGB:A
� . Similar values for� sGA:B

� and
� sGB:A

� are expected when two conditions are ful� lled: (i) the
energetics of the two solvation processes is dominated by the
creation of new interactions between the single solute molecule
and the many solvent molecules that surround it; and (ii) the
sizes of the two species are comparable, so that the solvation of
A in B and that of B in A involve comparable e� ective numbers
of intermolecular AŠB interactions. However, such a
symmetry may no longer hold when the two species di� er
widely in size, or when the energetics of the solvation process
is also signi� cantly in� uenced by the solute-induced mod-
i� cation of the solventŠsolvent interactions and/or by the
solvent-induced modi� cation of the solute intramolecular
interactions (via the conformation). This is expected to be,
in particular, the case for hydrogen-bonding molecules (solute-
induced disruption of the directional solventŠsolvent inter-
actions). As a result, a particular high extent of asymmetry is
observed for all pairs involving ANLN (seeFigure S.8), which
is both hydrogen-bonding and of large size compared to the
other molecules in the set.

The values of� sGA:B
� at the center of the matrix (MP solutes

in MP solvents) tend to be the most negative (rangeŠ35.3 to
Š11.3 kJ·molŠ1, averageŠ21.2 kJ·molŠ1). The values in the
top-left block (HP in HP) are tendentially less negative (range
Š26.4 toŠ7.5 kJ·molŠ1, averageŠ19.5 kJ·molŠ1). Those in the
bottom-right block (LP in LP) tend to be less negative as well
(rangeŠ22.2 toŠ13.9 kJ·molŠ1, averageŠ18.2 kJ·molŠ1). The

top-right (HP in LP) and bottom-left (LP in HP) blocks of the
matrix contain the least negative (and sometimes positive)
entries (rangeŠ22.6 toŠ1.4 kJ·molŠ1 with averageŠ15.4 kJ·
molŠ1 for HP in LP andŠ22.4 to +11.1 kJ·molŠ1 with average
Š14.5 kJ·molŠ1 for LP in HP). These observations are in line
with the common-sense chemical knowledge that“like solvates
like”.

The solvent H2O stands out as presenting distinctively less
negative solvation free energies for most of the solutes and
even positive solvation free energies for four of them. The
solutes H2O, MTL, and, to a lesser extent, ETL also stand out
as presenting tendentially less negative solvation free energies
in most of the solvents. Conversely, the solutes ANLN and, to
a lesser extent, PTL typically present more negative solvation
free energies compared to other compounds of similar
polarities.

Considering the 625 entries, 176 only occur once in the
experimental references considered,120Š126so that no� value is
available (gray pixel inFigure 3b). Disregarding these, 229
entries occur 2Š4 times, and the remaining 220 entries occur 5
times or more. The average of� over these 449 pairs is 0.22 kJ·
molŠ1. Note that a low� value is not automatically a sign that
the associated� sGA:B

� value is accurate, as it may simply mean
that di� erent secondary references reported values estimated
based on measurements performed in the same primary source.
On the other hand, a high� value is de� nitely the sign of an
uncertainty a� ecting the associated� sGA:B

� . In particular, 51 of
the � values are above 0.5 kJ·molŠ1, and 5 of them are above
the thermal energykBT

Š of 2.5 kJ·molŠ1, namely DAM-
D:DAMD, DAMD:C2CL2, DAMD:CHCL3, PTL:EAE, and
DEAN:PTL.

The corresponding in� nitesimal-mixing free energies� mGA:B
�

(eq 1) are shown inFigure 4a. Compared to� sGA:B
� (Figure

3a), the values are systematically less negative, and many
entries are actually positive. This is expected considering that
� mGA:B

� corresponds to the transfer of molecule A from the
bulk of its own liquid A to the bulk of liquid B, implying not
only the formation of favorable AŠB interactions but also the
disruption of comparably favorable AŠA interactions. Still,
similarly to the� sGA:B

� matrix, the entries of the diagonal
blocks (HP in HP, MP in MP, and LP in LP) are tendentially
more negative than those in the o� -diagonal blocks, in line
with the common-sense chemical knowledge that“like
dissolves like”. The � mGA:B

� matrix is also asymmetric. For
instance, the MP solutes (and prominently the alcohols) mix
less favorably into the LP solvents (rangeŠ6.1 to 14.9 kJ·
molŠ1 with average 5.8 kJ·molŠ1), compared to the LP solutes
in the MP solvents (rangeŠ11.0 to 7.2 kJ·molŠ1 with average
1.4 kJ·molŠ1). Here also, H2O stands out as presenting
distinctively less negative in� nitesimal-mixing free energies,
both as a solute and as a solvent.

The quantities� mGA:B
� and � mGB:A

� are also expected to
correlate qualitatively with the miscibility of A and B as liquids.
For comparison purposes, a miscibility matrix is shown in
Figure 4b based on the data available in the Springer Material
database.168Considering the liquid pairs for which� mGA:B

� and
� mGB:A

� are both larger than 2kBT
Š (indicated by crosses),

either no mixing data is reported (gray pixel), or the mixing
data is limited to the dilute-regime (red pixel), or it is restricted
to a temperature di� ering fromTŠ (light-green pixel). None is
associated with a pair that is reported to be miscible in all
proportions atTŠ (dark-green pixel). Note that the pairs ETL
and CCL4 as well as MTL and CHE, which are likely to be
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immiscible experimentally (red pixel), also correspond to
� mGA:B

� and� mGB:A
� values abovekBT

Š (but not above 2kBT
Š

for � mGCCL4:ETL
� = 2.8 kJ·molŠ1 and � mGCHE:MTL

� = 4.7 kJ·
molŠ1).

