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Abstract
The model COSMO-RS (Conductor-like screening model for realistic solvation)
is based on the approximation of molecular interactions by the interactions of
surface segments from the molecular cavities. These segment interactions are
functions of the segment properties i.e. descriptors, with the most important
descriptor being the screening charge density. Whereas the inclusion of further
descriptors can lead to improved accuracy for the models predictions, it also
increases the computational demand due to the growth of the central nonlinear
equation system of COSMO-RS. In this work, we present an algorithm that
efficiently allows the introduction of further segment descriptors at moderate
size increase of the central equation system. It is included into our implementa-
tion of COSMO-RS, which is provided as open source code and will be named
openCOSMO-RS in the future. Different parameterizations of the model are
performed, implementing an RDKit/ORCA based workflow for the required
quantum chemical calculations. In this way, the implementation is open for
evaluation and refinement for a large range of academic users.
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1. Introduction

COSMO-RS is a model with numerous applications within different indus-
tries as well as in academia. Its predictive power for fluid phase thermodynam-
ics allows its use in a wide range of applications without requiring experimental
data. The model was first devised and implemented by Klamt et al. [1, 2, 3].
It is based on the combination of information from quantum chemical calcula-
tions with a fast model for molecular interactions. The molecular interactions
are accounted for by introducing a simplified picture of interacting surface seg-
ments, with the interaction strengths being described as general functions of the

∗Corresponding author: thomas.gerlach1@bayer.com

Accepted manuscript. Published in Fluid Phase Equilibria 560 (2022) 113472, https://doi.
org/10.1016/j.fluid.2022.113472.
© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.fluid.2022.113472
https://doi.org/10.1016/j.fluid.2022.113472
https://creativecommons.org/licenses/by-nc-nd/4.0/


properties of these segments. The most important property, or descriptor, was
proposed to be the screening charge density σ at the molecular surface, which
is derived from a quantum chemical calculation of the molecule being embed-
ded in an ideal conductor. As proposed by Klamt et al. [2], other properties,
like the chemical element of the atom to which a surface segment belongs, can
additionally be used to refine the model and its parameterization.

The full model equations as well as a basic parameterization were already
published in 1998, allowing a full reimplementation of the model [2]. A pa-
rameterization based on DFT quantum chemical calculations with the BP86
functional and a TZVP basis set was published by Eckert and Klamt [3]. In
the following years, Klamt et al. pursued all further refinements of their imple-
mentation within the proprietary software COSMOtherm, which is now widely
applied within academic as well as industrial groups [4]. Several different reim-
plementations of the model were developed by other groups and are in wide use
today.

The reimplementation COSMO-SAC by Lin and Sandler [5] is based on the
fundamental COSMO-RS theory albeit introducing several model modifications.
Their first implementation was based on the single segment descriptor of the
screening charge density. Several refinements of the model were introduced af-
ter the initial publication. Hsieh et al. [6] introduced a separation of σ-profiles
for hydroxy groups, other hydrogen bonding groups, and non-hydrogen bond-
ing groups. Later, a new contribution was introduced, accounting for dispersive
interactions between molecules as an additional term apart from the combinato-
rial and residual contribution to the activity coefficient [7]. Recently, a reference
implementation of the COSMO-SAC model variants was published as an open
source code by Bell et al. [8].

Other reimplementations of COSMO-RS include COSMO-RS(Ol) by
Grensemann and Gmehling [9], the ADF implementation by Pye et al. [10],
an implementation by Banerjee et al. [11], JCOSMO as published by Gerber
et al. [12], and an implementation developed by Franke and Hannebauer [13].
Of these, only the source code of JCOSMO was published as an open source
project.

In all of the COSMO-RS implementations, the main segment descriptor
defining the interactions between segments is the screening charge density σ.
Most reimplementations of the model start from a precalculated σ-profile that
is based on the creation of a histogram of the molecular cavity surface area over
the screening charge density using predefined bins. A notable extension includes
the separation into three distinct σ-profiles in newer variants of COSMO-SAC
[6]. The implementations by Franke and Hannebauer as well as the ADF imple-
mentation support the additional segment descriptor σ⊥, which was proposed
by Klamt et al. [2] to improve the description of electrostatic interactions.

