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Abstract
In molecular modeling the description of the interactions between molecules forms the basis for a correct prediction of mac-
roscopic observables. Here, we derive atomic charges from the implicitly polarized electron density of 11 molecules in the 
SAMPL6 challenge using the Hirshfeld-I and Minimal Basis Set Iterative Stockholder (MBIS) partitioning method. These 
atomic charges combined with other parameters in the GAFF force field and different water/octanol models were then used 
in alchemical free energy calculations to obtain hydration and solvation free energies, which after correction for the polariza-
tion cost, result in the blind prediction of the partition coefficient. From the tested partitioning methods and water models the 
S-MBIS atomic charges with the TIP3P water model presented the smallest deviation from the experiment. Conformational 
dependence of the free energies and the energetic cost associated with the polarization of the electron density are discussed.

Keywords  MBIS · Hirshfeld-I · Atomic charges · Polarization energy

Introduction

In the past 11 years SAMPL challenges have included blind 
prediction of a variety of different properties such as hydra-
tion free energy [1], binding affinity of host–guest systems 
[2, 3], distribution coefficients [4, 5] and calculations of pKa 
[6]. They have made an important contribution to the devel-
opment of new methods and computational tools [7] and 
increased the accuracy in the prediction of each of these 
properties. The interest in more efficient and accurate meth-
odologies to predict these properties lies mainly in their 
pharmaceutical, biochemical and environmental relevance. 
Indirectly, all these properties are related to the prediction 
of binding free energies of ligands to proteins.

The challenge of SAMPL6 part II consisted in the deter-
mination of octanol water partition coefficients of 11 mol-
ecules (see Fig. 1) that are similar to fragments of protein 
kinase inhibitors and are a subset of molecules that were part 
of the pKa SAMPL6 challenge [6]. The determination of the 

logarithm of the partition coefficient experimentally [8] and 
computationally is challenging, and in general there are not 
many cases in which different computational methodologies 
are tested blindly (without knowledge of the experimental 
results).

From a molecular modeling perspective partition coeffi-
cients are important experimental observables used to vali-
date force fields for small drug like molecules. The increased 
computational power in combination with established free 
energy calculation methods make their prediction mainly 
dependent on the description of the force field because phase 
space is properly sampled in the simulation time. One of 
the most commonly used methods are molecular dynamics 
simulations with an explicit solvent description as reported 
recently by Bannan et al. [9]. In this work the generalized 
AMBER force field (GAFF) and its corrected dielectric ver-
sion combined with a new autonomous tool for the creation 
of the input files (Solvation Toolkit) resulted in logP val-
ues with a root mean square error (RMSE) of 1.2 logarithm 
units compared to the experimental values. Other approaches 
combined molecular dynamics with an implicit Generalized-
Born solvent model for a group of 11,993 molecules evi-
dencing an RSME of 1.14 log units [10].

Better agreement with experiment has been obtained pre-
viously with electronic structure calculations and implicit 
solvation models as SMD, SM8, SM12 and the COSMO 
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variants obtaining a mean absolute error (MAE) of approxi-
mately 0.6 log units for a set of 34 organic molecules and 55 
fluorinated alcohols and carbohydrates [11]. There is also a 
wide variety of empirical methods based on atoms and frag-
ments such as KLOGP [12], ALOGP [13], XLOGP [14, 15], 
which consist of regression models or neural networks that 
have been trained to reproduce logP values using a large set 
of experimental data. All electronic structure methods in 
general have good results partially because they were param-
eterized with solvation and transfer free energies of neutral 
solutes in water and different organic solvents [16, 17]. The 

empirical statistical models based on fragments have the 
advantage of being fast compared to the other methods, but 
they have some drawbacks since they tend to overestimate 
the lipophilicity of large molecules and do not cover the 
entire chemical space, which creates greater uncertainty in 
the confidence of the results [10].