The corresponding transfer free energies� tGC:A� B
� (eq 2)

are shown inSupporting Information Section S.7(Figure S.9),
in the form of 25 graphs corresponding to each of the di� erent
solutes C. In each graph, the values calculated for liquid pairs
expected to be nonmiscible (� mGA:B

� and� mGB:A
� both larger

than 2kBT
Š) or expected to be miscible in all proportions (all

other pairs) are shown in the upper and lower triangles of the
matrices, respectively. Given a solute C, graphs of this type can
be helpful in guiding the choice of an appropriate pair of
immiscible solvents for a puri� cation of C by liquidŠliquid
extraction (upper triangle) or an appropriate pair of miscible
solvents for a puri� cation of C by recrystallization (lower
triangle). The latter situation would only be relevant at lower
temperatures or for larger solutes, considering that the 25
solutes considered here are liquid and not solid atTŠ. In
contrast, the upper triangles are immediately relevant for
liquidŠliquid extraction. For instance, CHCL3 (solvent B)
seems to be a better choice for extracting EAE (solute C) from
H2O (solvent A), with� tGC:A� B

� of Š10.4 kJ·molŠ1, compared
to other hydrophobic solvents such as HPE or CHE, with
� tGC:A� B

� of Š1.9 andŠ2.0 kJ·molŠ1, respectively.
The� tGC:A� B

� matrices also give a general impression of the
solvation speci� city of the di� erent solutes. For instance, CHE
has small� tGC:A� B

� value (� 2kBT
Š in magnitude) with respect

to all solvent pairs except those including H2O and, to a lesser
extent, ANLN. Similarly, the other hydrophobic solutes such as
HXE, HPE, TOL, and BZN have� tGC:A� B

� values of
tendentially small magnitudes, with the same two exceptions.
In order to characterize the solvation speci� city of the di� erent
solutes by means of a single number, one may consider the
root-mean-square of these� tGC:A� B

� matrices. The correspond-
ing values are shown inFigure 5, either including or excluding
the solvent water from the calculation. Including the solvent
water, the solutes H2O, HPE and HXE present the highest
solvation speci� city, with values of 11.7, 8.2, and 7.2 kJ·molŠ1,
respectively. However, excluding the solvent water, the
solvation speci� cities of the majority of the LP solutes
(TOL, BZN, HPE, HXE, CCL4 and CHE) and, to a lesser
extent, of the MP solute CHCL3, decrease signi� cantly (from
4.9Š8.2 to 1.9Š3.4 kJ·molŠ1). This observation suggests that
in the absence of a hydrophobic e� ect, the LP solutes present
little solvent speci� city. Conversely, excluding the solvent
water has little or no e� ect on the solvation speci� city of the
remaining solutes.

3.2. Force-Field Comparison.3.2.1. Global Comparison.
The correlation between the experimental cross-solvation free
energies� sGA:B

� and the values calculated using each of the four
force� elds is shown inFigure 6. The corresponding numerical
values can be found inSupporting Information Section S.8
(Table S.9). The resulting Pearson correlation coe� cientsR
are reported inTable 4, along with the root-mean-square
errors (RMSEs) and average errors (AVEEs) considering
either the FULL or the COMP sets of data points (Table 3).
To perform a fair comparison, the COMP set is considered in
the � rst place. In contrast to the FULL set, it contains exactly
the same number of data points (482) for the four force� elds.

Qualitatively, it appears that the four force� elds perform
comparably well in reproducing the experimental data. The
GROMOS and OPLS force� elds have smaller RMSE values

(2.9 kJ·molŠ1) compared to AMBER and CHARMM (3.6 and
4.0 kJ·molŠ1, respectively). However, the corresponding AVEE
values are somewhat larger in magnitude. The GROMOS force
� eld tendentially leads to slightly overestimated (too negative)
solvation free energies (AVEE ofŠ0.8 kJ·molŠ1), whereas
OPLS tends to slightly underestimate their magnitudes (AVEE
of +1.0 kJ·molŠ1).

The GROMOS force� eld presents a good overall agreement
to experiment, with a correlation coe� cient of 0.88. Among
the 482 solvation free energies in the COMP set, 440 entries
(91%) belong to the LM-Dev class, of which 320 (66%)
belong to the L-Dev class. There are 50 positive and 112
negative MH-Dev, which results in the slight bias toward
overestimating the magnitude of the solvation free energies.
The OPLS force� eld presents an equally high correlation
coe� cient of 0.88. There are 440 entries (91%) with LM-Dev,
among which 320 (66%) with L-Dev, identical to the
GROMOS results. However, with 115 positive vs 47 negative
MH-Dev, the force� eld is now slightly biased toward
underestimating the magnitude of the solvation free energies.

The AMBER force� eld presents a correlation coe� cient of
0.86 that is only slightly lower. There are 413 entries (86%)
with LM-Dev, among which are 281 entries (58%) with L-Dev.
Thus, the lowerR-value and increased RMSE are mainly
caused by a higher number of H-Dev entries. On the other
hand, AMBER shows less sign bias, with 111 positive and 90
negative MH-Dev entries. Finally, the CHARMM force� eld
presents the lowest correlation coe� cient of 0.82. There are
426 entries (88%) with LM-Dev, among which are 341 entries
(70%) with L-Dev. Thus, this force� eld presents the largest

Figure 5.Solvation speci� city of the di� erent solutes. The solvation
speci� city is de� ned as the root-mean-square of the transfer free
energies� tGC:A� B

� of the solute C considering all the solvents pairs
A,B. The two columns report the solvation speci� city of the solutes
when the solvent water is included or excluded. The molecules
considered and their acronyms are listed inTable 1, and their
structures are displayed inFigure 1. The molecules are listed in order
of decreasing dipole moment (seeTable 1). The full � tGC:A� B

�

matrices are shown inSupporting Information Figure S.9.
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number of solvation free energies that are in excellent
agreement with experiment,i.e., belong to the L-Dev class. In
spite of this, it has the lowestR-value and highest RMSE
because a number of compounds in the H-dev class present
particularly large deviations relative to experiment. Similar to
AMBER, there is little sign bias, with 78 positive and 63
negative MH-Dev entries.

3.2.2. Comparison for Individual Compounds.To
compare the relative accuracies of the four force� elds for

each of the 25 molecules, RMSE and AVEE values were
calculated separately for each compound considered either as a
solute or as a solvent. The results are shown graphically in
Figure 7for the COMP set. The corresponding numerical
values, along with analogous material for the FULL set, can be
found inSupporting Information Section S.9(Tables S.12 and
S.13 along with Figure S.14). To perform a fair comparison,
the COMP set is considered in the� rst place.

Figure 6.Correlation between experimental and calculated cross-solvation free energies for the four force� elds considered. The individual results
(points), the linear-regression line (solid red line), the identity line (solid black line), and the deviation lines (identity±2kBT

Š, dashed black lines)
are displayed for each of the four force� elds (Table 2). The� sGA:B

� values are shown for the COMP set (green;Ncomp= 482 points) as well as for
the extra values of the FULL set (orange;Nfull Š Ncomp points), as de� ned inTable 3. SeeSupporting Information Table S.9for the numerical
results andTable 4for the associated statistical information.

