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ABSTRACT 

The prediction of solvation quantities is an important issue in several fields of chemical 

and process engineering. In this regard, this work was conducted to increase the prediction 

power of the equation-of-state (EoS) approach by coupling the tc-PR (translated-consistent 

Peng-Robinson) EoS with COSMO-RS (Conductor-like Screening Model for Real Solvents) 

as g
E
 model through an advanced mixing rule. Since the only input parameter of the COSMO-

RS model is the charge density () profile of each molecule, the resulting EoS (called tc-

PR/COSMO-RS) does not require any binary interaction parameter contrary to other 

predictive cubic EoS, such as VTPR, PPR78, PSRK, and UMR-PRU. This feature allows the 

quantification of solvation data of a great number of systems from readily available pure-

component properties (critical temperature and pressure, acentric factor and -profile). 

Satisfactory results were obtained for the prediction of solvation Gibbs energy data that were 

extracted from the extensive CompSol database (the average absolute deviation is 0.30 

kcal/mol). The proposed model represents a very flexible alternative for the prediction of 

solvation data, since it can deal with a large variety of solutes in either a pure or mixed 

solvent, and for the entire phase diagram (including the supercritical region). 
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1 Introduction 

Solvation Gibbs energy is defined as the change in the chemical potential when a molecule 

devoid of kinetic energy is transferred from the perfect gas phase to a condensed phase [1]. 

This thermodynamic property has many applications in chemical and process engineering. For 

instance, solvation Gibbs energy is a useful information for the selection of the optimal 

solvent for a separation process or a chemical reaction [2]. In the field of product 

development, this quantity plays an important role in the design of new drugs [3,4]. 

Moreover, predictions of solvation Gibbs energy are also required in the development of 

detailed kinetic models in liquid phase [5–8] 

Regarding the theoretical models available to predict solvation quantities, the simplest 

alternative is the Linear Solvation Energy Relationships (LSER), such as the Abraham model 

[9,10]. Although being the approach with the lowest computational cost, the Abraham model 

has the disadvantage to predict solvation quantities at room temperature only (298 K), for a 

limited set of pure solvents. The mean absolute deviation for this model is usually between 

0.6 and 0.9 kcal/mol, depending on the database used for its evaluation [10,11]. Recently, 

Vermeire and Green [12] proposed a more robust approach based on transfer learning. This 

method is able to provide very accurate results (mean absolute error of 0.21 kcal/mol), but is 

also limited to pure solvents at room temperature. To adapt both Abraham model and the 

transfer learning method for temperatures other than 298 K, the correction proposed by Chung 

et al. can be used [13]. 

Among the methods that allow the calculation of solvation quantities in a mixture of solvents, 

one of the possible alternatives lies in the family of continuum solvation models, like PCM, 

SMD, and COSMO [11,14–17]. However, these models are restricted to be used with low-

pressure systems, far from the critical region. In terms of accuracy, models like COSMO-RS 

and COSMO-SAC can provide accurate predictions, with average deviations close to 

0.3 kcal/mol [11,17]. Molecular dynamics could also be an option [18,19], but the 

computational cost is much higher. This approach is often used to predict solvation quantities 

of complex molecules found in drug design.  

Moreover, the use of an equation of state (EoS) is among the simplest, fastest and most 

accurate ways to predict solvation Gibbs energies, given that this quantity can be directly 

related to the fugacity of the solutes and the density of their solvents, which can be 

straightforwardly estimated from this type of model [1,20]. The advantage of having a 
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calculation framework of solvation quantities based on an EoS is the possibility to easily work 

with co-solvent systems, in the entire phase diagram (low- and high-pressure regions, 

including supercritical conditions). In addition, an EoS opens the door to the prediction of 

many other properties, such as solubilities, caloric properties and phase equilibria. The EoS 

approach has already been investigated in previous works of our group [17,21] for the 

prediction of solvation Gibbs energies. It was found that predictive versions of cubic EoS, 

namely PSRK and UMR-PRU, are able to provide results with average deviation below 

0.4 kcal/mol.  

Both PSRK and UMR-PRU, and other equations of the same type, are coupled with activity 

coefficient models through the application of an advanced mixing rule. The activity 

coefficient models embedded in the EoS are usually based on predictive group-contribution 

methods, and in particular, the UNIFAC (Universal Functional Activity Coefficient) approach 

[22]. Basically, UNIFAC requires volume and surface area information of the functional 

groups for the calculation of the combinatorial (or entropic) contribution, in addition to the 

binary interaction parameters between groups for the calculation of the residual (or enthalpic) 

contribution. 

However, despite the flexibility of UNIFAC for representing a wide variety of systems, some 

weaknesses can be pointed out [23]. The first one is that the number of functional groups is 

limited, which can lead to the impossible decomposition of some complex molecules [24]. 

Another limitation is the need for a large amount of experimental data to fit the group 

interaction parameters. As a result, not only are many interaction parameters between existing 

groups still missing [25], but the addition of new groups is a tedious task. Moreover, the 

current available parameters were usually not fitted to represent experimental data at very low 

concentrations, which can be a source of error to calculate solvation quantities at infinite 

dilution [26].  

