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Abstract All-atom molecular dynamics computer simulations were used to blindly
predict the hydration free energies of a range of chloro-organic compounds as part
of the SAMPL3 challenge. All compounds were parameterized within the frame-
work of the OPLS-AA force field, using an established protocol to compute the ab-
solute hydration free energy via a windowed free energy perturbation approach and
thermodynamic integration. Three different approaches to deriving partial charge pa-
rameters were pursued: (1) using existing OPLS-AA atom types and charges with
minor adjustments of partial charges on equivalent connecting atoms; (2) calculation
of quantum mechanical charges via geometry optimization, followed by electrostatic
potential (ESP) fitting, using Jaguar at the LMP2/cc-pVTZ(-F) level; and (3) via ge-
ometry optimization and CHelpG charges (Gaussian03 at the HF/6-31G* level), fol-
lowed by two-stage RESP fitting. Protocol 3 generated the most accurate predictions
with a root mean square (RMS) error of 1.2 kcal·mol−1 for the entire data set. It was
found that the deficiency of the standard OPLS-AA parameters, protocol 1 (RMS
error 2.4 kcal·mol−1 overall), was mostly due to compounds with more than three
chlorine substituents on an aromatic ring. For this latter subset, the RMS errors were
1.4 kcal·mol−1 (protocol 3) and 4.3 kcal·mol−1 (protocol 1), respectively. We propose
new OPLS-AA atom types for aromatic carbon and chlorine atoms in rings with ≥ 4
Cl-substituents that perform better than the best QM-based approach, resulting in an
RMS error of 1.2 kcal·mol−1 for these difficult compounds.
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1 Introduction

The hydration free energy ∆Ghyd, i.e. the change in Gibbs free energy for the trans-
fer of a molecule from the gas phase to aqueous solution at constant temperature
and pressure, is of fundamental importance to characterize the distribution of com-
pounds in chemical and biological systems. It has also become a standard test case
for the evaluation of the predictive power of quantitative computational methods.
The SAMPL challenges (SAMPL1 [1], SAMPL2 [2], SAMPL3 in this issue) in par-
ticular asked participants to blindly predict hydration free energies for compounds
whose unpublished experimental values were only revealed after submission of the
predictions. This has turned out to be a fruitful approach to assess quantitative com-
putational methods without bias and point out areas where improvements are required
[3]. Solvation free energies have also been used to either parameterize computational
models such as classical additive force fields used in molecular mechanics [4–6] or
to evaluate the quality of existing force fields [7, 8].

Here we are focusing on classical all-atom molecular dynamics (MD) simulations
in explicit solvent with additive and transferrable force fields. Our main interest is to
assess the quality of parameterization of small molecules as such a parameterization
is a crucial first step in studying the interactions of drug- or toxin-like molecules
with biological systems. Methods based on classical all-atom MD simulations can
provide precise predictions for hydration free energies [9] and current force fields
are believed to be accurate to 1–2.5 kcal·mol−1 for the prediction of hydration free
energies of typical small organic molecules [3, 10–16]

The data set provided for the SAMPL3 challenge consists of 36 chloro-organic
compounds in three distinct chemical subsets with varying numbers of chlorine sub-
stituents. Understanding the relationship between structure and physico-chemical
properties for this family of compounds is important in order to model the spread
of these persistent and often toxic organic pollutants through the environment [17].
Subset 1 contains polychlorinated derivatives of ethane with all possible substitution
combinations and up to six chlorine atoms (compounds 1–10, Figure 1). Polychlori-
nated derivatives of biphenyl in subset 2 (11–24, Figure 2) and of dibenzo-p-dioxin
(subset 3, 25–36, Figure 3) contain aromatic ring systems with different substitution
patterns for the chlorine substituents.

Computational studies predicting the hydration free energy for polychlorinated
compounds are relatively rare in the literature. Previous work [18] described the pre-
diction of hydration free energies for chlorinated ethanes using molecular dynamics
simulations, in explicit solvent and with the OPLS force field. As the original param-
eters gave very poor results for the prediction of absolute and relative hydration free
energies, the non-bonded r12 coefficients for carbon, hydrogen and chlorine atoms
were improved to reproduce experimental free energies of hydration [18]. More re-
cently, hydration free energies of a data set of 57 polychlorobiphenyls (PCBs) were
recently computed to a root mean square error (RMSE) of about 0.9 kcal·mol−1 with
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Fig. 1 Chemical structures of subset 1, containing chlorinated ethane derivatives.

an empirically corrected one-dimensional reaction site interaction model [19]. To our
knowledge, no study dedicated to the prediction of hydration free energies of the
polychlorinated dibenzo-p-dioxins (PCDD) family has been published to date.

Here we used all atom classical molecular dynamics (MD) simulations to com-
pute the hydration energy from the interactions between the solute and water. These
interactions are parameterized in a force field; for this work we used the OPLS-AA
force field [5, 20–33] as a basis. The strongest non-bonded interaction in molecular
systems is the electrostatic force, which is parameterized as a Coulomb force be-
tween point charges situated on the sites of the atoms. The point charges are typically
not taken as full formal charges but as partial charges that, in the sum, reproduce
the correct electrostatics of the molecule. In OPLS-AA, charges are determined for
small model compounds and then directly transferred to an atom in another molecule
that experiences the same chemical environment as the atom in the model compound.
Water is a polar molecule and thus electrostatic interactions typically dominate the
hydration free energy. Therefore, we evaluated three different protocols for generat-
ing the partial charges for the compounds 1–36. Protocol P1 essentially employed the
native OPLS-AA charges whereas P2 and P3 computed the charges at the quantum
mechanical (QM) level for each compound.