Molecular dynamics using explicit solvents make a 
more complete representation of the systems accounting 
for conformational changes of the solute and the solvent 
molecules including specific hydrogen bond interactions. 
Crucial for the correct prediction of the free energies are 

Fig. 1   Set of molecules 
proposed by the SAMPL6 chal-
lenge
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the interactions in the system described by the different 
force fields. In previous challenges, hydration free ener-
gies were found to depend significantly on the employed 
atomic charges in the force field [18]. More recently, we 
have shown that the electrostatic interactions described by 
polarized Hirshfeld-I (HI) and Minimal Basis Set Iterative 
Stockholder (MBIS) atomic charges result in good agree-
ment of hydration free energies in the FreeSolv database 
and partition coefficients of methylated DNA bases [19, 
20].

Based on our previous results, we blindly predict the 
experimental logP of the 11 molecules by force field based 
molecular dynamics simulations with the previously pro-
posed atomic charges testing a large number of variables of 
the simulation protocol such as the initial conformation used 
in each solvent, the water and octanol solvent model and the 
total simulation time (especially for octanol). More specifi-
cally, we address the capacity of two different methods to 
derive atomic charges from the polarized molecular electron 
density employing the theory of atoms in molecules [21]: the 
S-HI method (Hirshfeld-Iterative atomic charges using the 
implicit solvent SMD in the calculation of the electron den-
sity by electronic structure methods) and the S-MBIS atomic 
charges (using the alternative MBIS partitioning method). 
These atomic charges in combination with the other GAFF 
force field parameters were used to calculate logP values for 
the 11 molecules of the SAMPL6 challenge with free energy 
calculations using explicit solvents.

Methods

Based on the provided smiles strings we created conformers 
with RDKit 2016.09.4 [22] and optimized their structure 
with the MMFF94s force field keeping only those conform-
ers presenting a root mean square deviations (RMSD) of 
the heavy atom positions larger than 0.5 Å compared to the 
most stable one. The obtained geometries were then opti-
mized with the PM7 semiempirical ab initio method with the 
MOPAC 2016 software. For SM02 also tautomers were stud-
ied were the hydrogen atom of the secondary amine group 
was moved to the closest nitrogen atom on the aromatic ring. 
This tautomer was more stable at the PM7 level in vacuum, 
but not in the DFT calculation mentioned below.

Once the conformations obtained by the previous proce-
dure for each molecule were selected, each of the structures 
was optimized using the ORCA 4.0.0.2 [23] program at the 
BLYP theory level and the def2-TZVP base set. This was 
done in vacuo and using the implicit solvent SMD for water 
and octanol. Besides the test case of SM13 only the con-
former with the lowest free energy in each solvent was used 
as starting structure for the free energy calculations.

Atomic charges

Atomic charges were obtained from the polarized electronic 
density of the most stable conformer of each of the 11 mol-
ecules proposed in the challenge at the BLYP/def2-TZVP 
level of theory using the SMD implicit solvent [17] for water 
and octanol. Two methods to partition the electronic den-
sity were used: one based on the Hirshfeld-I [24] method 
and the other based on the Minimal Basis Iterative Stock-
holder method [25] using the Horton 2.0.0 program [26] 
as described in previous work [19, 20]. After obtaining the 
charges, the chemically equivalent atoms by symmetry were 
averaged using the OpenEye tools (version 2017.2.1).