Table 4. Parameters Characterizing the Correlation between Experimental and Calculated Cross-Solvation Free Energies for
the Four Force Fields Considereda

[kJ·molŠ1] [kJ·molŠ1]

Fam. Set FULLR FULL RMSE FULL AVEE COMPR COMP RMSE COMP AVEE Ncomp Ncomp
L�Dev Ncomp

M�Dev Ncomp
H�Dev

GROMOS 2016H66 0.84 3.2 Š0.2 0.88 2.9 Š0.8 482 320 120 42
OPLS AA 0.87 3.0 1.0 0.88 2.9 1.0 482 320 120 42
AMBER GAFF 0.85 3.5 0.0 0.86 3.6 Š0.2 482 281 132 69
CHARMM CGenFF 0.81 4.1 0.4 0.82 4.0 0.2 482 341 85 56

aThe force-� eld speci� cation includes the force-� eld family (Fam.) and speci� c parameter set (Set), seeTable 2. The Pearson correlation
coe� cient (R), the root-mean-square error (RMSE), and the average error (AVEE) are reported for the FULL set and for the COMP set as de� ned
in Table 3. The numerical values can be found inSupporting Information Table S.9, and the corresponding correlations are displayed graphically in
Figure 6. The total number of simulation points in the COMP set (Ncomp, seeTable 3) is also indicated, along with the number of calculated
solvation free energies in this set that belong to L-Dev (Ncomp

L�Dev; deviation smaller thankBT
Š), M-Dev (Ncomp

M�Dev; deviation betweenkBT
Š and 2kBT

Š),
and H-Dev (Ncomp

H�Dev; deviation larger than 2kBT
Š) classes.
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In the four force� elds, dimethylacetamide (DAMD) as a
solute consistently presents a large RMSE (between 4.7 and
11.5 kJ·molŠ1). The corresponding AVEE is always negative,
i.e., the solvation free energies are systematically overestimated
in magnitude. In contrast, DAMD as a solvent has a reasonable
RMSE (between 2.9 and 3.8 kJ·molŠ1). The amines (ANLN,

DEAN, and TEAN) also tend to have slightly larger errors
compared to the remaining compounds, both as solutes and as
solvents. However, the extent of disagreement varies from
force� eld to force� eld, with AVEE values of di� erent signs for
these compounds. Finally, water (H2O) as a solute is also
associated with a high RMSE in the four force� elds (between

Figure 7.Deviation between experimental and calculated cross-solvation free energies for the four force� elds, considering the COMP set and
individual compounds as solute or as solvent. The quantities displayed are (a) the root-mean-square error (RMSE) and (b) the average error
(AVEE). Each molecule is considered as a solute (blue bars) or as a solvent (green bars). The molecules considered and their acronyms are listed in
Table 1, and their structures are displayed inFigure 1. The indication H2O* refers to the standard water model for each force� eld as indicated in
Table 2. The numerical values can be found inSupporting Information Table S.12. The corresponding comparison considering the FULL set is
shown inSupporting Information Figure S.14.
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4.4 and 5.5 kJ·molŠ1), along with a positive AVEE. For OPLS,
AMBER, and CHARMM, the RMSE for H2O as a solvent is
also relatively high (between 4.6 and 6.4 kJ·molŠ1), along with
a positive AVEE as well. In contrast, the solvation free energies
in H2O have relatively small errors in the GROMOS force
� eld, with a RMSE of 2.7 kJ·molŠ1. This is in line with the fact
that hydration free energies have been included as a target
during the force-� eld calibration.32

Given the importance of the solvation in apolar environ-
ments, especially for biomolecules, the calibration of the
GROMOS force� eld32 also involved the consideration of
solvation free energies in CHE. Interestingly, however, the
three other force� elds reproduce equally well these solvation
free energies, with RMSE values ranging between 2.0 and 2.3
kJ·molŠ1. In the four force� elds, the solvation free energies in
the two other alkane solvents (HXE and HPE) show similar
deviations compared to CHE.

For the GROMOS, OPLS, and AMBER force� elds, the
RMSE values of the compounds as solute and as solvent are
generally of comparable magnitudes. In contrast, for
CHARMM, the RMSE values as solvent are larger for most
compounds. The AVEE values for CHARMM are also
noticeably smaller in magnitude compared to the three other
force� elds, both as solute and as solvent, except for a number
of outliers (DAMD, DEAN, and TEAN as solutes). The
reasons for these two peculiarities of the CHARMM force� eld
are not entirely clear. The magnitude of the AVEE values are
comparable for GROMOS, OPLS, and AMBER. A slight
dominance of negative deviations for GROMOS and positive

deviations for OPLS give rise to the overall AVEE trends
observed inTable 4. For AMBER, the smaller global AVEE
appears to result from fortuitous cancellation of positive and
negative deviations.

For the chlorinated compounds (CHCL3, CCL4, and
C2CL2), the FULL set must be considered, as CHCL3 and
CCL4 are not available in CHARMM and were omitted from
the COMP set. Considering the three other force� elds, the
FULL set RMSE values for these chlorinated compounds as
solutes or as solvents range between 1.9 and 3.8 kJ·molŠ1. This
is comparable to the corresponding COMP set range of RMSE
values for the alcohols (1.4 to 5.2 kJ·molŠ1), suggesting that
the three force� elds are reasonably accurate in reproducing
the � sGA:B

� involving small chlorinated compounds.
3.2.3. Comparison for Individual Compound Pairs.The

di� erences between experimental and calculated cross-
solvation free energies� sGA:B

� for all pairs are shown inFigure
8 for the four force� elds. Corresponding matrices for the
calculated solvation free energies, their electrostatic compo-
nent � GELE, and their van der Waals component� GVDW are
provided in Supporting Information Section S.8(Figures
S.10ŠS.12), along with all the relevant numerical values
(Tables S.9ŠS.11). Recall that unlike total free energy changes,
the components� GELE and � GVDW are path dependent
quantities.169,170 They are of theoretical relevance but do not
correspond to experimental observables. Of particular interest
here is the observation that the van der Waals component to
� sGA:B

� is negative for all pairs, except those involving water
either as a solute or as a solvent. The electrostatic component

Figure 8.Deviations between experimental and calculated cross-solvation free energies for the four force� elds. The� sGA:B
� deviations (calculation

minus experiment) are given for solutes A (rows) in solvents B (columns). SeeSupporting Information Table S.11for the corresponding numerical
values. See alsoSupporting Information Figures S.10, S.11, and S.12for the calculated solvation free energies, their electrostatic component, and
their van der Waals component, respectively. The force� elds considered are listed inTable 2. The molecules considered and their acronyms are
listed inTable 1, and their structures are displayed inFigure 1.
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is always negative, tendentially larger in magnitude for pairs
involving only HP and MP compounds, and particularly
negative for the pairs involving H2O either as a solute or as a
solvent.