Comparison of the predicted hydration free energies with the hydration free en-
ergies released in the SAMPL3 evaluation phase (Figure 4) indicated that the QM
partial charges produced better predictions than the OPLS-AA charges. In particu-
lar, compounds with at least 4 chlorine substituents on aromatic rings had much too
negative hydration free energies in OPLS-AA. This observation prompted us to re-
parameterize the corresponding Cl and C partial charges, using the hydration free
energy of the model compound hexachlorobenzene 37 (not in the test set) as a tar-
get. We show that the resulting parameterization protocol P4, which amounts to the
introduction of two new atom types into the standard OPLS-AA parameterization
protocol, performs better on the SAMPL3 set than any of our other approaches P1–
P3.

2 Methods

All compound structures were converted from SDF format to PDB format with CO-
RINA version 3.44 (http://www.molecular-networks.com). Analysis of molecular dy-
namics trajectories was carried out with Gromacs tools (http://www.gromacs.org)
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Fig. 2 Chemical structures of subset 2, containing polychlorinated biphenyl (PCB) derivatives. The high-
lighted compounds 15 and 19–24 contain aromatic ring systems with≥ 4 chlorine substituents. Hydrogen
atoms are omitted for clarity.

[34] and MDAnalysis [35]. The OPLS-AA force field files that are part of Gromacs
4.5.3 [34] were used as a basis for the parameterization of the compounds 1–37.

2.1 Parameterization protocols

Topologies of all compounds were generated using an in-house developed script that
assigns atom types based on the OPLS-AA force field. The hydration free energy de-
pends strongly on the partial charges and hence three different protocols P1–P3 were
tested for charge generation. A fourth protocol, P4, was used to derive optimised
partial charge parameters for chlorine and carbon atoms that were insufficiently rep-
resented in the current OPLS-AA force field. The Lennard-Jones and bonded inter-
actions were kept the same for protocols P1 to P4.

P1: OPLS-AA charges For parameterization protocol P1, the native charges from
OPLS-AA were used. When these were missing, they were adapted from the existing
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Fig. 3 Chemical structures of subset 3, containing polychlorinated dibenzo-p-dioxin (PCDD) derivatives.
The highlighted compounds 31 and 34–36 contain aromatic ring systems with ≥ 4 chlorine substituents.
Hydrogen atoms are omitted for clarity.

ones (e.g. atom type opls 152 with modified charges of 0.297 and 0.600 were used for
C atoms in RCHCl2 and RCCl3, respectively; see Section 3.2 for a post-hoc validation
of this approach).

P2: LMP2/cc-pVTZ(-F) QM charges For protocol P2, the charges were obtained
after geometry optimization and electrostatic potential (ESP) fitting, using Jaguar
(http://www.schrodinger.com) at the LMP2/cc-pVTZ(-F) level. This methodology
has been previously used for the OPLS-AA force field development (protein amino
acids and small organic molecules) [21, 26, 27]. The charges for chemically equiva-
lent atoms obtained from the Jaguar calculations output were generally not identical,
and they were adjusted manually before further use.

P3: HF/6-31G* QM charges For P3, the charges were obtained after geometry opti-
mization and CHelpG charges calculation using Gaussian03 (http://www.gaussian.com)
[36] at the HF/6-31G* level, then a two-stage RESP fitting using AmberTools (http://ambermd.org).
This methodology has been previously used for heterocycles parameterization in the
OPLS-AA force field [23, 24].

P4: New OPLS-AA parameters based on the hydration free energy of hexachloroben-
zene New OPLS-AA atom types for chlorine and carbon were developed for the
case of aromatic rings with four or more chlorine substituents, using the model com-
pound hexachlorobenzene 37 (Figure 5A). Lennard-Jones and bonded interactions
were retained from OPLS-AA atom types opls 264 (Cl) and opls 263 (C), which were
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originally derived from chlorobenzene [37]. The partial charges of the Cl and the C
atom were set to equal but opposite values (qCl =−qC). They were adjusted until the
computed hydration free energy matched the experimental estimate, ∆Gexp

hyd =−2.26
kcal/mol, which had been calculated as the mean from two different experimental
measurements [19].

2.2 Hydration free energy calculation

Hydration free energies were calculated via free energy perturbation (FEP) molecular
dynamics (MD) simulations of each molecule in a water box. All simulations were
performed with Gromacs 4.5.3 [34]. Processing and analysis of the free energy sim-
ulations was carried out with scripts based on the GromacsWrapper Python tool kit
(O. Beckstein, https://github.com/orbeckst/GromacsWrapper).