Free energy and partition coefficients

The free energy of hydration and solvation was obtained 
by means of alchemical free energy calculations for each 
of the 11 molecules using standard protocols described in 
previous works [20, 27] which allow to obtain free energy 
values with very small uncertainty. The 11 molecules were 
solvated in approximately 1500 water molecules using the 
SPC/E [28] and TIP3P [29] water model for the calculation 
of hydration-free energy. For octanol, approximately 140 
molecules were added in a dodecahedron simulation box 
using the GROMACS simulation package 5.0.4 [30]. Then 
a short minimization was performed, and the system was 
equilibrated by 50 ps in a NVT and a NPT ensemble using 
a time step of 2 fs in combination with stochastic dynamics 
[31] ( � = 2 ps) and the Parrinello–Rahman pressure cou-
pling [32] ( �p = 1 ps) algorithm using the compressibility 
of water. For octanol, we tested the effect of changing the 
compressibility ( 7.6 × 10−5 bar−1 ) but the obtained density 
was the same as the one obtained with the compressibility 
value of water. The electrostatic interactions were calcu-
lated with the Particle–Mesh–Ewald method [33], a cut-off 
radius of 1.2 nm, a PME-order of 6 and a spacing of 0.1 nm. 
The van der Waals (vdW) interactions were scaled to zero 
via a switching function, which switches the potential to 
zero between 1.0 and 1.2 nm. The neighbor list was updated 
every ten steps with the verlet cutoff-scheme implemented 
in GROMACS 5.0.4 [30] and its cut-off was set to 1.2 nm. 
All bonds were constrained with the LINCS algorithm [34] 
of order 4 and the isotropic correction to the energy pressure 
due to missing van der Waals interactions was applied [35].

After the equilibration of the system the free energy of 
hydration and solvation was calculated using an alchemi-
cal path using molecular dynamics simulations where first 
the electrostatic interactions of the solute with the solvent 
were turned off through a lambda parameter using the 
following lambda values [0.00, 0.50, 0.75, 1.00] and sub-
sequently van der Waals interactions were turned off with 
the following lambda values [00, 0.05, 0.10, 0.20, 0.30, 
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0.40, 0.50, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95, 
1.00] using soft core potentials with parameters � = 0.3 , 
� = 0.5 and p = 1 . For hydration, a total time of 5 ns was 
simulated for each lambda value and a time of 15 ns for 
solvation in octanol. The results of these simulations were 
analyzed using the alchemical analysis tool [36] with the 
MBAR method [37] to estimate the values of free energy 
of hydration and solvation.

In this study, the atomic charges are derived from a 
polarized molecule due to the implicit solvent model, 
either water or octanol. These polarization differs 
between the two solvents and the energy associated with 
these two processes has to be accounted for in the cal-
culation of the solvation free energies. To calculate the 
energetic cost, the electronic structure Hamiltonian of the 
vacuum calculation Ĥvac was applied on the wave function 
of each solute polarized by the reaction field of the SMD 
octanol or water model. The energetic polarization cost 
Epol is the difference between the expectation value of this 
calculation and the self-consistent-field energy obtained 
in the calculation in vacuum [20].

This energetic cost was added to the obtained solvation free 
energies described above and the logP values were calcu-
lated at 298 K by the following equation:

where R is the ideal gas constant and T the temperature.

(1)Epol =

⟨
𝛹pol|Ĥvac|𝛹pol

⟩
−

⟨
𝛹vac|Ĥvac|𝛹vac

⟩

(2)logPOctanol/H2O
=

�GHyd − �Gsolv

RT ln 10

LogP from implicit solvent electronic structure 
calculations

Additionaly, we also calculated the logP values with elec-
tronic structure calculations using the implicit solvent SMD 
with the ORCA package 4.0.0.2 [23]. The free energy differ-
ence between the molecule in vacuum and using the implicit 
solvent SMD for water or octanol was determined consider-
ing the standard state of 1 mol L−1 under the rigid rotor and 
harmonic oscillator approximation [38].

Results

Conformational analysis of hydration and solvation 
free energies

To test the effect of using different conformations in the free 
energy calculations we selected the SM13 molecule because 
of its large number of rotable single bonds. We identified 
the three most stable conformers in water and octanol at the 
BLYP/def2-TZVP level by rotamer generation (RdKit) and 
geometry optimization. The three conformers differ mainly 
in the torsional angle between the two phenyl rings and the 
relative orientation of the methoxy groups (see Fig. 2). For 
each conformation free energies in each solvent were cal-
culated using the respective S-MBIS atomic charges and 
the SPC/E water model. All three conformations present 
the same values within the errors (see Table 1), probably 
because the flexible character of the molecule and only 
small variations in the atomic charges of each conformer 
(see Fig.  2; mean absolute error of the atomic charges 

