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Abstract

The Gibbs free energy of solvation ∆G◦
s for a given solute in a solvent, usually considered at

infinite dilution, provides a simple thermodynamic description of the solution and is related

to numerous solvation properties. In the context of solution chemistry, it provides a route

to understanding the effect of solvents on equilibrium constants and reaction rates. In the

discovery of new drugs, the effectiveness of a drug depends in part on solubility and per-

meability, leading to the prediction of ∆G◦
s values to be used frequently in quantitative drug

design. Given the importance of the Gibbs free energy of solvation, many predictive tools were

developed, spanning quantum mechanical (QM) methods, empirical methods, and classical

methods. Of note, empirical methods are data-driven approaches through statistical learning.

In this work, we assembled a database of experimental Gibbs free energies of solvation and

a corresponding set of 9 quantum mechanical (QM) solute descriptors and 12 bulk solvent de-

scriptors. We also partitioned the ∆G◦
s into an electrostatic term, ∆Eel, and a nonelectrostatic

term GCDS such that GCDS = ∆G◦
s − ∆Eel. The electrostatic term ∆Eel is the difference

between the electronic energies of a solute in a vacuum and solvent obtained though using

the X3LYP/6-31 G(d,p) electronic structure method and the Polarizable Continuum Model

(PCM). We then obtain a separate database of derived GCDS energies alongside the ∆G◦
s

database which are used to develop models using statistical and regression methodologies

such as partial least squares (PLS), quadratic partial least squares (QPLS) and automatic

learning of algebraic models for optimisation (ALAMO).

We then carry out a systematic comparison of various activity coefficients, data-driven

models, an equation of state, and a hybrid QM/activity coefficient model. Notable models

include the Dortmund version of UNIFAC model (modUNIFAC (Do)), the statistical associ-

ating fluid theory (SAFT-γ Mie), and the conductor-like screening model segmented activity

coefficients (COSMO-SAC). We carry out calculations for the free energy of solvation on a

common data set of 404 solute/solvent pairs with examples such as alcohols, alkanes, and

aromatic molecules as solutes and alkanes, alcohols and water as solvents. We also assess the

strengths and weaknesses of each method based on the overall data set and for specific subsets

of solute/solvent pairs (e.g., aqueous/nonaqueous pairs.)
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1

Chapter 1

Foreword

1.1 Predictive tools for the Gibbs free energy of solvation

The Gibbs free energy of solvation, ∆Gsolvi,j , is a fundamental thermodynamic property defined

as the change in Gibbs free energy when a solute i is transferred from the ideal gas phase to a

solvent j at a specified temperature and pressure (Cramer, 2004). It is related to thermody-

namic quantities such as the solubility, Henry’s constant, infinite dilution activity coefficient

and partition coefficient of the relevant species. As such, it is relevant in a broad range of

applications. For example, in the pharmaceuticals industry, the effectiveness of a drug is

dependent on its solubility and permeability; therefore, the Gibbs free energy of solvation

can be used for quantitative drug design (Lipinski et al., 1997). Moreover, in the context of

solution chemistry, the Gibbs free energy of solvation influences equilibrium constants which

in turn relate to reaction rates.

Experimentally, the Gibbs free energy of solvation is determined using the thermodynamic

quantities mentioned above. Partition coefficients and Henry’s constants can be directly

converted by taking their logarithms and multiplying the universal gas constant a desired

temperature into the solvation free energy while solubilities can be used in conjunction with

solute vapour pressures to obtain the solvation free energy (Abraham et al., 1987c; Abraham

et al., 1990; Ben-Naim, 2006; Marenich et al., 2012). Thus, several databases (Abraham et al.,

1990; Plyasunov and Shock, 2000; Marenich et al., 2012; Moine et al., 2017; Duarte Ramos

Matos et al., 2017) collect experimental partition coefficients, Henry’s constants, solubilities

and vapour pressures for large sets of solutes and solvents at dilute conditions; most commonly

at 298 K and 1 bar, but often also at other thermodynamic conditions.

Despite the amount of experimental data present in Gibbs free energy of solvation databases,
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the data of interest can be unavailable because the corresponding system may not have been

measured yet or because often the solute of interest is not stable (i.e., reaction intermediates,

transition states), or dangerous to handle. Furthermore, in the case of mixed solvents, mea-

suring a potentially infinite number of concentrations and solvent combinations is infeasible.

In this context, predictive computational tools with precision comparable to that of experi-

mental measurements (1 kcal mol-1) are of interest (Deublein et al., 2011; Glass et al., 2014).

Numerical approaches are not subject to the same limitations as experimental measurement

and can be used to predict solvation energies for unstable compounds at any condition, in-

cluding continuous solvent concentrations in mixtures. This has seen their implementation in

solvent and molecule design problems such as the screening of the solubility of potential drug

molecules during the early stages of drug discovery (Lipinski et al., 1997) and the screening of

promising solvent candidates for the acceleration of reaction kinetics (Struebing et al., 2013).

A range of predictive methods that span from empirically-based methods (usually quanti-

tative structure-property relationships (QSPRs)) to ab initio quantum mechanical (QM) ones

have been applied to calculate the free energy of solvation. Data-driven empirical methods

relate molecular properties and the Gibbs free energy of solvation through a linear or non-

linear expression (Abraham et al., 1987a; Abraham et al., 1987b; Famini and Wilson, 1999).

QSPRs are simple to use but are wholly reliant on the initial set of experimental data used

for training. Semi-empirical methods such as molecular simulations, equations of state, or ac-

tivity coefficient models are based on physical theory and parameterised against experimental

data. These models are less reliant on experimental data and with the right set of parameters,

semi-empirical methods can be quite predictive tools (Borhani et al., 2019). Ab initio QM

models consider solutes at a detailed electronic level surrounded by an explicit or implicit

treatment of the solvent (Tomasi, Mennucci, and Cammi, 2005a). Explicit solvent models

also consider the solvents at a detailed electronic level which gives a high level of accuracy

but is computationally intensive. In contrast, implicit solvent models maintain the detailed

treatment of the solute and account for any polarization or conformational changes induced

by a field induced by the solvent dielectric via a bulk electrostatics term. Implicit solvation

models (or continuum solvation models) are less computationally intensive while maintaining

a high level of accuracy.

In recent work (Borhani et al., 2019), the most commonly used models have been reviewed,

with the predictive capability of each model assessed using different performance metrics or
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a specific set of experimental data. Thus, for each model, while metrics are describing their

errors, a potential user cannot infer whether one model is genuinely superior to another due

to a lack of a fair comparison. As such, systematic assessments of predictive tools using

the same set of experimental data are required. Currently, there are systematic assessments

between different tools (Klamt and Diedenhofen, 2015). However, there is only a handful that

compares different models (Voutsas and Tassios, 1996; Fingerhut et al., 2017; Borhani et al.,

2019; Nait Saidi, Mielczarek, and Paricaud, 2020) and none that compare models that span

a broader range of predictive methods.

1.2 Scope

The first objective of this thesis is to develop a robust data-driven predictive tool for the free

energy of solvation. To achieve this, several requirements need to be fulfilled. For data-driven

models, there is no framework that aids in the explanation of physical phenomena as no

physical theory is supplied. Instead, a mathematical framework that solely relates the target

variable, the free energy of solvation, to a set of descriptor variables such as the boiling tem-

perature, van der Waal’s volume or dipole moments is employed. The choice of mathematical

framework heavily influences model performance as it can support linear or nonlinear be-

haviours. Therefore, choosing an appropriate framework is a crucial part of the development

of data-driven models. A database of experimental observations that is both reliable and suf-

ficiently large is required to "teach" the framework about the relationships between the target

and descriptor variables. Further, methods such as cross-validation prevent the overfitting of

data-driven models are required. Therefore, the first part of this thesis utilises these three

key aspects to develop a series of data-driven models for the free energy of solvation. After

examining the performance of the data-driven models, a quantum mechanical description of

the solute molecule is incorporated into the methodology to improve the performance of the

models.

The second objective is to collate popular predictive tools that can predict the free energy

of solvation from different classes of solvation models and benchmark their predictive perfor-

mance. These include data-driven models, activity coefficient models, equations of state or

ab initio quantum mechanical models. This benchmarking requires finding a common subset

of binary solute/solvent systems that fits all models where the predictions of each model need
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to be calculated and extracted. This study is carried out to assess the performance of the

data-driven models from the first objective and expand the library of systematic assessments

that compare a broader range of predictive tools. Therefore, a user can refer to the previous

systematic assessments and use them as a guide for deciding the optimal model for their

purpose.

1.3 Outline

After a review of the range of predictive tools found in Chapter 1, the scope of the thesis

is to develop a set of generalised data-driven models for the prediction of the free energy of

solvation and systematically assess its performance against popular models.

The focus of Chapter 2 is to highlight key systematic studies, introduce currently available

experimental data and how to select an appropriate subset. Further, topics related to exper-

imental data are discussed, such as standard states and scales, the origins of experimental

data, and the classification of molecules. Critical aspects of predictive tools are also presented.

In Chapter 3, the development and testing of data-driven solvation models are presented.

Three methodologies serve as the basis of these data-driven models, the partial least squares

(PLS) (Wold, 1973), quadratic partial least squares (QPLS) (Wold, Kettaneh-Wold, and

Skagerberg, 1989; García-Muñoz, 2020) and the automatic learning of algebraic models for

optimisation (ALAMO) (Cozad, Sahinidis, and Miller, 2014; Cozad, Sahinidis, and Miller,

2015; Wilson and Sahinidis, 2017). The derivation of training and testing experimental data

sets used for the development of the data-driven models are also presented.

In the Chapter 4, a combined quantum mechanical and data-driven approach is proposed.

The state of hybrid solvation models is discussed with a focus on deriving the quantum

mechanical aspects of the proposed hybrid model. The hybrid solvation model is also tested

and optimised using the PLS, QPLS and ALAMO methodologies as a basis.

In Chapter 5, a systematic assessment of the chosen predictive tools are presented. This

assessment involves benchmarking a range of predictive tools using a set of performance

metrics. The methodology for selecting a nonaqueous subset and a subset containing aqueous

experimental data is discussed. Computational details for the predictive and the testing

metrics are presented. The results of the systematic assessment are shown for both subsets of
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experimental data. The study includes the overall performance and case-specific performance

of the predictive tools.

The thesis is concluded in Chapter 6 with a summary, the main contributions and recom-

mendations for future work to expand on the scope of this thesis.
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Chapter 2

Experimental database and selected

predictive tools for the free energy of

sovlation

2.1 Current state of systematic assessments of predictive tools

for the free energy of solvation

Several works have presented an assessment of different methods for the prediction of the

solvation free energy; however, there are few reported systematic comparisons for different

methods assessed against the same experimental data set. Such comparisons are essential be-

cause they serve as benchmarks across the range of predictive tools. In terms of comparative

studies, it is worth highlighting five studies, in particular: i) Voutsas and Tassios (1996) com-

pared versions of the universal quasi-chemical functional group activity coefficients (UNIFAC)

model and the Pierotti Deal and Derr (PDD) correlation; ii) Klamt and Diedenhofen (2015)

compared versions of the conductor-like screening continuum solvation model for realistic sol-

vation (COSMO-RS); (iii) Fingerhut et al. (2017) compared two UNIFAC-type models and

two versions of the conductor-like screening segmented activity coefficients (COSMO-SAC)

hybrid quantum mechanical/activity coefficient models; (iv) Borhani et al. (2019) compared

two QSPRs and two ab initio quantum mechanical (QM) models and; (v) Nait Saidi et al.

(2020) re-optimised the parameters for several models from the COSMO-SAC framework and

assessed their performances against their original counterparts.

In the work of Voutsas and Tassios (1996), six versions of the UNIFAC model and the PDD

correlation were assessed for the prediction of infinite dilution activity coefficients compared
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against 600 experimental data points at different temperatures. The PDD correlation (1959)

is a logarithmic correlation useful in predicting infinite-dilution activity coefficients in aque-

ous mixtures. The UNIFAC model is a group-contribution (GC) approach that partitions the

molecular size and shape effects into a combinatorial term and the interactions between groups

into a residual term (Fredenslund, Jones, and Prausnitz, 1975; Fredenslund et al., 1977).

They studied the UNIFAC model of Hansen (1991), who developed temperature-dependent

parameters for the original UNIFAC model, the model of Magnussen et al. (1981) that used

liquid-liquid equilibria (LLE) experimental data to determine the parameters of the model,

UNIFAC-LLE, the modified UNIFAC models (Lyngby (modUNIFAC (Lyngby))(Larsen, Ras-

mussen, and Fredenslund, 1987) and Dortmund (modUNIFAC (Do)) (Wittig, Lohmann, and

Gmehling, 2003) which have include changes to the combinatorial term to better account for

alkane and alcohol experimental data and interaction parameters to improve general perfor-

mance, the model of Bastos et al. (1988), who developed a model specifically for the prediction

of infinite dilution activity coefficient data, by offering a new parameter table (UNIFAC-γ∞)

and the model of Hooper (1988), who developed a model specifically for water/hydrocarbon

LLE mixtures with a new combinatorial term and interaction parameters specific for these

mixtures (modUNIFAC (Hooper)).

Voutsas and Tassios (1996) compared the models in terms of the prediction of infinite

dilution activity coefficient, which is directly related to the free energy of solvation. They

considered 600 experimental data points of binary mixtures at various temperatures, includ-

ing alkane/alkane, nonaqueous polar, and aqueous solute/solvent pairs. The best overall

performance was obtained with the modUNIFAC (Do) model, which delivered predictive cal-

culations of the infinite dilution activity coefficient across all the solute classes with an average

absolute relative error (AARE%) of 3-26% for the 600 data points considered. Furthermore,

the modUNIFAC (Do) model was found to have an AARE% of 10-15% for nonaqueous mix-

tures except for the case of strongly associating acid/solvent mixtures. The UNIFAC-γ∞

model resulted in an overall AARE% of 9.8-78.6% but it is interesting to point out that in the

comparisons carried out in the study of Voutsas and Tassios (1996), it delivered the smallest

error for the case of non-polar alkane-alkane systems. The PDD correlation was found to de-

liver the most accurate predictions for the case of highly-nonideal aqueous systems; however,

the PDD correlation was developed for the prediction of various solute series with water as a

solvent.



9

The conductor-like screening model (COSMO) was developed by Klamt and Schuurmann

(1993) as a modification to the general class of apparent surface charge dielectric continuum

solvation models (ASMs) (Tomasi, Mennucci, and Cammi, 2005b). The main feature of ASMs

is the embedding of a detailed quantum-mechanical electronic solute structure into dielectric

continuum. The solute electron density and polarisation charges are iterated until the solute

becomes self-consistent with the dielectric medium, resulting in changes to the conformation

of the solute. The difference between COSMO and the general class of ASMs is that the scaled

conductor boundary condition is employed instead of an exact dielectric boundary condition,

as it is easier to implement in quantum chemical codes (Klamt, 2018). However, a drawback is

that it cannot be used to distinguish between two solvents with identical dielectric constants.

Moreover, the majority of dielectric constant data are at room temperature, limiting the range

of application.

Instead of treating the solvent as a dielectric field, COSMO-RS was developed to treat

the solute and solvent on equal, quantum-mechanical and statistical thermodynamics footing

which allows for the prediction of mixture thermodynamics at varying temperatures. COSMO-

RS models have also been shown to have excellent predictive capability in the prediction

of Gibbs free energies of solvation across broad ranges of solutes in solvents (Bannan et

al., 2016; Klamt, 2016; Zhang, Tuguldur, and Van Der Spoel, 2015; Zhang, Tuguldur, and

Van Der Spoel, 2016; Pye et al., 2009). However, a limitation of COSMO-RS is that the

QM calculations are performed only in the reference state of a conductor and not for real

solvent polarity. This limitation prevented COSMO-RS from predicting properties such as

solvatochromic effects, solvent shifts of spectra, or electronic responses. As an improvement,

the direct COSMO-RS (DCOSMO-RS) (Sinnecker et al., 2006) incorporates a solvent response

function, the sigma potential, to overcome this limitation.

Klamt and Diedenhofen (2015) carried out a comparison between the original COSMO,

COSMO-RS, and DCOSMO-RS models using a vast experimental data set of Gibbs free

energy of solvation data for 2346 solute/solvent pairs. The data set comprised a broad range

of molecule classes, including alcohols, aromatics, and esters as solutes in a range of polar and

apolar molecules, as well as aqueous solvents. Klamt and Diedenhofen found the COSMO-RS

model achieved a mean unsigned error (MUE) of 0.42 kcal mol-1 and a R2 value of 0.914,

while the DCOSMO-RS model and COSMO models which had MUE values of 0.66 kcal mol-1

and 2.14 kcal mol-1 and R2 values of 0.871 and 0.243, respectively.
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The promising results obtained with the COSMO-RS family of models have also prompted

the development of related methods that extend and correct its capability. Lin and Sandler

(2002) presented the COSMO-SAC model from the group-contribution solvation (GCS) model

(Lin and Sandler, 1999) into an activity coefficient model in the COSMO-RS framework that

corrects the Gibbs-Duhem inconsistency of the original COSMO-RS model. Over the years,

further improvements were made to the COSMO-SAC model, resulting in newer models such

as the COSMO-SAC10 which sought to introduce temperature-dependent electrostatics and

differentiated hydrogen bonding with respect to hydroxyl groups and the COSMO-SAC-dsp

model which explicitly accounted for dispersion via a term derived from molecular dynamics

simulations.

Fingerhut et al. (2017) benchmarked two COSMO-SAC models, COSMO-SAC10 (Hsieh,

Sandler, and Lin, 2010) and COSMO-SAC-dsp (Hsieh, Lin, and Vrabec, 2014), against two

UNIFAC models, the original UNIFAC (Fredenslund et al., 1977) and modUNIFAC (Do)

(Gmehling, Li, and Schiller, 1993), on an experimental data set of 29173 infinite dilution

activity coefficients in 10897 solute/solvent pairs for temperatures from 213.3 K to 576.15 K

(Fingerhut et al., 2017). They found a definite improvement from the COSMO-SAC10 model

to the COSMO-SAC-dsp model (mean absolute deviation (MAD) of 95% to 86%) and from

the original UNIFAC model to the modUNIFAC (Do) model (MAD of 73% to 58%).

In the work of Borhani et al. (2019), the PLS and MLR models are compared against two

ab initio QM models. A set of 33 experimental free energy of solvation data points, adapted

from the work of Zanith and Pliego (2015), were used as a benchmark. The data set included

a selection of solutes in acetonitrile, methanol and DMSO. Further, the ab inition QM models

were SMD and SM8 methods calculated using the X3LYP/6-31G(d) and B3LYP/6-31G(d)

levels of theory, respectively. The RMSE values of the PLS, MLR, SMD and SM8 models

were 0.59, 0.71, 1.11, and 1.08 kcal mol-1, whereas the MUE values of the models were 0,46,

0.59, 0.83, 0.79 kcal mol-1, respectively. From these results, it is clear the PLS and MLR

models significantly outperforms the SMD and SM8 models.

The work of Nait Saidi et al. (2020) involved several comparisons of predictive models for

the free energy of solvation. These models include the Abraham solvation model, some from

the COSMO-SAC family of models, a group contribution model from Moine et al. (2017)

and the QSPR model of Borhani et al. (2019). The COSMO-SAC frameworks found in this

work include the original COSMO-SAC model (Lin and Sandler, 2002), the COSMO-SAC
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2006 model (Mullins et al., 2006), the COSMO-SAC dsp model (Hsieh et al., 2011; Hsieh,

Lin, and Vrabec, 2014) and the COSMO-SAC 2010 (Hsieh, Sandler, and Lin, 2010). The

COSMO-SAC framework is an ab initio quantum mechanical methodology that utilises sets

of universal parameters that describe atomic properties. Examples of these atomic properties

include the size of a molecular segment in terms of area and volume, the hydrogen bonding

coefficient or effective hydrogen bonding distance. To improve the predictive performance,

Nait Saidi et al. re-optimised the universal parameters of the COSMO-SAC 2002, COSMO-

SAC 2006 and COSMO-SAC dsp models. Therefore, their work includes the unoptimised and

re-optimised versions of the aforementioned COSMO-SAC models.

The first comparison was between the Abraham solvation model with the unoptimised

original COSMO-SAC 2002 (Lin and Sandler, 2002), and the latest COSMO-SAC dsp Hsieh,

Lin, and Vrabec, 2014 models using reference data from the CompSol database (Moine et

al., 2017). The Abraham solvation model achieved an average absolute deviation (AAD)

of 0.81 kcal mol-1 compared to AAD values of 0.59 and 0.72 kcal mol-1 for the COSMO-

SAC 2002 and COSMO-SAC dsp models, respectively. The next comparison was between

the group-contribution model of Moine et al. (2017), and the unoptimised and re-optimised

versions of the COSMO-SAC 2002, COSMO-SAC 2006 and COSMO-SAC dsp models (using

DMOL3 cavities). The group-contribution model had an AAD of 0.36 kcal mol-1 whereas

the unoptimised COSMO-SAC 2002, COSMO-SAC 2006 and COSMO-SAC dsp models had

AAD values of 0.443, 0.625 and 0.37 kcal mol-1, respectively. The re-optimised versions of the

latter three models achieved AAD values of 0.347, 0.321 and 0.367 kcal mol-1, respectively.