The FEP protocol follows the works of Mobley and colleagues [10], with some
small differences. A molecule was solvated with TIP4P water [38] in a dodecahe-
dral periodic simulation cell with at least 1.0 nm between the solute and the box
surfaces. Initial equilibrium NPT MD simulation (T = 300 K, P = 1 bar) of the
molecule were run for 50 ns. The simulations were run as Langevin dynamics (inte-
gration time step 2 fs) for temperature control, with the friction coefficient for each
particle computed as mass/0.1 ps. The average pressure was held constant with an
isotropic Berendsen barostat (relaxation time constant τp = 1 ps and compressibility
κp = 4.6× 10−5 bar−1). The grid-based neighbor list was updated every five time
steps. Lennard-Jones interactions were calculated up to a cutoff of 1 nm and a dis-
persion correction (implemented in Gromacs) was applied to energy and pressure to
account for van der Waals interactions beyond the cutoff in a mean field manner.
Coulomb interactions were handled with the SPME method [39] (short range cutoff
1 nm, 0.12 nm Fourier grid spacing, sixth order spline interpolation). Bonds contain-
ing hydrogen atoms were constrained with the P-LINCS algorithm [40] (fourth order
expansion with a single iteration).

The last frame of the NPT simulation was used as the input for the free energy
perturbation (FEP) simulations. FEP calculations were performed in the NV T ensem-
ble without a barostat but used the same parameters as the NPT simulations with the
exception of FEP specific alterations and a higher P-LINCS order of 12.

Simulations were run on up to eight cores. The domain decomposition algorithm
in Gromacs 4.5.3 did not always handle well the simulations for these relatively small
systems and therefore most of them were run with the particle-based decomposition.
The simulation system sizes were fairly small (8–22 atoms for solute and 1100–2600
atoms for solvent) and did not substantially benefit from parallelizing a single sim-
ulation further. However, the automated FEP protocol described below requires 21
simulations that can all be carried out independently. One eight-core workstation was
sufficient to calculate one hydration free energy in 1–2 days, depending on the size
of the system.

The FEP protocol computes the free energy difference between the solvated molecule
and the molecule in the gas phase by constructing an alchemical (non-physical) path-
way during which the interactions of the molecule with the solvent are stepwise de-
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coupled. A coupling parameter λ for each interaction is used to scale the interaction:
λ = 0 indicates that the interaction is at full strength and at 1 it is switched off.
Coulomb interactions were linearly reduced to zero over five windows (coupling pa-
rameter λCoul ∈ {0, 0.25, 0.5, 0.75, 1}) while the van der Waals (Lennard-Jones)
interactions were maintained (i.e. λvdW = 0); sixteen windows were used to switch
off the Lennard-Jones term for the uncharged solute (λCoul = 1 and λvdW ∈ {0, 0.05,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95, 1}). Each window
was simulated for 5 ns. The van der Waals calculations used soft core potentials
with the values suggested by [10] (α = 0.5, power 1, and σ = 0.3 nm). The calcu-
lations made use of the “couple-intramol = no” feature in Gromacs [34] (new
in release 4.x), which performs a decoupling simulation that leaves intra-molecular
interactions unchanged and thus avoids having to calculate gas-phase contributions
separately. The derivative of the Hamiltonian H with respect to the coupling pa-
rameter λ , ∂H /∂λ , was saved for every time step. Thermodynamic integration (TI)
over the average derivatives of all windows,

∆G =
∫ 1

0

〈
∂H

∂λ

〉
dλ , (1)

yielded the free energy contributions for the decharging and decoupling steps. Eq. 1
was integrated numerically with the composite Simpson’s rule [41] as implemented
in SciPy (http://www.scipy.org).

The total hydration free energy (transfer from gas phase to aqueous phase at the
1M/1M Ben-Naim standard state) is calculated as ∆Ghyd = −(∆GCoul + ∆GvdW).
Note that any corrections for simulating at constant volume have been neglected (and
hence technically our transfer energy is a Helmholtz free energy). In the last stages of
preparation of this manuscript for submission, these corrections have been evaluated
more in depth and we realized that they can be significant in some cases. Preliminary
results indicate that correct treatment of these corrections will substantially improve
our results. Additional calculations are currently running to address this issue.

The error on the hydration free energy is estimated from the errors of the individ-
ual 〈∂H /∂λ 〉 of each FEP window. The error δ of the mean 〈∂H /∂λ 〉 is calculated
as

δ =
√

2tcC(0)τ−1 (2)

where C(t) is the autocorrelation function of the fluctuations around the mean, ∂H /∂λ−
〈∂H /∂λ 〉, tc the correlation time (assuming an inital exponential decay of the au-
tocorrelation function C(t) ∼ exp(−t/tc)), and τ the total length of the simulation
[42]. The error on each TI integral is calculated analytically via propagation of er-
rors through Simpson’s rule (implemented in GromacsWrapper as an extension of the
SciPy functionality for Simpson’s rule). The final error on ∆Ghyd is (δ 2

Coul+δ 2
vdW)1/2.

3 Results and Discussion

The main results of the hydration free energy calculations are summarized in Figure 4
and detailed in Table 1.
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Table 1 Computed and experimental hydration free energies ∆Ghyd with error estimate (in kcal·mol−1) for
all compounds (denoted by “id”). The absolute difference between computed and experimental hydration
free energy is shown for each compound and parameterization protocol i as D(i)

id = |∆G(i)
hyd,id−∆Gexp

hyd,id|.
The standard error in the last significant digits is given in parentheses. The root mean square error (RMSE)√

N−1 ∑
N
id D2

id is listed for chemically distinct classes of compounds (see text).

id Exp. Protocol 1 Protocol 2 Protocol 3 Protocol 4
∆Gexp

hyd ∆G(1)
hyd D(1) ∆G(2)

hyd D(2) ∆G(3)
hyd D(3) ∆G(4)

hyd D(4)