Fig. 2   The most stable con-
formers of SM13 at the BLYP/
def2-TZVP level with the SMD 
model and the S-MBIS atomic 
charges of the non-hydrogen 
atoms in water
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between the three conformers does not exceed 0.01 elemen-
tary charge units). But, when we corrected the free energies 
with the polarization energy we observed significant dif-
ferences between the conformers. For the most stable con-
former which has the two phenyl rings aligned on one plane 
this energy is largest. This is explained by the conjugated 
π system built by the two planar phenyl rings leading to 
larger polarizability and its associated energy cost. The dif-
ferent electronic properties of the three conformers are also 
reflected in the dipole moment of the most stable conformer 
which is 3.5 D larger in water than in vacuum at this level of 
theory. The same trends are also observed with the hybrid 
functional B3LYP which is known to result in smaller dipole 
moments than BLYP. The electronic response and polariza-
tion of the solute is dependent on the dielectric properties 
of the solvent which results in smaller polarization energy 
in octanol for all conformers (see Table 1). The polarization 
energy corrections are in water (octanol) 2–3 kcal/mol (1 
kcal/mol) larger for the most stable conformer SM13_A. 
This conformational dependent polarization energy correc-
tion of the logP values increases the value by almost 1 unit 
for the most stable conformer.

As will be shown below, our method overestimates logP 
values and one possible contribution to the error of all mol-
ecules with a common substructure as SM13 (e.g. SM02 and 
SM09) could arise from the overestimated polarization cost 

of the most stable conformer which is not representative for 
the not-planar conformation observed in the MD simulations 
which possess a smaller polarization energy correction and 
would lead to smaller logP values.

These molecules might, therefore, present one case where 
the dynamics of the solute and the solvent are required to 
provide the correct partitioning coefficients, free energies 
and polarization energy corrections.

Electron density partitioning and water model 
dependence

Figure 3 shows the calculated logP values for the 11 mol-
ecules compared to the experimental references starting 
from the most stable conformation. There is a significant 
dependence on the method used to partition the electron den-
sity in atomic contributions providing the S-HI and S-MBIS 
atomic charges. The MBIS atomic charges outperform the 
ones obtained with the HI partitioning method, which is in 
agreement with our previous results on hydration free ener-
gies for the FreeSolv database. The poor performance of 
the HI method could be explained by the presence of N-het-
erocycles in the structure of the 11 molecules, which also 
presented large deviations in the hydration free energies. 
The MBIS partitioning method, which does not rely on the 
electron density of unstable anions for the calculation of the 

Table 1   Hydration and octanol solvation free energies with and without correction by the polarization energy in kcal mol
−1 for the three most 

stable coformers of molecule SM13

Molecule �Gelec-vdW
hyd

�Gelec-vdW
oct E

pol

hyd
E
pol

oct
�Ghyd �Goct logP

SM13_A − 12.18 − 18.69 5.01 3.75 − 7.17 − 14.94 5.69
SM13_B − 12.44 − 18.41 3.06 2.29 − 9.38 − 16.12 4.94
SM13_C − 12.56 − 19.24 2.25 2.68 − 10.31 − 16.56 4.58

Fig. 3   Parity plots of logP val-
ues obtained with the S-MBIS 
and S-HI atomic charges and 
the SPC/E or TIP3P water 
model
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pro-molecular electron density (see [25] for more details), 
improved the hydration free energy in our previous study and 
also the logP values as evidenced in this study.