Constantinescu et. al [27] proposed an alternative to circumvent those limitations by using 

COSMO-RS [28,29] instead of UNIFAC as the activity coefficient model in the mixing rule. 

Later on, others studies, for instance [30–32], have been conducted using the same approach 

for the prediction of phase equilibria data. The main advantage of using COSMO-based 

models is that one can perform thermodynamic calculations of mixtures only based on pure 

compound information, i.e., no binary interaction parameters are required.  
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We would like to insist on this major argument in favor of COSMO type models: while for 

classical versions of cubic and SAFT EoS, it is necessary to select appropriate mixing rules 

involving binary interaction parameters, a COSMO-based EoS is capable of estimating 

mixture properties from pure compound input data only (i.e., the critical properties of the 

species as well as the so-called “σ-profile” which is the polarization charge density 

distribution over their molecular surface). In particular, the σ-profile of a given mixture 

results from a linear combination of the σ-profiles of the species weighted by their molar 

fraction in the mixture. Note that the σ-profiles are obtained through quantum chemistry 

calculations, which means that no experimental data is actually needed.  

As a result, these advantages allow the treatment of a greater number of systems and 

molecules. This higher applicability can be illustrated through our previous study [17] dealing 

with the prediction of the solvation Gibbs energy data present in the CompSol database [20], 

using two predictive EoS relying on the UNIFAC approach, namely the UMR-PRU and 

PSRK models. In the same study [17], several experimental datapoints were disregarded as 

they were related to binary systems in which some UNIFAC interaction parameters between 

groups were missing. This resulted in the modelling of only 80% of the experimental data 

present in the CompSol database.  

In the present study, our goal is to develop and assess a model coupling a cubic EoS and a 

COSMO-type model through advanced mixing rules for the estimation of solvation 

properties. While some similar models were developed for predicting vapor-liquid 

equilibrium data (VLE), see, e.g., [27,30–32], none of these was developed and calibrated 

specifically for the description of solvation properties. Such an approach could be a good 

alternative to UNIFAC-based models enabling to describe most of the systems for which the 

UNIFAC method cannot be applied (whenever a molecular group of a molecule of interest is 

not present in the UNIFAC list of groups or a UNIFAC group parameter is missing).  

In this context, the present paper outlines a predictive approach to calculate solvation Gibbs 

energies by coupling a cubic EoS (the tc-PR EoS [33,34]) with COSMO-RS [29]; the 

resulting model is named the tc-PR/COSMO-RS EoS. As mentioned above, this model only 

requires as inputs the critical constants of each molecule (critical, temperature, critical 

pressure, and acentric factor), as well as the σ-profiles of the compounds, that are obtained 

from quantum calculations [35].  

In addition, in order to enlarge the scope of applicability of the proposed model, it was 

decided to develop a method for generating the σ-profiles from a group-contribution method. 
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Such an approach [36,37] is an alternative to quantum calculations when a fast estimation of 

solvation properties is required. The corresponding version of the tc-PR/COSMO-RS EoS is 

named tc-PR/GC-COSMO-RS and the developed group-contribution method uses the same 

group-decomposition as UNIFAC. 

As an important result, 99% of the CompSol database can be described accurately with the tc-

PR/COSMO-RS while 94% of this database can be simulated with the tc-PR/GC-COSMO-RS 

(this percentage is lower for the simple reason that small molecules and molecules involving 

unusual atoms or molecular groups cannot be split into UNIFAC groups). In both cases, quite 

a reasonable accuracy was obtained. 

2 Modeling 

2.1 The translated-consistent Peng-Robinson (tc-PR) EoS 

The tc-PR EoS [33], where tc stands for translated [38,39] and consistent [40,41] is given in 

equation (1). 
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 ,  , and   are the temperature, pressure and molar volume.     ,      and    are the 

experimental critical temperature, critical pressure, and acentric factor of any pure 

compound  . The tc-PR EoS is coupled with the Twu 91 -function [42] which depends on 

three compound-specific parameters (namely,  ,  , and  ) as shown in equation (2). 
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Such an -function was selected because it is very flexible and especially because it can be 

made consistent (that is, pass the consistency test for alpha functions [40]) if the 3 parameters 

are fitted under constraint. 
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Optimized values for  ,   and   of 1800 compounds can be found elsewhere [34]. When 

these three parameters are not available for a given compound, the correlations below are used 

instead [40].  
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Note that quantum fluids, i.e., He and H2, are not treated in the same way due to quantum 

effects [33,40], so the above correlations are not valid. For such molecules, the  -function 

proposed by Soave [43,44], although not-consistent, can be used instead (see equations (4) 

and (5)). 
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Finally, the constant volume translation of a pure compound ( ic ) is determined using either an 

experimental value of the molar volume at a single temperature, e.g., at 0 .8rT  , or a 

correlation, such as the one given in equation (6) [34,45]. 
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2.2 Mixing rules 

Pina-Martinez et. al [46] already investigated the extension of the tc-PR EoS to mixtures by 

means of an advanced mixing rule inspired by the pioneering works of Huron, Vidal and 

Michelsen [47–50]. 