The change in errors for the COSMO-SAC 2002 and COSMO-SAC 2006 models was larger

compared to the COSMO-SAC dsp, suggesting the first two models were initially poorly

optimised. Finally, the prediction for infinite dilution activity coefficients of 50 solutes in

water and hexane were carried out at 298.15 K using the COSMO-SAC 2002, COSMO-

SAC 2006 and COSMO-SAC dsp models. The predictive performance of the unoptimised

and re-optimised versions were compared against experimental values for the infinite dilution

activity coefficients for the solutes in water and hexane. The AAD values for the unoptimised

COSMO-SAC 2002, COSMO-SAC 2006 and COSMO-SAC dsp models were 1.45, 2.34 and

1.16 kcal mol-1, respectively. In contrast, the AAD values for the re-optimised versions were

1.29, 1.28 and 1.3 kcal mol-1, respectively. Therefore there was a slight improvement for the

COSMO-SAC 2002 model, a significant improvement for the COSMO-SAC 2006 model and
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a slight decrease in performance for the COSMO-SAC dsp model. Therefore, there was a

definite improvement in predictive performance by re-optimising the universal parameters for

the COSMO-SAC models.

UNIFAC-based approaches are popular tools in the prediction of infinite dilution activ-

ity coefficients (which relate to the free energy of solvation). However, since the underlying

assumptions of UNIFAC models only consider the liquid phase, a user must either assume

the solute in the ideal gas phase is an ideal gas (the fugacity of the pure solute is unity)

or use the model in conjunction with another model that can model the solute in the gas

phase at dilute conditions. In this context, equations of state (EoSs) which apply over a wide

range of thermodynamic conditions and provide a consistent platform for both the liquid and

vapor phases are also of interest if they can be used predictively. However, commonly in

EoSs, molecules are sometimes not modelled with a explicit structure and only with a set of

parameters, isomers cannot be distinguished from one another. Furthermore, in the case of

UNIFAC-based approaches, which are based on the solution-of groups concept, they are unable

to account for the proximity of other groups. Therefore unless second order-groups are con-

sidered, these models are also unable to distinguish isomers. Several group-contribution cubic

EoSs such as the group-contribution EoS (Skjold-Jørgensen, 1984; Skjold-Jørgensen, 1988),

the group-contribution associating EoS (Gros, Bottini, and Brignole, 1996; Gros, Bottini,

and Brignole, 1997), the predictive Soave-Redlich-Kwong EoS (Holderbaum and Gmehling,

1991), the volume-translated Peng-Robinson EoS (Ahlers and Gmehling, 2001; Ahlers and

Gmehling, 2002) and the predictive Peng-Robinson approach (Jaubert and Mutelet, 2004)

have been presented over the years.

The statistical associating fluid theory (SAFT) (Chapman et al., 1989; Chapman et al.,

1990) represents a different class of EoSs that explicitly account for hydrogen bonding and

stem from the first-order thermodynamic perturbation theory (TPT1) for associating fluids

developed by Wertheim (1984; 1984; 1986; 1986). In the original SAFT approach (Chapman

et al., 1989; Chapman et al., 1990), a homonuclear molecular approach was proposed where

molecules are represented as associating chains of bonded identical spherical segments. This

original approach has been recast to incorporate a heteronuclear model resulting in a group

contribution EoS. In the SAFT-VR-GC (Peng et al., 2009) and SAFT-γ (Lymperiadis et

al., 2007; Lymperiadis et al., 2008; Papaioannou et al., 2014) approaches, different types of

monomeric segments are used to describe the different chemical functional groups comprised
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in a specific molecule. This allows for the prediction of thermodynamic mixture properties

from experimental pure component data alone (Lymperiadis et al., 2007; Peng et al., 2009;

Papaioannou et al., 2011; Ramos et al., 2011).

In a recent work by Hutacharoen et al. (2017), the SAFT-γ Mie EoS was used to predict

solvation free energies of n-alkanes and alcohols in water. In the case of n-alkanes, there

was excellent agreement with the experimental solvation energies for carbon numbers under

11. They note that the uncertainty in the experimental data is large for carbon numbers 11

and above due to uncertainties carried forward from solubility measurements. In the case

of alcohols, the agreement between the predicted and experimental solvation free energies

improved as the number of hydrocarbons in the solute molecules increased. This is attributed

to the assumption that the transferability of functional groups is less applicable for the smaller

polar molecules due to proximity effects (Hutacharoen, 2017).

As mentioned previously, Borhani et al. (2019) carried out a review of predictive tools

for the free energy of solvation. Of note, Borhani et al. highlighted critical QSPR studies

for the free energy of solvation; however, the models developed have limited applicability for

the choice of solute and solvent as these models were developed for a single solute in a range

of solvents or a range of solutes in a single solvent. Therefore, Borhani et al. proposed a

new methodology to construct QSPR models that can be used for any combination of solute

and solvent. This was done by incorporating 12 bulk solvent descriptors, and nine quantum

mechanical solute descriptors such that the model had a QM description of the solute molecule

and the bulk description of the solvent. These descriptions are not explicitly molecular but

are properties such as dipole moments, van der Waal’s volumes, or dielectric constants. Thus,

since these properties are continous variables, a resulting model based on these descriptors is

able to predict any combination of solute and solvent given the right solute and solvent input

data. The partial least squares (PLS) and multivariate linear regression (MLR) methods were

used in tandem with a database of 1800 experimental free energy of solvation data to develop

the model, which included 21 solute and solvent descriptors. These models achieved a root

mean square error (RMSE) of 0.52 and 0.58 kcal mol-1 and an MUE of 0.43 and 0.44 kcal

mol-1 respectively when tested against a data set of 1777 experimental free energy of solvation

data points.

The systematic studies highlighted in the current section have shown that there are few

systematic assessments that encompasses the whole range of predictive tools. Further, in view
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of recent advances in group-contribution EoSs, this is a perfect opportunity to test benchmark

newer models and popular models. As such, this thesis focuses on describing some chosen

predictive tools which are later compared in a systematic assessment in chapter 5. These

models include: the data-driven model of Borhani et al. (2019); new QSPR models developed

with an extension of the experimental database from Borhani et al. (2019), which are devel-

oped in Chapter 3; the non-random two liquid model (NRTL), UNIFAC, and modUNIFAC

(Do) activity coefficient models; the SAFT-γ Mie equation of state (Papaioannou et al., 2014;

Dufal et al., 2014) and the hybrid COSMO-SAC (Wang, Sandler, and Chen, 2007).

2.2 Experimental database of free energy of solvation

This section focuses on introducing the experimental database of the free energy of solvation.

In Chapter 1, we provided a definition for the free energy of solvation according to Cramer

(2004) using the notation ∆Gsolvi,j . The definitions have changed in nuance throughout the

years as the industry standards have evolved over time. The conventional definitions for

the free energy of solvation are categorised as the standard free energies of solution. It is

important to discuss these definitions with any relevant equations, discussing the origins of

the database, and the classification of solute and solvent molecules.

2.2.1 Standard states and scales

Conventional definitions for the standard free energies of solution

A commonly used definition for the standard free energy of solution, dubbed the standard

transfer free energy, ∆G◦,∞,m
t,i , is the transfer of a solute i in the ideal gas standard state

(hypothetical 1 atm (101325 Pa), P ◦) at a given temperature T (in K) to the hypothetical

1 mol/kg standard state at the solution pressure P and the same temperature (Ben-Naim,

2006). The standard free energy of transfer is obtained at the infinite dilution limit where the

liquid phase is essentially pure solvent j. The thermodynamic quantity is expressed as:

∆G◦,m,∞
t,i = RT

[︃
ln

P

P ◦ + ln φ̂∞
i,j + lnM◦

jm
◦
]︃

(2.1)

where the superscripts ◦, ∞, and m denote the use of a standard state, the infinite dilution

limit and the molality scale, respectively. The terms φ̂∞
i,j , M◦

j , R and m◦ are the infinite



15

dilution mixture fugacity coefficient of a solute i in solvent j (with a 1 mol/kg solution

reference) which is dimensionless, the molar mass of a solvent j in kg/mol, the universal gas

constant with units of kcal mol-1 K-1 and a standard molality of 1 mol/kg, respectively. The

fugacity coefficient can be evaluated as γ∞i,jP
◦/P where γ∞i,j is the infinite dilution activity

coefficient of a solute i in a solvent j assuming the vapour phase is ideal.

There exists another definition for the standard free energy of solution, dubbed the stan-

dard free energy of solvation (the preferred definition in this study), which involves the transfer

of a solute i in the ideal gas standard state (hypothetical 1 mol/L) at a given temperature

T to the hypothetical 1 mol/kg standard state at the solution pressure P and the same

temperature. The standard free energy of solvation is expressed as:

∆G◦,m,∞
s,i = RT

[︃
ln

P

P ◦ + ln φ̂∞
i,j + lnM◦

jm
◦ − ln

RTc◦

P ◦

]︃
(2.2)

where R is the universal gas constant is the universal gas constant in J mol-1 K-1, c◦ is 1000

mol/m-3, P ◦ is 1 atm (101325 Pa) and the dimensionless term ln RTc◦

P ◦ is the conversion of

a hypothetical 1 atm standard state to a hypothetical 1 mol/L standard state (Guthrie and

Povar, 2009; Ho, Klamt, and Coote, 2010; Struebing, 2011).

All of the free energy of solvation data reported in this work uses the ∆Go,m,∞s,i definition

seen in equation (2.2). However, some experimental sources of data or other predictive tools

use the definition seen in equation (2.1). Thus, this section has outlined a path to convert

between these two definitions. This is important as the difference in values can result in

significant offsets in predicted values.

2.2.2 Database of experimental data

Following from the previous section, the experimental data considered in this study is binary

standard state Gibbs free energies of solvation, at 298 K and 1 atm. The corresponding

standard states and scales are an ideal gas at 1 mol/L for the gaseous phase and an ideal

solution at 1 mol/L with an infinitely dilute reference state for the solution phase. Therefore,

all forms of the free energy of solvation is converted into the same scale as the ∆Go,m,∞s,i found

in equation (2.2). In terms of experimental values of ∆Go,m,∞s,i , the Minnesota Solvation

database Marenich et al., 2012 is used. It provides 2353 solute/solvent pairs. In addition, the

Compsol database Moine et al., 2017 provides an extra 11 solute/solvent pairs at the same
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temperature and pressure of 298 K and 1 bar. From this point forward, the free energy of

solvation will be referred to using ∆Go,ms,i,j . The m superscript refers to the molality scale,

whereas the s subscript refers to the ideal solution state of 1 mol/L in the gas phase. Further,

the i and j subscripts are used to indicate a solute i and a solvent j. Since all of the free

energy of solvation data considered in this thesis is at the infinite dilution, it is omitted from

notation.

In order to develop any form of data-driven model, the experimental free energy of sol-

vation values, ∆Go,m,exps,i,j values must be used in tandem with a set of descriptor variables.

Borhani et al. (2019) compiled 12 bulk descriptors related to solvent and nine quantum me-

chanical descriptors related to the solute for the 1777 experimental data points in their work.

These descriptors were then matched to the newly compiled database of 2364 experimen-

tal data points. The 12 bulk solvent descriptors include the boiling temperature, molecular

weight, relative permittivity, surface tension, refractive index, enthalpy of vaporization, liq-

uid molar volume, octanol/water partition coefficient, critical temperature, critical pressure,

critical volume and dipole moment of the solvent. The nine quantum mechanical solute de-

scriptors include the dipole moment, electronic basicity, electronic acidity, molecular van der

Waals volume, HOMO energy, LUMO energy, electronic energy, isotropic polarisability, ideal

gas entropy and the dipole moment of the solute. The corresponding symbols and units for

these solute and solvent descriptors can be found in table 2.1. The full database can be found

in tables B.1 to B.79 in appendix B. Any experimental ∆Go,m,exps,i,j data found in the afore-

mentioned tables has been derived from the Minnesota Solvation database and the Compsol

database.

As mentioned in section 1.1, the free energy of solvation cannot be determined directly,

and thus has to be derived from other thermodynamic quantities. Experimental partition

coefficients, Henry’s constants or vapour pressures have been compiled over a long period of

time and were then converted into free energies of solvation in the MNSol database. The

MNSol database documentation (Marenich et al., 2012) details the various thermodynamic

paths for converting these quantities into solvation free energies.

The ∆Go,ms,i,j part of the experimental database is used for the comparison and development

of predictive tools, whereas the descriptor part of the database is used specifically for the

development of the data-driven models. These are included in this section to allow any other

potential users to use the same data set to develop models.
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Table 2.1: Solute and solvent properties used in Borhani’s Partial Least Squares model (Borhani
et al., 2019). "Type" indicates whether the descriptor belongs to the solute, solvent or the overall

system.

Description Type Property Units

Boiling Point at 1 atm Solvent Tb K
Molecular Weight Solvent Mw g mol-1

Relative Permittvity at 298 K and 1 atm Solvent ϵ -
Surface Tension at 298 K Solvent σ mN m-1

Refractive Index at 298 K and 1 atm Solvent nD -
Enthalpy of Vaporization at normal boiling point Solvent ∆Hv kJ mol-1

Liquid Molar Volume at 298 K and 1 atm Solvent Vm m3 kmol-1

Partition Coefficient in Octanol/Water at 298 K, 1 atm
and infinite dilution

Solvent logKow -

Critical Temperature Solvent Tc K
Critical Pressure Solvent Pc MPa
Critical Volume Solvent Vc m3 kmol-1

Dipole Moment at 298 K and 1 atm Solvent µj Debye
Electronic basicitya Solute q− -
Electronic aciditya Solute q+ -
Molecular van der Waals volume Solute Vmc Å3

Energy of the HOMO Solute εH a.u.
Energy of the LUMO Solute εL a.u.
Electronic energy Solute E a.u.
Isotropic Polarizability Solute π Bohr3

Ideal gas entropy at 298 K Solute S cal mol-1 K-1

Dipole moment Solute µi Debye
Free Energy of Solvation at 298 K, 1 atm pressure with
a reference states of 1 mol/L in both the gas and so-
lution phase and the molality concentration scale

System ∆Go,ms,i,j kcal mol-1

a As calculated using the approach of Famini and Wilson (1993)

2.2.3 Experimental uncertainty of ∆Go,m
s,i,j database

The validity of this comparative study relies on the experimental data that will be compared

against the considered predictive tools. If the experimental data has a large error, there is

a broader scope for error in the predicted values from the models. Thus, it is vital to assess

the experimental uncertainty of the database. The MNSol database which makes up the

majority of the database used in this work has documentation (Marenich et al., 2012) that

reports an experimental uncertainty of 0.2 kcal mol-1. It is important to note that the MNSol

database has been through revisions and upgrades since 2003. In one of the earlier works

from the Minnesota group, Thompson et al. (2004) estimate the typical uncertainty for the
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free energy of solvation of neutral solutes to be 0.2 kcal mol-1. This shows that on average,

the experimental uncertainty has not changed over time according to the Minnesota group.

However, it must be noted that the collection of data used in this study and the MNSol

database is inherited through numerous works over the course of 90 years.

Extensive compilation works such as the work of Abraham et al. (1990) contain hundreds

of solvation free energies for water and hexadecane which account for about 30% of the

database. In their work, a range of partition coefficients for water and hexadecane are collected

from other sources or measured experimentally. The air/solvent partition coefficients can be

converted into free energies of solvation by using the following expression:

∆G◦,m,∞
B/air = −2.303RT log10(PB/air), (2.3)

where the subscripts B/air refers to the air/water partition and PB/air is the air/solvent

partition coefficient. Free energies of transfer between water and hexadecane can be obtained

by subtracting the free energies of solvation of water and hexadecane solvent using hexade-

cane/water partition coeffecients. This is written as:

∆G◦,m,∞
water/hexadecane = ∆G◦,m,∞

water/air −∆G◦,m,∞
hexadecane/air (2.4)

Abraham et al. noted that the expected experimental errors for the hexadecane partition

coefficients are about 0.03 log units whereas the water partition coefficients have more sub-

stantial errors. Abraham et al. cites two sources (Hine and Mookerjee, 1975; Mackay and

Shiu, 1981) that for the halogenated alkanes, the logPaq/air (the logarithm of the water par-

tition coefficients) values differ by about 0.1 log unit, and for hexachloroethane, the recorded

values differ by 1 log unit. They further note that the error in their transfer energies is esti-

mated to be 0.2 kcal mol-1. The error for the hexadecane solvation free energies according to

their estimated error can be obtained by substituting the 0.03 log units into equation (2.3)

which yields 0.04 kcal mol-1. The same process applies when considering the error for water

solvation free energies. The range of errors for the halogenated alkanes is 0.136 to 1.36 kcal

mol-1 for hexachloroethane. Given the sum of the transfer energy errors is 0.2 kcal mol-1 where

the error for the hexadecane solvation free energies is very small, the average estimated error

for the water solvation free energies is roughly 0.2 kcal mol-1. While this can be interpreted

as a form of confirmation for the current database, it is an uncertainty that is derived from a
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lack of information.

Another example where an estimated 0.2 kcal mol-1 is carried forward is in the work of

Nicholls et al. (2008), where they note that a "reasonable" estimate for the experimental

uncertainty is roughly 0.2 kcal mol-1. They also note that several studies have compared

measurements for free energies of hydration and found variations for same compounds in the

range of 0.01-0.1 kcal mol-1. Further, they note that estimates for the uncertainty have been

suggested to be around 0.2 kcal/mol but sometimes larger. This criticism is not directed at any

specific author but is meant to elucidate how difficult to estimate experimental uncertainties

as they are regularly small or very difficult to extract.

In the work of Buttery et al. (1969), the air water partition coefficients of a selection

of ketones, aldehydes, ketones and esters were measured and accompanied with a series of

experimental errors. For example, the air/water partition coefficent of acetone is 1.6 × 10-3

with an error of 0.2 × 10-3. The free energy of solvation can be calculated using equation (2.3)

using the partition coefficient, where as the error was estimated using the following expression:

σ∆G◦,m,∞
aq/air

(kcalmol-1) = RT
σPaq/air

Paq/air
(2.5)

After substituting the values into the equations, the free energy of solvation for acetone

in water is -3.81 ± 0.07 kcal mol-1. The listed value in the database is -3.85 kcal mol-1 and is

within experimental error. The same process was repeated for 23 more partition coefficients

and an average experimental error of 0.08 kcal mol-1 was found with a range of 0.007 to 0.507

kcal mol-1. Therefore, the same observations from Abraham et al. (1990) and Nicholls et al.

(2008) can be seen here with very small errors with some larger errors.

In some works, there are cases where uncertainties or errors in measurement were not

reported or were given as average estimated uncertainties. Unfortunately, due to time con-

straints, an exhaustive estimation of the experimental uncertainty is not possible. It must

be noted that even if an estimation was carried out, there would be gaps in the study, and

the estimation would have to be treated as a blanket value. Therefore, until a more accurate

estimation of the experimental error is carried out, a value of 0.2 kcal mol-1 will be accepted

as the experimental error.
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2.2.4 Classification of solute and solvent molecules

The classification of molecules is a key endeavour as one needs to select a scheme that will

allow enough generalisation of the molecules without muddying the physics of the problem.

For example, there are molecules which belong to individual families such as alkanes, esters,

or alcohols. In this context, multifunctional species can be especially difficult to allocate to

a single class. Reichardt and Welton (2014) proposed five schemes to classify molecules, but

because of broad definitions, there is some overlap between them. These schemes include i)

classification according to the chemical constitution in which molecules are classified according

to their chemical bonds such as covalent bonds, ionic bonds or metallic bonds; ii) classification

using physical constants, which characterises the properties of a solvent, such as refractive

index, dielectric constant, or surface tension; iii) classification based on acid-base behaviour

following the Brønstead-Lowry, or Lewis theories that categorise on how protic a molecule is

on a relative acidity/basicity scale iv) classification in terms of specific solute/solvent interac-

tions which divides molecules according to their specific interactions with cations and anions

often characterised by relative permittivities and dipole moments; and v) classification using

multivariate statistical methods which classify molecules according to their molecular proper-

ties. The final scheme specifically uses multivariate statistical methods to classify molecules

rather than using physical knowledge to attribute them beforehand.

