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ABSTRACT: The three-dimensional reference interaction site model molecular
solvation theory with the Kovalenko−Hirata closure relation has been shown to
produce excellent solvation characteristics for a large class of (bio)chemical
systems in solution. Correct calculation of hydration free energy is central to
successful application of any solvation model. In order to find out the best
possible force-field parameters to be used for hydration free energy calculation
with the aforementioned theory, we have developed an extended database
containing a large number of experimental solvation free energies available in the
current literature and used a plethora of theoretical models for assessment. The
general Amber force field was found to perform satisfactorily, whereas special
care should be taken in solute charge assignment with the universal force field.

■ INTRODUCTION

The knowledge of hydration free energy (HFE) is essential for
applications spanning the biological, chemical, and materials
science fields. While the experimental determination of
molecular solvation energy may seem straightforward, it often
gets complicated for practical applications. Predictive methods
that can help produce reliable solvation energy are in demand, as
they eliminate the need for a large number of experiments.1,2

The HFE, in fact solvation energy in all solvents, is tightly
coupled with the electronic properties of the molecule of
interest.3 Thus, a logical point is to use quantum chemical
methods to calculate HFE. While the implicit solvation models
based on the integral equation formalism are impressive for
wide-spread applications,4,5 it is impractically time consuming to
screen a large molecular database, for example, aimed for drug
development activities. Further, results obtained by the
continuum models can be improved by explicitly considering
the first solvation shell in a solvation thermodynamics
calculation.6,7 Such a cluster continuum model is well known
in chemistry.8 While this methodology is a very productive
option, the consequential large supermolecular structure often
becomes too big for calculations with a very high precision.
Thus, applications of this model so far have been limited to
chemical reactions and thermochemical property calculations
for molecules with reasonable sizes.
Over the years, several other solvationmodels were developed

to predict/calculate hydration/solvation free energy with
variable degrees of precision, which is often governed by the
nature of intended application(s).9 For example, semiempirical
HFE-based methods were often used for applications in
physicochemical property evaluations.10−12 The physics-based
methods were, on the other hand, designed to develop

understanding of a solvation property based on the molecular
property of the liquid solvent. For all solvent model develop-
ment purposes, an essential component is a robust training set. A
chemically diverse data set yields a more robust solvation model.
An excellent example of this fact is the Minnesota solvation
models.13 Significant efforts were devoted to develop well-
balanced solvation free energy databases containing carefully
curated experimental data points.14−16

The three-dimensional reference interaction site model (3D-
RISM) is a first-principle statistical thermodynamics-based
method which uses moderate computational resources to
calculate thermodynamics associated with solvation in molec-
ular liquids. The molecular solvation theory with the integral
equation formalism is based on the modified Ornstein−Zernike
theory for dimensional reduction of molecular liquids.17 In the
RISM theory, a molecular interaction potential force field is used
to analyze thermodynamic properties based on correlation
functions between molecules in solution from the ensuing
thermodynamic ensemble. The essential part of the 3D-RISM
formalism produces the 3D distribution functions (gγ(r)) of
solvent interaction sites around a solute molecule of arbitrary
shape, which is correlated to the total correlation function
(hγ(r)) at position r around the solute molecule as

∫∑ χ= ′ − ′ ′
γ

α

α αγ
h r c rr r r( ) d ( ) ( )

where hγ(r) is the 3D total correlation function of solvent site γ
related to gγ(r) by gγ(r) = hγ(r) + 1, and cγ(r) is the 3D direct
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correlation function which has the asymptotics of the solute−
solvent site interaction potential, cγ(r) ≈ −uγ(r)/(kBT); the
site−site susceptibility of pure solvent χαγ(r) is an input to the
3D-RISM theory; and indices α and γ enumerate all sites on all
sorts of solvent species at temperature T and Boltzmann
constant kB.