For the mixture co-volume (  , they proposed to use a quadratic function of the molar 

fractions [46]: 
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Where,    is the composition in terms of molar fraction and    is the total number of 

compounds. 

A linear mixing rule is assigned to the volume translation parameter (   of the mixture, based 

on the volume translation parameters (    of its pure compounds  : 
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To express the attractive parameter  , they demonstrated that the ratio of the EoS attractive 

parameter ( ) and the covolume ( ) of a mixture can be expressed with respect to pure-

component parameters (   and   ) and the residual part of an excess Gibbs energy model (

,E

resg
 ) as shown in equation (9). By “residual”, it is here meant the non-combinatorial (or 

energetic) part of the excess Gibbs energy model. 
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It is recalled that the residual part of the excess Gibbs energy ( ,E

resg
 ) can be expressed as a 

function of the residual activity coefficients (    
   ) through Euler’s theorem: 
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Different options were tested for expressing the     
    coefficients. Pina-Martinez et al. [46] 

obtained promising results using the Wilson [51], NRTL [52], and UNIQUAC [53] activity 

coefficient models for the prediction of several properties for 200 binary systems [54], such as 

solubilities, molar enthalpies and heat capacity changes on mixing [55]. 

As mentioned above, in this work, the     
    embedded in the tc-PR EoS are generated from 

the COSMO-RS model for its predictive capacities. The resulting EoS is named tc-

PR/COSMO-RS thereafter. 

2.3 Calculating     
    with COSMO-RS 

COSMO-RS is a quantum-based method that allows the calculation of chemical potentials 

(and activity coefficients) in liquid phase. In COSMO-RS, the molecules are placed inside a 

faceted cavity embedded by a perfect conductor of infinite dielectric constant. In this fictitious 
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condition, the charge density ( ) of each cavity surface segment is estimated by a COSMO 

calculation [56]. The probability distribution of this charge density is called σ-profile, noted 

as      . In the COSMO-RS version considered in this study [35] the pure compound σ-

profile is the only descriptor used for the calculation of the residual contribution     
   . 

Figure 1 shows some examples of σ-profiles of pure compounds. 

 

Figure 1 – BP-TZVPD-FINE σ-profiles of n-hexane (orange line), chloroform (gray line), 

acetone (green line), and water (blue line). In this plot,    stands for the molecular surface of 

the compound. 

For a multi-component system, the individual normalized σ-profile of each molecule (i.e. 

normalized by the total molecular cavity surface) is used to compute the normalized σ-profile 

of the entire mixture, denoted as     , through the following mixing rule [28]. Note that the 

total cavity surface corresponds to moment of order 1 associated to the         distribution, 

where    is the molecular cavity of the compound  . 
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The chemical potential of the segments      , also called σ-potential, is then estimated from 

statistical thermodynamics by considering all possible segments partners with charge density 

of    and    and their interaction energy, as shown in equation (12). Examples of σ-potential 

are given in Figure 2 
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Figure 2 – BP-TZVPD-FINE σ-potentials of n-hexane (orange line), chloroform (gray line), 

acetone (green line), and water (blue line). 

In equation (12),            represents the pairwise contact energy of two surface segments 

with charge density of    and   , and      is the effective surface contact between two 

segments. This contact energy takes into account electrostatic and hydrogen-bonding 

interaction energies, as denoted in equation (13) [28].  
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In the equation above,    denotes the electrostatic misfit coefficient and     is a hydrogen-

bonding constant at 298 K. The constant     represents a cut-off value for hydrogen-bonding. 

The coefficient     is supposed to be temperature-dependent due to the reduction in entropy 

that goes along with hydrogen bonding. This temperature dependence can be calculated by 

equations (14) and (15) [57]. 
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Note that there is no dispersive contribution in the calculation of        , because, in this 

version of COSMO-RS, it is assumed that the Van der Waals forces between two contacting 
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segments are the same as they were in the perfect conductor (reference state), so they do not 

need to be taken into account [29]. Finally, the residual contribution to the activity coefficient 

of a molecule in the mixture is given by the following equation: 
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Note that equation (16) above depends on the calculation of the σ-potentials for both the 

mixture (     ) and the pure compound   (      ). These two calculations are carried out 

concomitantly by solving equation (12) using a successive substitution method [58]. This 

characteristic makes activity coefficient calculations with COSMO-RS substantially slower 

than calculations with UNIFAC. In any case, equation (16) is solved in fractions of a second 

on any current computer. 

2.4 Fast computation of σ-profiles from a group contribution method 

In short, the activity coefficient calculations use as input the σ-profile of each compound in 

the mixture, which are obtained through quantum chemistry calculation. This step takes 

minutes or hours per molecule, depending on the size and the atoms. For this reason, the σ-

profiles are stored in databases, so they can be readily used when required. However, every 

time a new molecule is not present in those databases, it is necessary to perform the quantum 

calculation step in order to generate its σ-profile, which can be a drawback in certain 

applications that demand high-throughput computations of thermodynamic properties. 