The preferred scheme in this thesis is one that is intuitive or familiar to a reader. While

the classification of molecules according to their chemical bonds is useful, it does not offer

much when discerning the effects between a solute and a solvent as the bonds are internal to

the molecule. The classification scheme according to physical constants, acid-base behaviour,

and specific interactions with cations and anions is difficult to use as it is less intuitive. The

classification scheme using multivariate statistical methods also requires a large set of data

to ensure a fair comparison. Further, the classification is subject to change depending on

the molecules used. Therefore, this thesis follows an approach similar to the classification

of molecules in terms of specific solute/solvent interactions from Moine et al. (2017). The

molecules are sorted by the type of interactions they may form. An example of the assignation

of the types considered in the classification for these molecules is given in table 2.2. Self-

associating (SA) molecules such as water contain labile hydrogen atoms and a lone pair of

electrons that allow for self-association. Non-associating (NA) molecules lack either labile
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hydrogen atoms or lone pairs of electrons and the lone pair of electron (E) class applies

to molecules with lone pairs of electrons only. This classification scheme enables a user to

assess how a model is performing concerning a particular type of molecule and also when

considering solute-solvent pairs; one can qualitatively and quantitatively assess the type of

interaction formed between these types of molecules (e.g. acetone in water results in hydrogen-

bonding, or n-hexane in water results in only dispersive interactions). This classifcation

scheme is both intuitive and is also particularly well-suited to SAFT-γ Mie as the molecules

have explicit descriptions for being able to interact. The molecules are also classified into

individual chemical families such as alkanes, esters or alcohols. A list of the molecules used in

this study with their corresponding interaction types and classes can be found in tables A.1

and A.2.

Table 2.2: Classification scheme based on the presence of labile hydrogen atoms or lone pairs of
electrons for molecules.

Type of molecule Label Example

Self-associating SA Water
Non-associating NA n-Hexane

Has at least one lone pair of electrons E Acetone

2.3 Selected predictive tools for the prediction of ∆Go,m
s,i,j

In this section, a brief description of the models used in the systematic assessment in Chapter

5 is presented. First, selected data-driven empirical models (PLS, QPLS, ALAMO) will be

introduced, followed by semi-empirical models (NRTL, UNIFAC, modUNIFAC (Do), SAFT-

γ Mie) and an ab initio model, COSMO-SAC. Data-driven models are linear or non-linear

methods that regress an experimental response variable (in this case, ∆Go,m,exps,i,j ) to an exper-

imental set of descriptor variables (here, the 12 bulk solvent and nine QM solute descriptors).

Semi-empirical models have model parameters that are either molecule or functional group-

specific which are parameterised from experimental data, and ab initio models are models

that are based on quantum-mechanical theory.
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2.3.1 Data-driven empirical models

Current state of empirical data-driven models for the prediction of solvation free

energies

There have been several attempts at developing data-driven solvation models for the Gibbs

free energy of solvation. Data-driven models are preferred as they benefit from their ease

of use and with the correct set of descriptors, any solute/solvent system can be modelled.

Any solute/solvent system may include unstable compounds such as transition states and

mixed solvents; however, these examples require QM descriptors or experimental descriptors

that pertain to these compounds. In the case of data-driven solvation models, the perfor-

mance of such models depends on the quantity, quality and variety of data used to train

and validate the models. Further, the robustness of the methodology to fit the descriptors

to the desired variable also needs to be considered. Generally, studies aiming to obtain such

models focused on a single solute in a range of solvents or a range of solutes in a single

solvent. Further, these models can be classified into two main types: experiment-based and

theory-based. Experiment-based models utilise experimentally derived chemical descriptors

such as solvatochromic and Hildebrand parameters (Abraham et al., 1987a; Abraham et al.,

1987b). Conversely, theory-based models utilise molecular descriptors such as topological

indices, quantum-mechanical (QM) or thermodynamic descriptors (Borhani, Bagheri, and

Manan, 2013; Borhani, Afzali, and Bagheri, 2016). These QM-derived descriptors have been

highlighted in several chemometric studies (Cramer, Famini, and Lowrey, 1993; Lowrey et al.,

1995; Karelson, Lobanov, and Katritzky, 1996; Katritzky et al., 2010).

Data-driven models utilise statistical and regression methods to relate the Gibbs free

energy of solvation to a choice of experimental or theory-based descriptors. For example,

Michielan et al. (2008) carried out predictions of the aqueous free energy of solvation of

271 organic molecules using a model that combined 12 autocorrelation molecular electrostatic

potential (auto MEP) descriptors with response surface analysis (RSA). They divided their

data set into a training set of 248 training points and a testing set of 23 data points. Their

model had a coefficient of determination (R2) of 0.990 and a root mean square error (RMSE)

of 0.069 kcal mol-1 for the training set and an R2 of 0.92 and an RMSE of 0.084 kcal mol-1 for

the testing set. In another example, Delgado and Jaña (2009) showed predictions for the free

energy of solvation of 147 components in 1-octanol using multiple linear regression (MLR)
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model based on three descriptors. They achieved an R2 of 0.930 and a standard deviation of

0.570 kcal mol-1.

Katritzky et al. (2003; 2003) proposed an MLR approach in a two-part study which

focused on developing two sets of models; one for a series of solutes in a single solvent and

the other, a single solute in a series of solvents. The first part of the study was to model

the Ostwald solubility coefficient for a series of solutes in a single solvent. This approach was

applied to 69 solvents which resulted in 69 solvent-specific MLR models where the number of

solutes included in the regression for any given solvent varied from 14 to 226. The 69 models

only used solute descriptors as the solvent was constant in each model. The resulting R2 of

the models ranged from 0.837 to 0.998, with a standard deviation of 0.060 to 0.8 kcal mol-1.

The second study also focused on building models for predicting solubilities but with a single

solute in a series of solvents. In this case, 80 MLR models were derived from solubility data

of 80 solutes for which data were available across a range of 15 or more solvents. Conversely

to the first study, the 80 models were regressed to solvent descriptors only as the solute was

constant in each model. These models achieved excellent performance with R2 values of 0.604

to 0.996 and a standard deviation of 0.020 to 0.610 kcal mol-1. From these examples, it has

been shown that data-driven approaches perform well over a broad range of solutes in solvents

or a single solute in a series of solvents.

In a recent study by Borhani et al. (2019) two data-driven models were proposed, an

MLR and a partial least squares (PLS) model, which uses both experimentally derived and

QM descriptors to model the Gibbs free energy of solvation for a variety of solutes in a

range of solvents. A comprehensive data set of 1777 Gibbs free energies of solvation with a

corresponding set of 12 bulk solvent descriptors and 9 QM solute descriptors, as shown in

table 2.1, were compiled for the training and testing of the MLR and PLS models. The data

set included various molecular classes and the resulting models excluded any solute/solvent

systems with water as a solvent, except for the self-solvation of water. This exclusion is because

water has a vastly different behaviour than other molecules, and thus, the model is designed

to handle nonaqueous solvents only. The MLR model included three QM solute descriptors,

the polarizability, the energy of the lowest unoccupied molecular orbital (LUMO), and the

electrostatic acidity, and two bulk solvent descriptors, namely the heat of vaporisation and

the octanol-water partition coefficient. In contrast, the PLS model utilised all 21 descriptor

variables. Comparison against experimental Gibbs free energies of solvation yielded an R2 of
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0.88 and an RMSE of 0.59 kcal mol-1 for the MLR model. The PLS model that included six

latent variables yielded an R2 of 0.91 and an RMSE of 0.52 kcal mol-1.

Empirical data-driven methodologies

The data-driven empirical methodologies presented in this subsection all serve as a basis for

the development of new solvation models found in chapter 3. While these models are discussed

briefly in this section, there will be a further elaboration on the details of the methodologies

and the new solvation models in chapter 3. The data-driven models found in current work are

developed using the experimental ∆Go,m,exps,i,j data from the database found in tables B.1 to

B.79. Previously in section 2.2.1, it was shown that the solvation free energy can be reported

in different standard states and scales. However, since the data-driven will be developed using

a database of experimental data in the desired form of ∆Go,ms,i,j , the predicted values from the

data-driven models do not need to be converted into another standard state or scale.

Partial Least Squares

In partial least squares or projection to latent structures, a set of descriptors, X, is related to

a response variable, Y, through their latent spaces. The latent space is a set of orthogonal

projected axes that are a function of the solute and solvent descriptors. The axes are projected

such that the covariance between the X and Y variables are maximised. In this methodology,

a linear expression is extracted between the X and Y projected subspaces such that the

covariance is maximised (Wold, 1973). In chapter 3, we further elaborate on the specifics of

the PLS methodology as it will be used to develop a new set of predictive solvation models.

The new PLS models are regressed to the database of experimental free energies of solvation

and descriptor variables mentioned earlier. It follows the methodology of Borhani et al. (2019)

by using the bulk solvent and QM solute descriptors as variables. Ultimately, the Gibbs free

energy of solvation is expressed as a function of the solute and solvent descriptors, X.

Quadratic Partial Least Squares

The quadratic PLS (QPLS) model is a modification to the linear PLS model made by Wold

et al. (1989) to account for any nonlinearities between the response variable Y and descriptor

variables X. Similarly to the linear PLS model, the response and descriptor variables are

projected on to new axes. However, the main difference lies in the model used to maximise
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the covariance between the projected axes. According to Wold et al. (1989), potentially any

function is viable; however, the underlying assumption for using a nonlinear model was the

idea that the response and descriptor variables are nonlinearly related. In this work, we use

an algorithm developed by Garcia-Mũnoz et al. which is presented in chapter 3.

Automatic Learning of Algebraic Models for Optimisation

The automatic learning of algebraic models for optimisation (ALAMO) is a computational

methodology developed by the Sahinidis group (Cozad, Sahinidis, and Miller, 2014; Cozad,

Sahinidis, and Miller, 2015; Wilson and Sahinidis, 2017) meant for the modelling of complex

black-box simulations by fitting low complexity surrogate models and sampling data points

at which the surrogate models break down. It is an iterative process which attempts to find

a surrogate model that fits over an unknown functional over its applicable domain. The low

complexity surrogate models are built from a set of potential basis functions such as bilinear,

logarithmic, linear, or polynomials by adding them linearly together. The surrogate model

generation is supported by optimisation and statistical methods to find the best subset of basis

functions that accurately model the black box without overfitting. However, when applied to

the development of a new solvation model, there is no need for the sampling of data points

at which the model fails because all of the experimental data have already been specified.

Therefore, in chapter 3, the development of new ALAMO solvation models, will only use the

surrogate model generation aspect of ALAMO.

2.3.2 Activity coefficient models

The activity coefficient models found in this subsection all calculate the activity coefficient in

the mole fraction scale, γ. Further, the activity coefficient models employ the 1 atm reference

state for the gas phase. In this current work, the desired form of the solvation free energy

utilises the 1 mol/L reference state for the gas phase and the molality scale. Thus, the activity

coefficients outputted by the models are in the right reference to be used in equation (2.2).

The activity coefficient is defined as a ratio of the mixture fugacity coefficient and the pure

solute fugacity coffecient, expressed as such:

γ∞i,j =
φ̂∞
i,j

φ◦
i

(2.6)
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where γ∞i,j is the infinite dilution activity coefficient of a solute i in a solvent j and φ◦
i is the

fugacity coefficient of pure solute i. However, a limitation of activity coefficient models is that

they are restricted to mixtures in the liquid phase and cannot be used to calculate fugacity

coefficients of pure compounds. Thus, with regards to activity coefficient models, the current

study uses the same strategy as the one seen in Fingerhut et al. (2017) by assuming the

vapour phase is an ideal gas. Thus, φ◦
i is set to 1. Therefore, the desired form of the free

energy of solvation (equation (2.2)) can be calculated.

Non-random two liquid model

Local composition models are based on the concept of local composition which assumes that

the composition on a molecular level differs from the bulk composition. Other molecules

preferentially surround molecules depending on their size, shape or interaction energies such

that the energy level of the system is minimised. The non-random two liquid (NRTL) model

is part of the family of local composition models and developed for describing liquid-liquid

equilibria (Renon and Prausnitz, 1968). In this thesis, only binary systems are considered;

therefore, the activity coefficient of a given species i in a binary system is defined by equation

2.7.

lnγi = x2j

[︄
τji

(︃
Gji

xi + xjGji

)︃2

+
τijGij

(xj + xiGij)2

]︄
(2.7)

where i is the solute, j is the solvent and τij and Gij are defined below:

Gji = exp (−αjiτji) (2.8)

τii = τjj = 0 and Gii = Gjj = 1 (2.9)

τji =
gji − gij
RT

(2.10)

The binary system NRTL model utilises three parameters. The first two are gji and gij ,

which are energy interaction parameters between the solute i and solvent j. These parameters

are obtained through the parameterisation of the model by using experimental binary system

data. The other parameter is αij , which is defined as a non-randomness parameter that
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describes the order of the molecules surrounding a given molecule on a scale of 0 to 1. An

αij value of 0 describes a completely random phase and a value of 1 is considered an ordered

phase. As an example, in a liquid that contains two species that do not interact with one

another, the molecules surrounding a given molecule will be essentially random, therefore

having no interaction energy and an αij value of 0. In contrast, if the molecules do form

bonds, the non-randomness parameter has a value above zero and the interaction parameters

have a non. Given the formulation of semi-empirical models, these parameters are regressed

against experimental data which can be found in databases such as the Dortmund Data Bank

(DDBST GmbH, 2018). The parameters are summarised in table 2.3.

Table 2.3: Definitions of parameters used in the NRTL model.

Parameter Units Description

gij - Energy parameter characteristic of the i− j interaction
gji - Energy parameter characteristic of the j − i interaction
αij - Measure of the nonrandomness of the mixture (where a value of 0

indicates a completely random mixture)

Universal quasichemical functional activity coefficient model

Another member of the family of local composition models is the UNIFAC subfamily of activity

coefficient models. The original universal quasichemical functional-group activity coefficient

model (UNIFAC) was developed by Fredenslund et al. (1977) as a combination of the Wilson

solution-of-groups concepts and the universal quasichemical (UNIQUAC) model (Muzenda,

2013). In comparison to the earlier entries in the local composition series of models, UNIFAC

is less reliant on experimental data, and it can be applied to a broader range of molecules

due to the use of chemical functional groups. In the UNIFAC mode, the excess Gibbs energy

is partitioned into a combinatorial term which describes the effects of molecular size and

shape, ln γC , and a residual term which describes the effects due to group-group interactions,

ln γR (Fredenslund et al., 1977). The combinatorial term is the Staverman-Guggenheim term

(Staverman, 1950; Guggenheim, 1952). Therefore, the activity coefficient for a solute i in a

solution of solvent j is expressed as:

ln γi,j = ln γRi,j + ln γCi,j (2.11)
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Fredenslund et al. (1977) noted some limitations to the application of the UNIFAC family

of models: (i) they are restricted to mixtures in the liquid phase; (ii) they can only model low-

pressure systems unless it is paired with an equation of state (e.g. Predictive Soave-Redlich

Kwong/Predictive Peng-Robinson). Furthermore, since it is based on the solution-of-groups

concept, it does not take into account the proximity of other groups and is therefore unable

to distinguish isomers.

Modified UNIFAC Dortmund version (modUNIFAC (Do)

The success of the original UNIFAC model spawned newer versions of the UNIFAC model that

modify the parameters, or the formulation has been proposed. One such modification was

the modified UNIFAC (Do) model (Weidlich and Gmehling, 1987; Gmehling, Li, and Schiller,

1993; Gmehling et al., 1998; Gmehling et al., 2002; Jakob et al., 2006; Wittig, Lohmann,

and Gmehling, 2003) which had a number of changes to the original model such as: (i) the

introduction of temperature-dependent group interaction parameters; (ii) expanding the set

of groups to cyclic alkanes and reclassifying alcohols into primary, secondary, and tertiary

groups with their own set of parameters; and (iii) the fitting of group interaction parameters

to infinite dilution activity coefficient data, vapour-liquid equilibria and excess enthalpies to

allow for better handling of the infinite dilution limit. Furthermore, the combinatorial term

was modified to better model asymmetric mixtures (Muzenda, 2013). As seen in section 2.1,

the modUNIFAC (Do) model has markedly excellent performance for the featured comparative

studies and model is highly applicable to a broad range of systems due to the large set of

functional groups. The corresponding parameters and can be found in the set of modUNIFAC

(Do) papers (Weidlich and Gmehling, 1987; Gmehling, Li, and Schiller, 1993; Gmehling et al.,

1998; Gmehling et al., 2002; Jakob et al., 2006; Wittig, Lohmann, and Gmehling, 2003).

2.3.3 SAFT-γ Mie

In the SAFT-γ Mie approach, (Papaioannou et al., 2014; Dufal et al., 2014) molecules are

represented as heteronuclear chains formed from fused spherical segments which correspond to

different chemical functional groups. The model uses the Mie intermolecular potential (Mie,

1903) and a high-temperature perturbation expansion to third order (Lafitte et al., 2013) is

implemented to provide a high level accuracy in the Helmholtz free energy and its derivatives.
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In the SAFT-γ Mie approach, molecules are modelled as heteronuclear, comprising spher-

ical groups, each contributing Sk to the free energy, and are characterised by the diameter σk

and dispersion energy εk. The SAFT-γ Mie model treats hydrogen bonding and strong polar

interactions explicitly via association sites that exist as "H" or "e" sites depending on the

functional group but does not directly account for long-range electrostatics. A more in-depth

explanation and the relevant parameters can be found in the this set of papers. (Papaioannou

et al., 2014; Dufal et al., 2014; Burger et al., 2015; Papaioannou et al., 2016; Sadeqzadeh

et al., 2016; Hutacharoen, 2017; Haslam et al., 2020)

Figure 2.1: Examples of the SAFT-γ decomposition of molecules into functional groups (from left
to right): acetone is a single group molecule comprising three fused spherical segments (grey) with
three association sites; (brown and yellow) 1-propanol is made up of three functional groups, one CH3
(red), one CH2 (black) and one CH2OH group comprising two fused spherical segments (green) with
three association sites (brown and yellow); 1,3-dimethylbenzene is made up of six functional groups,

two acCH3 (purple) groups and four acCH groups (blue).

An advantage of SAFT-γ Mie is its foundation in statistical mechanics and the group

contribution aspect that allows for the modelling for a wide range of molecules. However,

molecules are represented as a chain of Mie segments rather than having a defined branched

or ring structure. This means that isomers cannot be distinguished from one another unless

specific functional groups are created.

The SAFT-γ Mie equation of state is written in terms of the Helmholtz free energy as a

function of the temperature T , the volume V and the composition vector N (N1, N2, ...). The

SAFT-γ Mie equation of state uses the mole fraction concentration scale with a reference state

of 1 atm pressure in the gas phase and 1 mol/L in the solvent phase. Therefore, the Gibbs free

energy of solvation in the context of SAFT-γ Mie is the Gibbs free energy of transfer, ∆Go,xt,i ,

in the mole fraction scale. In order to calculate the Gibbs free energy of transfer ∆Go,xt,i , the

residual chemical potential µresi is given by:

µresi (T, P,x) =
∂Ares(T, V,N)

∂Ni

⃓⃓⃓⃓
T,V,Nj ̸=i

−RT lnZ(T, P,x) (2.12)
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where R is the universal gas constant, the compressibility factor Z = pνp/RT , νp is the molar

volume for a given pressure, the mole fraction vector x = N/N and N is the total number

of moles. The infinite dilution fugacity coefficient φ̂∞
i,j of a component i in solvent j can be

obtained via the infinite dilution residual chemical potential:

ln φ̂∞
i,j(T, P ) =

µres,∞i,j (T, P )

RT
(2.13)

so that the Gibbs free energy of solvation can be obtained via the residual chemical potential

of a solute i in a solvent j at infinite dilution (McCabe, Galindo, and Cummings, 2003).

Therefore, the free energy of solvation, ∆Go,ms,i,j , can be obtained.

2.3.4 Conductor-like screening model segmented activity coefficients

In the conductor-like screening model segmented activity coefficients (COSMO-SAC) (Lin and

Sandler, 2002; Wang, Sandler, and Chen, 2007; Wang, Song, and Chen, 2011; Hsieh, Lin, and

Vrabec, 2014) model, molecules to be a collection of equally sized surface segments, with their

interactions determined from the screening changes they acquire on ideal solvation. The model

is based on the assumptions that these segments are paired in the solution, and that segment

interactions are confined within each pair such that there is no interaction among segments

of different pairs (Lin and Sandler, 2002). The general equation for the COSMO-SAC model

is shown below:

ln γi,j(T, P,x) = ln γRi,j(T, P,x) + ln γCi,j(T, P,x) (2.14)

Although the partitioning of the activity coefficient contributions is the same here and

in the modUNIFAC (Do) model, the residual contribution of the COSMO-SAC approach

considers the permanent electrostatic interactions between molecules in the mixture. These

interactions are based on quantum chemistry and COSMO solvation calculations (Klamt and

Schüürmann, 1993). These calculations are only carried out once per molecular species and

have been stored in databases like VT-database (Mullins et al., 2006; Mullins et al., 2008) to

be used later for thermophysical property and phase behaviour calculations (Lin et al., 2004;

Wang, Hsieh, and Lin, 2015; Hsieh and Lin, 2012; Lin et al., 2011; Hsieh et al., 2011; Hsieh,

Sandler, and Lin, 2010; Hsieh and Lin, 2009; Hsieh and Lin, 2008). A user can also perform
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their own calculations to be used in the model; however, a difference in the quality of the

calculation or the program used can affect the predicted value of the activity coefficients.