18−21 A detailed description of the molecular
solvation theory and derivations of the RISM theory are
described elsewhere.22 It is imperative to note that it is
impossible to solve the 3D-RISM integral equation for viable
solutions without the so-called closure relations. A closure
relation connects the 3D total and direct correlation functions,
hγ(r) and cγ(r), via a 3D solute−solvent interaction potential.
The most successful closure relation was developed by
Kovalenko and Hirata (KH) which keeps the right asymptotic
behavior while taking care of spatial distributions in the regions
with solvent density enrichment (gγ(r) > 1) as well as regions of
solvent density depletion (gγ(r) < 1) automatically.23,24 It is
important to note that the 3D-RISM-KH theory underestimates
the height of strongly associative peaks of the 3D distribution
function while at the same time widening the peaks; hence, the
resultant thermodynamic properties calculated by this theory
come out quite accurate.25

A major weakness of the 3D-RISM-KH theory is the correct
calculation of the HFE.26 Several modifications and/or
enhancements of the 3D-RISM theory were reported to
overcome this issue. The most popular correction scheme is
based on the so-called “universal correction” (UC) based on the
regression model built on the Gaussian fluctuation (GF)
functional and partial molar volume (PMV) obtained from a
3D-RISM calculation.27 The correction is of the form: ΔGUC =
ΔGGF + a × PMV + b; where a and b are determined from
regression analysis. The units for these regression coefficients
are kcal/mol/Å3 and kcal/mol, respectively.
This correction yielded excellent correlation between

experimental and predicted HFE.28−31 Another correction
explores the shortcomings of the cavitation free energy
calculations in the scheme and accounts for them empirically.32

Correction schemes based on molecular dynamics simulation
were also reported.33 The solvation free energy pressure
correction is another way to account for an error in internal
pressure in a 3D-RISM calculation.34 A closer look into these
correction schemes yields several interesting facts. First, the UC
correction scheme is dependent on the size and accuracy of the
database used for calibration, and the bigger the database, the
better the suitability of correlation factors. Second, partial
charges on the solute molecule are important, and hence,
suitability of atomic population partitioning schemes need to be
standardized for applications in HFE calculation using the 3D-
RISM-KH method.
In this work, we have developed a larger database containing

experimentally determined HFEs of small neutral organic
molecules to examine the performance of the 3D-RISM-KH
theory in training and predicting HFE. We have tested different
atomic charge generation schemes to compare their effect in
predicting HFEs.

■ DATABASE PREPARATIONANDCOMPUTATIONAL
METHODS

The data set containing experimental HFEs of small organic
molecules was collected from the previously reported FreeSolv
database of Mobley and co-workers, the database reported by
Marenich et al. for calibrating the performance of SMx solvation
models, and the HFE database from Guthrie.15,16,35 All

molecules that appeared multiple times were removed, resulting
in a database of 822 molecules. For multiple occurrences of a
molecule, data from the FreeSolv database are used. Additional
HFE’s of drug molecules were collected from the literature.36−39

See the Supporting Information for details of molecules with the
experimental HFE and functional groups distribution used in
this study. 75% of compounds were assigned randomly for the
training set. The remaining molecules were used to build the test
set. The details of these sets are provided in the Supporting
Information. The UC correction schemes were obtained by
ordinary linear regression analysis. For this purpose, the
functional form optimized is ΔGGF − ΔGExp = a × PMV + b;
the correlation coefficients (a and b) are reported in the
Supporting Information. The performance of the models was
estimated bymean absolute deviation (MAD) and relative mean
square error (RMSE). The MAD (in kcal/mol) is calculated as
∑ | − |a a

n

e 0 , where ae and a0 are experimental and predicted HFEs,

respectively, and n is the number of data points. The RMSE (in

kcal/mol) is calculated as ∑ −a a

n

( )e 0
2

.

All the molecules were subjected to geometry optimization at
the density functional theory (DFT) M06-2X/Def2-TZVPP
level using the Gaussian 16 software package.40−42 Optimized
structures were verified as minima at the respective potential
energy surface by vibrational analysis. These optimized
geometries were used for the 3D-RISM-KH calculations (vide
infra). The effect of water solvent continuum was incorporated
via the SMD and conductor-like polarizable continuum (CPC)
model solvation models as implemented in the Gaussian 16
software package.35,43 The default setting of the SMD model in
the Gaussian 16 package uses scaled Bondi radii, while the
CPCM model uses the united atom model with universal force
field (UFF)-based atomic radii to model the solute cavity. In
addition to the Mulliken atomic population scheme, several
atomic charge schemes were employed to generate partial
atomic charges of the solute molecules. Partial atomic charges
based on the natural population, CHelpG charges, Merz-Singh-
Kollman (MK), and charge model 5 (CM5) were calculated
using Gaussian 16 software at the abovementioned level.44−47