The GROMOS force� eld has been calibrated32 to
reproduce the solvation free energies in H2O and CHE.
Consequently, the solvation free energies in the two solvents
are in good agreement with experiment (see previous section).
Except for a few small di� erences due to slightly di� erent
simulation protocols, the present results are consistent with the
result of ref32(seeSupporting Information Section S.5.5for a
detailed comparison).

The hydration free energies are also well reproduced by the
three other force� elds, with a number of exceptions. Most
prominently, the magnitudes of the hydration free energies of
the amines DEAN and TEAN are markedly underestimated in
OPLS (+5.6 and +7.1 kJ·molŠ1), AMBER (+10.6 and +18.8 kJ·
molŠ1), and CHARMM (+20.7 and +15.3 kJ·molŠ1). Here,
due to low atomic partial charges in the amino group, the
favorable electrostatic component of� sGA:B

� cannot o� set the
positive van der Waals component.

In CHARMM, the magnitudes of the solvation free energies
of DAMD in all solvents are drastically overestimated. The
error can be as large asŠ17.4 kJ·molŠ1. For AMBER, large
deviations are also observed for this compound in the MP
solvents, with errors as large asŠ11.2 kJ·molŠ1. In contrast,
GROMOS and OPLS reproduce reasonably well the solvation
properties of DAMD, with error magnitudes of at most 8.0 and
8.7 kJ·molŠ1, respectively. The large errors in the solvation of

DAMD within CHARMM are mainly related to the high
negative partial charge on the nitrogen atom. The larger
charges in this molecule make the electrostatic component of
� sGA:B

� excessively negative, resulting in an overly negative
solvation free energy. The error becomes smaller when
considering less polar solvents, where the electrostatic
component to� sGA:B

� becomes negligible.
The solvation free energies of alcohols in alcohols are

generally a� ected by negative errors in AMBER (down toŠ6.2
kJ·molŠ1) and positive errors in OPLS (up to 3.8 kJ·molŠ1).
The CHARMM force� eld gives the most accurate results for
the alcohol block (maximum error of 1.6 kJ·molŠ1 in
magnitude). The di� erence between OPLS and AMBER for
the alcohols can be explained by considering the Lennard-
Jones interaction parameters. In AMBER, both the oxygen
atom and the� -carbon atom have smaller� and larger�
compared to OPLS. This enhances not only the attractive
Lennard-Jones interactions between the alcohol molecules but
also indirectly the intermolecular electrostatic interactions.
Owing to these di� erences, AMBER gives better results for the
hydration free energies of alcohols, but poorer results for the
solvation free energies of alcohols in alcohols.

In GROMOS, the alternative models for the chlorinated
compounds (C1401 and C1301) give similarly accurate results
compared to the original models (CCL4 and CHCL3). The
four models perform well in pairs involving LP solutes or
solvents, but tend to underestimate the magnitude of the
solvation free energy when paired with more polar solutes or
solvents. For the C1401 and C1301 models, this issue could be

Figure 9.Root-mean-square error relative to experiment for the transfer free energies of all solutes C between any pair of solvents A and B
considering the COMP set. For each solvent pair, the RMSE of� tGC:A� B

� is obtained by considering the entire series of solutes C. The molecules
considered and their acronyms are listed inTable 1, and their structures are displayed inFigure 1. The indication H2O* refers to the standard
water model for each force� eld as indicated inTable 2. A corresponding� gure for the FULL set can be found inSupporting Information Figure
S.13.
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Figure 10.Consensus root-mean-square error matrix, de� ned as the root-mean-square deviation from experiment considering the four force� elds
simultanously (a), consensus minimum-error matrix, de� ned as the smallest deviation from experiment achieved by any of the four force� elds
considered (b), and consensus average-error matrix, de� ned by the deviation from experiment of the average over the four force� elds (c). The
molecules considered and their acronyms are listed inTable 1, and their structures are displayed inFigure 1. The indication H2O* refers to the
standard water model for each force� eld as indicated inTable 2. For the ease of comparison, the rows and columns of the alternative models are
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alleviated by selecting di� erent repulsive Lennard-Jones
coe� cients for polar vs nonpolar interactions, a mechanism
already employed in GROMOS to distinguish non-hydrogen-
bonding and hydrogen-bonding interactions.

3.2.4. Transfer Free Energies.The level of agreement
between experiment and simulation in terms of cross-solvation
free energies� sGA:B

� does not automatically correlate with a
corresponding level of agreement in terms of partitioning free
energies between two solvents. This is because deviations can
add up or, in the opposite, partly compensate each other. The
RMSE values over all solutes C of the transfer free energies
� tGC:A� B

� of the solute C between the solvents A and B are
shown in matrix form inFigure 9for the COMP set. The
corresponding results for the FULL set are displayed in
Supporting Information Section S.8(Figure S.13). These
matrices are symmetric, and only the upper triangle is shown.
The darker pixels indicate solvent pairs for which the
calculated transfer free energy has the largest root-mean-
square error relative to experiment considering the transfer of
all possible solutes between the two solvents.

The pairs involving the solvents ANLN and DEE
consistently present comparatively high deviations for the
four force� elds, which could possibly hint at larger errors
a� ecting the corresponding experimental measurements (see
the next section). Besides these two solvents, AMBER and
CHARMM appear to be a� ected by somewhat larger errors
compared to GROMOS and OPLS for the solvent pairs
involving a LP solvent along with a MP or HP solvent, or with
the LP solvents DEAN and TEAN. An example of error
compensation is given by the transfer free energies between
H2O and MTL. These are best reproduced by GROMOS and
CHARMM, with RMSE values of 2.7 and 2.8 kJ·molŠ1,
respectively. The agreement is not as good for OPLS and
AMBER, with RMSE values of 3.5 and 4.7 kJ·molŠ1,
respectively. However, although CHARMM gives one of the
best results here, it has the largest RMSE values among the
four force� elds for the solvation free energies in both H2O
and MTL transfer (Figure 7andSupporting Information Table
S.12). These observations emphasize the importance of
considering transfer free energies as a separate target when
evaluating the relative accuracies of force� elds.

3.2.5. Extent of Consensuality between the Force Fields.
The consensus root-mean-square error matrix, de� ned by the
root-mean-square deviation from experiment considering the
four force� elds simultaneously, is shown inFigure 10a. The
low RMSE values for most of the entries in this matrix indicate
that the majority of the force� elds could accurately reproduce
the corresponding solvation free energies.