The surface charge distribution of a molecule i obtained from the QC/COSMO calculation

is averaged using a semi-theoretical equation (Lin and Sandler, 2002) and then used to gen-

erate σ-profiles, pi(σm). This can be thought of the probability of finding a surface segment

with charge density σm on molecule i. The σ-profile is also known as the molecular surface

shielding charge density distribution and is unique for every molecule. The combinatorial con-

tribution considers the molecular size and shape effects between molecules in the mixture via

the Staverman-Guggenheim (SG) combinatorial term (Staverman, 1950; Guggenheim, 1952).

Several modifications have also been made to the original 2002 COSMO-SAC: (i) Wang

et al. (2007) updates their definition of hydrogen bonding; (ii) a more substantive up-

date, COSMO-SAC10 (Wang, Song, and Chen, 2011) sought to treat electrostatics as a

temperature-dependent parameter and differentiated hydrogen bonding with respect to hy-

droxyl groups; (iii) COSMO-SAC-dsp (Hsieh, Lin, and Vrabec, 2014) is the latest version of

the COSMO-SAC family where it includes a dispersion term derived from molecular dynamics

simulations to account for dispersive forces. The version of COSMO-SAC employed in this

study is the 2002 version of COSMO-SAC (Lin and Sandler, 2002). The relevant parameters

for each of these properties can be found in their respective references.

The Gibbs free energy of solvation is calculated using the same set of equations as the ac-

tivity coefficient models because the COSMO-SAC model shares the same reference standard

states and concentration scale. Thus, the activity coefficient obtained from COSMO-SAC can

be converted into ∆Go,m,∞s,i using the same methodology found in section 2.3.2.

2.3.5 Conclusion

In this section, a review of the current state of systematic studies was presented. In the

selection of critical comparative studies, the studies of interest only tested models from the

same class of tools.. As such, several models have been selected for a systematic assessment

that spans the range of predictive tools. We have also discussed the details of the experimental

database of free energy of solvation data and the relevant standard states and scales. We have

also presented how to convert the selected models into the chosen form of the free energy of

solvation, ∆Go,m,∞s,i . As a reminder, the free energy of solvation will only be referred to with
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∆Go,ms,i,j . In chapter 3, we cover the development of new PLS, QPLS, and ALAMO models

that will feature in the systematic assessment in chapter 5.
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Chapter 3

The development and testing of

data-driven solvation models

3.1 Objective

In section 2.3.1, the state of data-driven models was introduced. There were methods with

limited scope that focused on modelling a single solute in many solvents or many solutes in a

single solvent. These approaches would result in numerous models for each solute and solvent.

Borhani et al. (2019) developed a generalised form for the solvation model that can accept

any solute in any solvent. Despite some benefits to this approach, it could potentially be

improved by adopting a bigger data set for training and validation and by utilising different

mathematical frameworks for the model building. The expanded database has already been

introduced in section 2.2.2 and the frameworks are chosen to be the PLS, QPLS and ALAMO

models. Therefore, this chapter will focus on developing new data-driven models with the

expanded database and new frameworks.

3.2 Data-driven methodologies

Data-driven empirical models relate a set of descriptor variables, X, and a response variable,

Y. The mathematical relationship used to relate these variables can be linear or nonlinear

where any resulting models are defined as linear or nonlinear. Further, the complexity of the

mathematical relationships can extend past a linear or quadratic equation. For example, in

regression-focused methodologies such as projection to latent spaces (or partial least squares),

the model is inherently linear, making it easy to use; however, the descriptor variables have

been projected onto new axes to capture the direction of maximum variance. Thus, these
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new axes (or projected variables) can be used more efficiently at describing the response

variable, with some loss in precision. In contrast, for complex methodologies such as neural

networks, nonlinear mathematical functions are mixed together to create a convoluted model

that can describe the intricacies of the response variable. However, this convolution comes

at the expense of model complexity. There also exist methodologies such as the automatic

learning of algebraic models for optimisation (ALAMO) which employs optimisation to regress

parameters of a sum of a best of linear and nonlinear mathematical functions determined by

the model. Therefore, in data-driven models, any mathematical framework is a means to

describe the response variable, Y through a set of descriptor variables, X; however, the trade-

off between model complexity and precision is a crucial aspect that needs to be considered.

In section 2.2.2, the experimental database of solvation free energies, ∆Go,ms,i,j , was pre-

sented. Given a number N of data points, a number M of descriptor variables, xm, and K

response variables, yk, this results in two data blocks of sizes (N ×M) for X and an (N ×K)

for Y. The X acts as the input data set while Y acts as the output data set. In this section, we

elaborate on the partial least squares (PLS), quadratic partial least squares (QPLS) and au-

tomatic learning of algebraic models for optimisation (ALAMO) methodologies as mentioned

in section 2.3.1.

3.2.1 Linear and Quadratic Partial Least Squares

In the PLS methodology, the X and Y data blocks are projected onto new axes (latent

subspaces), t and u, which are the input and output scores. The scores are then regressed to

each other using a linear or nonlinear function, resulting in a model that relates the X and

Y subspaces. The benefit of following this approach is to minimise any potential noise and

maximise the colinearity between the X and Y data blocks.

The X and Y matrices can be decomposed into several rank-one matrices in the same

way as principal component analysis (PCA). The decomposition is defined as the product

between the input and output scores vectors ta and ua and corresponding input and output

loadings vectors, pa and qa. These scores can be interpreted as the orthogonal distance of the

projected data points from their respective projected axes where the loadings vectors describe

the projected axes. Each axes is a function of the variables in their respective data blocks

and is orthogonal to all other axes. Thus, this allows for the representation of the X and Y

matrices through the sum of several smaller independent parts:
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X =

L∑︂
a=1

tapa
T +E (3.1)

Y =
L∑︂
a=1

ûaqa
T + F (3.2)

where L is the chosen number of latent variables, E and F are residual matrices, and û is the

prediction of the scores ua through a linear or nonlinear function given by,

ûa = f(ta) + ha, a = 1, 2, . . . , L. (3.3)

where f(ta) describes any continuous mathematical function and ha is a residual vector. In

this work, the PLS and QPLS frameworks are considered and therefore, linear and quadratic

function are used with the resulting model. These functions are shown below:

ûa = taba + ha, a = 1, 2, . . . , L. (3.4)

ua = c0a + c1ata + c2ata ◦ ta + ha, a = 1, 2, . . . , L. (3.5)

where ◦ is the Hadamard product for element-wise multiplication of two matrices. As seen

in equations (3.4) and (3.5), t is a N × 1 vector of the scores, therefore, t ◦ t is a N × 1

vector of the squared scores. An example of the Hadamard product is if ta = (1, 2, 3), then

ta ◦ ta = (1, 4, 9). A user can adapt the methodology and use any function desired. Further,

the linear or nonlinear functions that relate the X and Y scores are referred to as inner

functions and are fitted using an ordinary least-squares approach. Thus, considering the form

of the X and Y matrices, and their corresponding ta, ûa, pa and qa arrays, the resulting

PLS and QPLS models can be thought of a sum of independent linear or nonlinear functions

which sum together to form X and Y

The variance in the X and Y input and output blocks is usually captured well by the

first L latent variables where L < (M,K) while the resulting residual matrices E and F

typically represent the random noise in the data. The number of latent variables L can be

chosen according to different heuristic or statistical tools; here, with the aim to develop robust

models for prediction (Baffi, Martin, and Morris, 1999). Therefore, cross-validation will be
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used to determine the number of latent variables, L, as it minimises the risk of overfitting the

models (Wold, 1973; Geladi and Kowalski, 1986; Wold, Kettaneh-Wold, and Skagerberg, 1989;

Baffi, Martin, and Morris, 1999). Cross-validation involves splitting X and Y into S equal

sized, non-overlapping several subsets and omitting one of the sets such that the PLS models

will be trained on S − 1 subsets of data and tested on the omitted subset. This process is

repeated until each subset in S has been omitted once. The predicted residual sum of squares

(PRESS) statistic is typically used to quantify the performance of a given model and is given

by:

PRESS =
N∑︂
g=1

(yg − yĝ)
2 (3.6)

where yg and yĝ are the experimental and predicted data entries in the Y matrix. However,

in this work, the metric used to quantify the performance of the models is the mean squared

error (MSE) given by:

MSE =
1

N

N∑︂
g=1

(yg − yĝ)
2 (3.7)

The cross-validation MSE (MSE-CV) is the average of the MSEs over each combination

of the r training and testing data subsets and is defined below:

MSE-CV =
1

S

S∑︂
s=1

1

Ns

Ns∑︂
g=1

(yg − yĝ)
2 (3.8)

where s is a subset in S, and Ns is the data points belonging to subset s. For the PLS

and QPLS models, S is chosen to be 20, which excludes 5% of the data for testing. A PLS

model is regressed for each a = 1, 2 . . . , L and the MSE-CV is calculated at each step. The

optimal number of latent variables is then chosen as that giving the set of PLS models with

the lowest MSE-CV. This process is applied to both the linear and quadratic version of the

PLS methodology.

The general idea behind the PLS and QPLS methodologies has been introduced. It is

possible for the reader to refer to the original papers for the algorithms which derive the

score and loading vectors; however, the QPLS algorithm used in this work is a modification

of the original QPLS algorithm (García-Muñoz, 2020). Therefore, to understand the reason

why the modification is used, it is necessary to understand the original PLS and QPLS
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methodologies. The PLS methodology utilises the nonlinear iterative partial least squares

(NIPALS) algorithm (Wold, 1973) which extracts sequentially the latent variables of the X

and Y blocks from a = 1 −→ L as a combination of the input and output variables. This

process is illustrated in Table 3.1. The algorithm is split into two loops, the outer loop for

each pair of latent variables and an inner loop for the calculation of the scores, loadings and

regression of the relation between u and t. In step 0, the calculation is initialised and a is

set as the first latent variable. In steps 1.1 to 1.3, the X matrix is projected into the scores

through the use of the weight vector w which finds the direction of maximum variance in the

X space. For steps 2.1 to 2.3, the direction of maximum variance is found in the Y space

while accounting for the maximum variance in X, resulting in the maximisation of covariance

in both spaces. In equation 3.4, it is shown that vector û is linearly dependent on t but since

the values of constant b are immaterial because of later normalizations, t is regressed directly

against Y (Wold, Kettaneh-Wold, and Skagerberg, 1989). Since the Y block only contains

one response variable, the weight vector c is set to the loading vector q as there is only one

direction of maximum variance in Y. In step 3, the convergence is checked by using either the

t or u scores, unless the maximum number of iterations is exceeded or the tolerance criterion

is met. If convergence is not met, the algorithm returns to step 2.1. When convergence is

achieved, a new u vector is calculated. The loading vector p is then calculated in step 5, and

in step 6, the X and Y are deflated. The deflation process is where the predictions obtained by

the product the scores and loadings, tpT and uqT, are subtracted from the X and Y blocks,

respectively. The reasoning behind this is to create a set of orthogonal a latent variables that

account for a certain amount of variance in the original X and Y data blocks. Each of these

latent variables is able to predict a response variable to a certain degree, and the sum of these

variables represents the overall predictive capability of the PLS model. The X and Y are

then set to the resulting residual matrices E and F, respectively, to evaluate the next pair of

latent variables. In step 7 of the algorithm, the termination occurs when a = k, where k is

the original number of descriptors (also the maximum number of latent variables), or a = L if

L is determined beforehand. The optimal number of latent variables are determined by using

cross-validation and the MSE-CV metric. The MSE-CV is calculated by using the predicted

values of the PLS model at each a until a = k. The PLS model at each a is the sum of its

current a and previous a variables. For example, if a = 5, the PLS model would be composed

of the a = 1, 2, 3, 4, 5 variables. The process of calculating the MSE-CV values for each a
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until a = k result in k MSE-CV values. In doing this, the optimal number of latent variables

can be chosen as the number with the lowest MSE-CV. Otherwise, if the algorithm does not

terminate, the deflated X and Y data blocks, E and F are used to calculate the next set of

latent variables.

Table 3.1: Nonlinear Iterative Partial Least Squares (NIPALS) algorithm

0: Initialisation - Use one column in the X matrix as a starting vector for t
Set a = 1; Set ta,old=Xk=1; Set iter = 0 (iteration counter); Set itermax = 500
1.1: Calculate the X block weight vector w
wa = XTta/t

T
a ta

1.2: Normalise the X block weight vector wa

norm wa : ||wa|| = 1
wa = wa/(w

T
a wa)

0.5

1.3: Update the X block score vector ta
ta = Xwa

2.1: Update the Y block loading vector qa
qa = YTta/t

T
a ta

2.2: Update the Y block score vector u
ta = YTqa/q

T
a qa

3: Check convergence of the X block score vector ta
ta,diff = ta − ta,old
if tTa,diff · ta,diff < 10−6

−→ go to step 4
else if iter < itermax

−→ ta,old = ta and return to step 2.1
4: Recalculate ta (step 2.3), the slope, ba, and error, ha, of the inner relation (ua = bata + ha)
5: Calculate X block loadings vector p
pa = XTta/t

T
a ta

6: Calculate residual matrices E and F
E = X− tap

T
a

F = Y − uaq
T
a

7: Repeat calculation until a = k where k is the original number of descriptors or
a = L if L is predetermined

if a = L
→ Stop

else
X = E; Y = F; a = a+ 1; iter=0
return to step 1.1

The QPLS algorithm (Wold, Kettaneh-Wold, and Skagerberg, 1989; García-Muñoz, 2020)

used in this work is detailed in Table 3.2. The initialisation step uses the NIPALS algorithm

to calculate a set of starting scores and loadings vectors to be used in the QPLS algorithm.

In step 1.1, ordinary least squares regression is used to fit the u and t scores to a quadratic

model. In comparison to the NIPALS algorithm, the t scores cannot be used directly and
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therefore q is calculated using the predicted scores r. The loading vector does not need to

be normalised once again as Y is a (N × 1) matrix. In step 1.4, the Y is projected onto

the u scores using the loading vector q. For step 2, the corrections to the weight vector w

are calculated by utilising a Newton-Raphson linearisation as the effect of the nonlinear inner

relation needs to be accounted for in the projection of X onto t (Wold, Kettaneh-Wold, and

Skagerberg, 1989; Baffi, Martin, and Morris, 1999). In step 2.1, a matrix Z is constructed

which contains the Newton-Raphson linearisation of the quadratic inner relation (c1 + 2c2t),

an (N × 1) vector multiplied by each dimension of the X block. In steps 2.2, 2.3, and 2.4, the

process developed by Wold et al. (Wold, Kettaneh-Wold, and Skagerberg, 1989) is followed.

In step 2.5, only the first K elements are chosen as the corrections to the weights w where

the weights are subsequently updated and normalised in steps 2.5 and 2.6, respectively. The

scores t are then calculated with the newly updated weights w and the X matrix resulting in a

projection that accounts for the quadratic inner relation. Salvador García-Muñoz introduced

step 3.2, which is not a part of the original QPLS algorithm, to account for the effect of the

nonlinear inner relation in the Y block. Therefore, the predicted scores r, loadings q, and

scores u are recalculated to propagate this effect (García-Muñoz, 2020). The convergence is

then evaluated on X scores vector t with a tighter convergence criterion of 10-7 and a larger

maximum number iterations, due to the nonlinear nature of the QPLS model. The loadings

p are calculated in step 5, and the X and Y data blocks are deflated in the same way as

the PLS algorithm in step 6. The termination condition of the QPLS algorithm is the same

as the PLS algorithm and the optimal number of latent variables are calculated in the same

way. and resulting residual matrices are then calculated in steps 5,. The procedure is then

repeated if another pair of latent variables is desired.

Therefore, the general idea behind the PLS methodology is made up of two parts, the outer

mapping and inner mappings of the model. Table 3.3 illustrates this idea and is adapted from

the work of Baffi et al. (1999). The linear inner and outer mapping describe the translation

of the X and Y data blocks into their respective latent variables and the inner mapping

describes the linear or nonlinear regression of the u and t scores. The matrix R is defined as:

R = W(PTW)−1 (3.9)

where W and P are matrices that contain the weights wa and pa for the latent variables
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Table 3.2: Quadratic PLS algorithm(García-Muñoz, 2020)

0: Initialisation - Use one column in the Y block as the starting vector for u
and calculate starting vectors for w and t by a linear PLS calculation

Set a = 1; told = t; wold = w; c = 0; iter = 0; itermax = 1000
1.1: Estimation of coefficients c for the u-t inner relation by least squares
u = c0 + c1told + c2told ◦ told + h
1.2: Calculate r predictions of u-t inner relation
r = û = c0 + c1told + c2told ◦ told
1.3: Calculate and normalise Y block weight vector q
q = YTr/rTr
q = q/(qTq)0.5

1.4: Update the Y block score vector u
u = YTq/qTq
2: Calculate corrections to X block weight vector w
2.1: Construct Z matrix where Z has a shape of (N ×K +3)
Z = [(c1 + 2c2t) ◦X, 1, told, told ◦ told]
2.2: Calculate and normalise column vector v
v = ZTu/uTu
v = v/(vTv)0.5

2.3: Calculate column vector s
s = Zv/vTv
2.4: Calculate column vector b
b = sTu/sTs
2.5: Calculate correction to X block weight vector w, dw
dw = bv (for the first K elements)
2.6: Update and normalise X block weight vector w
w = wold + dw
w = w/(wTw)0.5

3.1: Calculate X block score matrix t
t = XTw/wTw
3.2: Recalculate Y block vectors q and u
r = û = c0 + c1t+ c2t ◦ t
q = YTr/rTr
u = YTq/qTq
4: Check convergence on X block scores t
if |(tTt)0.5 − (told

Ttold)
0.5| / (told

Ttold)
0.5 < 10−7

−→ go to step 5
else iter < itermax

−→ told = t,wold = w and return to step 1.1
5: Calculate X block loadings vector p
p = XTt/tTt
6: Calculate residual matrices E and F
E = X− tpT;F = Y − uqT

7: Repeat calculation until a = k where k is the original number of descriptors or
a = L if L is predetermined

if a = L→ Stop
else X = E; Y = F; a = a+ 1; iter=0; return to step 1.1
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a = 1 −→ L. The matrix R can be thought of the direct projection of the X onto T (the

matrix that contains the scores ta for a = 1 −→ L) since the latent variables are calculated

sequentially using deflated versions of the X matrix. Matrices Û and Q are the counterparts

to the T and P matrices for the X block whereas the B matrix is a diagonal matrix that

contains the inner regression coefficients ba, where the off-diagonal elements are equal to zero.

Table 3.3: Summary of the general PLS approach

Linear input outer mapping X −→ T T = XR

T −→ X̂ X̂ = TPT

Inner mapping T −→ U ûk = fk(tk)

Linear output outer mapping Û −→ Ŷ Ŷ = ÛQT = TBQT

Ŷ −→ Û Û = ŶQ(QTQ)−1

3.2.2 Automatic learning of algebraic models for optimisation

The automatic learning of algebraic models for optimisation (ALAMO) (Cozad, Sahinidis, and

Miller, 2014; Cozad, Sahinidis, and Miller, 2015; Wilson and Sahinidis, 2017) is a regression

and classification model learning methodology developed to generate algebraic models for

experiments, simulations or any black box systems. It consists of a surrogate model builder

that uses a set of data points and an adaptive sampler that updates the data set where

the surrogate model fails. The combination of the builder and the sampler ensures that the

surrogate model can give the best or a high quality estimate the sample set of data. In this

work, the input data set is determined beforehand and no new experiments are conducted;

therefore, only the surrogate model builder of ALAMO is required to build predictive models

of interest. This surrogate model builder utilises an integer-programming-based “best subset"

technique with the aim to identify relevant functional forms from a broad set of linear or

nonlinear mathematical transformations of the original input descriptor variables in order to

fit the response variable.

ALAMO contains a set of default linear and nonlinear transformations, or basis functions,

such as monomial, bilinear, ratio, exponential, logarithmic and trigonometric functions. Ex-

amples of these transformations can be seen in Table 3.4. The term Xj(x) is defined as the jth

basis function of the set of input variables x. In the context of this work, the input variables

are the 21 solute and solvent descriptors introduced in section 2.2.2. The exponent α and

the scalar γ are further used to modify the basis functions with values that usually represent
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Table 3.4: List of potential basis function forms

Category Xj(x)

Polynomial (x)α

Multinomial Πd∈D′⊆D(xd)
αd

Exponential exp(xdγ )
α

Trigonometric sin(xdγ )
α

Expected bases Known mathematical transformations

physically reasonable or common statistical fitting functions (e.g. α = {±0.5,±1,±2,±3,±4}

and γ = {0.1, 1, 10}) (Cozad, Sahinidis, and Miller, 2014). A user can also designate more

complicated custom transformations such as sigmoid, Arrhenius, and Gaussian relationships

if the transformations are known to describe the response variable effectively (Wilson and

Sahinidis, 2017). The surrogate model builder selects the best set of basis functions by min-

imising a model fitness metric in a mixed-integer programming formulation, shown in equation

(3.10) below.

minr=1,...,kFM(r)

where

FM(r) = minΣNi=1(zi −Xiβ)
2 + C(r)

s.t. Σkj=1yj ≤ r

−Myj ≤ βj ≤Myj , j = 1, . . . , k

yj ∈ {0, 1}, j = 1, . . . , k

(3.10)

where FM(r) is a choice of possible fitness metrics, zi is the response variable at data point

i, Xi is a vector of mathematical transformations of the original input descriptor variables

(basis functions) at data points i = 1, . . . , N , and β is a vector of corresponding coefficients for

the mathematical transformations. The term C(r) is a metric-dependent complexity penalty.