The DDEC6 charges were calculated using the program
Chargemol of Manz and co-workers using a wave function file
generated at the M06-2X/Def2-TZVPP level of theory.48−50

The choice of the Ahlrichs triple-ζ basis set is based on the fact
that the present data set contains bromine and iodine atoms
containing molecules. The Amsterdam density functional
(ADF)51 code provides an extended version of the 3D-RISM-
KH code allowing a DFT grid to be used for the 3D-RISM
calculations. However, a clear choice of a method has not yet
been developed for this purpose. Hence, we have additionally
tested the implementation of the 3D-RISM methodology in the
ADF code using the local density approximation (LDA),52 the
hybrid B3LYP functional,53−55 as well as the metahybrid M06-
2X functional with both the double- and triple-ζ quality basis set.
The SPCE water model56 as provided in the ADF suite was used
for solvent 3D correlation function calculations.
All the RISM calculations (1D- and 3D-) were performed in

our locally modified code, a working version of which is made
available in the AmberTools program.57 The 3D-RISM-KH
calculations were performed using a homogenous cubic grid of
128 × 128 × 128 points in the box of size 64 × 64 × 64 Å3 to
account for the solute with a few solvation layers. The
convergence accuracy of the modified direct inversion in the

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b01623
J. Phys. Chem. A 2019, 123, 4087−4093

4088

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b01623/suppl_file/jp9b01623_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b01623/suppl_file/jp9b01623_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b01623/suppl_file/jp9b01623_si_004.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b01623/suppl_file/jp9b01623_si_003.pdf
http://dx.doi.org/10.1021/acs.jpca.9b01623


iterative subspace solver was set to 10−4. The site−site
susceptibility function of bulk water solvent is obtained from
the dielectrically consistent RISM theory (DRISM) theory with
the KH closure. For the 1D-RISM calculations with bulk water
solvent, we have used the SPCE, TIP3P, TIP4P, and TIP5P
point charge-basedmodels of water. Another modification of the
SPCE model as implemented in the ADF package, denoted as
SPCE2, was tested, too. Details of these solvation models as
applied to the 1D-RISM applications are also available from the
AMBER molecular dynamics code. The solute molecules were
prepared using the tLEAP program from the Antechamber
software and were manipulated to prepare suitable input decks
for 3D-RISM-KH calculations using simple computer scripts.
This process assigns general Amber force field (GAFF)
parameters for the solute molecules.58,59 Additionally, we have
tested the UFF parameters for the solute60 with different charge
schemes for suitability in the HFE calculations.
The cheminformatics-based point charges were often used for

rapid calculation of molecular descriptors, and hence, for
property/activity prediction. A number of them were
implemented in the cheminformatics software package Open-
Babel.61 We have tested (i) atoms in molecule charges, (ii)
natural populations, (iii) EQEq, (iv) QEq, and (v) QTPIE
atomic charges for all the solutes generated via the OpenBabel
package.62−66 A pictorial description of the workflow adopted in
this report is presented in Figure S1 in the Supporting
Information.

■ RESULTS AND DISCUSSION

In this work, we strive to provide the best possible solution for
calculating solvation free energy using the 3D-RISM-KH theory
in terms of force-field parameters and atomic charges
combinations. Our objective stems from the fact that a
successful 3D-RISM calculation of HFE requires assignment
of force-field parameters (σ and ε) and atomic charges for solute
molecules. Thus, the error in calculations will depend on these
components. While assigning GAFF parameters for small
molecules is widely practiced, this force field is not suitable for
metal containing systems. The UFF, on the other hand, is
designed for the entire periodic table but lacks proper charge
assignments. Hence, we have decided to analyze performance of
this force field with different partial atomic charge generation
schemes for solutes in predicting HFEs.
To avoid large tables with individual-computed HFEs in this

section, all the predicted HFEs were reported in the Supporting
Information. The present discussion is divided into three
sections. First, performance of different water force field
parameters on the 3D-RISM-KH prediction ofHFE is discussed.
The second section deals with the choice of the atomic charge
generation schemes on the accuracy of solvation free energy
prediction. The final section deals with an overall comparison
among solvation energy predicted via the 3D-RISM-KH theory
and continuum solvation models (SMD, CPCM) with reference
to the experimental HFE.
The performance of different water force fields (Table 1) in