With this in mind, we established a group contribution (GC) method for a fast prediction of σ-

profiles, to be used as an alternative to the DFT calculation. The approach used in this work is 

the same as the one proposed by Mu and Gmehling [36,37]. In this formulation, σ-profiles are 

calculated as follows: 

 ,( )
mi m i k k

k

p A n p     (17) 

Where,    is the number of occurrences of the group   in the molecule  . The constant       

is the contribution of the group   in the calculation of the σ-profile. Note that a σ-profile 

corresponds to a discrete histogram. That is why there is a       for each discrete value of   , 

in the interval between      and      (     and           , respectively). 

The version of the tc-PR/COSMO-RS EoS using σ-profile predicted from the GC method 

proposed here is named tc-PR/GC-COSMO-RS. 
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2.5 Calculation of Solvation quantities 

The solvation Gibbs energy (          of a given molecule   in a condensed phase can be 

predicted by an EoS through equation (18) [1,21].  
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This approach relies on the calculation of the fugacity coefficient (    of the solute   and the 

molar volume of the bulk phase ( ), both estimated from the proposed EoS. 

Note that the solvation Gibbs energy at infinite dilution (        
   is obtained simply by 

taking the limit of          when the molar fraction of the solute   tends to zero.  
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The solvation entropy (         ) is calculated as the opposite of the temperature-derivative of 

the solvation energy, as follows. Such a derivative is obtained numerically by finite 

differences. 
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Finally, the solvation enthalpy (        ) is calculated by equation (21). 

 so lv i so lv i so lv ih g T s      (21) 

3 Technical details 

3.1 Experimental data for solvation energies 

The CompSol database [20] was considered as reference data in this work. This extensive 

database comprises 69,302 experimental solvation Gibbs energies for 14,102 binary systems 

at infinite dilution condition, involving a wide variety of molecules and temperature 

conditions.  

3.2 Inputs for pure compounds 

The experimental critical temperature, critical pressure, and acentric factor of molecules were 

extracted from the DIPPR database. For most of the molecules, the optimized parameters for 

the Twu-91  -function were obtained from [34] (if not available, equation (3) was used 

instead).  
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The quantum calculated σ-profile of molecules were obtained from the databases provided by 

the commercial software COSMOTherm C30 v.16. In this database, the quantum calculations 

were performed with TURBOMOLE v.14 using the “BP” DFT functional and TZVPD basis 

set with the refined cavity construction (called FINE cavity) [59]. In the present study, only 

the most stable conformational structure was considered.  

Note that the performances of the tc-PR/COSMO-RS model will be assessed using two 

different data sets:  

- The data set containing all the data that can be modelled with the tc-PR/COSMO-RS 

EoS (called data99), 

- The data set containing the data that can be modelled both with the tc-PR/COSMO-RS 

and the tc-PR/GC-COSMO-RS EoS (called data94). 

It is recalled that the developed group-contribution method uses the same group-

decomposition as UNIFAC so that only molecules that can be decomposed into UNIFAC 

groups were considered in data94. The decomposition of molecules was performed 

automatically using the software SIMULIS 2.0.40 using the same groups defined for UMR-

PRU, with the addition of 4 groups representing small molecules (formaldehyde, formic acid, 

hydrogen peroxide, and ethenone). In total, 134 molecular groups are present in the group-

contribution method for σ-profile present in the tc-PR/GC-COSMO-RS EoS. 

3.3 Filters applied to the reference database 

It is important to clarify that the CompSol databank for binary systems comprises 2,023 

molecules (solutes and solvents), but not all of them could be treated for various reasons 

previously mentioned and reported in Table 1 (see the column “Filters”). The number of 

molecules present after application of each of these filters are provided. 

Table 1 – Filters applied to molecules of the CompSol database 

Filters 
Number of 

molecules 

Number of 

datapoints 

Name of the corresponding 

database 

CompSol (no filters) 
2,023  

(100%) 

69,302 

(100 %) 
CompSol  

(1) The molecule has known 

experimental   ,   , and   in the 

DIPPR database. 

1,969 

(97.3%) 

69,132 

(99.8%) 
- 

(2) The σ-profiles are available in 

the database of the 

COSMOTherm 

1,912 

(94.5%) 

68,372 

(98.7%) 
- 

Combination of filters (1) and (2) 
1,911 

(94.5%) 

68,317 

(98.6%) 
data99 
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(3) The decomposition of 

molecules into UNIFAC 

functional groups is possible 

1,597  

(78.9%) 

65,120  

(94.0%) 
- 

All 3 filters combined 
1,597  

(78.9%) 

65,120 

(94.0%) 
data94 

In total, it is possible to simulate almost 99 % of the solvation Gibbs energy data of the 

CompSol database with the tc-PR/COSMO-RS model developed here using as input the 

quantum-calculated σ-profile present in the COSMOtherm database and the           

datasets extracted from the DIPPR. 

For using the predictive version of the EoS (tc-PR/GC-COSMO-RS), the decomposition of 

the binary-system molecules into UNIFAC functional groups must be possible. This justifies 

the application of a third filter (see Table 1). Including now this filter, 94 % of the solvation 

Gibbs energy data of the CompSol database can be simulated with the tc-PR/GC-COSMO-RS 

EoS. For the generation of results for both models (tc-PR/COSMO-RS and tc-PR/GC-

COSMO-RS), this value of 94 % (65,120 experimental points involving 1,597 compounds) 

was kept in order to maintain the same basis for comparison. In any case, this value of 94% is 

much higher than the one obtained with the UMR-PRU and PSRK EoS, which was around 80 

% [17], mainly due to missing group binary interaction parameters in the UNIFAC matrices. 