The consensus minimum-error matrix, de� ned by the
smallest deviation from experiment achieved by any one of
the four force� elds considered, is shown inFigure 10b. This
matrix has an RMSE of 1.6 kJ·molŠ1 for the COMP set, which
means that by choosing the right force� eld on a case by case
basis, one can accurately reproduce the majority of the
experimental solvation free energies. However, there are
several instances where the calculated cross-solvation free
energy of a given soluteŠsolvent pair substantially deviates
from experiment regardless of the force� eld employed. The

fact that each of the four force� elds fails to reproduce the
experimental value might be an indication of an error in the
experimental data, although it may also result from a more
fundamental inaccuracy of the molecular model (e.g., absence
of explicit electronic polarization). The solvation free energies
of H2O in 2M2P and PYRI in ANLN are two examples with
possibly large experimental errors, both of which were
excluded from the COMP set. A possible update for the
experimental� sGA:B

� of H2O:2M2P is proposed at the end of
Appendix A. There are 18 other cases with errors of 2kBT

Š or
larger in this matrix. In the majority of these cases, the
experimental data has either a single reported experimental
value or signi� cant discrepancies among multiple reported
values (Figure 3b). The validity of these experimental data
points can therefore indeed be questioned.

The consensus average-error matrix, de� ned by the
deviation from experiment of the average solvation free energy
over the four force� elds, is displayed inFigure 10c. The matrix
shows, in particular, the extent of error cancellation upon
averaging the results over the force� elds. This matrix has an
RMSE of 2.7 kJ·molŠ1 for the COMP set, which is smaller than
the individual RMSE values of the four force� elds (Table 4).
A similar improvement upon averaging results over di� erent
force � elds has been reported previously in the context of
ligand a� nity changes upon protein mutation.171 Expectedly,
the RMSE value of the consensus average-error matrix is larger
compared to that of the minimum-error matrix. Thus, it is a
better strategy to choose a force� eld expected to present the
highest possible accuracy for the compound class of interest
than to average the results over arbitrary force� elds.

4. CONCLUSIONS

Experimental solvation free energies are nowadays commonly
included as target properties in the validation and sometimes
even in the calibration of condensed-phase force� elds.
However, this is often done in a nonsystematic fashion, by
considering an array of available solvation free energies
involving a rather arbitrary collection of solutes in a limited
set of solvents (e.g., water, octanol, chloroform, cyclohexane,
or hexane). Here, this approach is made more systematic by
introducing the concept of cross-solvation free energies� sGA:B

�

for a set ofN molecules, all in the liquid state under ambient
conditions, namely the entire matrix ofN2 entries� sGA:B

�

considering each of theN molecules either as a solute (A) or as
a solvent (B). By construction, this matrix probes on an equal
footing the interactions of each molecule in the set with a
surrounding consisting of the bulk liquid of each molecule
(other or self) in the set. Provided that the set is su� ciently
diverse in terms of chemical functional groups, this data
accounts in a comprehensive and balanced fashion for the
intermolecular interactions that should be accurately repre-
sented by the force� eld. In particular, cross-solvation matrices
are expected to represent a sensitive test for the Lennard-Jones
combination rules used in a given force� eld, and a signi� cant
accuracy improvement might be achieved on a case by case
basis by re� ning or bypassing them.

Figure10. continued

not removed and are shown as blank. The deviations between experimental and calculated cross-solvation free energies for each of the force� elds
can be found inFigure 8, and the corresponding numerical values are listed inSupporting Information Table S.11.
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A main challenge of this approach is to be able to collect
reliable and accurate reference experimental values for a full
� sGA:B

� matrix. Clearly, although cross-solvation matrices
alleviate a bias related to the over-representation of molecule
categories as solutes or as solvents, they do not escape the
possible bias of the overall data set toward compound pairs
with experimentally available data. As a result, it may remain
di� cult to obtain a matrix that really covers all the relevant
chemical functional groups.

Based on seven di� erent literature sources, it was possible
here to establish such a matrix for a collection of 25 molecules
with one to seven carbon atoms, representative for alkanes,
chloroalkanes, ethers, ketones, esters, alcohols, amines, and
amides. Assessing the accuracy of the experimental values in a
systematic fashion is not easy. However, uncertain (i.e., likely
inaccurate) values can often be identi� ed, in particular, when
one or more of the following conditions is met: (i) the spread
over values reported in di� erent experimental sources is large;
(ii) the magnitude of the value appears anomalous when
comparing with analogous compounds; and (iii) the value
cannot be reproduced accurately by force� elds that perform
well for analogous compounds. Based on such considerations,
two entries were entirely removed from the comparison
(H2O:2M2P and PYRI:ANLN), three entries required to
exclude inaccurate data from some source (PYRI:PPN,
PYRI:MTL, and CHCL3:PTL), two entries involved the
derivation of improved values (H2O:PYRI and H2O:2PL),� ve

entries are still a� ected by a spread larger thankBT
Š across

sources (DAMD:DAMD, DAMD:C2CL2, DAMD:CHCL3,
PTL:EAE, and DEAN:PTL), and 18 additional entries should
be rechecked as they di� er by more than 2kBT

Š relative to the
values calculated using any of the four force� elds. Including
these cases, it is likely that about 3Š5% of the 625
experimental� sGA:B

� estimates are still a� ected by errors larger
thankBT

Š. The current matrix of experimental values can be
downloaded freely from the web site of ref130, where the
present data is labeled as version 1.0. Further versions will
include revisions or/and expansions of this data set.

Besides the cross-solvation free energies� sGA:B
� , two related

types of phase-transfer free energies are also considered,
namely the in� nitesimal-mixing free energies� mGA:B

� and the
transfer free energies� tGC:A� B

� . The quantity� mGA:B
�

corresponds to the transfer of a molecule of A from the liquid
phase to a solvent B, and is related to the associated limiting
activity coe� cient. The corresponding matrix is found to
present a limited symmetry across the diagonal. The values
� mGA:B

� and � mGB:A
� also correlate qualitatively with the

miscibility of A and B. The quantity� tGC:A� B
� corresponds

to the transfer of a molecule of C from a solvent A to a solvent
B, and is related to the partition coe� cient of C between A and
B. Along with the expected miscibility, the corresponding
matrices for the di� erent solutes C can be helpful as a guide for
choosing two immiscible (or miscible) liquids A and B for the
extraction (or recrystallization) of compound C.