1 1.87(10) 2.69(3) 0.82 2.27(3) 0.40 2.49(3) 0.62
2 −0.39(10) 0.37(4) 0.76 0.17(4) 0.56 0.19(4) 0.58
3 −0.88(10) −0.14(5) 0.74 −0.08(4) 0.80 0.42(4) 1.30
4 −1.80(10) −0.42(7) 1.38 0.09(6) 1.89 −0.73(6) 1.07
5 −0.26(10) 0.10(5) 0.36 0.84(5) 1.10 0.11(5) 0.37
6 −1.97(10) −1.64(20) 0.33 −0.54(6) 1.43 −0.08(7) 1.89
7 −1.43(10) −0.99(5) 0.44 −0.23(5) 1.20 −0.17(5) 1.26
8 −2.37(10) −2.53(14) 0.16 0.16(8) 2.53 −0.23(9) 2.14
9 −1.23(10) −2.35(6) 1.12 0.63(6) 1.86 −0.70(6) 0.53

10 −0.64(10) 0.01(7) 0.65 −0.37(7) 0.27 0.83(6) 1.47

RMSE 1–10 0.76 1.39 1.26
RMSE 1,2,4 1.03
RMSE 3,5–10 0.62

11 −2.23(10) −2.42(7) 0.19 −4.28(8) 2.05 −1.60(7) 0.63
12 −2.69(10) −0.58(8) 2.11 −3.24(7) 0.55 −0.76(7) 1.93
13 −2.46(10) −2.83(8) 0.37 −3.55(8) 1.09 −1.35(8) 1.11
14 −2.16(10) −2.56(8) 0.40 −1.99(8) 0.17 −0.78(9) 1.38
15 −3.48(1.00) −4.48(9) 1.00 −3.00(9) 0.48 −2.80(9) 0.68 −2.40(9) 1.08
16 −2.28(12) −1.71(10) 0.57 −2.17(9) 0.11 −1.82(10) 0.46
17 −3.61(13) −3.77(9) 0.16 −2.08(9) 1.53 −2.74(9) 0.87
18 −1.96(10) −2.89(10) 0.93 0.23(9) 2.19 −1.61(10) 0.35
19 −4.38(22) −4.97(11) 0.59 −1.62(10) 2.76 −2.20(10) 2.18 −2.97(11) 1.41
20 −3.04(10) −6.47(11) 3.43 −1.35(9) 1.69 −2.76(10) 0.28 −3.01(10) 0.03
21 −4.40(10) −7.93(10) 3.53 0.27(10) 4.67 −3.38(11) 1.02 −4.48(11) 0.08
22 −3.17(10) −8.04(11) 4.87 −0.97(11) 2.20 −1.65(11) 1.52 −4.97(10) 1.80
23 −4.61(25) −7.36(11) 2.75 −0.49(13) 4.12 −2.43(10) 2.18 −2.59(11) 2.02
24 −2.98(1.00)−10.38(12) 7.40 −0.55(11) 2.43 −2.53(12) 0.45 −3.59(11) 0.61

RMSE 11–24 2.90 2.29 1.25
RMSE 15,19–24 4.31 3.17 1.51 1.35

25 −3.15(10) −2.13(7) 1.02 −3.83(7) 0.68 −2.19(7) 0.96
26 −3.52(10) −0.97(7) 2.55 −3.03(8) 0.49 −3.22(8) 0.30
27 −3.10(10) −2.10(8) 1.00 −3.64(8) 0.54 −2.02(7) 1.08
28 −3.56(1.00) −3.08(9) 0.48 −2.59(8) 0.97 −2.45(8) 1.11
29 −3.67(12) −1.91(8) 1.76 −2.72(9) 0.95 −2.42(9) 1.25
30 −4.05(10) −3.88(9) 0.17 −1.33(9) 2.72 −2.27(9) 1.78
31 −3.81(14) −6.77(10) 2.96 −2.40(10) 1.41 −2.31(9) 1.50 −3.10(9) 0.71
32 −3.84(1.00) −3.43(9) 0.41 −3.74(9) 1.00 −3.03(9) 0.81
33 −3.37(1.00) −3.83(9) 0.46 −2.53(10) 0.84 −3.16(9) 0.21
34 −4.15(1.00) −6.12(10) 1.97 −2.23(9) 1.92 −3.31(10) 0.84 −2.58(10) 1.57
35 −3.71(1.00) −7.62(10) 3.91 −2.82(10) 0.89 −4.87(10) 1.16 −4.74(11) 1.03
36 −4.53(1.00)−11.23(12) 6.70 −1.80(11) 2.73 −3.37(11) 1.16 −4.32(11) 0.21

RMSE 25–36 2.66 1.44 1.10
RMSE 31,34–36 4.27 1.87 1.19 1.01

RMSE 1–36 2.41 1.80 1.21
RMSE 15,19–24,31,34–36 4.29 2.72 1.39 1.22
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Fig. 4 Correlation between experimental and computed hydration free energies. The computed ∆Ghyd
is shown against the experimental value for each parameterization protocol P1–P4. Perfect agreement is
shown by the diagonal line in each plot and ±1 kcal·mol−1 from ideal is indicated by the shaded area.
Error bars denote the experimental or computational error at one standard deviation from the mean. Com-
putational errors are typically smaller than the marker symbols (< 0.15 kcal·mol−1). The plot range for P1
is expanded compared to the other protocols in order to accommodate the predictions for compounds with
≥ 4 chlorine substituents on aromatic rings that deviate substantially from the experimental values (black
filled markers).