In general, the addition of further segment descriptors can be expected to
significantly increase the size of the non-linear equation system that constitutes
COSMOSPACE [14], the central part of the residual term of COSMO-RS. An
efficient algorithm for the inclusion of multiple segment descriptors can be ben-
eficial by allowing further refinements of the model, while keeping the equation
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system at a reasonable size.
To the best of our knowledge, no open-source implementation of COSMO-RS

includes such a flexible extension to multiple segment descriptors yet. We devel-
oped a solution that we integrated into our implementation of the model named
COSMO-RS(HH) in the past [15, 16]. The focus was the efficient implementa-
tion of a full COSMO-RS model including additional segment descriptors like
σ⊥, the chemical element of each segment, or the total charge of the molecule
as the basis for the development of a model for electrolyte systems. Never-
theless, the basic algorithm and its implementation may be beneficial in other
domains. Therefore, we now make the software available as an open source code
and renamed it to ’openCOSMO-RS’.

To present our implementation, we first outline the fundamentals of the
COSMO-RS model. Subsequently, we introduce the method for the efficient
introduction of multiple segment descriptors into the model implementation,
focusing on a specific additional descriptor, σ⊥. The analysis also demonstrates
the capability of openCOSMO-RS to determine additional properties from con-
tact statistics, including the partial molar energy contributions. In the following,
we present different parameterizations of the model based on data from infinite
dilution activity coefficients. The parameterizations are performed using the
quantum chemical program package ORCA [17, 18], which is free to use for
non-commercial users and is available for Linux and Windows.

2. The model COSMO-RS

In the following the central equations of COSMO-RS [2, 3, 19, 14] are sum-
marized and their implementation in the software is discussed. COSMO-RS
is based on the assumption that the interactions between molecules in liquid
phases can be represented by an ensemble of interacting molecular surface seg-
ments. The most important properties of these surface segments are derived
from quantum chemical calculations that are performed in the conductor state,
i.e. a state, in which the molecule is embedded in its cavity in a perfect con-
ductor. The idea is that the interaction free energies between segments can be
described as functions of a set of segment descriptors with the main descriptor
being the screening charge density σ (cf. figure 1). Typically, the value of the
screening charge density from the COSMO calculations is not used directly, but
an averaging is performed first to reduce numerical noise [2]:
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∑
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The sums include all surface segments β from the quantum chemical cavity
surface, σ∗

β and rβ are the non-averaged screening charge density and the radius
of surface segment β, and dαβ is the distance between surface segments α and
β.
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Figure 1: Schematic representation of the interaction energy concept within COSMO-RS.
Molecular interactions are replaced by segment contacts. The interaction free energies are
functions of a set of segment descriptors.

The surface segments are subsequently distributed onto a predefined grid
of screening charge density values to create the σ-profiles. These clustered
segment types later enter the COSMO-RS calculations. Assuming a fixed area
of a segment contact, the fraction of a segment type I in a segment mixture can
be expressed as:

XI =
∑

i xiA
i
I∑

i

∑
J xiAi

J

(2)

Here, Ai
I is the surface area of segment type I on a molecule of type i, and

xi is the mole fraction of molecule i.
The central part of COSMO-RS is the non-linear equation system COSMO-

SPACE. It relates the interaction free energies of the segments to their activity
coefficients ΓI in the mixture of contacting segments [14]:

ΓI = 1∑
J XJΓJτIJ

(3)

If the COSMO reference state is retained for the segments, the interaction
parameter τIJ can be defined as:

τIJ = exp

(
− Gint

IJ

RT

)
(4)

The interaction free energy Gint
IJ of a segment contact is often reported as

an interaction energy, but must be considered as an interaction free energy
in practice, unless the individual contributions to this term are temperature
independent. The interaction free energy is specified as a function of the set of
segment type descriptors.