Figure 11.Schematic illustration of the idealizations concerning gasŠliquid or gas-solution partitioning expressed in terms of Ostwald solubility
coe� cients. The drawings consider the partitioning of a gas-phase molecule A with its own liquid A (top left), with its own liquid A in the presence
of an inert gas N (top right), with a solvent B (bottom left), and with a solvent B in the presence of an inert gas N (bottom right). SeeAppendix A
for explanations.
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In the present article, this experimental data is used to
compare the accuracies of four popular condensed-phase force
� elds: GROMOS-2016H66, OPLS-AA, AMBER-GAFF, and
CHARMM-CGenFF. From a broad perspective, the most
striking observation is that, in spite of very di� erent force-� eld
functional-form choices and parametrization strategies, the
four force� elds are comparably accurate in reproducing the
target data. The correlation coe� cients range from 0.82 to
0.88, the RMSE values range from 2.9 to 4.0 kJ·molŠ1, and the
AVEE values range fromŠ0.8 to +1.0 kJ·molŠ1. The
GROMOS and OPLS force� elds present a slightly higher
correlation (both 0.88) and a slightly lower RMSE value (both
2.9 kJ·molŠ1). However, they also present slightly larger AVEE
magnitudes, with GROMOS tending to somewhat over-
estimate (Š0.8 kJ·molŠ1) and OPLS to somewhat under-
estimate (+1.0 kJ·molŠ1) the solvation free energies. These
di� erences are statistically signi� cant but not very pronounced,
especially considering the in� uence of outliers, some of which
possibly caused by inaccurate experimental data. Averaging the
calculated values over the four force� elds reduces the error
slightly (RMSE of 2.7 kJ·molŠ1), and considering for each
matrix element the best result achieved by any of the four force
� elds further reduces it (RMSE of 1.6 kJ·molŠ1). Thus,
choosing a force� eld expected to present the highest possible
accuracy for the compound class of interest remains a better
strategy compared to averaging the results obtained using
arbitrary force� elds.

Future work in our group along the line of cross-solvation
matrices will take place in four main directions. First,� ve other
force-� eld variants will be considered in an upcoming
comparison, namely GROMOS-ATB, GROMOS-54A7,
OPLS-1.14*CM1A-LBCC, AMBER-GAFF2, and OpenFF
(manuscript in preparation). Second, additional data sources
will be processed with the goals of (i) expanding the cross-
solvation matrix to molecules with other functional groups; (ii)
increasing the redundancy in terms of molecules representative
of the various functional groups (e.g., di� erent alkyl chain
lengths, polyfunctional compounds); and (iii) increasing the
redundancy in terms of alternative experimental estimates, so
as to � lter out erroneous data and improve the error
assessment. Third, mixing properties (including free energy,
enthalpy, entropy, and volume) will be calculated and
compared to experiment for mixtures in the� nite-concen-
tration regime (i.e., as a function of the mole fraction of the
two components). Finally, the possibility will be investigated to
integrate this data into the systematic CombiFF force-� eld
re� nement approach.78 In particular, cross-solvation matrices
will be of great interest in trying to assess the in� uence of the
Lennard-Jones combination rules and long-range correction on
the simulated results at an optimal parametrization level.

� A. APPENDIX A: EXPERIMENTAL DATA

This AppendixcomplementsSection 2.2in providing more
information on the thermodynamic equations (Section A.1)
and the curation procedures (Section A.2) pertaining to the
experimental data.

A.1. Thermodynamic Equations
Experimental information on solvation free energies is
commonly reported in the form of Ostwald solubility
coe� cients in decimal logarithmic form

L
C

C
log logA:B

A:B
(s)

A
(g)

=�
�

�
(A.1)

whereCA:B
(s)� and CA

(g)� are the equilibrium molar concen-
trations of solute A dissolved in solvent B and of solute A in
the gas phase, respectively, and the value refers to standard
conditions de� ned byP° = 1 bar andTŠ = 298.15 K. The
interpretation of the Ostwald coe� cient and the idealizations
involved are summarized pictorially inFigure 11.

In the context of self-solvation, logLA:A
� is a measure for the

gas-liquid partitioning of a molecule A, as illustrated in the top
row ofFigure 11. It can be viewed as pertaining to a closed-
isothermal-isochoric pure-A system atTŠ (top left), where the
liquid is in equilibrium with its vapor. The pressure in such a
system is equal to the vapor pressurePvap,A

Š of A atTŠ, and the
idealization involves a negligible in� uence of the intermolec-
ular AŠA interactions in the gas phase (real gas at� nite
pressure) and of compressibility e� ects in the liquid phase
(pressure di� ering fromP°). Alternatively, involving an inert
gas N, it can be viewed as pertaining to a closed-isothermal-
isobaric binary A+N system atP° andTŠ (top right), where
the liquid A including the dissolved N is in equilibrium with its
vapor plus the gas-phase N. Here the pressure is equal toP°,
and the idealization involves a negligible in� uence of the
intermolecular interactions in the gas phase (both AŠA and
AŠN) and of the perturbation induced by the dissolved N on
the properties of the liquid phase. When these idealizations are
appropriate (or the associated errors corrected for), the
concentrations ineq A.1can be related to the vapor pressure
Pvap,A

Š atTŠ and the liquid density� liq,A
� atP° andTŠ for pure A,

namely

L
RT

M P
log logA:A

liq,A

A vap,A

�
=�

Š �

Š
(A.2)

whereR is the gas constant, andMA is the molar mass of
compound A.

In the context of cross-solvation, logLA:B
� is a measure for the

gas-solution partitioning of the solute A in the solvent B, as
illustrated in the bottom row ofFigure 11. It can be viewed as
pertaining to a closed-isothermal-isochoric binary A+B system
at TŠ, where the solution is in equilibrium with its vapor, and
the amount of A in the system is made in� nitesimal. The
pressure in such a system is equal to the vapor pressurePvap,B

Š

of B atTŠ, and the idealization involves a negligible in� uence
of the intermolecular AŠB interactions in the gas phase (real
gas at� nite partial pressure of B) and of compressibility e� ects
in the solution phase (pressure di� ering fromP°). Alter-
natively, involving an inert gas N, it can be viewed as pertaining
to a closed-isothermal-isobaric ternary A+B+N system atP°
and TŠ (bottom right), where the solution is in equilibrium
with its vapor, and the amount of A in the system is made
in� nitesimal. Here the pressure is equal toP°, and the
idealization involves a negligible in� uence of the interactions
involving the inert-gas molecules (in the gas phase as well as
dissolved) and of the interactions between A and the vapor of
B (in the gas phase). Given these idealizations, the
concentrations ineq A.1can be related to the limiting activity
coe� cient � � ,A:B

� of A in B atP° andTŠ, the vapor pressure
Pvap,A

Š of the pure liquid of solute A atTŠ, and the density� liq,B
�

of the pure solvent B atP° andTŠ, namely
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Here, it has also been assumed that pure A presents a liquid-
gas equilibrium atTŠ, i.e.,that TŠ is above its triple-point
temperature. The quantity� � ,A:B

� corresponds to the activity
coe� cient for the transfer of one molecule of A from its own
liquid (pure) to the bulk of the solvent B (at in� nite dilution),
expressed on a per-mole basis. Because this coe� cient
represents a correction to ideal mixing, it is directly related
to a � xed-point transfer in the sense of the Ben-Naim
convention.127Š129Limiting activity coe� cients are commonly
measured using headspace gas-phase chromatography172,173or
gas-liquid chromatography.174Š178Since� � ,A:A

� is equal to one,
eq A.2is actually a special case ofeq A.3with B identical to A.