A binary variable yj is used in conjunction with big-M constraints to include or exclude

certain basis functions. The βj terms are the individual coefficients for each basis function

j = 1, . . . , k in β. Further, the cardinality constraint
∑︁k

j=1 yj ≤ r ensures that the model

contains no more than r basis functions.
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The model fitness metrics found in Wilson and Sahinidis (2017) are a set of model per-

formance indicators developed from information and statistical theory to balance the bias-

variance trade-off. Examples of these metrics include the corrected Akaike information crite-

rion (AICc) (Akaike, 1974), the mean squared error (MSE) (Park and Klabjan, 2013), and the

Bayesian information criterion (BIC) (Neath and Cavanaugh, 2012). Each of these examples

may have different formulations for both the first term of FM(r) and the second term C(r);

however, every fitness metric utilises the sum of squared errors (SSR), seen in equation (3.11).

The SSR is equivalent to the PRESS metric (equation (3.6)). It helps quantify the quality

of fit to the training set and penalise the corresponding fit directly based on the number of

nonzero regression coefficients (Wilson and Sahinidis, 2017).

SSR =
N∑︂
i=1

⎛⎝zi − k∑︂
j=1

βjxij

⎞⎠2

(3.11)

A potential issue with using the surrogate model builder is determining the initial selection

of basis functions. Increasing the size of the initial set increases the number of possible models

combinatorially. In this work, several tests are carried out to select a fitness metric and a set

of input basis functions.

Selecting a fitness metric using an independent data set

In this work, an independent data set was used to determine a suitable fitness metric. The

data set is adapted from the work of Cherkassky, Gehring and Mulier (1996), who compared

statistical and neural network methodologies for function estimation. The function of interest

(equation (3.12) is formed of four uncorrelated and randomly distributed inputs, xi (for i =

1, 2, 3, 4) ranging from -0.25 to 0.25, for 500 data points. The minimum value of the function

y is 0.71, with a maximum of 1.42 and an average of 1.01. Therefore, the behaviour of the

function is only dependent on its expression and has no correlation between its four inputs.

Thus, the function can be used as an example to showcase the flexibility and precision of the

ALAMO framework.

y = exp(2x1sin(πx4)) + sin(x2x3) where x ∈ [−0.25, 0.25] (3.12)

The fitness metrics considered are the metrics found in the work of Wilson and Sahinidis
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(2017). These include the BIC, Mallow’s Cp (Mallows, 1973) (Cp), AICc, Hannan-Quinn

information criterion (HQIC) (Hannan and Quinn, 1979), the mean squared error (MSE)

(Park and Klabjan, 2013), and the risk inflation criterion (RIC) (Foster and George, 1994).

The fitness metric will be chosen based on the RMSE, R2 and the model size as the goal is to

have an accurate model while maintaining low model complexity. An initial set of polynomial

and two term multinomial (binomial) basis functions is chosen with different values of α.

The list of basis functions is found in Table 3.5. The terms xd and xe represent the input

parameters where d = 1, 2, 3, 4, e = 1, 2, 3, 4 and d ̸= e. Thus the total number of basis

functions is 32 as there are 20 functions from the polynomials (four functions per power) and

12 from the binomials (C4
2 per power).

Table 3.5: Initial basis functions for the selection of a fitness metric

Category Symbol Power (α)
Polynomial (xd)

α -1, 1, 2, 3, 4
Binomial (xdxe)

α -1, 1

Table 3.6: Comparison of fitness metrics using the basis set found in Table 3.5

Metric RMSE R2 Model size
BIC 0.00698 0.997 6
Cp 0.02490 0.962 2

AICc 0.01230 0.991 4
HQIC 0.01230 0.991 4
MSE 0.01230 0.991 4
RIC 0.02490 0.962 2

In Table 3.6, it can be seen that the model obtained with the BIC metric has an RMSE

value of 0.00698 in comparison to an average value of y of 1.01 over the data set. These results

suggest a near-perfect fit of the input data with some residual error due to the random noise.

The BIC model has a model size of 6, and is given by:

ŷ = 0.38x21 + 0.34x24 + 0.22× 10−6(x2x3)
−1 + 6x1x4 + 0.99x2x3 + 0.99 (3.13)

As seen in equation (3.13), it can be seen that only the quadratic terms x21, x24 and the

bilinear terms x1x4, x2x3, and (x2x3)
−1 are used with corresponding weights in the model.

For the AICc, HQIC and MSE metrics, the RMSE values are roughly double the BIC, and

the Cp and RIC metrics are nearly quadruple. The R2 values for the AICc, HQIC and MSE
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metrics are slightly lower but there is a larger difference when comparing the Cp and RIC

metrics. A further test is carried out to assess the effect of removing a basis function. The

basis function (xdxe)
−1 is removed as (x2x3)−1 is used in equation (3.13). The modified basis

set can be seen in Table 3.7 and the results with the reduced basis set can be seen in Table

3.8. The following model is obtained:

Table 3.7: Modified initial basis functions for the selection of a fitness metric

Category Symbol Power (α)
Polynomial (xd)

α -1, 1, 2, 3, 4
Binomial (xdxe)

α 1

Table 3.8: Comparison of fitness metrics using the reduced basis set in Table 3.7

Metric RMSE R2 Model size
BIC 0.00709 0.997 5
Cp 0.02490 0.962 2

AICc 0.00703 0.997 8
HQIC 0.00709 0.997 5
MSE 0.00707 0.997 6
RIC 0.02490 0.962 2

ŷreduced = 0.38x21 + 0.35x24 + 5.9x1x4 + 0.99x2x3 + 0.99 (3.14)

The BIC is chosen as the fitness metric due to the performance in the first test as well

as the second test. The resulting BIC model found in equation (3.14) has does not contain

the (x2x3)
−1 term found in equation (3.13) but is otherwise very similar. There was only a

negligible change in performance. The results found in Table 3.8 show improvements for the

AICc, HQIC, and MSE metrics as their RMSE values have decreased to about 0.007 at the

cost of an increase in model size. The Cp and RIC metrics do not change in performance

as both the RMSE and R2 values remain the same from equation (3.13) to equation (3.14).

These test results suggest that not every basis function captures the same amount of variance

in the experimental data set. In this case, the removal of the (x2x3)
−1 term only resulted

in a negligible change in performance. This observation is reinforced by the fact that the

coefficients of the other terms only changed slightly. Another observation is that the choice

of fitness metric is sensitive to changes in the basis sets.
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3.3 Development of data-driven models using the experimental

∆Go,m
s,i,j database

3.3.1 Data set used for the development of the data-driven models

In the development of predictive models, aside from the mathematical methodology that

supports the model, experimental or observed data are required train the model to the system

of interest. In this work, all models are nonaqueous, meaning that water is excluded as a

solvent, with the exception of the self-solvation of water. Thus the database of 2364 data points

found in Section 2.2.2 is reduced to 2167 data points. Usually, a database of experimental

points is divided into a training data set for model development and a test data set for model

validation. In developing robust, predictive models, the input data set of 2167 points is divided

into a training set (for calibrating the model) and a testing set (for validating the model).

When considering a specific data set, a decision needs to be made as to what proportion of the

data set must be used in the training and testing sets, as some splits of the data set may lead

to overfitting. Overfitting refers to when the model predicts the training set of data with high

accuracy but does not predict the testing set or independent data with low accuracy. The

optimal proportion of training to testing data is investigated in this work. Another aspect of

dividing the data set is the distribution of the solute/solvent systems equitably across both

groups of data in terms of molecular representation. If some types of solute/solvent systems

exist solely in the testing set, the developed data-driven model will have no information on

how to represent those kinds of systems. An example of this is if all of the alcohol/alkane data

points existed in the testing set, a user would not be able to train the developed model to

handle those systems and thus, it may have poor predictive ability for those kinds of systems.

Therefore, it is crucial to have a good spread of the types of data points in both the training

and testing sets. This problem is addressed in Section 3.3.2.

3.3.2 Cross-validation

In this work, cross-validation is used as a model validation technique to address the over-

fitting problem. A simple example of the technique is leave-one-out cross-validation (LOO

CV) in which a single data point from the original data set of N data points and evaluates

the regression model N times, omitting a new data point is omitted each time. Then, the
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model performances (usually using PRESS) of the N regressions are aggregated to provide

an estimate of the overall model performance using the data set. This technique allows a user

to intuitively understand how well a model would perform using a certain data set. However,

as N becomes sufficiently large, a user would have to evaluate a larger number of models,

and this becomes computationally intensive. The generalised form of LOO CV is leave-p-out

cross-validation (LpO CV) in which p data points are omitted from the training set. In LpO

CV, the model is evaluated CNp times, where CNp is the binomial coefficient. Similarly to LOO

CV, the issue with LpO CV is that with larger values for N and p > 1, CNp becomes very

large, making this approach computationally infeasible. For example, with N = 2167 and

p = 10, C2167
10 ≈ 6× 1026. LOO and LpO CV are exhaustive forms of cross-validation. They

provide a fully quantified view of the effect of the training and testing sets on the models;

however, they are computationally intensive.

In contrast, in non-exhaustive cross-validation, not all possible combinations of CNp are

computed, which reduces the computational load while deriving an approximation of LpO

CV. Two examples of non-exhaustive cross-validation are Monte Carlo and k-fold validation.

In the Monte Carlo technique, the input data set is split randomly into k equal parts k times,

meaning there is a chance some data points may never be in either the training set or in the

testing set. There may also be repeating points across the number of k splits, which can be

detrimental as it may cause bias in the model. For the k-fold technique, the input data set

is also split randomly into k equal parts k times. However, the data are split such that each

data point will appear in the testing set just once, with no repetition meaning each data point

is used both in training and validating the model during the process. Examples of the Monte

Carlo and k-fold techniques can be seen in Table 3.9. The example shows the partitioning of

N = a integer data points (1 to a) with k = 3, resulting in three training/testing sets for the

Monte Carlo and k-fold techniques. It can be seen that there are no repetitions in the testing

sets for the k-fold techniques, but data points ’5’ and ’8’ repeat in the Monte Carlo testing

sets. In both these techniques, k models are regressed using N = k data points and validated

using k data points, and the performance metrics of all models are then averaged.

The decision to use k-fold or Monte Carlo validation for ∆G◦,m
s,i,j modelling is made by

carrying out a test using a series of splits from 2 to 20 and by using the PLS methodology.

The test only compares model performance using the testing data set as this represents the

predictive capability of the models. In this test, several performance metrics are used in the
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Table 3.9: Examples of the training and testing data splits in the Monte Carlo and k-fold cross-
validation techniques on a range of integers from 1 to 9, where k = 3

Monte Carlo k-fold
Model Number Training set Testing set Model Number Training set Testing set

1 [1, 2, 3, 4, 6, 7] [5, 8, 9] 1 [2, 4, 5, 6, 8, 9] [1, 3, 7]
2 [1, 3, 5, 6, 7, 9] [2, 4, 8] 2 [1, 3, 4, 5, 6, 7] [2, 8, 9]
3 [2, 3, 4, 7, 8, 9] [1, 5, 6] 3 [1, 2, 3, 7, 8, 9] [4, 5, 6]

cross-validation process. These metrics are calculated for each model L in the k validation.

These include the coefficient of determination (R2
L) for model L, the root mean squared error

(RMSEL), and the model, BiasL. Two other metrics, the optimal number of PLS components

and the model size, are also considered. Variable R2
L is given by:

R2
L =

⎛⎝ ∑︁
n∈NL,test

(︁
∆G◦,m,exp

s,n −∆G◦,m,exp
s,mean

)︁ (︁
∆G◦,m,pred

s,n −∆G◦,m,pred
s,mean

)︁√︂∑︁
n∈NL,test

(︁
∆G◦,m,exp

s,n −∆G◦,m,exp
s,mean

)︁2∑︁
n∈NL,test

(︁
∆G◦,m,pred

s,n −∆G◦,m,pred
s,mean

)︁2
⎞⎠2

(3.15)

whereNL,test is the subset of test data used in the L validation, whereasm is the individual

data point in NL,test. Variables RMSEL and BiasL are defined below:

RMSEL =
1

NL,test

NL,test∑︂
n=1

(∆G◦,exp
s,n −∆G◦,pred

s,n )2 (3.16)

BiasL =
1

NL,test

NL,test∑︂
n

∆G◦,m,exp
s,n −∆G◦,m,pred

s,n (3.17)

In the PLS models, the optimal number of principal components or latent variables is given

by the number of components with the lowest MSE-CV, whereas in the ALAMO models, the

model size is the number of terms in the model with the lowest objective value from the

optimisation.

Figures 3.1 and 3.2 contain the results of the cross-validation study. It can be seen that

the R2
L values in both figures plateau after 4 splits; however, the R2CV values have small

ranges of 0.775 to 0.780. Similarly, the RMSE CV values have a small range of 0.860 to

roughly 0.866 kcal mol-1, which is negligible compared to most values of the free energy of

solvation, which are three orders of magnitudes larger. The bias values are minimal and are a

direct result of the linear regression in the PLS methodology. The optimal number of latent
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Figure 3.1: k-fold cross-validation results for the PLS methodology with the performance metrics
R2CV (a), RMSE (b), Bias (c) and optimal number of components (d).

variables fluctuates between 12 to 16 in both cases. It can be concluded, that for the system

of interest, there is effectively no difference in using the k-fold validation or the Monte Carlo

methodologies, at least in the case of PLS models. The k-fold cross-validation methodology

was chosen to develop subsequent models because each data point is tested at least once.

3.3.3 Correlation between target variable ∆Go,m
s,i,j and solute/solvent de-

scriptors in the nonaqeuous experimental database

Several steps have been taken to curate the experimental data that will be used in the de-

velopment of data-driven models. In section 3.3.1, the experimental database was reduced
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Figure 3.2: Monte Carlo cross-validation results for the PLS methodology with the performance
metrics R2CV (a), RMSE (b), Bias (c) and optimal number of components (d).

from 2364 to 2167 data points to reduce the impact of water on model performance whereas,

in section 3.3.2, k-fold and Monte Carlo cross-validation techniques were used to determine

if the size of training and testing sets affected the performance of PLS models. It was found

that over the the range of splits tested, there was only a negligible change in performance.

A further examination of the data is carried out in this section to study the relationships

between the target variable ∆Go,ms,i,j and the solute/solvent descriptor variables.

In the nonaqueous database of 2167 data points, there are 294 solute molecules and 210

solvent molecules. The first point of the study is to see if the number of solute or sol-

vent molecules affects the correlations between the target variable ∆Go,ms,i,j and the descriptor
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variables. The k-fold cross-validation technique is employed to randomly shuffle each so-

lute/solvent data point in the nonaqueous database into splits of 2, 3, 5, 10, 15, and 20. The

correlation coefficient is calculated between the target variable and each descriptor variable

for each split of training and testing data. This analysis highlights the relationship between

the number of solute and solvent molecules and the correlation coefficients between the target

and descriptor variables. The Pearson correlation coefficient is used to measure the linear re-

lationship between two data sets (in this case the target variable and each descriptor variable,

resulting in 21 correlation coefficients) and is expressed in equation (3.18).

r =

∑︁N
n (xn −mn,x)(yn −mn,y)√︂

(
∑︁N

n (xn −mn,x)2
∑︁

(yn −mn,y)2
(3.18)

where mx is the mean of the vector x and my is the mean of the vector y. The target variable

is used in the x position whereas the 21 descriptor variables are used interchangeably in the

y position. The range of values for the Pearson correlation coefficients is -1 to +1, where

higher absolute values indicate stronger positive or negative relationships between variables

and 0 indicates no correlation. Figure 3.3 contains four plots that show the average number

of solutes and solvents, and the averaged correlation coefficients of the 21 descriptor variables

against the target variable ∆Go,ms,i,j for both training and testing sets against a number of

splits. The average number of solutes and solvents diverges as the number of splits increases

for both the training and testing sets. This divergence shows that the number of unique solutes

and solvents varies proportionally to the size of the data set. As the size of the training set

increases, the difference between the number of solutes and solvents widens. In contrast, the

size of the testing set decreases with the number of splits, the average number of solutes and

solvents become closer to one another. However, it must be noted that this trend in diversity

is not guaranteed and is dependent on how the data is shuffled.

Several interesting points can be drawn when observing the bottom plots that show the

averaged correlation coefficients for both the training and testing sets. First, there is almost

no difference in the correlation coefficient values for the training and testing sets. It can

be seen that only the correlation coefficient of the molecular volume, Vm, increases in value

as the size of the testing set decreases. The correlation coefficients of the other descriptors

remain roughly constant for all splits. A point to note is that the correlation coefficients

can vary when comparing individual cases; however, the average values confirm that the
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distribution of solutes to solvents has little to no effect on the correlations between the target

and descriptor variables. The solute descriptors (which are described in section 2.1) have

the most influence on the free energy of solvation as S, Vmc, and π have coefficients whose

absolute values exceed 0.5, which is considerably larger than the solvent descriptor with the

largest coefficient, logKow, at 0.25. The second-largest solvent descriptor, µj , has a similar

value and is comparable to the other solute descriptors whose absolute values are near or

larger than 0.2. The rest of the solvent descriptors are evenly distributed over a range of -0.2

to 0.2. This shows that while the numbers of solutes and solvents do not affect the correlation

coefficients, the solute descriptors are more correlated with the free energy of solvation.

Therefore, these observations show that as the average number of solutes converge towards

the number of solvents, model performance does not improve. However, this analysis does

not consider the distribution of solute and solvent molecules. While the number of solutes

outnumbers the solvents, some solvents may have 20 solutes whereas some may only have one.

The issue of an uneven distribution of solutes to solvents can only be addressed by adding

more experimental data points to represent each solute and solvent.

3.3.4 Determining basis sets for the ALAMO methodology

It was demonstrated in Section 3.2.2 that the ALAMO framework is robust in selecting the

best subset of basis functions while being able to capture the variance of the data set with

high precision. As such, for any set of data with a given number of descriptors, the ALAMO

framework can be used with a wide variety of initial basis functions to always obtain the

best subset. However, by supplying a large number of initial basis functions, the number

of possible combinations of basis functions is combinatorial and becomes computationally

intensive. Therefore, reducing the initial set of basis functions, reduces the required amount

of computational power, while providing insight into the linear or nonlinear relationships in

the data set. Therefore, in this section, the most appropriate set of basis functions for ALAMO

is presented using the data set of 2167 points, and cross-validation is used to evaluate the

best set of basis functions. The free energy of solvation data contains 21 solute and solvent

descriptors for 2167 data points. A preliminary assumption about the basis functions is that

some categories of functions can better capture the experimental data set variance than others.

This assumption was shown to be correct in Section 3.2.2 as removing the inverse binomial

term only decreased the RMSE value by a small amount. However, while this is the case, it
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Figure 3.3: Plots of the average number of solutes (a) and solvents (b), and the averaged correlation
coefficients of the 21 descriptor variables with the target variable ∆Go,m

s,i,j for both training (c) and
testing (d) sets across the number of splits. The square and triangle markers in the upper plots are

the training and testing data, respectively.

is difficult to ascertain if combinations of categories of basis functions will have a synergistic

or detrimental effect on the prediction of the experimental free energy of solvation data.

Therefore, in this study, I will test categories of basis functions individually and combine the

best performing categories in a second test. The tests will also use 10-fold cross-validation to

average out any bias in the models. The outline of this study can be found in Table 3.10.

After the data set is split into ten 9:1 training/testing sets, 10 ALAMO models are re-

gressed for every power of every basis set. This means both the individual and combined

basis sets utilise the same data set to ensure a fair comparison between the sets of models.
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Table 3.10: Outline for determining an appropriate set of basis functions for the ALAMO model.

Step Action
1 Split the data into 10 equal parts for 10-fold cross-validation
2 Regress model using 10-fold CV for the individual functions found in Table 3.11
3 Combine the best performing sets and regress the ALAMO model using 10-fold CV
4 Compare the results and determine the most appropriate set of basis functions

Table 3.11: Individual functions considered for an appropriate set of basis functions

Basis set Power (α)
xαd -1, 1, 2, 3

(xdxe)
α -2, -1, 1, 2 ,3

sin(xd) -
cos(xd) -
exp(xd) -
log(xd) -

Therefore, if the polynomial term xαd seen in Table 3.11 has four powers, -1, 1, 2, and 3,

ten models are regressed for each power, resulting in four sets of ten ALAMO models whose

performance metrics are then averaged to give four averaged models of -1, 1, 2, and 3 powers.

This process is repeated for each basis set. The results for the individual basis functions are

shown in table 3.12. The performance metrics are the RMSE, R2 and the model size.