3.1 Predicted hydration free energies

For each molecule, hydration free energy calculations were carried out using the three
topologies generated with protocols P1–P3. The corresponding three sets of results
(∆G(1)

hyd to ∆G(3)
hyd in Table 1) were submitted to the SAMPL3 challenge. The ac-

curacy of the computed ∆Ghyd was quantified by computing the root mean square
error (RMSE) from the experimental hydration free energies, which were released by
the SAMPL3 organisers after the submission of the predictions. A RMSE to within
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Table 2 New OPLS-AA parameters for carbon atoms in RCHCl2 and RCCl3 (oplsa 152A and oplsa 152B)
and carbon (oplsa 263A) and chlorine (oplsa 264A) atoms in aromatic rings with≥ 4 chlorine substituents.

namea typeb Zc m (u)d q (e)e σ (nm)f ε (kJ·mol−1)g

opls 152A CT 6 12.011 0.297 0.350 0.276144 ; C in RCHCl2
opls 152B CT 6 12.011 0.600 0.350 0.276144 ; C in RCCl3
opls 263A CA 6 12.011 0.090 0.355 0.29288 ; C(Cl) perchlorobenzenes
opls 264A Cl 17 35.453 −0.090 0.340 1.25520 ; Cl perchlorobenzenes

a proposed OPLS-AA atom type name b bonded type c atomic number
d atomic mass in atomic mass constants mu = 1.660538921× 10−27 kg
e partial charge in elementary charges e = 1.602176565× 10−19 C
f length parameter of the OPLS-AA Lennard-Jones potential VLJ(r) = 4ε[(σ/r)12− (σ/r)6)] [5]
g energy well depth of the OPLS-AA Lennard-Jones potential VLJ(r)

chemical accuracy, i.e. about 1 kcal·mol−1, can be considered sufficient for many
applications [3].

At the time of submission, experimental values for the hydration free energy were
known for two compounds from this dataset: ethane 1 and hexachloroethane 10, the
latter being present in the SAMPL2 data set [2]. For both compounds, the second
protocol (P2) gave the best results (RMSE 0.3 kcal·mol−1) and thus from this very
limited data set, P2 appeared to be the most promising approach. However, compar-
ison of the predictions for the whole data set 1–36 to the released experimental data
(Figure 4) showed that P3 (QM charges from Gaussian03) produced the best blind
predictions with a RMSE of 1.2 kcal·mol−1 compared to 1.8 kcal·mol−1 for P2 (QM
charges from Jaguar). Compared to the QM-derived charges, the standard OPLS-AA
approach (P1) was less accurate with RMSE 2.4 kcal·mol−1 (Table 1).

A more detailed analysis in terms of distinct chemical groups showed a more
diverse picture. In subset 1, which contains the chloro ethane derivatives 1–10, the
trend was completely reversed. In this case, protocol P1 provided the most accurate
predictions, with a RMSE value of 0.8 kcal·mol−1. The QM-based methods did show
smaller errors for the more complicated compounds in subsets 2 (11–24) and 3 (25–
36) than the standard OPLS-AA charges where P3 produced more accurate results
than P2 or P1 (Table 1).

The encouraging results for the standard OPLS-AA force field for subset 1 sug-
gested that the force field is able to reach near chemical accuracy for chloro-organic
compounds and its failure to do so for subsets 2 and 3 might have a cause lying in the
chemical structure of the compounds. It turned out that compounds with at least four
chlorine substituents on an aromatic ring (15, 19–24, 31, 34-36) had substantially
too negative hydration free energies (RMSE 4.3 kcal·mol−1 compared to the best
RMSE 1.4 kcal·mol−1 for P3). This was particularly obvious when the correlation
between experimental and computed values was plotted as in Figure 4. These results
prompted us to develop new force field parameters for these difficult compounds.

3.2 Parameterization and validation of new OPLS-AA atom types
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Fig. 5 Model compound hexachlorobenzene (37). A: chemical structure. B: Calculated hydration free
energy ∆Ghyd as a function of the partial charge qCl on the chlorine substituent or −qCl on the Cipso
atom bearing the chlorine substituent. The red line shows the average of the known experimental values,
−2.26 kcal/mol [19]. Arrows indicate values generated from the protocols P1–P3 discussed in the text.
The new value qCl proposed for OPLS-AA is indicated by P4.

Parameterization of aliphatic C atoms in RCHCl2 and RCCl3 In the original OPLS-
AA force field, no parameters were available for aliphatic carbon atoms bearing two
or three chlorine substituents, only aliphatic C atoms of RCH2Cl type being param-
eterized (available as opls 152), starting from 1,2-dichloroethane [37]. As several
compounds from the SAMPL3 dataset (3,5–10) contained the RCHCl2 and RCCl3
motifs, two new atom types were defined starting from opls 152 and following the
same OPLS-AA philosophy. Consequently, modified charges of 0.297 and 0.600
were used in protocol P1 for C atoms in RCHCl2 and RCCl3, respectively, all other
parameters being identical with opls 152 (Table 2). The values of these charges were
chosen in order to conserve the overall neutrality of the molecule and make use of the
existing atom types [37] for hydrogen and chlorine atoms in alkyl chlorides (opls 153
and opls 151, respectively). The predictions for the compounds containing these new
atom types (3,5–10) were in very good agreement with the experimental hydration
free energy values (RMSE 0.62 kcal·mol−1, see Table 1), better than the predictions
for the compounds making use of “classical” OPLS-AA parameters (1–2,4, RMSE
1.03 kcal·mol−1). In these conditions, we believe that these two new atom types are
validated and appropriate for further use in molecular dynamics simulations with the
OPLS-AA force field.