3.4 Model fitting  

3.4.1 COSMO-RS parametrization 

One of the main advantages of COSMO-RS is the low number of parameters. In the version 

used in this work (see section 2.3), we have only 4 universal parameters (    ,   ,    , 

and    ), the values of which have been estimated in the open literature at low pressure (and 

from other quantum packages) [28,60]. Following the conclusions outlined by Piña-Martinez 

et al., in the paper [46] where the advanced mixing rule used in this study was developed, it 

was decided to refit all 4 universal parameters of COSMO-RS in order to improve the 

accuracy of the model. For this purpose, these 4 constants were fitted based on the 

experimental solvation Gibbs energy data available in the CompSol database. A minimization 

procedure based on the Nelder-Mead algorithm was applied to the objective function    

expressed as the sum of the quadratic deviations between experimental and calculated data, as 

shown in equation (22). 

    

2
ex p calc

k k
1

N

so lv i so lv i

k

O F g g
 



 
   

 
 

   (22) 
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Where      
   

   
 and      

   
    are the experimental and calculated values of the Solvation 

Gibbs energy for the datapoint  , and   is the total number of experimental points. The 

decision variables of such an optimization were the 4 universal parameters mentioned above: 

 The effective contact area      ), 

 The misfit interaction parameter (  ), 

 The hydrogen-bonding interaction parameter (   ), 

 The hydrogen-bonding cut-off charge density      . 

Note that the optimization procedure was carried out in a homemade code written in Matlab
®

 

considering as input data the σ-profiles of the various solutes and solvents obtained from 

quantum calculations (GC-based σ-profiles were not considered in the optimization 

procedure). This is because the group contribution concept represents an alternative to 

quantum calculations for molecules whose σ-profiles is unknown. In this sense, by 

maintaining a unique COSMO-RS parameterization, it is possible to use quantum and GC-

based σ-profiles in a same calculation framework. 

3.4.2 Group contribution method for σ-profiles 

The contribution of each group for the calculation of σ-profiles were determined from 

multilinear regression using, here again, a homemade code in Matlab
®

 language. The 

reference data for such a regression were the quantum-calculated σ-profiles obtained from the 

COSMO files available in the database of the software COSMOTherm. 

4 Results and discussions 

The results discussed in the following sections are provided in the supplementary data 

(Appendix A) for both databases considered in this study (data99 and data94). A database 

containing 1613 molecules (with UNIFAC decomposition), as well as the group contribution 

parameters for σ-profiles are also provided in the supplementary data for the use of the 

predictive version of the model (tc-PR/GC-COSMO-RS). 

4.1 Predictions of solvation quantities with tc-PR/COSMO-RS 

4.1.1 General results 

Table 2 gives the parametrization of COSMO-RS determined within this study. This 

parametrization agrees with others available in the literature [28,60]: indeed, while the 

universal constants of COSMO-RS were fitted over data at very different pressure conditions, 

their orders of magnitude are similar, as highlighted by Table 2. 
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Table 2 – COSMO-RS parameters fitted in this work (BP-TZVPD-FINE). 

Parameter Unit Initial guess Final value 

     A² 6.15 
a.
 4.73 

   kJ/mol/A² 6635 
a.
 10473 

    kJ/mol/nm² 33800 
a.
 48321 

    e/A² 0.0084 
a.
 0.0109 

a. parametrization proposed in [28] 

Figure 3 (a) provides statistical information about the quality of the predictions of solvation 

Gibbs energies using the tc-PR/COSMO-RS EoS combined with quantum calculated σ-

profiles. Altogether, 64,360 experimental points from the CompSol database (from the so-

called data94 database in this paper), were predicted with the proposed EoS. As it can be 

seen, the tc-PR/COSMO-RS EoS is able to provide reasonable predictions of solvation 

energies for most of the systems, since the average deviation is only 0.29 kcal/mol for the 

entire dataset. Regarding the error distribution, Figure 3 (b) points out that errors are normally 

distributed with a mean of zero indicating that there is no trend for systematic under or 

overprediction of the experimental data. 
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Figure 3 – Parity plot (a) and error distribution histogram (b) concerning the predictions of 

the solvation Gibbs energies with tc-PR/COSMO-RS and quantum calculated σ-profiles. 

Results obtained for a dataset of 68,317experimental points (temperature conditions going 

from 64.83 up to 653.15 K). MUE stands for the mean unsigned error. 

The proposed EoS has similar performance to other approaches that were tested on the 

CompSol database in previous works, as indicated in Table 3.  

Table 3 –Mean unsigned error (MUE) and standard deviation (SD) between calculated and 

experimental data from the CompSol databank involving different models. 