Table 3.12: Averaged metrics for individual basis functions considered for an appropriate set of basis
functions

Model name Basis set RMSE (kcal mol-1) R2 Model size
L xd 0.8686 0.7692 10.1

L-1 x−1
d 1.223 0.5422 8.8

L2 x2d 0.9343 0.7329 14.3
L3 x3d 1.064 0.6525 13.3
S sin(xd) 1.404 0.3977 9.8

CS cos(xd) 1.530 0.2841 9.5
EXP exp(xd) 1.489 0.3222 7.1
LOG log(xd) 1.313 0.4724 9.4
BN (xdxe) 0.511 0.9200 125.3

BN-2 (xdxe)
−2 1.133 0.6064 56.9

BN-1 (xdxe)
−1 0.8885 0.7586 75.7

BN2 (xdxe)
2 0.5382 0.9114 114.7

BN3 (xdxe)
3 0.7441 0.8307 90.1

In Table 3.12, the S, EXP and LOG models do not perform well and are no longer con-

sidered a part of the input basis functions. It is clear that the binomial terms, (xdxe)α can
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accurately describe the free energy of solvation of data for α = 1, 2 with slightly worse perfor-

mance from α = −1 and 3. However, according to the model size, models that utilise binomial

terms effectively contain from 75 to 125 bilinear terms. Conceptually, the binomial models

have less variance captured per term. In contrast, the linear models L, in Table 3.12, capture

76.92% of the variance of the experimental data with just 10 terms on average. These results

suggest the experimental free energies of solvation are related to the 21 solute and solvent

descriptors mostly linearly and bilinearly.

To investigate any further synergistic or detrimental combinations, some combined basis

sets that include quadratic, logarithmic, and inverse terms are considered. A list of combined

basis sets can be found in Table 3.13. A potential user may also input all of the basis sets found

in Table 3.11; however, since the number of possible biliear terms per power is 210, including

all the terms above combinatorially increases the required computation time. Therefore, in

the interest of time, the combined basis sets seen in Table 3.13 are considered.

Table 3.13: List of combined basis sets for the ALAMO model

Model type Basis functions
A xd, x2d
B xd, x2d, log(xd)
C xd, x−1

d

D xd, x−1
d , (xdxe)

E xd, x−1
d , (xdxe), (xdxe)−1

F xd, (xdxe)
G xd, (xdxe), (xdxe)2

H xd, (xdxe), (xdxe)2, (xdxe)3

Table 3.14: Combined basis functions considered for the final set of basis functions

Basis set RMSE (kcal mol-1) R2 Model size
A 0.8093 0.7998 28.2
B 0.8094 0.7994 28.4
C 0.8250 0.7918 24.8
D 0.4997 0.9236 121.1
E 0.4298 0.9434 154.9
F 0.5100 0.9205 114.5
G 0.4011 0.9508 175.7
H 0.3603 0.9603 211.7

With the combined basis sets available, step 3 in Table 3.10 can now be carried out. A

similar analysis to Table 3.12 is found in table 3.14. The linear models L have an R2 value
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of 0.7692, compared to the quadratic models L2 which have an R2 value of 7329. Using

both these basis functions should result in models which have a significantly larger R2 value;

however, the model A only has a value of 0.7998. This small increase in R2 value shows that

while there is a synergistic effect, there is overlap in the variance captured by the linear and

quadratic effects. The same effect is seen when comparing model C, which has an R2 value of

0.7918. This suggests that the linear effects outweigh the quadratic and inverse effects. There

is essentially no change in performance from models A to B, suggesting the logarithmic terms

in this combination of functions do not contribute anything towards the performance of the

regressed model. Among the linear, quadratic, inverse and logarithmic terms, it seems that

the linear terms represent the experimental data effectively, with support from the quadratic

and inverse terms. The dynamic changes when binomial terms are added into the initial set

of basis functions. The models BN achieve an RMSE value of 0.511 kcal mol-1 and a R2 value

of 0.92 whereas models F achieve an RMSE value of 0.51 kcal mol-1 and a R2 value of 0.9205,

indicating that the linear terms only offer a small improvement in the performance compared

to the binomial terms. However, an interesting observation is made when comparing model

sizes. Models L and BN have model sizes of 10.1 and 125.3, respectively, whereas model F has

a model size of 114.5. This shows that while the performance of the model did not increase

significantly, there is a notable synergistic effect between the linear and binomial terms as the

model size decreased. Model D achieves a lower RMSE value of 0.4997 and an R2 value of

0.9236; however, this shows that the inverse terms do not contribute significantly to the model

performance, as the average model size from model F to model D increases by 6.1 which is

close in value to the average model size of model L-1 (8.8). Regarding the G and H sets, there

is a constant drop in RMSE value as the binomial squared and cubed terms are added to the

basis set; however, the model complexity also increases. for basis sets B and C, the inclusion

of the binomial and inverse binomial terms significantly improves the performance relative to

model A.

The analysis of the combined data sets suggest that the experimental solvation free energy

is well represented by the binomial terms, and a synergistic effect can be achieved by using

incorporating linear terms. These models have been optimised such that the BIC fitness metric

is always minimised, preventing any overfitting in the models. Therefore, while averaged, it is

important to note that the initial number of binomial terms is 210 compared to the 21 linear

terms, indicating that the variance captured by each term is on average larger for each linear
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term, but this fact is overshadowed by the large number of binomial terms. Therefore, it

would be interesting to study how the ALAMO model performs with respect to the training

and testing sets instead of an overall look.

3.3.5 Determining the number of k-fold cross validation splits for the de-

velopment of PLS, QPLS and ALAMO models

This section focuses on using k-fold cross validation to determine the optimal number of splits

and the spread of data in the training/testing sets for the PLS, QPLS, and ALAMO frame-

works. The approach detailed in Section 3.3.3 is applied to the three modelling approaches.

The experimental data sets used for this cross-validation study are the same data sets from

the correlation study in section 3.3.3. This results in the experimental database being divided

into training and testing sets for splits of 2, 3, 5, 10, 15 and 20. The same performance metrics

are used, namely the R2, RMSE, and Bias with the optimal number of components for the

PLS and QPLS models and the ALAMO model size. For the ALAMO methodology, several

models are regressed using the basis sets found in section 3.3.2. The performance of the PLS,

QPLS and ALAMO models against their respective testing data is found in figures 3.4, 3.5,

and 3.6 respectively.

In figure 3.4, the RMSE values of the PLS models decrease from 0.860 to 0.850 kcal mol-1

from 2 to 20 splits. This trend may suggest that 20 splits are optimal; however, the range

of RMSE values span only 0.001 kcal mol-1. This range shows the models essentially have

no difference in performance, and the number of splits in the training and testing sets is

irrelevant for the PLS methodology. In contrast, the QPLS models in figure 3.5 has the worst

performance for 2 splits, an optimum of 5 and worsening performance for 10 to 20 splits. The

range of errors is slightly larger with RMSE values of 0.866 kcal mol-1 to 0.837 kcal mol-1,

but the difference is also negligible. For the PLS and QPLS methodologies, the proportion of

data in the training and testing sets does not affect model development significantly.

For the ALAMO methodology, models were cross-validated using the basis sets found in

Table 3.13 using the same performance metrics seen earlier. Figure 3.6 shows the trends for

basis sets except for basis set H as it was challenging to converge the models with this basis

set for all of the 20-fold splits. Some data points were cropped out from the plots as the

performance was too poor. The tabulated version of the values can be found in Appendix C.1

in Tables C.1, C.2, C.3, and C.4. An example of this are the R2 and RMSE values for basis
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Figure 3.4: k-fold cross-validation results for the PLS methodology with with the performance
metrics R2CV (a), RMSE (b), Bias (c) and optimal number of components (d)..

sets D, F, and G for 2 splits in the two top panels in Figure 3.6. This poor performance is

attributed to the lack of some solutes or solvents in the training set. A split of 2 means the

database is in two parts, where all data points of a solute or solvent may be shuffled into only

the testing set. This shuffling would mean that the ALAMO model is not trained on some

molecules. As a result, the ALAMO models have no information about how to represent said

molecules. This finding shows that the ALAMO framework has poor extrapolation capacity,

which is a common flaw among data-driven models. However, this poor performance is not

observed in the PLS and QPLS models of Figures 3.4 and 3.5. A possible reason for this is that

the PLS and QPLS framework projects data points onto new axes that capture the data trend.
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Figure 3.5: k-fold cross-validation results for the QPLS methodology with the performance metrics
R2CV (a), RMSE (b), Bias (c) and optimal number of components (d).

These new axes follow the direction of maximum variance in the data, which may account for

the data points the ALAMO model failed to capture. Conversely, the ALAMO framework

allows for a closer approximation of the data points as seen with the more complex basis sets.

However, this may cause the framework to be more sensitive to outliers or molecules not found

in the training set. This poor performance could be addressed is by adding a second layer of

validation by repeating the test several times and averaging those results. This process is not

covered in this work. Otherwise, the R2 performance of the basis sets is relatively consistent

across the number of splits with a range of 0.80 to 0.87. For the RMSE values, basis sets

A, B, and C have similar performance with no difference across the splits and the RMSE
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Figure 3.6: k-fold cross-validation results for the ALAMO methodology with the performance met-
rics R2CV (a), RMSE (b), Bias (c) and optimal number of components (d).

remains around 0.84 kcal mol-1. This result is similar to the RMSE values found in the PLS

and QPLS models from figures 3.4 and 3.5. The D and F basis sets have the best performance

of approximately 0.65 kcal mol-1 for splits 3, 5, 10, 15 and 20. Basis set E also has the best

performance for splits 10 and 20; however, it has a higher error for splits 2, 5 and 15. The

same case is seen for basis set G as the RMSE ranges from 0.75 to 1.05 kcal mol-1; however,

it has the largest model size.

An important observation is that the average number of terms in the model increases with

the number of splits, but this trend does not guarantee an increase in model performance.

In Table 3.11, it has been shown that the inverse and squared bilinear terms are known to
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have good performance in isolation. The basis sets D, E, F, and G basis sets in Table 3.13

can be used to show show how these terms can have positive or negative effects on model

performance when combined together and with other terms. For basis sets D and E, the E

set has an extra inverse bilinear term compared to basis set D but has worse performance

overall compared to basis set D. The D basis set also has a lower number of terms compared

to basis set E. This shows that the addition of the inverse bilinear term does not improve

performance. The same case in observed in the F and G basis sets, where the G basis set has

a squared bilinear term but has worse performance and a significantly larger number of terms.

Therefore, as the number splits is inconsequential when using the PLS and QPLS models, the

number of splits is chosen based on the model performance of the ALAMO model with basis

set D. A comparison between the PLS, QLPS and ALAMO D models with 10 splits can now

be carried out.

3.3.6 Comparison of PLS, QPLS and ALAMO models

For the comparison of the PLS, QPLS and ALAMO methodologies, the 10th split is chosen

for this comparison of models. PLS and QPLS models are marked as P-10 and Q-10 whereas

ALAMO models using basis set D in this split are marked with A-D10 from now on. Tables

3.15, 3.16, and 3.17 contain the testing, training and overall performance metrics for the

P-10, Q-10, and A-D10 models. The "set" column in the tables represents the set of data

in each split in the 10 data splits. For the training set metrics found in table 3.16, the

same trend is observed for the relative performance of the models as as for the testing set

but with more minor errors and ranges of errors. For example, the model bias values are

negligible with magnitudes of 10−14 to 10−5. Interestingly, the P-10 and Q-10 models achieve

lower overall biases in the training set, contrary to the testing set trend. The R2 values for

the A-D10 models are consistently higher with a range of 0.916-0.923 compared to the P-10

(0.780-0.791) and the Q-10 (0.786-0.799) models. The RMSE values mirror the R2 trend as

the A-D10 models have a range of 0.508 to 0.531 kcal mol-1, the P-10 models have a range

of 0.707-0.748 kcal mol-1, and the Q-10 models have a range of 0.680-0.730 kcal mol-1. It

is now clear from the superior performance of the A-D10 model shows that the ALAMO

methodology produces better models. The overall performance for each model for the 2167

experimental data points is shown in table 3.17. It can be seen that the A-D10 models have

the best performance for the R2 and RMSE metrics for each set, followed by the Q-10 and
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the P-10 models. However, there is negligible difference (0.0139 to 0.0353 kcal mol-1) between

the Q-10 and P-10 models. From the selection of overall models, the A-D10-10 has the lowest

RMSE value of 0.516 kcal mol-1 and an R2 value of 0.921. In the testing set, the ALAMO

RMSE values are lowest, followed by the Q-10 and P-10 values. The A-D10 model bias ranges

from -0.082 to 0.092 kcal mol-1, which is negligible. In contrast, the P-10 and Q-10 models

have bias values that reach 0.178 and 0.159 kcal mol-1. The A-D10 R2 values range from

0.857-0.914 and are higher than the P-10 and Q-10 models, ranging 0.733 to 0.809. These

values show that the ALAMO framework provides excellent performance that outclasses the

PLS and QPLS frameworks. The small A-D10 RMSE range of 0.529-0.745 kcal mol-1 indicates

superior performance relative to the Q-10 and P-10 models (0.593-0.862 and 0.600-0.864 kcal

mol-1 respectively) for the testing set. Overall, the A-D10 models are the best choice, followed

by the Q-10 and then the P-10 models. Set 2 in the A-D10 models has the lowest RMSE

value of 0.529 kcal mol-1. This model is marked as A-D10-2.

Table 3.15: Table of performance metrics for the 10 ∆Go,m
s,i,j testing sets in 10-fold cross-validation

splits for the PLS, QPLS and ALAMO methodologies.

Set R2 RMSE / kcal mol-1 Bias / kcal mol-1

P-10 Q-10 A-D10 P-10 Q-10 A-D10 P-10 Q-10 A-D10
1 0.775 0.778 0.857 0.695 0.688 0.672 -9.5E-02 -1.2E-01 -5.5E-02
2 0.798 0.805 0.914 0.640 0.619 0.529 1.8E-01 1.6E-01 8.1E-02
3 0.784 0.800 0.891 0.680 0.629 0.593 1.5E-01 1.1E-01 9.2E-02
4 0.797 0.809 0.884 0.680 0.642 0.627 2.0E-02 1.0E-02 5.8E-02
5 0.774 0.775 0.900 0.741 0.738 0.572 -5.6E-02 -4.7E-02 -1.8E-02
6 0.783 0.784 0.866 0.864 0.862 0.745 -1.6E-01 -1.3E-01 -8.2E-02
7 0.784 0.798 0.910 0.833 0.777 0.591 -9.2E-02 -7.8E-02 1.4E-02
8 0.733 0.753 0.864 0.847 0.782 0.666 -2.7E-02 -3.0E-02 -6.8E-02
9 0.787 0.779 0.900 0.747 0.777 0.603 7.3E-02 8.3E-02 -2.6E-03
10 0.796 0.798 0.900 0.600 0.593 0.544 3.5E-03 4.8E-03 -6.1E-02

The PLS model of Borhani et al. (2019) attains an RMSE value of 0.55 kcal mol-1 for their

testing set of 356 data point, which is significantly lower than the RMSE values seen in the

P-10 and Q-10 models found in this study. The difference in RMSE values can be attributed

to the use of different training sets. However, the testing set differs in the number of data

points (356 in Borhani et al. (2019) to approximately 217). Further, the ∆Go,ms,i,j database

has not only increased in size (1777 in Borhani et al. (2019) to 2167 in this work), but also

in the types of molecules and their proportions in the data set. Therefore, the Borhani et al.

(2019) model was used to predict the 2167 data points to compare to the newly developed PLS
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Table 3.16: Table of performance metrics for the 10 ∆Go,m
s,i,j training sets in 10-fold cross-validation

splits for the PLS, QPLS and ALAMO methodologies.

Set R2 RMSE / kcal mol-1 Bias / kcal mol-1

P-10 Q-10 A-D10 P-10 Q-10 A-D10 P-10 Q-10 A-D10
1 0.786 0.795 0.922 0.726 0.696 0.516 2.2E-14 -3.7E-09 -5.7E-07
2 0.780 0.786 0.920 0.744 0.723 0.520 1.1E-14 -4.6E-09 -3.2E-06
3 0.786 0.796 0.922 0.727 0.693 0.515 1.9E-14 -1.2E-09 -8.0E-07
4 0.778 0.783 0.923 0.746 0.730 0.508 1.5E-14 4.4E-12 3.6E-07
5 0.787 0.792 0.917 0.719 0.704 0.531 1.3E-14 6.4E-10 5.3E-06
6 0.786 0.794 0.916 0.707 0.678 0.527 1.9E-14 1.3E-16 -2.6E-06
7 0.785 0.791 0.918 0.709 0.689 0.521 1.5E-14 3.6E-09 -1.4E-05
8 0.791 0.799 0.922 0.707 0.680 0.514 2.1E-14 -2.0E-10 1.0E-07
9 0.786 0.794 0.922 0.718 0.691 0.512 1.7E-14 9.6E-10 3.4E-07
10 0.781 0.788 0.923 0.748 0.724 0.512 1.3E-14 -3.4E-09 -3.1E-06

Table 3.17: Table of performance metrics for the 2167 ∆Go,m
s,i,j data points in 10-fold cross-validation

splits for the PLS, QPLS and ALAMO methodologies.

Set R2 RMSE / kcal mol-1 Bias / kcal mol-1

P-10 Q-10 A-D10 P-10 Q-10 A-D10 P-10 Q-10 A-D10
1 0.785 0.793 0.915 0.723 0.695 0.533 -9.5E-03 -1.2E-02 -5.5E-03
2 0.782 0.788 0.919 0.733 0.713 0.521 1.8E-02 1.6E-02 8.1E-03
3 0.785 0.796 0.919 0.722 0.687 0.524 1.5E-02 1.1E-02 9.2E-03
4 0.780 0.786 0.919 0.739 0.721 0.521 2.0E-03 1.0E-03 5.8E-03
5 0.786 0.790 0.915 0.721 0.707 0.535 -5.6E-03 -4.7E-03 -1.8E-03
6 0.785 0.793 0.909 0.723 0.697 0.552 -1.6E-02 -1.3E-02 -8.2E-03
7 0.786 0.793 0.917 0.722 0.698 0.528 -9.2E-03 -7.8E-03 1.4E-03
8 0.786 0.795 0.916 0.721 0.690 0.531 -2.6E-03 -2.9E-03 -6.8E-03
9 0.786 0.792 0.919 0.721 0.700 0.522 7.3E-03 8.3E-03 -2.6E-04
10 0.782 0.789 0.921 0.733 0.711 0.516 3.4E-04 4.8E-04 -6.1E-03

model. A comparison of Borhani et al.’s model and model 10 of the P-10 models (P-10-10)

can be found in Table 3.18. The two models were trained and validated on different data sets,

and therefore a fair comparison can only be drawn from the overall performance. However,

it is useful to see the performance of the models with their original training and testing sets.

In the table, the training set RMSE value is 0.52 kcal mol-1 whereas the testing set RMSE

value is 1.349 kcal mol-1 for the Borhani et al. model. The reason for the large RMSE value

of Borhani’s PLS model is due to new points being added to the training set that the original

model was not validated on. The P-10-10 model has a lower RMSE value of 0.600 kcal mol-1

for the testing set and an RMSE value of 0.748 kcal mol-1 for the training set. The spread of

the errors is more even in the P-10-10 model. Further, the overall RMSE value for P-10-10

model is lower than the overall RMSE value from the Borhani PLS model. Therefore, this
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section has improved on the PLS methodology of Borhani et al. (2019), solely by using a new

training and testing data set.

Table 3.18: Comparison of the Borhani et al. (2019) PLS model and the PLS model developed in
this section

Borhani et al. (2019) P-10-10
Data points RMSE / kcal mol-1 Data points RMSE / kcal mol-1

Overall 2167 0.889 2167 0.733
Testing 746 1.349 205 0.600
Training 1421 0.520 1950 0.748

Nait Saidi et al. (2020) also compared their re-optimised Mullins et al. COSMO-SAC

model with the PLS model of Borhani et al. (2019) using the data set of 1777 data points

found in the latter work. Borhani et al. reported a mean unsigned error (MUE) or absolute

average deviation (AAD) of 0.44 kcal mol-1 whereas Nait Saidi et al. reported an AAD of

0.37 kcal mol-1. The P-10-10 and Q-10-10 models achieved an AAD value of 0.45 and 0.45

kcal mol-1, respectively. These values similar to the AAD values from Borhani et al. The

best model in this section was found to be the ALAMO model with basis set D, using the

10th data split, marked as A-D10-10. This model was also used to calculate the AAD over

the 1777 data points and achieved a comparatively lower value of 0.31 kcal mol-1. This result

highlights the excellent performance of the data-driven models developed using the ALAMO

framework. However, while this result has a lower error value, the difference in performance is

0.06 kcal mol-1 compared to the COSMO-SAC model and is essentially negligible. Nait Saidi

et al. note that the COSMO-SAC model is used in conjunction with saturated pressures and

densities to obtain the free energy of solvation; however, the A-D10-10 model is standalone.