Parameterization of Cl atoms in aromatic rings with ≥ 4 chloro substituents Three
different atom types are available in the OPLS-AA force field for fluorobenzenes
(opls 719, opls 728 and opls 721, defined for systems with one, two and six fluo-
rine substituents on the aromatic ring, respectively). On the other hand, only one
atom type (opls 264) is available for chlorobenzenes, corresponding to the mono-
substituted aromatic rings [37]. As already stressed above, the compounds with four
or more chloro substituents on the aromatic ring (15,19–24,31,34–36) contributed
most to the overall prediction error for the hydration free energy in the SAMPL3
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dataset (Table 1 and Figure 4). A possible explanation for these results is that the
opls 264 atom type is not appropriate for use with these highly substituted systems,
possibly due to interactions between the chlorine atoms as also found in a different
study [19]. Within the SAMPL3 challenge, we were able to obtain improved pre-
dictions for these difficult compounds using modified charges generated from QM
calculations (protocols P2 and P3, with RMSE 2.72 kcal·mol−1 and 1.39 kcal·mol−1,
respectively, compared with 4.29 kcal·mol−1 using protocol P1). However, with pro-
tocols P2 and P3 the charge on Cl atoms always differs according to their environment
within the molecules. Such variable charges are not compatible with the OPLS-AA
philosophy and makes it impossible to transfer these charges to other, chemically
similar compounds. With approaches P2 and P3, a full QM calculation would have
to be carried out for each new compound of interest. The SAMPL3 data provided an
opportunity to define a new transferrable OPLS-AA atom type for Cl atoms in highly
substituted aromatic systems (perchlorobenzenes). We used hexachlorobenzene (37,
Figure 5A), which is not included in the SAMPL3 data set, but was present in the
SAMPL2 data set [2], as a model compound. Starting from the standard OPLS-AA
atom type opls 264 for Cl (protocol P1), we computed ∆Ghyd as a function of the
partial charge qCl on the Cl atom (Figure 5B). The aromatic Cipso atom bearing the Cl
substituent was based on opls 263 and was assigned the same charge as the Cl atom
but with opposite sign (qCipso = −qCl). As a target value for ∆Ghyd we employed
the experimental estimate of −2.26 kcal·mol−1, which was also used by Ratkova et
al [19]. The standard OPLS-AA parameters (qCl = −0.180) yielded a ∆Ghyd too
negative by 4.01 kcal·mol−1, consistent with the general trend observed for the aro-
matic compounds (11–36) from the SAMPL3 set (P1). The QM approaches pro-
duced smaller Cl charges of −0.060 (P3) and −0.018 (P2), leading to ∆Ghyd being
too positive by 1.29 and 1.39 kcal·mol−1, respectively. We then systematically varied
qCl to match the target hydration free energy and finally chose qCl = −0.090 with
a signed deviation of −0.18 kcal·mol−1 to define new atom types opls 263A (Cipso)
and opls 264A (Cl) for perchlorobenzenes (Table 2).

The new atom types (termed protocol P4) were tested for the compounds from the
SAMPL3 data set with≥ 4 chlorine atoms on an aromatic ring (Table 1 and Figure 4).
Gratifyingly, the RMSE for these outlier compounds improved from 4.29 kcal·mol−1

using P1 to 1.22 kcal·mol−1 using P4. Therefore, using the appropriate OPLS-AA
parameters (the original force field parameters and the ones proposed in this work),
the hydration free energies for all compounds from the SAMPL3 dataset could be
calculated with a RMSE of 1.0 kcal·mol−1.

4 Conclusion

In this study, hydration free energies for the SAMPL3 dataset were predicted us-
ing molecular dynamics simulations with the OPLS-AA force field. Three different
protocols for charge generation were used (the original OPLS-AA charges and two
variants of QM-derived charges). One of the QM-derived protocols gave the best re-
sults, leading to a RMSE value of 1.2 kcal·mol−1 for the whole dataset, whereas the
original OPLS-AA charges yielded a RMSE of 2.4 kcal·mol−1. The largest contribu-
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tion to this RMSE was due to compounds with four or more chlorine atoms on the
aromatic ring. A new OPLS-AA atom type was developed for these difficult com-
pounds, which allowed a substantial improvement in prediction error. Consequently,
using the appropriate OPLS-AA parameters (the original force field parameters and
the ones proposed in this work) we are now able to compute the hydration free ener-
gies for the whole SAMPL3 dataset with a RMSE of 1.0 kcal·mol−1.
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ber: 228398) with the support of the European Commission Capacities Area-Research Infrastructures Ini-
tiative.
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1 NVT correction

In order to compute a Gibbs hydration free energy ∆Ghyd (at constant P) from a
Helmholtz hydration free energy ∆Ahyd (at constant V ) a correction

∆W := ∆Ghyd−∆Ahyd (S1)

can be added to ∆Ahyd. In the following the correction ∆W is derived from thermo-
dynamic arguments. ∆W equals the difference in work required to create a cavity in
the solvent of the size of the solute under conditions of either constant pressure P or
constant volume V ,