predicting HFEs is found to be dependent on the choice of the
parameters for solutes. For instance, the SFEs predicted with the
TIP5P water model for DRISM calculation of water yielded the
performance marginally better than the SPCs, TIP3P, and
TIP4Pmodels for solutes parametrized with the GAFF and UFF
parameters, except for the UFF parameters with DDEC6
charges for the solute. We have noticed comparably longer
calculation times for convergence with the TIP4P and TIP5P

solvent parameters in comparison to the other three models.
Figure 1 attests to these findings. The performance of the GAFF
is comparable amongst different water force fields used. The
prediction of HFEs for the molecules containing S and/or P
atoms in a single molecule with the GAFF parameters for solutes
is below par across all water force fields, whereas the solutes with
the UFF parameters and DDEC6 charges worked uniformly
across all the classes of molecules. The overall performance of
the GAFF is the best for all of the water models used, as shown
by the MAD (in kcal/mol) in the predicted HFEs. The UFF for
solutes worked well, too, with the AM1-BCC charges with
marginally larger MADs.
The choice of atomic charges is paramount for application of

the UFF parameters for solutes in a 3D-RISM calculation. We
have tested several charge schemes to find out the best
candidate. Our findings are summarized in Figure 2. First, the
cheminformatics-based charges showed abysmal performance
with the UFF for both the training and test sets. A marginally
better performance is observed for the QTPIE charges for solute
molecules and the TIP5P water model (MAD of 3.0 kcal/mol).
The AM1-BCC charge model workedmuch as the various DFT-
calculated partial charge generation methods (Figure 2). The
DDEC6 level charges did not improve the prediction of
solvation energy. It is important to note that in the present
calculation setup, the generation of DDEC6 charges was carried
out by two layers of calculations, namely, generation of the
molecular wave function file via electronic structure calculations
and postprocessing the wave function file to generate partial
charges; hence, significant computing time is added to the entire
process of the 3D-RISM calculations. The atomic charges
calculated by charges fitted to the electrostatic potential
according to the MK scheme and CHelpG scheme have
performed satisfactorily. These two population schemes were
used with a constraint to reproduce the dipole moment.
Interesting to note is that the charge model by Truhlar−Cramer
(CM5) performed uniformly well across all the force-field
models of water (MAD of 1.8 kcal/mol).
The implementation of the 3D-RISM-KH code in the ADF

package requires the σ and ε parameters for each atom of the
solute along with atomic coordinates. In our calculations with
the ADF package, we have used the TZP basis set. The choice of
the density functional did not showmuch influence in predicting
HFEs. For instance, the MADs for the calculations with the
LDA, B3LYP, and M06-2X functionals are in the range of ∼3.7
kcal/mol. We would like to point that the use of a double-ζ basis
set for these calculations yielded negative PMV for several
systems, which is unphysical and points to erroneous
calculations of the distribution functions (Figure 3). The PMV
is an important thermodynamic property related to a solute
orientation in solution as well as to the solute−solvent
interactions. In the Kirkwood−Buff theory which is extended
further to the 3D-RISM-KH theory, the PMV is expressed as a
function of isothermal compressibility of pure solvent (positive
for pure water) and the solute−solvent radial distribution

Table 1. Lennard-Jones Parameters of the Water Models
Used in This Report

parameters SPCE SPCE2 TIP3P TIP4P TIP5P

σO/Å 3.1658 3.166 3.1507 3.1536 3.1199

εO/kcal/mol 0.1553 0.1544 0.1520 0.1550 1.6000

σH/Å 0.4 0.7 0.4 1.2392 1.2055

εH/kcal/mol 0.046 0.046 0.046 0.0155 0.0160
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function.67 A negative PMV can be obtained for solutes with
strong ionic charges (e.g., Li+) and zwitterions.
Finally, a direct comparison of the performances of the

continuum solvation models, CPCM and SMD, with the 3D-
RISM-KH points to several findings (Figure 4). The perform-
ance of the SMD solvation model is the best for the entire data
set. This is attributed to the fact that a majority of the molecules
reported here were a part of the database used for parameterizing
the SMD model. The performance of the CPCM model (MAD
of 1.8 kcal/mol) is higher than the best prediction of the 3D-
RISM-KH theory in combination with the GAFF parameters for

solutes and TIP5P for the water model (MAD of 1.3 kcal/mol)
and is comparable to that predicted by the UFF parameters for
solutes with the AM1-BCC charges (MAD ∼1.8 kcal/mol).
The correlations of the 3D-RISM-KH (GAFF)-predicted