In this section, a range of PLS, QPLS and ALAMO models were developed for the purpose

of creating a robust and predictive data-driven model for the prediction of free energies of

solvation. A cross-validation study was carried out to assess the optimal proportion of data

in the training and testing sets, where the model with the lowest testing RMSE value was

chosen as the best model using this methodology. The PLS, and QPLS models are an im-

provement over the models found in literature; however, the ALAMO model has significantly

superior performance to the PLS and QPLS models. This excellent performance is because

the ALAMO framework allows for a customised fit for the shape of the data cloud between

the response and descriptor variables. However, the number of terms in the PLS and QPLS
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models are significantly lower compared to the ALAMO model with 7 terms in each model

compared to the 132 terms in the A-D10-10 model. The stark difference in the number of

terms is characteristic of the PLS, QPLS and ALAMO approaches. The PLS and QPLS

frameworks reduce the number of terms through nondimensionalisation whereas the ALAMO

framework has a large number of terms to closely approximate the experimental data. The

best model, A-D10-10, was found to outperform the PLS model of Borhani et al. (2019) in

AAD by 0.11 kcal mol-1 and the re-optimised Mullins et al. COSMO-SAC model of Nait Saidi

et al. (2020) with a difference of 0.06 kcal mol-1. The model details can be found in appendix

C.2 in table C.5.

3.4 Conclusion

In this chapter, the PLS, QPLS and ALAMO frameworks were used to develop data-driven

models by relating the experimental ∆Go,ms,i,j values to 9 quantum-mechanical solute descriptors

and 12 bulk solvent descriptors. Cross-validations studies were carried out to determine the

effect of the size of training and testing sets on the predictive capabilities of developed PLS,

QPLS and ALAMO models. It was found that there was negligible effects for the PLS and

QPLS models; however, there was a more pronounced difference between ALAMO models.

The ALAMO models also depended on the choice of basis functions as some were more

correlated to the experimental free energy of solvation data. In particular, linear and binomial

functions had the best performance among the selection of basis functions. A further study

was carried out using different combinations of basis functions to obtain the best set. It was

found that a mix of linear, inverse and binomial terms with a training/testing split of 9:1

yielded the best models.

After a PLS, QPLS and a selection of ALAMO models were developed, these models were

benchmarked against the experimental free energy of solvation data to derive performance

metrics and determine the best data-driven model. The ALAMO framework was not only

shown superior to the PLS and QPLS frameworks, but it also provided excellent predictive

capability and high customisation for models. The A-D10-10 model achieved an overall RMSE

value of 0.516 kcal mol-1, a R2 value of 0.921 with negligible bias. Thus, a potential user is

encouraged to utilise the A-D10-10 model in the prediction of solvation free energies as it has

a wide range of applicability (2167 solute/solvent pairs) and is shown to be predictive. In
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conclusion, the ALAMO framework significantly improved the performance of a data-driven

generalised solvation model.
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Chapter 4

The development and testing of hybrid

quantum mechanical/data-driven

solvation models

4.1 Development of data-driven models using a combined QM

and data-driven approach

In the previous chapter, data-driven models were developed using the nonaqueous free energy

of solvation database of 2167 data points with the PLS, QPLS and ALAMO methodologies. In

section 3.3.6, a comparative study showed the ALAMO models to have superior performance

to the PLS and QPLS models, most likely due to a better framework to account for nonlinear

behaviour between reponse and descriptor variables. Using the nonaqeous database also

showed the best ALAMO models achieved excellent performance with a testing set RMSE

value of 0.614 kcal mol-1 and an R2 value of 0.886 on average. Conversely, the training set

RMSE values of 0.518 kcal mol-1 and an R2 value of 0.918 on average, where both sets of

metrics indicate a robust and predictive model.

The models chosen in section 3.3.6 only differ from the framework of Borhani et al. (2019)

in the regression methodology (QPLS and ALAMO) and the sets of data used to train the

models. Despite the excellent performance found in that combination, this study aims to

improve on the framework itself. Notably, Borhani et al. (2019) proposed and succeeded

in developing a generalised approach that combines both the description of a solute and the

solvent in the same model through quantum-mechanical (QM) and bulk descriptors, respec-

tively. However, the framework does not consider any interaction between solute and solvent
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as the QM descriptors are for solutes in a vacuum. In contrast, the solvent descriptors are for

the macroscopic properties of a pure solvent.

In general, in the development of predictive tools not specific to the solvation free energy,

any form of data can be used as descriptors to describe any phenomena. However, some

descriptors are correlated more closely with a response variable and are therefore preferred

as it reduces dependence on experimental data and offers better predictions. Mathematical

or physical theory can be used to reduce further the reliance on empirical data, often at the

expense of computational power. In the predictive tools discussed previously, such as activ-

ity coefficient models (ACMs), or equations of state (EoSs), the molecular interactions are

described using specific interaction parameters between functional groups. These interaction

parameters are obtained by regressing the underlying physical theory (local composition or

intermolecular potential) against experimental data. In contrast, for data-driven method-

ologies such as PLS, ALAMO and even more complex examples like neural networks, there

is no underlying physical theory to account to describe molecular interactions. Therefore,

data-driven methodologies utilise variables that are closely or inherently related to such ef-

fects. This could be achieved by carrying out some pre-processing of the response variable

or including further descriptors. While this offers an avenue for improving the data-driven

framework, they come with the challenges.

A descriptor could be required for each unique solute/solvent pair but not many experi-

mental properties of the infinite dilution state exist that are not equivalent to the solvation

free energies. Predictive tools such as ACMs, EoSs or QM modelling software can instead

supply several properties; however, the specific choice of property or properties is signifi-

cant, and subsequently, selecting an appropriate tool is difficult. One can also pre-process

the descriptor variables through mathematical transformation or by combining two or more

descriptors in an algebraic manner, but that would require some supporting theory. Further,

some mathematical pre-processing of the variables is already handled by the PLS, QPLS and

ALAMO methodologies. In PLS and QPLS, the data are first mean-centred and scaled, then

non-dimensionalised to measure the variance. In contrast, in the ALAMO methodology, the

descriptor variables undergo a variety of mathematical transformations and the best subset

of the transformed variables are selected. This methodology allows for a nonlinear fit of the

data space. Interestingly, a possible solution to the challenge of introducing descriptors that

relate solute and solvent can be found in the response variable itself, as it is a property related
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to the solute and solvent. The free energy of solvation is a comparison of two thermodynamic

states, the solute in vacuum and the solute in solvent. By partitioning the free energy of

solvation into these effects, it is easy to see how the QM solute descriptors are related to the

solutes in a vacuum, whereas the solvent in the latter can be accounted for by the bulk solvent

descriptors. However, this is not the only means of partitioning the solvation free energy to

account for the interaction between the solute and solvent. The proposed approach involves

partitioning the solvation free energy to account for a QM description of the solute-solvent

interaction.

4.1.1 Quantum-mechanical models

Following the works of Huron and Claverie (1972; 1974; 1974), the solvation process can

conceptually be divided into three steps, namely: cavitation, dispersion-repulsion and elec-

trostatics as seen in equation (4.1).

∆G◦,m
s = ∆Gcav +∆Gvw +∆Gele (4.1)

This partitioning implies an order in the process of solvation, to describe the move of

a solute in the gas phase to the solution phase. First, a cavity forms in the solvent to

accommodate the solute molecule, where the energy required to do so is represented by ∆Gcav.

Next, the dispersion-repulsion (or the van der Waals) forces act between the solute and solvent

molecules, represented by ∆Gvw. The cavitation and van der Waals effects are typically

grouped as the nonelectrostatic contribution. Finally, the charge distribution of the solute is

modified in the solvent to account for electrostatic effects, ∆Gele. These effects include the

work required to transfer the solute charge distribution from the gas phase to the liquid phase

(solvent) and the work done by the solvent to polarise the solute charge distribution. The

reader is encouraged to explore this concept further in comprehensive reviews (Orozco and

Luque, 2000; Tomasi, Mennucci, and Cammi, 2005b). This partitioning of the solvation free

energy for an implicit inclusion of the solute-solvent interaction in our modelling efforts while

maintaining the ALAMO data-driven model formulation. Before describing this approach, a

brief review of QM methods is presented.

In QM methodologies, the solute molecule is almost always explicitly modelled quantum-

mechanically (except for larger molecules such as polymers where only a portion of the solute
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is modelled), whereas the solvent may be accounted for differently. QM methodologies can

be classified into three categories: (i) explicit, (ii) implicit, and (iii) hybrid. The solvent

description can range from many solvent molecules to an infinite dielectric continuum (Jalan

et al., 2010). Figure 4.1 contains representations of the different approaches to modelling in

solvation models. For cases (a, b, c), the solute and solvent molecules are treated explicitly,

where several solvent molecules surround the solute molecule. Case (a) is a pure QM approach,

where every molecule is modelled using quantum-mechanics and (b) is a purely classical

approach where molecular mechanics forcefields are used to describe the solute and solvent.

Cases (a) and (b) belong to the explicit category but use different methods to calculate the

free energy of solvation. In case (c), it is a hybrid approach where the solute molecule is

modelled using QM, and the solvent using a forcefield. Cases (d, e, f) have a continuum

which represents the solvent, which means a homogeneous background described by some

solvent properties, influencing any solute and solvent molecules. This representation of the

solvent is called implicit solvation. Case (d) is an extension of (c), and case (e) is an extension

of (a) where an extra layer of solvent is added to represent the solvent effects throughout all

space. Cases (d) and (e) are both hybrid solvation methodologies. Finally, case (f) represents

an implicit solvation methodology where the solvent is modelled solely as a continuum through

a infinite isotropic dielectric, and sometimes through other solvent properties.

Nicholls et al. (2008) demonstrated that implicit methods are less expensive than explicit

methods at the cost of slightly lower accuracy. This tradeoff is essential as it reduces the

amount of time required to develop and reduces the complexity of the hybrid QM/data-

driven model. The reader is encouraged to read further into the different types of QM models

if interested.

To calculate the free energy of solvation as the difference in the liquid phase free energy

and the gas-phase free energy of solute i in solvent j using an implicit solvation model, ∆G◦,m
s,i,j

is defined (Ho, Klamt, and Coote, 2010) as

∆G◦,m
s,i,j = (Eel,Li,j +GNES,Li )− Eel,IGi (4.2)

where Eel,Li is the liquid phase electronic energy at T = 0 K and c◦,L = 1 mol dm-3, Eel,IGi

is the gas phase electronic energy at T = 0 K and p◦,IG = 1 atm and GNES,Li is the non-

electrostatic term for species i at T = 289 K. The reference standard state for the gas phase
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Figure 4.1: A representation of the different types of solvation models, from discrete to continuum
models. The solute and solvent are represented using the blue colours and orange colours, respectively.
A filled background represents a solvent continuum. Empty-faced dots represent molecules or atoms
calculated using quantum-mechanics, and coloured dots by force field. Case (a) is the purely QM
approach where both the solute and solvent are explicitly modelled using QM approaches, whereas
case (b) represents the purely classical approach where the solute and solvent molecules are described
using molecular mechanics forcefields. Case (c) is the hybrid case where the solute molecule is modelled
through QM and the solvent is modelled using a forcefield. Case (d) is an extension of case (c) where
the there is a surrounding continuum to represent the solvent effects throughout all space. Case
(c) is an extension of case (a) is the same manner where the solvent effects throughout all space is
modelled using a continuum. Case (f) is the implicit solvation approach where the solvent is treated

as a continuum and the solute is modelled using QM.

electronic energy, Eel,IGi , can be converted using the logarithm term found in equation (2.2).

This equation is closely related to equations (2.2) and (4.1). In comparison to equation (2.2),

both equations show that the free energy of solvation ∆G◦,m
s,i,j is the difference in chemical

potentials of the solute in the liquid and gas phase. Similarly to equation (4.1), the solvation

free energy is partitioned into electrostatic effects where ∆Gel = ∆Eel = Eel,L − Eel,IG,

and nonelectrostatic effects wehre GNES,Li = ∆Gcav + ∆Gvw. While QM is directly used to

calculate the gas phase electronic energy, an implicit solvation model is required to calculate

the liquid phase electronic energy. Thus, as long as the electronic energies for the liquid

and gas phases can be calculated, the nonelectrostatic effects can be accounted for using the

21 descriptor variables outlined in this study. A brief review of implicit solvation models is

provided in this section to explore this contribution further.
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Implicit solvation models

Implicit solvation models or continuum solvation models consider the solute at the QM level.

The solvent is a uniform polarisable medium, where the solute is placed in a suitably shaped

cavity. Jensen et al. (2007) outline five aspects that differentiate continuum solvation models.

These are: (i) the definition of the size and shape of the cavity, (ii) the calculation of the

cavity/dispersion contribution, (iii) the description of the dielectric medium, (iv) the definition

of the charge distribution, (v) the modelling of the solute either through QM or MM.

In initial solvation models, electrostatic effects were considered by characterising the sol-

vent as a scalar, static dielectric constant and assuming a linear response from the solvent

to a changing electric field (Born, 1920; Kirkwood, 1934; Born, 1936). While these models

provide satisfactory descriptions of the bulk phase, they can not represent the solvents at the

first-solvation-shell level. The behaviour of the solvent molecules that directly surround the

solute molecule is different from those at the bulk level. This difference in behaviour further

occurs at the second-solvation-shell and so on until the molecules are sufficiently far away.

Therefore, Lee and Richards (1971) proposed the solvent-accessible surface (SASA) approach

to tackle this difference. The SASA is defined as the area traced out by a centre of a sphere,

whose radius is half the effective width of the first solvent shell, rolling over the solvent sur-

face. Figure 4.1 contains an example of the SASA approach in case (f), where the white area

surrounding the solute molecule represents the SASA. The SASA concept is widely used in

solvation models to this day, where the calculated area differs from model to model (Cramer

and Truhlar, 1999).

When referring to solute polarisation in solvation, a crucial concept is the reaction field,

which is the electric field exerted by the solvent on the solute. Including the reaction field in

the solute Hamiltonian alter the electric moments of solute, resulting in further changes in

the polarisation of the solvent, which then iterates to self-consistency. This iterative process

is referred to as the self-consistent reaction field (SCRF).

In the polarisable continuum model (PCM) (or DPCM for dielectric PCM), the SCRF is

combined with a boundary element problem with apparent surface charges (ASC) (Miertuš,

Scrocco, and Tomasi, 1981). In the PCM model, the van der Waals cavity is considered

as one formed by overlapping spheres with empirically determined radii. The ASC in the

integral equation formalism version of the PCM model (IEF-PCM) is calculated using the
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electrostatic potential instead of the normal component of the electric field found in DPCM

(Cancès, Mennucci, and Tomasi, 1997).

The COSMO model is another popular entry in QM solvation models as it describes the

surrounding medium as a perfect conductor, meaning the dielectric constant is infinite. This

description is used to obtain the ASCs, which are then scaled down by a function of the actual

dielectric constant of the solvent (Klamt and Schüürmann, 1993). The COSMO model was

then extended to COSMO-RS, where RS stands for real solvents. The post-processing step

of the COSMO-RS model involves processing the COSMO calculations for the solutes and

solvents with the statistical thermodynamical treatment of interacting "surface segments"

(Klamt, 2011).

The final example is the series of SMx models developed by Cramer and Truhlar (Cramer

and Truhlar, 1991; Cramer and Truhlar, 2006; Cramer and Truhlar, 2008; Marenich, Cramer,

and Truhlar, 2009), who developed a series of generalised Born type solvation models under

the name SMx, where x represents the different versions. A feature of the SMx series of models

is the partitioning of the free energy of solvation into two parts, instead of the three parts

found in equation (4.1). The first of the two terms account for shorter range polarisation

and nonelectrostatic effects, like cavitation (C), dispersion (D) and changes to the solvent

structure (S) caused by the solute, denoted as ∆GCDS , and the second term accounts for

changes in electronic structure of the solute and for changes in nuclear coordinates, denoted

as ∆Eele.

The two models most directly relevant to this work are the IEF-PCM and SMD solvation

models as they follow the partitioning of the solvation free energy found in equation (4.2)

more closely. These models will be reviewed and will be shown how they factor into the

hybrid model framework in the following sections.

IEF-PCM

While the IEF-PCM model (Cancès, Mennucci, and Tomasi, 1997; Mennucci, Cancès, and

Tomasi, 1997; Mennucci and Tomasi, 1997; Tomasi, Mennucci, and Cancès, 1999) is but one of

the various PCM formulations to exist, the effects of the solvent phase on the solute molecules

are calculated using these implicit solvation PCM models. The liquid phase free energy GLi ,

which is equivalent to the liquid phase electronic energy added to the nonelectrostatic free

energy term, is defined in equation (4.3).
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GLi = Eel,Li +GNES,Li = Eel,Li +Gcav,Li +Gdis,Li +Grep,Li (4.3)

where Eel,Li is the liquid phase electronic energy and Gcav,Li is the free energy associated

with cavity formation for the solute molecule in the solvent phase. Gdsp,Li is the free energy

related to dispersion interactions in the liquid phase and Grep,Li is the free energy associated

with repulsive forces in the liquid phase. In the IEF-PCM model, the calculation of the

cavitation formation free energy is based on a method developed by Pierotti (Pierotti, 1963;

Pierotti, 1976). The dispersion and repulsion free energies are based on empirical dispersion

and repulsion atom-atom potentials (Floris and Tomasi, 1989; Tomasi, Mennucci, and Cammi,

2005a). Further, the IEF-PCM model has been implemented in Gaussian03 (Frisch et al.,

2004) and Gausian09 (Frisch et al., 2016), where Gaussian09 is the model suite of choice.

In the IEF-PCM model (Tomasi, Mennucci, and Cancès, 1999), the molar free energy of

solvation is calculated via equation (4.2) where the GNES,L is equivalent to the cavitation,

dispersion and repulsion free energies used in the IEF-PCM model.

Solvation Model based on Density (SMD)

The SMD model is introduced in this work as the framework serves as an inspiration for

the hybrid QM/data-driven model. The partitioning of the electrostatic and nonelectrostatic

effects seen in equation (4.2) is also used in the the SMD model; where GNES,L is defined as

the cavity, dispersion and solvent effects term GCDS,L. It is described as a ’universal’ model

due to the applicability of the model as long as several parameters are known (Marenich,

Cramer, and Truhlar, 2009). This means that with the corresponding parameters for the

solute and solvent, any combination of solute and solvent can be modelled. In the model,

the required solvent parameters include the dielectric constant (ε), refractive index (n), bulk

surface tension (γ), Abraham’s hydrogen bond acidity (α) and basicity (β), aromaticity (ϕ),

electronegative halogenicity (ψ) (Marenich, Cramer, and Truhlar, 2009). The acidity and

basicity parameters are commonly referred to as the solvatochromic parameters (Abraham,

1993). Further, a series of intrinsic atomic Coulomb radii that are optimised for the IEF-PCM

algorithm is also used (Marenich, Cramer, and Truhlar, 2009).

The framework for developing this model involves the calculation of the ∆Eele term by
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using the IEF-PCM algorithm but turning off the nonelectrostatic contributions such as dis-

persion, repulsion and cavitation. Therefore, the structure of a solute molecule is optimised

in the liquid phase solely using the dielectric. A calculation of the gas phase total energy

is also performed to obtain ∆Eel. The resulting electrostatic term is subtracted from the

experimental solvation free energies to derive the nonelectrostatic term. The nonelectrostatic

term, GCDS,L, is defined as follows:

GCDS,L =

NA∑︂
j=1

σjAj(r, rZj ) + rs + σ[M ]
NA∑︂
j=1

Aj(r, rZj + rs) (4.4)

where NA is the number of atoms, σj is the surface tension of atom j in cal mol-1 Å-2 and

σM is the molecular surface tension cal mol-1 Å-2. Aj is the SASA of atom j in Å2, which

depends on the geometry of solute r, the atomic van der Waals radii rzj , and the solvent

radius rs. Through the atomic and molecular surface tensions, the nonelectrostatic term is

regressed against a series of solvatochromic and solvent parameters. However, it is not a

straightforward regression using the GCDS,L as the response variable and the parameters as

the descriptors. The atomic surface tension σj is calculated as follows:

σj = σ̃Zj +

NA∑︂
j′=1

σ̃ZjZj′Tj(Zj′ , rjj′) (4.5)

where σ̃Zj is a parameter that depends on the atomic number of atom j, σ̃ZjZj′ is a parameter

that depends on the atomic number of both atoms j and j′, and Tj(Zj′ , rjj′) is a geometry-

dependent function, a cutoff tanh. The atomic and molecular surface tensions depend on bulk

solvent properties such as the refractive index, acidity and basicity. The parameters σ̃Zj and

σ̃ZjZj′ are defined as follows:

σ̃θ = σ̃
[nD]
θ nD + σ̃

[α]
θ α+ σ̃

[β]
θ β (4.6)

where the subscript θ stands for either Zj or ZjZj′ , and the corresponding solvent properties

are as follows: nD is the refractive index at 293 K, α is Abraham’s hydrogen bond acidity,

and β is Abraham’s hydrogen bond basicity. The coefficients σ̃[nD], σ̃[α], σ̃[β] are regressed

parameters that depend on θ. The molecular surface tension σM is expressed as follows:

σM = σ̃
[γ]
θ γ + σ̃

[φ2]
θ φ2 + σ̃

[ψ2]
θ ψ2 + σ̃

[β2]
θ β2 (4.7)
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where γ is the macroscopic surface tension at 298.15 K in units of cal mol-1 Å-2, φ is the

aromaticity and ψ is the halogenicity. The coefficients σ̃[γ], σ̃[φ
2], and σ̃[ψ

2] are regressed

parameters independent of θ.