Apart from the descriptor of the screening charge density itself, a descriptor
describing the polarity of the segment surrounding (σ⊥) is generated. For this
purpose, an additional averaging using equation 1 with twice the averaging
radius rav is performed, resulting in a charge density σo. In many cases a
strong correlation is present between both averaged screening charge densities.
During the derivation of the COSMO-RS model for electrostatic interactions
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between segments it is commonly assumed that neighbouring segment contacts
are of negligible influence for the interaction energy of a segment contact. If
this assumption is not true, it can be expected that the electrostatic potential
from the molecular surroundings at the segment contact site does not vanish
and an effect on the interaction energy of the contact site should be accounted
for. Klamt et al. [2] integrated such a correction for the screening charge
correlation by first creating an orthogonal descriptor from the analysis of the σ
and σo distributions of a set of molecules and using this descriptor as additional
information in the electrostatic interaction energy relation. The new descriptor
is calculated from:

σ⊥
α = σα − 0.816σo

α (5)

The contribution of electrostatic misfit interactions to the interaction free
energy can then be calculated as:

Emf
IJ = 0.5 aeff α[(σI + σJ)2 + fcorr(σI + σJ)(σ⊥

I + σ⊥
J )] (6)

where α is the misfit prefactor, aeff is the area of a segment contact, and
fcorr is a parameter that was adjusted based on the dielectric screening energies
of a set of diverse molecules [2].

For the calculation of the hydrogen bonding free energy contribution, ad-
ditional segment descriptors are applied. Whereas in newer variants of COS-
MO-SAC the σ-profile is separated into a hydroxy, a hydrogen bonding non-
hydroxy and a non-hydrogen bonding part, here we introduce the additional
descriptor of the segment class [6]. With this descriptor, we distinguish seg-
ments from hydrogen atoms with negative screening charges, segments from
potentially hydrogen bond accepting atoms (at present C, N, O, F, P, S, Cl,
Br, I) with positive screening charges, and other segments. Additionally, we
use the segment descriptor of the chemical element eI to open the opportunity
to perform an element specific scaling for the hydrogen bond strength [20, 21].
For hydrogen atoms, this descriptor additionally encodes information about the
chemical element of the bound atom. Nevertheless, in the parameterizations
presented in this work, the hydrogen bond scaling parameters are set to unity,
i.e. the original expression by Klamt et al. [2] is applied. The hydrogen bond
interaction energy can then be calculated from:

Ghb
IJ =

{
chb(T )aeff [min(0; σI + σhb) · max(0; σJ − σhb)] if σI < σJ

chb(T )aeff [min(0; σJ + σhb) · max(0; σI − σhb)] if σI ≥ σJ

(7)

σhb is the hydrogen bond threshold parameter. Although the temperature
dependence of hydrogen bonds is not of relevance in this work, the following
equation for the temperature dependence of the hydrogen bond interaction free
energy is implemented in the software [19]:

chb(T ) = chbmax[0, 1 − cT
hb + cT

hb · 298.15/T ] (8)
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Here, chb is the hydrogen bond strength parameter, and cT
hb is a parameter

for the temperature dependence of the hydrogen bond.
An additional contribution for the introduction of dispersion interactions

can be introduced into the model. In COSMO-RS, this is implemented by a
set of element specific energy parameters. In its simplest form, the interac-
tion energies are not dependent on the contacts but additive for the elements
(Edisp

IJ = f(eI)+f(eJ))[19]. They do not change the relative interaction energies
of different segment contacts when the reference state is also in the liquid phase
and therefore do not influence activity coefficients. As we focus on the liquid
phase predictions by COSMO-RS and do not consider gas phase predictions in
this work, these factors are neglected. If instead, the parameters are chosen
to be dependent on the different element pairs (Edisp

IJ = f(eI , eJ)) as done in
newer versions of COSMOtherm [22], they become relevant also for activity co-
efficients. Nevertheless, a regression of a full set of such parameters was not
in the scope of this work. With regard to the required segment descriptors,
only the chemical element eI of each segment type would be required, which is
readily available in the software. Restricting the interaction free energies to the
hydrogen bonding and misfit contribution, the complete interaction free energy
is calculated from:

Gint
IJ = Emf

IJ + Ghb
IJ (9)

When the COSMOSPACE equation system has been solved, the activity
coefficient at composition x with respect to the COSMO reference state can be
calculated from:

ln(γ#
i (x)) =

∑
I

(
Ai

I

aeff
ln(ΓI)

)
(10)

A conversion to a different molecular reference state, e.g. the pure compo-
nent, leads to the residual contribution to the molecular activity coefficient:

ln(γres
i (x)) = ln(γ#

i (x)) − ln(γ#
i (xref )) (11)

For the combinatorial term, different variants are implemented in openCOS-
MO-RS, with the Staverman-Guggenheim term being used in this work [23]:

ϕ

xi
= Vi∑

j xjVj
(12)

θ

xi
= Ai∑

j xjAj
(13)

ln(γcomb(x)) = ln

(
ϕ

xi

)
+ 1 − ϕ

xi
− 0.5z

Ai

Astd

(
ln

(
ϕ

θ

)
+ 1 −

(
ϕ

θ

))
(14)

Here, z is the coordination number and is typically chosen to be equal to 10.
The total activity coefficient is then calculated from:
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ln(γi(x)) = ln(γres
i (x)) + ln(γcomb

i (x)) (15)

In addition to the calculation of the activity coefficient, COSMO-RS allows
the calculation of the contact probabilities between segments [14]. The expected
value of the number of contacts between segments of type (I − J) divided by
the number of segments N in a mixture is calculated from [24]:

PIJ = E[NIJ ]
N

= XIXJΓIΓJτIJ (16)

This can be used to derive several useful quantities that can aid in the anal-
ysis of the model results. In openCOSMO-RS, at present the calculation of the
contributions of the different interaction energy terms to the partial molar en-
thalpy, as well as the calculation of the average interaction energies of molecules
in mixtures are supported. The derivation of the equations was reported by Ger-
lach et al. [15]. The average interaction energies of the molecules in a mixture
is calculated from:

ϵ#
i = 0.5

∑
I

∑
J

N i
I

PIJ

XI
EIJ (17)

For the contribution of the different interaction energy terms to the partial
molar enthalpy, the following relation can be used:

h̄#
i = 0.5

∑
I

∑
J

(
N iPIJ +

(∑
k

xkNk

)[
n

(
∂PIJ

∂ni

)
T,nj

])
EIJ (18)

Here, N i being the number of segments on a molecule i, which is calculated
from the ratio of the cavity surface area and the contact area aeff . Equation 17
and 18 can either be applied to the total interaction energy or its individual
contributions due to misfit interactions or hydrogen bonding. For a correct cal-
culation of the partial molar enthalpy from eq. 18, the interaction energy contri-
bution of interest EIJ has to be calculated first from the respective interaction
free energy, e.g. by applying the Gibbs-Helmholtz relation. The partial deriva-
tive of the contact probability multiplied with the total number of molecules n
can be calculated analytically, requiring the solution of a linear equation system.
The required equations were reported previously [15].

3. Computational methods

The choice of conformational isomers to represent each molecule can influ-
ence the predictions by COSMO-RS. Although the required modifications of
the model to represent a molecule by a set of conformers have been described
by Klamt [1] with the first description of COSMO-RS, in this work we limit
all considerations to the representation of molecules by a single conformer. For
the conformer search and quantum chemical calculations, two approaches were

7



applied within this work. On the one hand, a conformer search was applied us-
ing COSMOconf 3.0, integrating TURBOMOLE 6.6 based quantum chemical
calculations [25, 26]. Geometry optimizations were performed in the conductor
state using DFT calculations with the BP86 functional and a def-TZVP basis
set. For further applications in COSMOtherm, additionally single point calcu-
lations were performed with the def2-TZVPD basis set and the FINE cavity
construction algorithm [27].
Additionally, an alternative workflow was applied using software available for
free to non-commercial users, based on the following steps:

− Molecular mechanics based conformer generation using RDKit [28, 29]