For both self- and cross-solvation free energies, the Ostwald
coe� cient can be converted to a free energy using

G RT L(ln 10) logs A:B A:B� = Š� Š �
(A.4)

In addition to the cross-solvation free energies� sGA:B
� , two

types of derived phase-transfer quantities are also considered in
this work (Figure 2), namely the in� nitesimal-mixing free
energies� mGA:B

� and the transfer free energies� tGC:A� B
� . The

quantity� mGA:B
� de� ned byeq 1can be rewritten usingeqs

A.2ŠA.4as

G RT
M

M
(ln ) with lnm A:B ,A:B A:B A:B

A liq,B

B liq,A

�
�

�
� = + � � = Š� Š

�
� � �

�

�
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Thus, within the constant� A:B
� related to the molar volumes of

the two liquids,� mGA:B
� is essentially the same as� � ,A:B

�

rewritten as the negative of a free energy. The quantity
� tGC:A� B

� de� ned byeq 2can be rewritten usingeqs A.1and
A.4as

G RT K K
C

C
ln witht

s

sC:A B C:A B C:A B
C:B
( )

C:A
( )

� = Š =�
� Š

�
�

�
�

�

�
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Thus,� tGC:A� B
� is directly related to the partition coe� cient

KC:A� B
� of the solute C between the solvents A and B.

A.2. Data-Curation Procedures
The 625 experimental values for� sGA:B

� were inferred from
seven di� erent sources.120Š126 These include a series of four
articles121Š124reporting a general treatment of solubility based
on quantitative structure-property relationships and principal
component analysis. They are complemented with the personal
data collection120 of one of the authors (Acree). These
references all report Ostwald solubility coe� cient (eq A.1),
which were converted to� sGA:B

� values usingeq A.4. In
addition, solvation free energies from the FreeSolv database126

and the Minnesota solvation database125 are also considered.
These seven experimental sources represent secondary

literature, where Ostwald solubility coe� cients or solvation
free energies were calculated using raw values for� liq

� , Pvap
Š , or/

and� �
� taken from numerous and diverse primary references.

Depending on the corresponding experimental setups and the
possible application of corrections to the raw data, these
measurements may ful� ll the idealizations ofFigure 11to
di� erent extents. Additional sources of errors also include the
following: (i) reference pressures or/and temperatures di� er-
ing somewhat fromP° and TŠ; (ii) experimental (sample

purity, measurement accuracy) and reporting (data compila-
tion) errors; and (iii) inconsistent approximations or/and
corrections between distinct sources. For these and other
reasons, curation of the data from these seven sources turned
out to be necessary. Many redundant entries involved minor
(and sometimes major) discrepancies, which had to be
investigated and resolved. Missing entries could sometimes
be added based on newly found experimental data for� liq

� , Pvap
Š ,

or/and � �
� . Finally, in a number of cases, strong disagreements

with the simulation results prompted us to relook at the
experimental values and sometimes led to the discovery of an
error and the derivation of an updated experimental estimate.

The information relevant to the curation process is
summarized inSupporting Information Table S.1. The last
three columns of this table report the numberN of raw
experimental values considered as valid estimates, the
recommended� sGA:B

� value after curation (average over the
N valid estimates), and the standard deviation� (over theseN
estimates whenN > 1). The 625� sGA:B

� values and the
associated deviations� are displayed in matrix form inFigure
3. In two cases (H2O:PYRI and H2O:2PL; detailed further
below), the available data was obviously erroneous and entirely
replaced by new values. In three cases (PYRI:PPN,
PYRI:MTL, and CHCL3:PTL), the value from one of the
sources was excluded as incorrect. These� ve discarded values
are indicated by square brackets inSupporting Information
Table S.1. The value of� was found to be larger than 2.5 kJ·
molŠ1 in � ve cases (DAMD:DAMD, DAMD:C2CL2,
DAMD:CHCL3, PTL:EAE, and DEAN:PTL). Considering�
as a form of error estimate, this hints at an issue, but no
independent experimental data could be found to derive
alternative estimates.

As mentioned above, two entries were recalculated. First, the
solvation of H2O in PYRI was associated with a negative free
energy of unexpectedly low magnitude, namelyŠ3.48 kJ·
molŠ1. Here, we estimated a new value of 8.5 for� � ,H2O:PYRI

� by
extrapolating the� nite-concentration activity coe� cient at low
mole fraction179 to the in� nite-dilution limit. The recalculated
solvation free energy evaluates toŠ17.45 kJ·molŠ1, which is
substantially more negative. Second, the solvation free energy
of H2O in 2PL was associated with a large negative value of
Š30.83 kJ·molŠ1, inconsistent with the solvation free energies
of H2O in other small alcohols (e.g.,Š21.24 andŠ16.4 kJ·
molŠ1 for the solvation of H2O in ETL and BTL, respectively).
Here, we estimated a new value of 5.60 for� � ,H2O:2PL

� by
extrapolating a value reported180at T = 288.15 K according to

�L

�N
�M�M�M

�\

�^
�]�]�]T

H

R T T
ln ln ( )

1 1
,A:B ,A:B

exc� �= + Š�
�

� Š (A.7)

whereHexc is the excess enthalpy of H2O in 2PL at in� nite
dilution, obtained by extrapolating the� nite-concentration
excess enthalpy at low mole fraction, with a value of1811.48 kJ·
molŠ1 at TŠ. The recalculated solvation free energy evaluates
to Š18.58 kJ·molŠ1, which is substantially less negative.