Model Number of data MUE (kcal/mol) SD (kcal/mol) Reference 

tc-PR/COSMO-RS 68,317 (data99) 0.30 0.37 This work 

tc-PR/COSMO-RS 65,120 (data94) 0.29 0.36 This work 

tc-PR/GC-COSMO-RS 65,120 (data94) 0.38 0.45 This work 

UMR-PRU 56,603 0.34 0.65 [17] 

PSRK 56,603 0.32 0.49 [17] 

COSMO-RS
 a 

56,603 0.29 0.35 [17] 

COSMO-SAC-dsp 56,603 0.35 0.63 [17] 

LSER (Abraham method) 
b
 - 0.81 - [11] 

a. COSMOTherm implementation of COSMO-RS (BP_TZVPD_FINE_C30_1401) 

b. Data at 298 K 

Table 3 shows that only 56,603 data points were considered in our previous study [17]. This 

difference in terms of number of points considered is mainly due to missing group binary 

interaction parameters in the UNIFAC matrices used with the UMR-PRU and PSRK models.  

4.1.2 Effect of the nature of the solvent 

Going into detail on the results, we found that the proposed EoS has a good performance for 

organic solvents. In most of the cases, the average deviation was significantly smaller than 

that obtained for hydration data. In order to better illustrate this observation, Figure 4 

compares different parity diagrams involving several families of organic solvents with respect 

to the results obtained for the solvation of solutes in water (see figure at bottom right).  
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Figure 4 – Parity plots for the prediction of the solvation Gibbs energy with tc-PR/COSMO-

RS (BP-TZVPD-FINE), involving different families of organic solvents and water. 

Actually, it is always a challenge for any model to predict hydration data, especially for cubic 

EoS. For instance, when water solvates non-polar solutes, the resulting liquid phase tends to 

be strongly non-ideal and unstable, with phase-split often observed. Moreover, prediction of 

hydration data involving associating solutes can be also a difficult task, since water is able to 

form a complex hydrogen-bonding network that is difficult to correlate with most of 

thermodynamic models. The same behavior is also observed for some self-associating organic 

solvents. Figure 4, shows that, like water, strongly associating organic solvents, such as 

carboxylic acids and amines, have also higher average deviation when compared to the other 

organic families of solvents.  

This discussion puts forward the link between the complexity of the association behavior 

(ability to form hydrogen bonds) with the quality of the predictions. In order to provide a 
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more systematic evaluation on this topic, Table 4 shows the deviation results for the 

predictions of solvation Gibbs energies ordered on the basis of the degree of association of the 

binary systems. Four types of binary mixtures can be identified [17,46,54,61,62]: (1) Non-

associating mixtures; (2) Mixtures in which only self-association takes place; (3) Mixtures in 

which only cross-association takes place; and (4) mixtures in which both cross and self-

association take place. Note that only association by hydrogen bonding is considered in this 

study. Chemical association by covalent bonding that leads the formation of dimers or trimers 

is beyond the scope of this study, since this also requires chemical equilibrium calculations 

[63]. 

Table 5 and Table 6 present the solvation entropy and enthalpy results following the same 

classification of binary systems. 

Table 4 - Mean unsigned error (MUE) and standard deviation (SD) for the prediction of 

solvation Gibbs energies (        ) with tc-PR/COSMO-RS. 

Association behavior Npoints 
MUE 

[kcal/mol] 

SD 

[kcal/mol] 

Non-associating  34,269 0.21 0.34 

Self-association only 16,255 0.39 0.58 

Cross-association only 1,148 0.41 0.57 

Cross and self-association  16,645 0.37 0.58 

All data 68,317 0.30 0.37 

 

Table 5 - Mean unsigned error (MUE) and standard deviation (SD) for the prediction of 

solvation entropies (        ) with tc-PR/COSMO-RS. 

Association behavior Npoints 
MUE 

[cal/mol/K] 

SD 

[cal/mol/K] 

Non-associating 17,643 1.51 2.82 

Self-association only 5,693 3.04 5.43 

Cross-association only 398 3.63 5.27 

Cross and self-association  4,812 3.71 6.38 

All data 28,546 2.22 3.62 

 

Table 6 - Mean unsigned error (MUE) and standard deviation (SD) for the prediction of 

solvation enthalpies (        ) with tc-PR/COSMO-RS. 

Association behavior Npoints 
MUE 

[kcal/mol] 

SD 

[kcal/mol] 

Non-associating 17,643 0.56 1.03 

Self-association only 5,689 1.05 1.92 

Cross-association only 398 1.49 2.12 

Cross and self-association  4,812 1.39 2.31 

All data 28,542 0.81 1.30 
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Broadly speaking, non-associating mixtures can be well-predicted by the proposed model 

(absolute average deviation for           is only 0.2 kcal/mol for this type of mixture). 

However, when association takes place, the deviation between experimental and calculated 

data is, in average, almost twice as bigger. Table 5 also shows that the model maintained the 

same level of accuracy for all four types of association regarding the prediction of solvation 

entropies. The quality of the prediction, in this case, depends on how well the model can 

represent the temperature dependence of the solvation Gibbs energy data. Overall, the 

temperature dependence is well represented by the proposed EoS, for all types of association 

behavior. With respect to the solvation enthalpy, Table 6 pinpoints that the model is better 

able to correlate data relating to non-associating binary mixtures, as was the case with the 

solvation Gibbs energy. This can be explained by the fact that the solvation enthalpy is 

calculated indirectly from the solvation Gibbs energy and solvation entropy, so the error on 

the enthalpy is actually the cumulation of the error obtained for the other two solvation 

quantities. 