− ALPB [30] geometry optimizations in water using GFN2-xTB [31, 32]
calculations from within ORCA [17, 18, 33]

− Filter confomers by an energy window of 6 kcal/mol

− Cluster confomers by an RMSD window of 1 Å, taking the conformer with
the lowest energy

− COSMO geometry optimizations at DFT/BP86/def2-TZVP(-f) level in
ORCA

− Selection of conformer with lowest energy

− COSMO geometry optimizations at DFT/BP86/def2-TZVP level in
ORCA

− COSMO single point calculation at DFT/BP86/def2-TZVPD level in
ORCA

Whereas RDKit is available as open source software, ORCA is available free
of charge for academic and private use. The python script that was developed
to control the calculations from an initial SMILES code is also made available
with the source code of openCOSMO-RS.
The subsequent COSMO-RS calculations were performed with the source code
that is made available in our git repository. Two variants of the openCOS-
MO-RS code are made available. The openCOSMO-RS(py) implementation is
created for conceptual simplicity and rapid development, while relying purely
on the python library NumPy [34] for speed improvements. The openCOS-
MO-RS(c++) implementation is a faster, fully C + + based implementation
making use of the Eigen library [35] for linear algebra and developed with
computational speed in mind. Still, it supports full access on python via the
pybind11 library [36] and on MATLAB [37] as a MEX function. Examples
are provided within the repository to facilitate the usage. For comparative
purposes, for some calculation the proprietary COSMO-RS implementation
COSMOtherm [4] was employed.

For all optimizations, the following objective function was minimized:
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OF = 1
Np

∑
i

(
ln(γ∞,calc

i ) − ln(γ∞,exp
i )

)2
(19)

Here, γ∞,calc
i and γ∞,exp

i are the calculated and experimental infinite dilution
activity coefficient of data point i, and Np is the number of data points. For the
optimization the Nelder-Mead algorithm was chosen. Satisfactory experience
with regard to the identification of suitable optima for this type of problem
is expected and the calculation of numerical derivatives is avoided using this
algorithm.

The root mean square deviation was calculated from:

RMSDIDAC =
√

1
Np

∑
i

(
ln(γ∞,calc

i ) − ln(γ∞,exp
i )

)2
(20)

For the partition ratios, the reported experimental partition coefficients were
first converted to a mole fraction basis, accounting for the phase equilibrium
composition of the solvents. The root mean square deviation was then calculated
from:

RMSDln(K) =

√√√√ 1
Np

∑
i

(
ln

(
γ∞,calc,aq

i

γ∞,calc,org
i

)
− ln(K∞,exp

i )
)2

(21)

Here, ln(K∞,exp
i ) is the experimental mole fraction based partition ratio,

γ∞,calc,aq
i is the calculated infinite dilution activity coefficient in the aqueous

phase and γ∞,calc,org
i the respective property in the organic phase.

4. Results and discussion

4.1. Extended σ-profile generation
In the following, the algorithm for the creation of the required extended

σ-profiles is outlined. “Extended” refers here to the fact, that multiple segment
descriptors are included in addition to the screening charge density. As in other
implementations of COSMO-RS, properties from the space of real numbers, like
σ and σ⊥, are first distributed onto a predefined grid [1, 5]. In this work, a bin
size of 0.001 e/Å2 was used for both descriptors [1].

In figure 2 the resulting extended σ-profiles of two active pharmaceu-
tical ingredients and two solvents are shown. In particular the molecules
indometacin and chloramphenicol consist of several different chemical elements
while covering a large range of values of the descriptors σ and σ⊥. Although
the segment descriptor of the chemical element is not used in the COSMO-RS
parameterizations in this work, it is nevertheless of promising utility for
advanced parameterizations, e.g. by introducing element specific hydrogen
bonding strengths, or binary van der Waals interaction parameters [20, 21, 22].
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Figure 2: Extended σ-profiles of chloramphenicol (A), indometacin (B), ethanol (C), and
acetone (D). The segment descriptors of σI , σ⊥

I , and the chemical element eI are shown.
Circle sizes indicate the area of the respective segment type on the molecular surface.

