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ABSTRACT  

The rapid development of affordable medications relies on the knowledge of suitable solvents for potential active 
pharmaceutical ingredients. Molecular simulations can be interpreted as computational experiments and may complement 
laboratory experiments, as they not only enable the calculation of thermophysical properties but also allow for an insight 
into a systems behavior on the molecular level. Relative solubilities can be predicted by using molecular simulations to 
calculate the Gibbs free energy of solvation ΔGsolv. We developed algorithms to reduce the required computational effort 
and increase the statistical precision by improved alchemical pathways. However, the agreement between ΔGsolv 
predictions from simulations and experimental data depends on the molecular models (force fields) used. To consider 
polarization effects, we combined partial charges derived by the IPolQ-Mod method with the General Amber Force Field 
(GAFF) and found a comparable ΔGsolv accuracy to GAFF and its default RESP charges for a large set of compounds in 
various solvents. We initiated a parameter optimization to improve the accuracy of GAFF/IPolQ-Mod and present our 
current results of the refitting process. 
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INTRODUCTION 

Molecular simulations, e.g. with the Gromacs (Abraham 
et al. 2015) software, can complement laboratory 
experiments, as they not only allow for the calculation 
of thermophysical properties but also for the qualitative 
assessment of a systems behavior on the molecular level. 
A property of special interest is the Gibbs free energy of 
solvation ΔGsolv, which is fundamental for the 
calculation of e.g. relative solubilities, partition 
coefficients or activity coefficients. ΔGsolv characterizes 
the isothermal isobaric change of states of a solute 
molecule that transitions from a vacuum into a 
condensed phase. The corresponding change in free 
energy describes the strength of the solute/solvent 

interactions as well as the impact of entropic effects. For 
accurate free energy results, the thermodynamic end 
states, i.e. solute in vacuum and solvent phase 
respectively, need to exhibit sufficient configurational 
space overlap. In practice, a linking chain of 
intermediate states with scaled solute/solvent 
interactions, the so called alchemical pathway, is 
constructed. It allows for overlap between neighboring 
states and partial free energy results are summed for the 
total outcome. However, while a large number of 
intermediates enables good overlap and high statistical 
precision, the required computational effort increases 
with the number of intermediates. 
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On the other hand, ΔGsolv results strongly depend on the 
molecular models (so called force fields) applied. 
Widely used force fields (Wang et al. 2004; 
Vanommeslaeghe et al. 2010; Jorgensen et al. 1996) for 
the description of drug-like molecules assign fixed 
partial charges to the atomic sites. Consequently, these 
force fields are not capable to consider important 
polarization effects. For an at least implicit 
representation of polarization effects, we combined the 
IPolQ-Mod (Muddana et al. 2014) partial charge 
calculation method with the General Amber Force Field 
(GAFF) (Wang et al. 2004) and compared the ΔGsolv 
results to those obtained with GAFF but with the default 
RESP (Bayly et al. 1993) charge calculation method. In 
a previous study (Mecklenfeld und Raabe 2017a), we 
found comparable agreement between results with 
GAFF/RESP and GAFF/IPolQ-Mod to experimental 
data and concluded that GAFF/IPolQ-Mod is a suitable 
basis for the application of the physically motivated 
IPolQ-Mod method. However, as the alteration of the 
charge calculation method perturbs the self-consistency 
of the GAFF model, we also proposed the optimization 
of relevant atom types in various chemical environments 
in order to improve the ΔGsolv predictions. 

RESEARCH CONCEPT 

OPTIMIZATION OF THE NUMBER AND 
DISTRIBUTION OF INTERMEDIATES STATES 

Fig. 1. Curve progression of normalized cumulated 
partial uncertainties with regard to λ. At the end of the λ 
state optimization, the objective of equal partial 
uncertainties, represented by equidistantly spaced cuts 
with the ordinate axis (blue lines), is well meet.  

Intermediates states are characterized by λ-scaled 
solute/solvent interactions, whereas λ=0 equals no 
solute/solvent interactions (solute in vacuum) and λ=1 
corresponds to full interactions in the condensed phase. 
By defining a vector of λ values between 0 and 1, 
configurational space overlap can be established. The 
solvation free energy difference is thereby split into 
partial results ΔGsolv,i,i+1 between states λi and λi+1, which 
are summed for the total outcome. A priori, a suitable 
number or distribution of λ states is unknown and thus 
sufficient configurational space overlap is often 
accomplished by using a large number of intermediates.  