Finally, it is noted that two entries (H2O:2M2P and
PYRI:ANLN) are in strong disagreement with the simulation
results for the four force� elds considered (Section 3.2.5),
reason for which they are removed from the COMP set in the
force-� eld comparison (Section 2.5). Here again, this possibly
hints at an issue with the experimental data. For PYRI:ANLN,
no independent experimental data could be found. However,
shortly before publication, we were able to derive a new
estimate for H2O:2M2P. A new value of 3.68 for� � ,H2O:2M2P

�
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was obtained by extrapolating the value of 3.33 reported182 at
T = 323.15 K using a value183 of 3.17 kJ·molŠ1 for the excess
enthalpyHexc of H2O in 2M2P atTŠ. The recalculated
solvation free energy evaluates toŠ19.15 kJ·molŠ1, which is in
much better agreement with the force-� eld results. This
improved value is not used in the present article but will be
included in the next version of the data set on the website of
ref 130.

� B. APPENDIX B: FORCE FIELDS

Here, we brie� y discuss the di� erences between the four force
� elds considered in terms of their representation of the
nonbonded interactions. The main features are summarized in
Table 2.

In terms of electrostatic interactions, the GROMOS force
� eld relies on cuto� truncation based on charge-group
distances along with a long-range correction. In practice, a
twin-range cuto� scheme184is used with short- and long-range
cuto� distances set to 0.8 and 1.4 nm, respectively, and an
update frequency of 5 timesteps for the short-range pairlist and
intermediate-range interactions. The mean e� ect of the
electrostatic interactions beyond the long-range cuto� distance
is accounted for by means of a reaction-� eld correction,161,162

corresponding to the implicit inclusion of a surrounding
dielectric medium of static relative dielectric permittivity equal
to that of the solvent. In the GROMOS force� elds, the atomic
partial charges are derived by explicit optimization against
experimental thermodynamic pure-liquid and solvation proper-
ties.19,32,109Š112

In contrast, the OPLS, AMBER, and CHARMM force� elds
rely on the particle-mesh Ewald165 lattice-sum method. In this
case, the long-range component of the electrostatic interactions
is accounted for by strictly enforcing the periodicity of these
interactions. This is done by adding real-space interactions
evaluated using pairwise summation up to a cuto� distance and
reciprocal-space interactions evaluated by Fourier trans-
formation. Here, the cuto� is a purely numerical parameter,
i.e., it has no in� uence on the system properties at full
convergence of the reciprocal-space sum. The charge-
derivation procedure may di� er between versions of these
three force� elds, and the following refers speci� cally to the
OPLS-AA, AMBER-GAFF, and CHARMM-CGenFF variants.
Similarly to GROMOS, the atomic partial charges in OPLS are
derived by optimization against pure-liquid properties of
organic compounds.33,34 In contrast, CHARMM and
AMBER rely on partial charges derived using QM methods.
In AMBER, the charges are obtained based on HF/6-31G(d)
calculations138Š140 using the RESP electrostatic-potential� t
method.36 In CHARMM, initial values are estimated either
from similar groups by analogy or based on MP2/6-31G(d)
calculations140,185 using the MerzŠKollman electrostatic-
potential� t method.141,142 They are then further optimized
to reproduce the QM gas-phase dipole moment and the
interaction energy with a water molecule in di� erent positions
and orientations.60,61

For the four force� elds considered, the Lennard-Jones
interaction has the form
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whererij is the minimum-image distance between pairs of
atomsi andj, � ij is the collision diameter, and� ij is the well
depth. These two parameters are also often combined into a
dispersive coe� cientC6,ij and a repulsive coe� cientC12,ij. The
summation ineq B.1is restricted to pairs within a cuto�
distanceR, which is set to 1.4, 1.1, 1.1, and 1.2 nm for
GROMOS, OPLS, AMBER, and CHARMM, respectively. For
OPLS and AMBER, a Lennard-Jones potential switch is
applied over the last 0.05 and 0.1 nm, respectively. For
CHARMM, a Lennard-Jones force switch is applied over the
last 0.2 nm. The inclusion of long-range Lennard-Jones
interactions (tail correction or use of lattice summation) is
inconsistent with the calibration of the GROMOS force� eld.25

However, for AMBER, CHARMM, and OPLS, a long-range
tail correction1 is applied here for the energy and the pressure.

To limit the number of parameters, combination rules are
generally applied. In GROMOS and OPLS, a geometric-mean
combination rule186,187 is used

( ) and ( )ij ii jj ij ii jj
1/2 1/2� � � � � �= = (B.2)

which can be equivalently expressed as

C C C C C C( ) and ( )ij ii jj ij ii jj6, 6, 6,
1/2

12, 12, , 12, ,
1/2= = � � (B.3)

In AMBER and CHARMM, a LorentzŠBerthelot combination
rule188,189 is used instead

( ) and
2ij ii jj ij

ii jj1/2� � � �
� �

= =
+

(B.4)

In GROMOS,eq B.3is applied with adjustments enabling
some � exibility relative to thestrict geometric-mean
combination rule, namely that theC12,� ,ii andC12,� ,jj coe� cients
can be selected from three alternative sets with� = I, II, or III.
The selection is performed based on the types of the involved
atoms depending on whether they are non-hydrogen-bonding
(type I), uncharged hydrogen-bonding (type II), or oppositely
charged (type III, for the negative species only). Only types I
and II are relevant for the neutral molecules considered here.
Note that the use of pair-speci� c parameters bypassing the
combination rules has also been considered for the three other
force� elds.74,91,93,100Š108 In the present work, these variants
are not included.

In OPLS, AMBER, and CHARMM, the Lennard-Jones
interaction parameters are normally optimized against
experimental thermodynamic properties for liquids and solids
(e.g., density and vaporization/sublimation enthalpy). In
GROMOS, solvation properties are considered as well.32

For all force� elds considered,� rst and second covalent
neighbors are excluded from nonbonded interactions. For the
third neighbors, the conventions di� er.15 In GROMOS and
CHARMM, the electrostatic interaction is normal, and the
Lennard-Jones interaction relies on a special set of parameters.
In OPLS and AMBER, the third-neighbor electrostatic and
Lennard-Jones interactions are adjusted using scaling factors,

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://dx.doi.org/10.1021/acs.jctc.0c00688
J. Chem. Theory Comput.2020, 16, 7556Š7580

7574



of 0.5 and 0.5, respectively, for the OPLS force� eld,34 and of
0.833 and 0.5, respectively, for the AMBER force� eld.59

As seen above, the force� elds considered di� er in a number
of important design choices. It is therefore expected that the
nonbonded interaction parameters (atomic partial charges and
Lennard-Jones coe� cients) also di� er, so as to partly absorb
the e� ects of these design variations. An analysis of the main
parameter di� erences among the four force� elds is provided in
Supporting Information Section S.2.
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