Table 1: Number of segment types of pure components and their mixture in openCOSMO-RS.
Name Number of segment types
Chloramphenicol 553
Indometacin 358
Acetone 146
Ethanol 272
Mixture 639

If all possible combinations of the relevant descriptors covering the re-
spective ranges were included in the calculations, a very large number of
segment types would result, leading to the need to solve a very large non-linear
COSMOSPACE equation system. Nevertheless, as expected, it can be observed
that a correlation between these segment descriptors exists, leading e.g. to
higher screening charges for oxygen atoms in comparison to carbon atoms.
Additionally, it has to be noted that for the COSMO-RS calculations only
those segment types are of relevance, which are associated with molecules being
considered in the mixture. This encompasses molecules at zero and non-zero
concentration. Based on this fact, a more efficient alternative to the use of
predefined σ-profiles becomes obvious.
Instead of covering the complete space of possible descriptors, a set of only
the occupied segment types is created and used for the subsequent creation
of interaction energy arrays and the solution of the COSMOSPACE equa-
tion set. By still relying on fixed values for the descriptors the extended
σ-profiles can be independently stored and combined during the mixture
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creation if higher computational speeds are of relevance, as it is implemented
in openCOSMO-RS(c++). In figure 3 an illustration of the segment type
creation procedure is shown. Whereas a related algorithm is applied in newer
implementations of COSMO-SAC to reduce the number of entries during the
COSMOSPACE calculation step below the fixed number of 3*51 from the
three separate σ-profiles [8], the method that is described here goes further by
reducing the number of segment types directly during the processing of the
COSMO information, and extending the approach flexibly to multiple segment
descriptors. The same principle of using a set of only the occupied segment
types is applicable to the σ-profiles of mixtures. In table 1 the number of
segment types of two complex, polyatomic molecules, two common solvents, as
well as their mixture is shown for the case of three descriptors, applying this
approach.

Figure 3: Procedure of the segment type generation. Segments from the cavity surface are
distributed onto neighbouring grid points on a predefined grid in the space spanned by the
segment descriptors. Only occupied grid points are stored and are subsequently used for the
creation of the interaction energy arrays and the COSMOSPACE calculations.

4.2. Parameterizations
Using the new implementation of COSMO-RS, parameterizations of the

model were performed. For this purpose, the collection of infinite dilution ac-
tivity coefficients by Voutsas and Tassios [38] and He and Zhong [39] were used.
All data points with either water or organic acids as a solute were removed from
the data set before starting the regressions. It has already been reported that
COSMO-RS can show significant deviations for the solute water and for organic
acids as solutes, the latter due to dimerization [2, 40]. To correct the outliers
for water as a solute, in different implementations of COSMO-RS corrections
were introduced [41, 9]. As the introduction of corrections like σ-profile scalings
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should be accompanied by a parameterization at finite concentrations, we did
not attempt such a correction in this work.

Parameterizations were performed using RDKit for the initial conformer
generation and ORCA for the quantum chemical calculations. Due to its
much higher computational efficiency, the openCOSMO-RS(c++) implemen-
tation was used for the parameterizations but calculations were validated with
openCOSMO-RS(py). Main differences included in the c++ variant are the
precalculation of extended σ-profiles, the efficient vectorization of floating point
number calculations, the multi-threaded calculation of systems and the caching
of intermediate values to accelerate the COSMOSPACE convergence.

Table 2: Parameterizations of COSMO-RS
TURBOMOLE ORCA-A ORCA-B

Method TZVP TZVPD TZVPD
σ⊥ used yes no yes
rav [Å] 0.5a 0.5a 0.5a

aeff [Å2] 6.25b 5.943 6.115
αmf [kJ Å2/(mol e2)] 5.950e6b 5.953e6 7.584e6
fcorr[−] 2.4a 2.4a

chb [kJ Å2/(mol e2)] 3.670e7b 3.671e7 3.093e7
σhb [e/Å2] 8.5e-3b 7.469e-3 7.876e-3
cT

hb [−] 1.5c 1.5c 1.5c

Astd [Å2] 79.53d 51.28 41.89
a Klamt et al., 1998 [2]; b Eckert and Klamt, 2002 [3]; c Klamt and Eckert,

2000 [19]. d Lin and Sandler, 2002 [5];

Table 3: Root mean square deviations for the training and the test set.
TURBOMOLE ORCA-A ORCA-B

Training seta 0.76 0.78 0.65
Test setb 0.96 1.27 1.06

a Infinite dilution activity coefficient collection by He and Zhong [39] and
Voutsas and Tassios [38]; b Partition ratio collection by Klamt et al. [2].