4.1.3 Predictions of solvation Gibbs energies in supercritical CO2  

In this section, it is desired to highlight one of the big advantages offered by the coupling of a 

cubic EoS and a COSMO approach which is the possibility to account for the effect of 

pressure on fluid phases (liquid, gaseous and supercritical). In that regard, Table 7 and Figure 

5 presents solvation Gibbs energy predictions for three pharmaceutical molecules (aspirin, 

ibuprofen, and carbamazepine) infinitely diluted in supercritical CO2 at high-pressure 

conditions.  

Note that the group contribution method proposed by Marrero and Gani [64] was used in 

order to estimate     ,     , and    of carbamazepine, since there are no experimental data 

available. For aspirin and ibuprofen,     ,     , and    are available in the DIPPR database. 

Table 7 - Mean unsigned error (MUE) and standard deviation (SD) for the prediction of the 

solvation Gibbs energies (        ) of aspirin, ibuprofen, and carbamazepine in supercritical 

CO2 using tc-PR/COSMO-RS. 

compound Npoints 
MUE (kcal/mol) SD (kcal/mol) 

tc-PR/COSMO-RS COSMO-RS tc-PR/COSMO-RS COSMO-RS 

aspirin 31 0.58 4.22 0.20 0.92 

ibuprofen 29 0.32 3.31 0.26 0.92 

carbamazepine 23 0.74 7.30 0.18 0.92 

all data 83 0.53 4.75 0.28 1.87 
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Figure 5 – Solvation Gibbs energy of aspirin (a), ibuprofen (b), and carbamazepine (c) in 

supercritical CO2 as a function of pressure. Experimental data extract from [65]. The 

calculations were performed with quantum-calculated σ-profile (BP-TZVPD-FINE) for both 

COSMO-RS and tc-PR/COSMO-RS. For the COSMO-RS calculation the software 

COSMOTherm was used (BP_TZVPD_FINE_C30_1401). 

It can be seen that predictions in the supercritical region are beyond the scope of a COSMO-

based model alone. This is because in such a condition, the solvating phase is no longer an 

incompressible fluid, so that the solvation Gibbs energy becomes pressure-dependent, as 

illustrated by the experimental data reported in Figure 5. While the COSMO-RS model cannot 

account for pressure effects, its coupling with a cubic equation expands the model 

applicability, allowing reliable predictions in supercritical solvents, even in this example 

involving the solvation of complex pharmaceutical molecules. 

4.2 Performance of the group-contribution version (tc-PR/GCM-COSMO-RS) for the 

prediction of solvation Gibbs energies 

Let us look now at the performance of the model to predict solvation Gibbs energies when the 

group-contribution approach is used to generate the σ-profiles of all molecules (solutes and 

solvents). In the below results, only the data94 database is used in order to benchmark the tc-

PR/COSMO-RS and tc-PR/GC-COSMO-RS EoS on the same basis. 

According to Figure 6 and as expected, a deterioration on the prediction quality is observed. 

This increase in the mean deviation is mainly due to molecules that experience a degradation 

of their  -profile when predicted from the group contribution concept.  
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Figure 6 – Mean unsigned error (MUE), in (a), and standard deviation (SD), in (b), for the 

prediction of solvation Gibbs energies using either quantum-based method (tc-PR/COSMO-

RS) or group contribution (tc-PR/GC-COSMO-RS) to obtain the σ-profiles. Results obtained 

for a dataset of 65,120 experimental points. 

In general terms, C/H/O molecules and most of amides and amines are well-represented 

through this approach, and larger carbon chain molecules especially. As highlighted by Mu 

and Gmehling [36], “good results are obtained for alkanes, aromatics, alkenes, esters, ethers, 

ketones, epoxides, anhydrides, carboxylic acids, etc.” On the other hand, poor predictions are 

achieved for nitrobenzenes and sulfides compounds, for example. To illustrate these 

comments, Figure 7 presents some σ-profiles calculated using the group contribution method 

developed here. 
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Figure 7 – Example of σ-profiles estimated by group contribution in comparison with the 

quantum calculated σ-profiles (BP-TZVPD-FINE).  

Despite the slight decrease in accuracy, one should keep in mind that the group-contribution 

method counts for an alternative method that allows the simulation of systems that contain 

molecules with unknown σ-profile, and for which, quantum calculations would be too costly 

from a computational viewpoint. 

4.3 Evaluating the performance of tc-PR/COSMO-RS for phase-equilibrium 

predictions 

The tc-PR/COSMO-RS EoS is also able to predict other properties than solvation energies. 