For both methods a water model dependence is observed 
although to a lesser extent. The TIP3P model results in bet-
ter logP values than SPC/E although the latter is known to 
reproduce properties of liquid water more accurately. One 
possible explanation is that the GAFF van der Waals param-
eters are more consistent with the TIP3P water model, which 
is widely preferred for the simulations using AMBER and 
GAFF force fields. Since we did not alter these parameters 
when replacing the atomic charges in the GAFF force field 
this could explain the slightly better performance of this 
water model. But, the effect varies between the molecules 
and is not systematic, which suggest that an electron density 
based method to derive van der Waals parameters would 
be desirable to become independent on previously derived 
non-bonded parameters. Compared to other methods using 
molecular dynamics simulations and force fields such as 
CGENF and GAFF participating in this challenge [39] 
our results present a comparable RMSE when the S-MBIS 
atomic charges are combined with the TIP3P water model 
although some molecules present deviations larger than two 
logP units (see Table 2). Additionally, we also tested the 
effect of longer simulation times to calculate the octanol sol-
vation free energy for the SM13 molecule using the S-MBIS 
atomic charges and SPC/E water model. Extending the simu-
lation time per lambda window from five to twenty nanosec-
onds did not change the free energy by more than 1 kcal/mol.

Functional group corrections of hydration free 
energies

In our previous study of hydration free energies we were able 
to assign corrections to the calculated values based on the 
functional group present in the 613 molecules [20]. These 
corrections were based on a statistical model assuming inde-
pendent contribution of the functional groups to the error 
in the calculated hydration free energy of each molecule. 
We focused on the most representative functional groups in 
the FreeSolv database and were able to identify systematic 
deviations due to their chemical nature.

After the submission of our results, we wanted to test 
if this correction would improve the obtained logP value, 
thereby identifying the error contribution from the hydration 

free energies. In Fig. 4 we show that in all cases the inclu-
sion of the correction improve the logP values suggesting 
that the prediction of the hydration free energy contributes 
considerably to the error and its improvement would also 
have an impact on the quality of the predicted logP values.

LogP from SMD solvation model

For the calculation of the atomic charges we had optimized 
the geometries of all molecules and calculated the vibra-
tional frequencies of all molecules with the SMD solvation 
model and the BLYP/def2-TZVP method. Based on these 
data, we also calculated the hydration and octanol solva-
tion free energies under the rigid rotor—harmonic oscilla-
tor approximation resulting in the logP values shown in the 
parity plot of Fig. 5. The small RMSE is comparable to the 
best predicted values from the COSMOtherm. However, the 
good performance of the SMD solvation model has to be 
taken carefully because its parametrization was mainly based 
on data of octanol solvation free energies and partition coef-
ficients. Therefore, the predictive property for other solvents 
might vary.

Table 2   Statistical descriptors 
for each charge model combined 
with the two water models

Charge Model Average error RMS AUE Kendall tau Pearson R

S-HI SPC/E 3.0 ± 0.4 3.3 ± 0.4 3.0 ± 0.4 0.4 ± 0.4 0.6 ± 0.2
S-HI TIP3P 2.4 ± 0.3 2.7 ± 0.3 2.4 ± 0.3 0.4 ± 0.2 0.6 ± 0.2
S-MBIS SPC/E 1.6 ± 0.3 1.8 ± 0.3 1.6 ± 0.3 0.5 ± 0.3 0.8 ± 0.1
S-MBIS TIP3P 1.1 ± 0.2 1.4 ± 0.2 1.1 ± 0.2 0.5 ± 0.2 0.8 ± 0.1

Fig. 4   Parity plot of logP values calculated with S-MBIS atomic 
charges and the SPCE water model including the correction per func-
tional group for the hydration free energies derived in Ref. [20] and 
the experimental value
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Our method does does not rely on experimental free 
energies and its only input is the polarized electron den-
sity which is obtained accurately from low computational 
cost DFT methods and mostly independent of the solva-
tion model.

Conclusion

The results show that S-MBIS atomic charges derived 
from the polarized molecular electron densities of the 
eleven molecules combined with alchemical free energy 
calculations using explicit solvent (including polarization 
energy) provide partition coefficients comparable to other 
small molecule force field. Considering that no parameters 
have to be adjusted in their derivation and their similar 
performance to other atomic charge derivation methods we 
think they provide a promising alternative in the derivation 
of the next generation small molecule force fields.

Supporting Information

Gromacs input files of all molecules and the calculated 
hydration and solvation free energies can be downloaded 
from https​://doi.org/10.5281/zenod​o.35591​97
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