As each partial result ΔGsolv,i,i+1 contributes to ΔGsolv, our 
optimization goal is to ensure even partial uncertainties 
δΔGsolv,i,i+1 for improved statistical precision of the 
overall ΔGsolv result. We developed algorithms that 
allow for the adaptation of the number and distribution 
of the intermediates by a series of short trial simulations 
(Mecklenfeld und Raabe 2017b). As illustrated in Figure 
1, cumulated partial uncertainties are interpreted as a 
function of λ. Using interpolation, new λ states can be 
defined to ensure the same level of statistical precision 
for all intermediate results. The configurational space 
overlap is analyzed after each of the short simulations 
and empirically derived algorithms adapt the number of 
intermediates if the overlap is considered to be 
insufficient or too excessive. After the number and 
distribution of intermediates converged, the actual 
production phase is initiated.  

CALCULATION OF PARTIAL CHARGES 

The IPolQ method is an abbreviation for “Implictly 
Polarized Charges” and was proposed by Cerutti et al. 
(Cerutti et al. 2013). The approach was later simplified 
by Muddana et al. and named IPolQ-Mod accordingly. 
Using ab initio calculations in Gaussian (Frisch et al. 
2009), molecule geometries are optimized at the  
HF/6-31G* level of theory. Partial charges for the solute 
molecule are calculated both in the vacuum and 
condensed phase at the MP2/aug-cc-pVDZ level of 
theory and charges from both phases are then averaged. 
For the description of charges in the solvent, the PCM 
model by Mennucci et al. (Mennucci et al. 1998) is 
employed. For default GAFF charges, the HF/6-31G* 
level is applied. All partial charges are derived by a two-
level RESP scheme. 
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OPTIMIZATION OF ATOM TYPES 

For the optimization of Lennard-Jones parameters εii and 
σii for relevant atom types, we employed the robust 
Nelder-Mead (Nelder und Mead 1965) algorithm and 
use an objective function that considers weighted 
normalized root mean square deviations for solvation 
free energies and densities of the pure compounds. To 
reduce the computational effort, we utilize a 
thermodynamic cycle for the parameter optimization 
process. The training data set includes 358 solvation free 
energy results and 286 densities in a broad temperature 
range for a multitude of model compounds and chemical 
environments to account for prominent functional 
groups in potential drug candidates.  

RESULTS AND DISCUSSION 

In Figure 2, solvation free energies from GAFF/RESP 
and GAFF/IPolQ-Mod are plotted versus the 
corresponding experimental data. The figure 
demonstrates comparable accuracies for the different 
charge calculation methods, though specific outliers 
exists for both.  

Fig. 2. Solvation free energy results from GAFF/RESP 
and GAFF/IPolQ-Mod over experimental data. 

Simulation results for the ongoing optimization of atom 
types (ch2, ch3, ca, oh, ohP, os and cl already 
considered) are depicted in Figure 3. The figure 
highlights the improved agreement between ΔGsolv 
results using GAFF/IPolQ-Mod + LJ-refit and 

experimental data compared to the GAFF/RESP and 
GAFF/IPolQ-Mod models.  

Fig. 3. Solvation free energy results from GAFF/RESP, 
GAFF/IPolQ-Mod and GAFF/IPolQ-Mod with refitted 
Lennard-Jones parameters over experimental data. 

CONCLUSIONS 

Molecular simulations are capable to complement 
laboratory experiments. The precise prediction of 
solvation free energies for the estimation of relative 
solubilities requires sufficient configurational space 
overlap for the ΔGsolv results to converge, and accurate 
molecular models for the description of the molecule 
interactions. We have developed methods to ensure 
statistical precise free energy results with reduced 
computational effort, and studied the impact of IPolQ-
Mod partial charges for an implicit representation of 
polarization effects on the GAFF model compared to the 
default force field charges. 

Though IPolQ-Mod adds physical details to the model, 
the charge scheme perturbs the self-consistency of the 
force field. We therefore optimize Lennard-Jones 
parameters of GAFF atom types for IPolQ-Mod partial 
charges, and our results demonstrate significantly 
improved agreement with experimental data. 

Suitable molecular models for exact predictions of 
solvation free energies and linked thermophysical 
properties may improve the understanding of solubility 
processes in order to reduce the effort for the 
development of medications.  
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RMSD in kJ/mol 
GAFF/RESP 4.57 
GAFF/IPolQ-Mod 5.37 

RMSD in kJ/mol 
GAFF/RESP 3.81 
GAFF/IPolQ-Mod 3.95 
GAFF/IPolQ-Mod 
+ LJ-refit 1.89 
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