The model parameterizations were performed with (ORCA-B) and without
(ORCA-A) the screening charge correlation correction shown in eq. 6. The
evaluation of this parameter may serve as an example for the application of
an interaction energy correction that relies on an additional, continuously dis-
tributed segment descriptor, in this case σ⊥. In each of these parameterizations,
five parameters were simultaneously adjusted to the data set. Other parameters
that were determined independently are listed together with the regressed val-
ues in table 2. Additionally, a full set of parameters from literature references
is listed for the use with σ-profiles calculated from TURBOMOLE.

In table 3, the root mean square deviations for the training set of logarith-
mic infinite dilution activity coefficients is shown. Additionally, a set of parti-
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tion ratios in the octanol+water, benzene+water, hexane+water, and diethyl
ether+water systems as collected by Klamt et al. [2] was used for the validation
of the predictions. Only data points with N2 as the solute were removed from
the data set. In figures 4 and 5, results for the training set and the test set are
shown for selected parameterizations.
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Figure 4: Deviations between the training set of infinite dilution activity coefficients and the
results of the TURBOMOLE based calculations implemented in openCOSMO-RS (A) as well
as the parameterization ORCA-B (B). The results for the excluded data points of acids and
water as solutes in non-polar solvents are also shown.

As can be seen, a higher accuracy is achieved for the regression as well
as the predictions for the test set if the screening charge correlation correc-
tion is applied. This is the case although the same number of parameters was
adjusted to the training set of experimental data. The parameters of the screen-
ing charge correlation correction were in contrast only regressed to results from
quantum chemical calculations, and were taken from the literature in this work.
The application of the RDKit/ORCA based workflow led to lower deviations
in comparison to the use of the published parameters for TURBOMOLE based
calculations for the training set but higher deviations for the test set. Differ-
ences between the approaches include the applied conformer search algorithm as
well as differences in the algorithms used for the quantum chemical calculations,
including e.g. the cavity construction algorithm as well as the treatment of out-
lying charges. Nevertheless, the integration of this simple RDKit/ORCA based
workflow widens the applicability of openCOSMO-RS by making it accessible
to a broader range of academic users. In figure 6 a comparison of the σ-profiles
of ethanol using different methods for the COSMO calculations is shown. A
high similarity between the different approaches is observed.

Additionally, a comparison with results from the proprietary software pack-
age COSMOtherm was performed for the test set. A higher accuracy is observed,
with particularly lower deviations being reached by the BP_TZVPD_FINE_19
parameterization of COSMO-RS. The calculated RMSD is RMSD = 0.72 using
this level, and RMSD = 0.87 using the BP_TZVP_19 level. Whereas even
the BP_TZVP_19 version has an advanced parameterization in comparison to
openCOSMO-RS, it also contains several model differences including conforma-
tion equilibria and binary van der Waals interaction parameters. In particular
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Figure 5: Parity plot for the prediction results of the parameterization ORCA-B (A) as well
as COSMOtherm with the BP_TZVPD_FINE_19 parameterization (B) based on the test
set containing n-octanol+water, n-hexane+water, diethyl ether+water, and benzene+water
partition coefficients.

for the BP_TZVPD_FINE_19 level of the model, refinements of key parts of
the model itself were introduced, that have not been described in the literature
yet [41]. A comparison of openCOSMO-RS with predictions from a recent ver-
sion of COSMOtherm was reported for the training set in our previous work
[15].