∆W =WNPT −WNV T , (S2)

while both particle number N and temperature T are held constant.
For the process at constant pressure creating a volume of size vs simply requires

the work against the external pressure and the formation of a liquid-vacuum interface
of area A,

WNPT =
∫ vs

0
dV P+ γA = vsP+ γA. (S3)

(The surface term with the surface tension γ is of no importance in the following
discussion as it will cancel exactly in the final result.)
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Growing a solute into neat solvent If pure solvent initially fills a constant volume
V0, work must be expended to compress the solvent when a cavity of volume vs
is introduced. The work WNV T to change the solvent volume from V0 to V0− vs at
constant temperature T is

WNV T =−
∫ V0−vs

V0

dV P(T,V,N)+ γA =
∫ vs

0
dvP(T,V0− v,N)+ γA. (S4)

P(T,V,N) is the equation of state of the solvent. Here we are interested in a process at
constant particle number N and in order to simplify the notation, references to N are
dropped in the following. Assuming that the change in solvent volume is small (small
solute, large simulation box volume V0, i.e. vs/V0� 1) we can expand the equation
of state around V0 as

P(T,V0− v) = P(T,V0)+
∞

∑
n=1

(−v)n

n!
∂

n
V P(V0,T ), (S5)

where ∂ n
V P(V0,T ) denotes the n-th partial derivative with respect to volume at con-

stant temperature T , (∂ nP/∂V n)T , evaluated at V =V0. These partial derivatives can
be expressed in terms of the compressibility at constant temperature

κT :=− 1
V

(
∂V
∂P

)
T

(S6)

by using the identity for partial derivatives ∂V P(T,V,N) = [∂PV (T,P,N)]−1. In par-
ticular, the first derivative is

∂V P(T,V,N) =−κ
−1
T V−1. (S7)

Under the assumption that the compressibility does not depend on V ,1 i.e.

∂V κT (T,V,N) = 0, (S8)

all derivatives can be evaluated as

∂
n
V P(T,V ) = κ

−1
T (−1)n(n−1)!V−n (S9)

and the Taylor expansion Eq. ?? becomes

P(T,V0− v) = P(T,V0)+κ
−1
T

∞

∑
n=1

(−v)n

n!
(−1)n(n−1)!V−n

0

= P(T,V0)+κ
−1
T

∞

∑
n=1

1
n

(
v

V0

)n

= P(T,V0)−κ
−1
T ln

(
1− v

V0

)
(S10)

1 The assumption of volume independence is equivalent to the assumption that for fixed N, κT does not
depend on the density N/V .
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Fig. S1 Exact correction ∆W Eq. ?? for growing a solute into water (black straight line, “exact (grow-
ing)”), for decoupling a solute, Eq. ?? (red straight line, “exact (decoupling)”), and lowest order correction
Eq. ?? (dashed, “lowest order”), plotted for V0 = 10 nm3 and κT = 5.9×10−5 bar−1. A: over the full range
of volume ratios vs/V0. B: range of volume ratios up to 2% as occuring in this work where the two exact
corrections are virtually indistinguishable from the lowest order correction.

where the series expansion for ln(1−x) was used in the last step and the volume ratio
is restricted to 0≤ vs/V0 < 1. Integrating Eq. ?? with Eq. ?? yields

WNV T = vsP(T,V0)−κ
−1
T V0

[(
vs

V0
−1
)

ln
(

1− vs

V0

)
− vs

V0

]
, with 0≤ vs

V0
< 1.

(S11)
If the volume V0 of the NV T system is chosen so that its pressure P(T,V0) equals the
pressure P of the NPT system then the correction Eq. ?? is, using Equations ?? and
??,2

∆W =−κ
−1
T V0

[
vs

V0
+

(
1− vs

V0

)
ln
(

1− vs

V0

)]
. (S12)

The correction is only defined for 0≤ vs/V0 < 1 and in this range ∆W ≤ 0. Without
a solute (vs = 0) the correction is zero but for the pathological case limvs/V0→1 ∆W =

−κ
−1
T V0 it is still finite (Fig. ??). In this regime, the solute would take up all the

space available and the solvent would need to be compressed into an infinitely small
volume. A finite value of ∆W indicates a clear breakdown of the assumption (Eq. ??)
that the compressibility κT is independent of the volume (or the density) of the solvent
phase. The actual range of applicability of Eq. ?? is not immediately obvious although
for the volume ratios vs/V0 < 0.02 encountered in this work we always observed an
improvement in computed and corrected values with regard to experiment.

Decoupling of a solvated solute In the previous section the correction ∆W was de-
rived for the case when a solute is inserted into a fixed volume V0 with water at

2 If the volume is not matched to the pressure then an additional term vs[P−P(T,V0,N)] is included in
Eq. ??. This term is comparatively small as 1bar = 0.060221415 kJ·mol−1·nm−3.
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conditions matching the equivalent system at constant pressure and solvent density.
Using a similar approach one can also derive the correction for the case when a solute
is decoupled (removed) from a system with volume V0 that corresponds to the system
with the same density N/(V0− vs) and constant pressure P. The final result is

∆W = κ
−1
T V0

[
vs

V0
+ ln

(
1− vs

V0

)]
. (S13)

It reduces to the same lowest order approximation as Eq. ?? (see Eq. ?? below) and
is ≤ 0 in its range of validity (Fig. ??). Unlike Eq. ??, it tends to −∞ for vs→V0.