HFEs with the experimental results are excellent. The same for
the UFF-predicted solvation free energy did not perform,
whereas the GAFF did (Figure 5). Further studies are in
progress to extend the findings for systems containing transition
metal(s). The predicted HFEs for FreeSolv database is similar to
that of the training set, probably owing to the comparable sizes.
A direct comparison of the previously reported perform-
ances27,32 of the 3D-RISM-KH theory in predicting HFEs
further points to the adequacy of the methodology that we
present. For instance, our calculations on a data set consisting
504 small molecules reported by Truchon et al. yielded anMAD
of 0.89 kcal/mol for calculations with the GAFF for solutes and
the TIP3P water model (the previously reported mean unsigned
error by the authors was in the range of 0.91−0.95 kcal/mol
using various UC correction schemes).32 Another data set, albeit
small, reported by Palmer et al.27 yielded an MAD of 0.71 kcal/
mol for all the 185 molecules with the GAFF parameters for
solutes and the SPCE water model, which is comparable to the
previous report. For all the calculations, we have employed the
lowest energy conformations of the solute molecules as obtained
from the conformation analysis and subsequent energy
calculation at the AM1 level with the MOPAC semiempirical
quantum calculation package.68,69 We have noticed large
deviations in the predicted solvation energies (in the range of
±5 kcal/mol) from the benchmark data: for 28 compounds with
the CPCM level, 19 compounds with the SMD level, 18
compounds with the 3D-RISM-KH (GAFF for solute, TIP5P
for water), and 40 for the 3D-RISM-KH (UFF with AM1-BCC
charges for solute, TIP5P for water) level of calculations.
Majority of these compounds belong to the new addition to the
data set and are drug/drug-like substances. Possible reasons for
large fluctuation in the calculated values are due to large errors in
experimental results and/or lack of conformational flexibility
implied in the calculations. We intend to investigate the issue of
the conformation flexibility in HFE calculations with 3D-RISM-
KH calculation via the generalized solvation force extrapolation
techniques in near future.
In this report, we have presented a comparative analysis of the

performances of the GAFF and UFF for solute parametrization
to predict HFE using the 3D-RISM-KH molecular solvation
theory. For the purpose of comparison, we have developed an
extended solvation free energy database by collecting the
experimental HFE reported in the existing literature. Our results
point out to the superior performance of the 3D-RISM-KH
theory in predicting HFEs when applied with the GAFF in
comparison to the CPCM. This particular level of the 3D-RISM-
KH calculations performed at par with the SMD continuum

Figure 1. Performance of the GAFF for solute molecules used in predicting HFE in combination with five different force field parameters for water
solvent by the RISM-KH theory.

Figure 2. Performance of the UFF with different partial atomic charge
assignments for solute molecules used in predicting HFE in
combination with five different force field parameters for water solvent
by RISM-KH theories.

Figure 3. Performance of the UFF for solute molecules used in
predicting HFE in combination with the SPCE2 force-field parameters
for water solvent by the 3D-RISM-KH theory as implemented in the
ADF software package.

Figure 4. Comparative performance of the 3D-RISM-KH theory in
predicting HFE in combination with the GAFF and UFF with the
continuum solvent models CPCM and SMD.
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solvation model, too. The 3D-RISM-KH calculations with the
UFF parameters for the solute showed a slightly diminished
performance with semiempirical charge models in HFE
predictions but improved significantly upon coupling with the
atomic charge generation schemes based on molecular electro-
static potentials (e.g., CHelpG, MK). The incorporation of the
DDEC6 charge models did not improve the 3D-RISM-KH
predictions in our hands but added significant computing time
as additional molecular wave function files were to be processed
to generate these charges. The key features of the 3D-RISM-KH
calculations are the speed and accuracy, as shown in our present
study.
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