4.3. Property analysis
openCOSMO-RS includes a functionality for the evaluation of contact prob-

abilities and derived properties, which can aid in the understanding of model
results [42, 43, 44, 15]. In the following, this functionality is applied to the
system of acetone+water, to demonstrate potential applications for a selected
system. For this purpose, the effects of the screening charge correlation correc-
tion are investigated.

In figure 7 the logarithmic activity coefficient as well as the contribution to
the partial molar energies in the binary acetone+water system are shown for
the component acetone. Applying parameterization ORCA-B, the results for
the activated as well as deactivated screening charge correlation correction are
compared. The infinite dilution activity coefficient of acetone in water decreases
with the inclusion of this term at otherwise fixed parameters. This is in partic-
ular connected to a decrease of the contribution of the misfit term to the partial
molar enthalpies. As expected, for the hydrogen bonding term only a small
change occurs, which is due to a change in the contact probabilities between
segments within the model.

In figure 8 the average interaction energies of the acetone molecule in the
same system are shown. Here, the chosen reference state is the COSMO refer-
ence state. Only minor differences are also observed for the average hydrogen
bonding interaction energies. In contrast to this, in pure acetone a higher av-
erage misfit interaction energy is observed if the screening charge correlation
correction is applied. This can be explained by the strong correlation of the
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Figure 6: σ-profile of ethanol using TURBOMOLE with the BP functional and a def-TZVP
basis set (solid line), TURBOMOLE with a def2-TZVPD basis set and the FINE cavity
construction algorithm (dashed line), and ORCA with a def2-TZVPD basis set (dash-dotted
line).

screening charges on the surface of the oxygen atom of the acetone molecule.
In pure acetone, no adequate screening partners of opposite charge are found
for these surface segments (cf. figure 2), leading to high misfit charges with
the interaction energies being increased by the correlation. In contrast to this,
at infinite dilution of acetone in water, the average interaction energies are re-
duced. In this environment, more adequate screening partners are present for
the oxygen surface segments and the hydrogen bonding contribution strongly
influences the segment pairing.

It becomes clear that the analysis of the properties that are based on the
contact probabilities is a powerful tool to help in the understanding of the
prediction results even for complex systems and allows deeper insights that may
lead to further model improvements.
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Figure 7: Partial molar properties of acetone in the binary acetone+water system at vapor-
liquid equilibrium conditions and 1 atm. Logarithmic activity coefficients ln(γ) (solid lines:
calculated, markers: experimental data [45]), partial molar energy contribution h̄#

i /(RT ) due
to the misfit energy term (dashed line) and the hydrogen bonding energy term (dashed-dotted
line). Thick lines indicate results of parameterization ORCA-B with activated screening charge
correlation correction, thin lines correspond to results of parameterization ORCA-B with the
deactivated term.
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Figure 8: Average interaction energy of acetone in the binary acetone+water system at vapor-
liquid equilibrium conditions and 1 atm. For the assignment of the lines to the different
interaction energy terms, cf. fig 7.
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5. Conclusions

In this work, an approach for the efficient introduction of multiple segment
descriptors into COSMO-RS was presented. The improvements brought about
by the introduction of the screening charge correlation correction proposed by
Klamt et al. [2] was used as an example of how multiple descriptors might
improve the model. Nevertheless, applications can reach beyond this term in-
cluding other descriptors to further refine the model. Demonstrated applications
for such additional descriptors include the parameterization of binary element
specific dispersion parameters [22], the element specific parameterization of hy-
drogen bonds [21, 46], the parameterization for ionic molecules [15], or the
fine-tuning of the model for specific chemical groups [16]. The implementation
of COSMO-RS that is presented in this work integrates this approach and has
now been made available as open source software. The implementation was
renamed openCOSMO-RS in the process. Additionally, we presented different
parameterizations of the model COSMO-RS. For this purpose we implemented
a workflow that integrates RDKit and ORCA. Although the resulting accuracy
was lower than for the COSMOtherm based calculations, the workflow and soft-
ware licenses facilitate the evaluation, further development and refinement of
COSMO-RS for a broad range of academic users.
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