In order to correct the NV T simulation results ∆Ahyd in this work, we applied
the correction Eq. ?? as ∆Ghyd = ∆Ahyd +∆W with the compressibility κT = 5.9×
10−5 bar−1 for TIP4P water at standard conditions (1.013 bar and 25◦C) [? ] (al-
though a somewhat different value of 4.93±0.06×10−5 bar−1 has been reported at
10◦C [? ]). Data for all studied compounds is listed in Table ??.

The experimentally determined compressibility of water is very small (κT =
4.5248×10−5 bar−1 = 7.5136×10−4 kJ−1·mol·nm3 at 25◦C temperature and 1 atm
pressure [? ]). It only varies weakly with the specific volume (or its reciprocal, the
specific density) in a range where the specific volume changes by less than 4%
from 1.002961 cm3 · g−1 (at 1.013 bar) to 0.963507 cm3 · g−1 (at 1014 bar where
κT = 3.5675× 10−5 bar−1) [? ]. This observation provides the motivation for the
assumption Eq. ?? that the compressibility is independent from the density.

Lowest order approximation The lowest order approximation of Eq. ?? or Eq. ?? is
instructive as it shows the essential structure of the correction. Ignoring the higher
order terms in Eq. ?? leads to

P(T,V0− v) = P(T,V0)− v
1

−κTV0
+ · · · (S14)

and hence
WNV T = vsP(T,V0)+ 1

2 v2
s κ
−1
T V−1

0 . (S15)

The correction Eq. ?? is

∆W =− 1
2 v2

s κ
−1
T V−1

0 =− 1
2 κ
−1
T V0

(
vs

V0

)2

(S16)

to lowest non-vanishing order in the solute volume. ∆W depends on the solute volume
vs at least quadratically. Larger simulation boxes V0 decrease the magnitude of the
correction because less compression of the liquid is required to make space for the
solute.

With the computed value of κT = 5.9× 10−5 bar−1 for TIP4P water at standard
conditions [? ] (compared to the experimental value 4.5248× 10−5 bar−1 [? ]), the
lowest order correction is calculated as

∆W =−508.5 kJ ·mol−1 ·nm−3 v2
s V−1

0 .

Eq. ?? is a good approximation to both Eq. ?? and Eq. ?? for small volume ratios, as
the difference is on the order of O(( vs

V0
)3) (Fig. ??).
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Table S1 NV T correction for compounds studied. The volume vs of each solute was computed with UCSF
Chimera [? ] and the volume of the dodecahedral simulation cell V0 was calculated with the Gromacs tool
editconf. The correction ∆W was calculated according to Eq. ??.

id vs (nm3) V0 (nm3) vs/V0 ∆W (kcal·mol−1)

1 0.033 8.23 0.40% −0.016
2 0.058 9.08 0.64% −0.045
3 0.082 9.00 0.91% −0.092
4 0.083 9.83 0.84% −0.085
5 0.106 9.07 1.16% −0.151
6 0.106 8.93 1.19% −0.155
7 0.129 9.84 1.31% −0.207
8 0.130 10.01 1.30% −0.207
9 0.153 10.10 1.51% −0.283

10 0.175 9.84 1.78% −0.381
11 0.138 17.40 0.79% −0.134
12 0.161 17.00 0.95% −0.187
13 0.184 17.51 1.05% −0.238
14 0.210 18.48 1.14% −0.293
15 0.230 18.45 1.25% −0.351
16 0.241 17.22 1.40% −0.413
17 0.256 18.41 1.39% −0.435
18 0.265 18.67 1.42% −0.460
19 0.281 18.34 1.53% −0.529
20 0.277 19.88 1.39% −0.474
21 0.302 19.76 1.53% −0.568
22 0.301 19.94 1.51% −0.559
23 0.331 19.78 1.67% −0.681
24 0.376 19.84 1.90% −0.878
25 0.145 17.93 0.81% −0.143
26 0.169 17.47 0.97% −0.200
27 0.168 18.85 0.89% −0.183
28 0.191 18.80 1.01% −0.237
29 0.192 20.22 0.95% −0.222
30 0.217 18.71 1.16% −0.308
31 0.239 18.90 1.27% −0.371
32 0.239 19.99 1.19% −0.349
33 0.249 20.14 1.24% −0.379
34 0.263 20.15 1.30% −0.420
35 0.286 20.12 1.42% −0.498
36 0.332 20.00 1.66% −0.676
37 0.208 12.09 1.72% −0.439

2 Three-dimensional representation of compounds 1-36

The parameterizations P1–P4 only differ in the partial charges. To provide an overview
over the different distribution of those charges, Table 1 shows each compound with
the partial charges indicated by colors. Colors range from red (negative values) to
blue (positive) with zero charges in white.
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Table S2: Three-dimensional representation of compounds 1-36 (sticks),
colored according to the partial charge on each atom.

id P1 P2 P3 P4

1

2

3

4

5

6

7

8
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Table S2 – continued
id P1 P2 P3 P4

9

10

11

12

13

14

15

16

17
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Table S2 – continued
id P1 P2 P3 P4

18

19

20

21

22

23

24

25

26
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Table S2 – continued
id P1 P2 P3 P4

27

28

29

30

31

32

33

34

35
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Table S2 – continued
id P1 P2 P3 P4

36