Indeed, EoS models are used in many applications for evaluating the energy balance and 

producing phase-equilibrium diagrams.  As far as the latter is concerned, Figure 8 reports 

some phase-equilibrium diagrams at constant temperature (isothermal pressure versus phase 

compositions diagrams, denoted Pxy) calculated with the tc-PR/COSMO-RS model, using 

quantum-calculated σ-profiles.  
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Figure 8 – Examples of phase equilibria predictions with tc-PR/COSMO-RS at constant 

temperature and moderate to high-pressure (Pxy diagrams)  

As it can be observed, the model is still able to provide reasonable predictions of phase 

equilibria, at least from a qualitative point of view and often, from a quantitative point of view 

as well. Even for the cases where we observe a less accurate correlation between experimental 

and calculated data (see the diagram involving acetone and chloroform, for example) the 

trends of the equilibrium curves are still coherent, and not so far from the experimental data. 

At this step of the discussion, it must be recalled that the mixing rule used here is purely 

predictive, i.e, it does not require any fitted binary interaction parameters (only pure 

compound σ-profiles are used as input information to capture binary interactions).  

In order to improve the results regarding the calculation of phase equilibrium data, the 

following actions could be made: 

 Fit the universal constants of COSMO-RS using phase equilibrium data in the 

objective function represented by equation (22). Here, we only used solvation Gibbs 
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energy at infinite dilution condition, since the main aim of this work is to predict this 

quantity in particular. Thus, the model tends to work better at low concentrations. 

 Add dispersive interactions to the contact energy term in equation (13) in the 

condensed phase, since only electrostatic and hydrogen-bond interactions were 

considered in order to maintain a small number of parameters and inputs for COMSO-

RS calculations. For molecules for which the input COSMO file is available, the 

addition of dispersive interactions can be done using element-specific parameters (see 

equations (1-3) of [28], and the approach introduced in [66]). If it is not the case, a 

simplified group-contribution method dedicated to these dispersive interactions can be 

implemented, as in the F-SAC-Phi model [67]. 

 Change for a more adequate hydrogen-bond description. In this study, for the sake of 

simplicity, we have opted for a reduced description of hydrogen-bonding. More recent 

versions of the COSMO-SAC model, for example [66,68,69], use more complete 

descriptions of the association phenomenon. 

All in all, coupling COSMO-RS with a cubic EoS also enlarges the application range of 

COSMO-type models to the prediction of VLE data of pressurized systems, including 

compounds at supercritical condition. Taken together, the results confirm that such an 

approach can be an alternative to the activity coefficient models that are usually applied in the 

advanced mixing rules. 

5 Conclusions 

In this paper, a new model based on an EoS/   approach is introduced to predict solvation 

energies and phase diagrams of multicomponent (binary and beyond) systems in sub and 

supercritical states. It has been benchmarked over a large database containing solvation data 

of binary systems at infinite dilution conditions and some series of isothermal VLE data. This 

model combines the tc-PR EoS with COSMO-RS, thus resulting in a predictive model that 

requires only pure component information as input (  ,   ,   and the  -profiles).  

The main advantages offered by this model with respect to the existing EoS are: 

 The possibility to describe any multicomponent system provided the (  ,   ,  ) 

dataset is known and the  -profiles of species can be generated or are available in a 

database. In the present study, switching from classical approaches (UMR-PRU, 

PSRK EoS) to the one proposed here enables to cover 19%pt. more data of the 

CompSol database. 
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 No binary interaction parameter is needed. Only pure-component σ-profiles are 

required to generate the σ-profile of any mixture. This is a huge advantage with 

respect to all other EoS-based approaches.  

With respect to the COSMO-based approaches, the tc-PR/COSMO-RS model is applicable in 

the complete fluid phase region (including the supercritical domain) and is capable of 

accounting for pressure effects, regardless of the nature of the studied fluid (liquid, gaseous or 

supercritical). 

The results of this study indicate that this method can provide accurate predictions of Gibbs 

solvation energies (                 ); the obtained accuracy is comparable (and even 

better) to those of widely used predictive cubic EoS such as PSRK and UMR-PRU. It offers a 

prediction capacity quite similar to the one offered by the COSMO-RS version implemented 

the in COSMOTherm software while extending its range of application to pressurized states, 

including the supercritical region. 

A group-contribution approach was also developed for a fast estimation of σ-profiles. This 

allows to avoid the time-consuming quantum calculations necessary to generate these σ-

profiles. This issue concerns more particularly the biggest molecules (proteins, 

pharmaceuticals …) for which quantum calculations are excessively long.  

As a final comment, this approach opens the way to the thermodynamic description of 

unusual molecules such as radicals or molecular structures involved in transition states. In a 

coming article, this method will be extended to the prediction of solvation properties for 

radical species with the aim to be able, in fine, to model the kinetics of liquid systems in 

which oxidation takes place. 
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Appendix A. Supplementary data 

The following information is provided in a supplementary material file: 

 The experimental solvation data associated with the data99 and data94 databases, as 

well as the corresponding predictions from the tc-PR/COSMO-RS and tc-PR/GC-

COSMO-RS models and the resulting deviations, 

 The group contribution parameters for the prediction of σ-profiles are also provided as 

supplementary data, 

 The (       ) and (     ) [i.e., the parameters of the alpha function of the tc-PR 

EoS] datasets for all the pure compounds involved in this study as well as their 

UNIFAC decomposition. 
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