Equations (4.4) shows that the solvatochromic parameters are intrinsically tied to the

structure of the solute through the atomic surface tension σj and the molecular surface tension

σ[M ]. The subsequent equations 4.5), (4.6), and (4.7 further show the coefficients which are

regressed alongside the solvatochromic parameters.

4.1.2 Proposed methodology for the hybrid QM/data-driven approach

In the development of the data-driven models for the free energy of solvation, a direct limita-

tion of said models is the lack of information about how the solute interacts with the solvent.

This is due to the lack of underlying physical theory and solute/solvent specific descriptors.

The SMD formulation discussed in the previous section is a QM methodology that provides

a detailed description of the solute structure and accounts for the solute/solvent interaction

by regressing solvent descriptors to said solute structure. The proposed approach is to adopt

aspects of the SMD framework to create a hybrid QM/data-driven model. However, this is

not easily achieved while using the purely data-driven methodologies as these methodologies

lack the underlying physical theory to relate the solute structure to the molecular descriptors

in exactly the same way. The simplest way to introduce information about solute/solvent

interaction is to partition the solvation free energy into an electrostatic contribution and

nonelectrostatic contribution. The electrostatic contribution would be obtained from QM

calculations and inherently provide information about the solute in vacuum and in solvent

to the data-driven model. The resulting nonelectrostatic contribution can then be related to

the solute/solvent properties using the PLS, QPLS or ALAMO methodologies. Therefore the

nonelectrostatic contribution in the proposed approach is expressed below:

GCDSi,j = ∆Go,ms,i,j −∆Eeli,j = f(β,X) (4.8)

where X is the vector of descriptor variables related to GCDSi,j through a mathematical func-

tion. The data-driven aspect of the model is achieved through the nonelectrostatic contribu-

tion, whereas the QM aspect of the model is achieved through the electrostatic contribution.

This results in a model with a detailed description of the solute and a data-driven formulation
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proven to have excellent predictive capabilities. Some drawbacks of this approach are the fact

that there still no cross terms between solute and solvent descriptors, or how the relationship

between solute structure and descriptor variables is not well defined. However, this provides

an excellent starting point for the development of a QM/data-driven model. Further modifi-

cations to the partitioning or the inclusion of solute structure coordinates can be explored in

future work.

The proposed approach will model the electrostatic contribution using the IEF-PCM

model in a similar manner as the SMD model. The modelling is carried out in the Gaus-

sian09 model suite (Frisch et al., 2016). The remaining nonelectrostatic contribution GCDSi,j

is then regressed against the set of 21 descriptor variables using the ALAMO methodology.

The proposed approach is outlined in figure 4.2

In Figure 4.2, there are a series of steps that are followed to develop the hybrid QM/data-

driven models. In Step 1, experimental free energy of solvation values, ∆G◦,m,exp
s,i,j , are compiled

and a range of electronic energies in the vacuum phase, Eel,IGi,j , and the solvent phase, Eel,Li,j (ε),

are calculated. The ε term is the dielectric constant of a solvent. The calculation of the

electronic energies requires a separate algorithm which will be discussed later in this section.

In Step 2, the experimental solvation free energies and the electronic energies are collated

and manipulated according to equation (4.8) to obtain a database of GCDSi,j values in Step

3. Step 3 also involves matching corresponding solute and solvent descriptors to the GCDSi,j

values. These GCDSi,j values are the response variable values for the development of the hybrid

models. In Step 4, data-driven model frameworks are selected as candidates for producing

the hybrid models. In this step, any mathematical framework can theoretically be used;

however, in this thesis, only the PLS, QPLS and ALAMO frameworks are considered. In

Step 5, the GCDSi,j database is used in conjunction with a model framework to produce a

data-driven model with a separate array of predicted GCDS,predi,j values. In the case of the

PLS and QPLS models, one model is produced per training/testing set; however, in the case

of the ALAMO framework, several models can be produced depending on the combinations of

basis functions. The process of developing these models results in a series of predictive models

for the free energy of solvation. In Step 6, the predicted GCDS,predi,j values are calculated and

converted into predicted free energies of solvation, ∆G◦,m,pred
s,i,j , using the electronic energies of

the vacuum Eel,IGi,j , and solvent phases, Eel,Li,j (ε), obtained earlier. Therefore, for each hybrid

model developed in step 7, a corresponding array of ∆G◦,m,pred
s,i,j values can now be utilised
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Figure 4.2: A description of the workflow in the hybrid quantum-mechanical/data-driven model

in the benchmarking of the models by comparing against ∆G◦,m,exp
s,i,j values. Thus, in Step 7,

performance metrics can be extracted for each model and the best model can be quantitatively

selected.

Therefore, it is necessary to first elaborate on how to calculate the electronic energies of

the solute in the vacuum and solvent phases as this is a critical step in the development of

the hybrid QM/data-driven models.

4.1.3 The calculation of electronic energies in the vacuum and solvent

phases

In the previous section, the workflow for developing the hybrid QM/data-driven models was

discussed. The first and crucial step of the workflow involved the calculation of electronic
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energies which would provide a mathematical model with some basis in the physical world.

The electronic energies would also provide a connection between the solute and solvent phase

as the current set of solute and solvent descriptors used in earlier data-driven models did not

yield any information about interactions between the solute and solvent. Thus, the crux of

the proposed hybrid models relies on the calculation of electronic energies.

The calculation of the electrostatic energies of the solute molecule in either the vacuum

or liquid phase involves a series of important choices that determines the accuracy of the

calculation. A perfect example is the choice of electronic structure method as this directly

influences the degree of information each atom possesses. Electronic structure methods with

a higher amount of detail about the electron structure or more complex functions significantly

increase the computational burden, leading to a choice in computational time versus accuracy.

Another example is the choice of solute conformation in the vacuum or liquid phase when

obtaining the electronic energies as the use of different conformations can lead to prominent

changes in the electronic energy. Finally, there are many calculation options when using the

Gaussian09 (Frisch et al., 2016) model suite which may or may not ensure true convergence

in an optimisation. The following section will discuss problems and offer the most suitable

choice for this work.

Calculation of electronic energies

The calculation of the electronic energies of the solute molecule in the liquid and vacuum

phases are carried out using the Gaussian09 (Frisch et al., 2016) suite of models. In the

SMD framework (Marenich, Cramer, and Truhlar, 2009), the electronic energies of the so-

lute molecule in both phases were calculated using the IEF-PCM/Gaussian03 model and

six electronic structure methods (ESMs), namely M05-2X/MIDI!6D, M05-2X/6-31G*, M05-

2X/6-31+G**, M05-2X/cc-pVTZ, B3LYP/6-31G*, and HF/6-31G* (Hehre et al., 1986; Zhao,

Schultz, and Truhlar, 2006; Easton et al., 1996; Li, Cramer, and Truhlar, 1998; Dunning, 1989;

Becke, 1988; Lee, Yang, and Parr, 1988; Stephen et al., 1994). These six ESMs range from

very descriptive to relatively simple methods for describing the solute molecule. In the SMD

framework, the electronic energies derived from these methods are averaged to produce a

model for a broader range of ESMs. This methodology can be helpful for applications such as

screening possible solvents using a less descriptive ESM to save on computational resources

before considering a more descriptive one. However, in this work, only one ESM is used to
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save time and serve as a starting point for the development process. The middle-range ESM,

X3LYP functional (Xu et al., 2005) and the 6-31G(d,p) basis set are chosen as it offers a good

balance between accuracy and computational cost.

In Marenich et al. (2009), Guthrie et al. (2009) and Ribeiro et al. (2010), the electronic

energy of the liquid phase is determined using a structure optimised in a vacuum. In doing this,

energetic changes associated with a potential shift in the solute conformation when solvated

are ignored. Struebing (2011) argues it may be a reasonable tradeoff in terms of computational

resources when performing a vast number of calculations associated with a large number of

solvents. In contrast, in another approach (in examples such as Stanescu & Achenie (2006) and

Ashcraft et al. (2007)), the optimised vacuum conformation is re-optimised when solvated to

account for the effects of the electronic field on the solute conformation through a change in its

charge distribution (which may be minor or significant). Nicholls et al. (2008) demonstrated

that the lowest energy in the gas phase does not necessarily correspond to the lowest-energy

solute structure in the liquid phase. This results in a difference in the solvation free energies,

and for example, the resulting difference may have considerable effects on the prediction of

reaction rates (Struebing, 2011; Siougkrou, 2014; Grant, 2019).

Struebing (2011) presented some examples of the effect on the solvation free energy in his

thesis. The first example involved predicting solvation free energies of pyridine in cyclohexane,

benzene, chloroform, aniline, and water. In the example, the effect of using vacuum-optimised

and "liquid-phase" optimised conformations are compared and the results are contrasted

against a set of experimental data. He found average absolute errors of 0.04 kcal mol-1 for

both approaches, which this work has shown to be negligible. However, in another example,

Ribeiro et al. (2010) calculated the solvation free energies of two glycerol conformations,

of which both were vacuum-optimised. The solvation free energies of conformers I and II

were -11.71 kcal mol-1 and -12.32 kcal mol-1, respectively. Struebing calculated the solvation

free energies for the two glycerol conformations but in both the vacuum and liquid phases to

observe if there was a substantial change. For conformer I, he found solvation free energies of -

11.68 and -10.89 kcal mol-1 for the vacuum-optimised and "liquid-phase" optimised structures,

respectively. For conformer II, he found solvation free energies of -12.30 and -11.68 kcal mol-1,

respectively. Therefore, the maximum possible difference in the solvation free energy can be

seen by comparing the energies between Struebing’s "liquid-phase" optimised and Ribeiro’s

conformations, which are -0.82 and -0.64 kcal mol-1, respectively. Unfortunately, there was
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no experimental value to confirm which approach was the most accurate. In this work, the

second approach is preferred as a solvent can affect the conformations of solutes. However,

it must be noted that the majority of solutes found in the database are small molecules that

have limited degrees of freedom. Thus, a large difference in energy is not expected.

In Gaussian09 (Frisch et al., 2016), several user options influence the degree of conver-

gence in the optimisation of a solute structure. These involve the calculation of force constants

(Maximum Force ("Max Force"), Root Mean Square Force ("RMS Force")) throughout the

structure or the density of the mesh used for the calculation of charge distribution across

the molecule ("grid"). Further, a series of optimisation options such as the tightness of the

convergence criteria on the forces acting on the molecule and the displacement of atoms in

the molecule and whether or not a symmetry of the molecule is considered in the calculation.

These options are integral to determining the quality of the electronic energy obtained at

the end of the calculation. There are also options such as the maximum number of steps

"maxsteps" (which determines the degree of atom displacement) and the maximum num-

ber of cycles "maxcycle" (which determines the maximum number of calculations per step).

Therefore, the optimisation process works by calculating the forces and displacements of the

atoms in the molecule and checking if the values are within the convergence criterion, which

ranges from a forgiving "normal" to a constrictive "vtight". If not, the shape of the structure

is altered until the criterion is met. This results in a molecule that has the minimum amount

of forces acting upon it and therefore, is the lowest energy structure. The electronic energies

are obtained from the Gaussian output file when the solute structure meets the convergence

criteria, where the final structure is taken if the convergence criteria are not met.

The calculation of these electronic energies is an integral part of the hybrid models, and

therefore, a careful approach is adopted to maximise the calculation quality. This approach is

achieved by imposing the strictest optimisation convergence criteria on the solute structures

in the vacuum phase and then the solvent phase. The first of these options includes the

keyword "calcall", which calculates the force constants acting on each atom at every iteration.

The "nosymm" option is included to ensure all calculations are carried out with no modes

of symmetry, which may increase the number of computational steps significantly in larger

molecules; however, most of the molecules considered in this study are small molecules. As

such, there are no molecules that either reach polymer size or to the size of drug molecules,

with some of the larger molecules only reaching carbon numbers of 16. As mentioned earlier,
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the mesh density is critical as it determines the resolution used for the calculation. For the

mesh density, the "integral=grid=ultrafine" option is the densest. The "vtight" convergence

criteria are employed as it is the most constrictive and will ensure the lowest energy structure

will be found. Further, all solute molecule optimisations do not converge, some molecules

are small and the process of resolving constrictive convergence criteria with fewer degrees

of freedom along the molecule may pose a challenge. The challenge comes in the form of

atom displacements which oscillate close to the optimal structure each iteration. Thus, these

non-convergence cases are discussed later in this section. Finally, the initial "maxstep" value

is set to 20 to allow for larger atom displacements to speed up the optimisation. The larger

atom displacements allow for more distinct structures to be evaluated. Thus, the process on

how to obtain the lowest energy structures in Gaussian09 has been outlined by selecting the

most constrictive criteria, plus the highest resolution for the calculation.

In Figure 4.2, it was shown that the calculation of electronic energies was a part of the

first step. The first reason is that these electronic energies are required in the calculation of

the GCDSi,j term. In contrast, the second step is because, in the ∆G◦,m,exp
s,i,j database, there

are several solute/solvent pairs that cannot be modelled inside the Gaussian09 IEF-PCM

implementation. This deficiency is due to a lack of some dielectric constants for the solvent

phase. The solvents could have been included manually; however, it was decided that they

would be excluded from the database instead. Therefore, when comparing the ∆G◦,m,exp
s,i,j and

a potential GCDSi,j database, the latter database has a total number of 2047 data points in

comparison to the 2167 data points in the ∆G◦,m,exp
s,i,j database.

Therefore, it is now crucial to discuss the algorithm in which the range of solute structures

are submitted to Gaussian and checked for optimal structures. There are three separate

algorithms; one for the calculation of electronic energies in the vacuum phase, another for the

calculation of electronic energies in the solvent phase and the final is required for checking if

the solute structures have been optimised. The vacuum phase algorithm is depicted in Figure

4.3.

The vacuum phase algorithm consists of several steps and a loop to calculate optimal

solute structures and electronic energies. Step SV1 involves creating F input files of solute

molecules in the vacuum phase. The input files follow the Gaussian09 standard with the

calculation options mentioned above. "SVL" stands for "solute vacuum loop", where the F

input files are iterated through the steps in the dotted box with an iteration counter, ITER,
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Figure 4.3: Algorithm for the calculation of optimised solute structures and electronic energies in
the vacuum phase.

starting at 0 for each file. Therefore, each input file will be processed through an optimised

structure checker, OSC, and steps SVL1, SVL2, SVLF1, and SVLF2. In Step SVL1, an input

file f is submitted to Gaussian09 using the IEF-PCM model with the X3LYP/6-31G(d,p)

level of theory to optimise the solute structure in the vacuum phase. The output file is then

collected in Step SVL2 along with the corresponding solute structure, SNOf and electronic

energy Eel,IG,NOf , where f corresponds to the input file number and NO corresponds to a non-

optimal candidate. The output file is then submitted to the OSC, which determines whether

Gaussian succeeded or failed in determining the optimal solute structure. The algorithm for

the OSC is detailed in Figure 4.5 and is discussed later in this section. In the case that

a non-optimal structure is found, a new input file will be generated using the non-optimal

structure SNOf to provide a closer starting point to the optimal. The iteration counter, ITER
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will increase by one and serve as a flag to effect further changes. In Step SVLF2, the number

of iterations determines what optimisation options are edited in the input file. At a counter

of 1, the "maxstep" size is decreased to 5 and then 1 at a counter of 2. The decrease in

step size is to initially evaluate more distinct structures when at a larger "maxstep" size and

then refine any candidate structures. If no optimal structure is found within 3 iterations,

the "maxstep" size is increased to 30 to search for other candidates. The process is then

restarted by resetting the counter and the "maxstep" size to 20. After the input file is altered

in step SVLF2, it is resubmitted to SVL1. Therefore, once an optimal structure is found, the

optimised structure is compiled among other successful solute structures and the electronic

energies are tabulated in step SVS. In a rare case where the optimisation never converges,

the input file f is discarded in Step SVD and the solute will be excluded from the potential

GCDSi,j database. The optimised structures compiled in Step SVS are then passed on to the

solvent phase algorithm to calculate the optimised solute structures and their corresponding

electronic energies, Eel,Lg , as seen in Figure 4.4.

The solvent phase algorithm for calculating electronic energies of a solute molecule in

solvent follows the exact same process as the vacuum phase algorithm with the addition of

a few steps. The first step, SS1, involves compiling P unique solute/solvent pairs from the

∆G◦,m,exp
s,i,j database. In the SSP loop, the solute/solvent pairs are iterated through to check if

they can be modelled by Gaussian09. To clarify, the pair cannot be modelled if the solvent is

missing from Gaussian09 and will be excluded from the potential GCDSi,j database. Otherwise,

the pair p is compiled among a new list of G pairs to a new batch of G input files which use

the F optimised vacuum phase solute structures as starting points in a corresponding solvent

j according to the pair g. The main Gaussian loop is then exactly the same as the vacuum

phase algorithm with the exception of there being a solvent dielectric field surrounding the

solute molecules. If an optimal structure is found, the results are then compiled and the

solute electronic energies in the solvent phase, Eel,L,optg , are extracted into an array. In the

case an optimisation does not converge, it is excluded from the GCDSi,j database. Therefore,

by utilising the vacuum phase and solvent phase algorithms, two arrays of electronic energies

corresponding to the vacuum phase and solvent phases can be obtained. Finally, the algorithm

for the optimised structure checker is found in Figure 4.5.

The optimised structure checker algorithm, or OSC, is used to check if the convergence

criteria of the Gaussian calculation is satisfied or if the electronic energy of the solute structure
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Figure 4.4: Algorithm for the calculation of optimised solute structures and electronic energies in
the solvent phase.

has plateaued to 9 significant figures. In Step OSC1, the output files from either the vacuum

or solvent phase algorithms are collected. In Step OSC2, the output files are scanned to

collect convergence data from candidate structures which include the "Max Force", "RMS

Force", "Max Displacement", and "RMS Displacement". The latter two data types are the

maximum displacement of an atom and the root mean square displacement of an atom. The

corresponding threshold values are 2 ∗ 10−6, 1 ∗ 10−6, 6 ∗ 10−6 and 4 ∗ 10−6. In most cases,

the values of the convergence data for solute structures either satisfy the criteria or are very
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Figure 4.5: Algorithm for the optimal structure checker, which is used for determining optimal
solute structures.

close in terms of value. The conditional OSCi1 checks for solute structures that satisfy the

criteria. If the criteria is met, the solute structure is immediately designated an optimal

structure in Step OSCS, where both the optimised structure Soptr and the electronic energy,

Eel,L,optr (where r is either f or g) is collected. Otherwise, the output file is passed to the

OSCi2 conditional to check if the structure has been optimised more than three times. If
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not, the output file is designated as non-optimal and will be optimised again. This is to

allow enough time for Gaussian to search for an optimal structure. In the conditional OSCi3,

the solute structure will have been optimised multiple times and the electronic energies of

previous candidates will be compared against the current iteration. If the electronic energy

has remained constant to 9 significant figures for at least 3 iterations, the solute structure is

considered to be optimal regardless if the convergence criteria are met. This is because most of

the molecules considered in this thesis are small molecules with little degrees of freedom. This

means that these molecules have few optimal candidates. Therefore, the optimal candidate

identified by Gaussian is considered to be the optimal structure. In OSCi4, the case where

both the convergence criteria are not met and the electronic energy does not converge is

considered. If the number of iterations is less than 10, the solute structure is resubmitted to

Gaussian; otherwise, it is excluded from the new GCDSi,j database.

These algorithms are used to calculate the electronic energies of viable solute/solvent

pairs from the 2167 data points in the ∆G◦,m,exp
s,i,j database resulting in 2047 data points,

which contains 224 solute molecules and 126 solvent molecules, in the new GCDSi,j database.

The new database is now ready to be used alongside the 21 solute and solvent descriptors in

the ALAMO framework. The following section will section will focus on the development of

the hybrid QM/data-driven ALAMO models.

4.1.4 Development of data-driven models using the GCDS
i,j database

In the previous sections, the workflow on how to derive a hybrid QM/data-driven model was

proposed. The workflow detailed the process on how to derive a new GCDSi,j which inherently

contained a detailed QM description of the solute in the vacuum and solvent phase. In Figure

4.2, steps 1, 2 and 3 are now satisfied and a data-driven model framework can now be selected.

In the previous chapter, the ALAMO models was shown to have superior performance com-

pared to the PLS and QPLS data-driven models. In the previous chapter, several ALAMO

basis sets (combinations of basis functions found in Table 3.13) were considered in the devel-

opment of the ALAMO models and will be utilised again in this section. The first aim of this

section is to develop a hybrid QM/data-driven model with GCDSi,j being the target variable,

the 21 solute/solvent quantities as the descriptors in the ALAMO framework. This process

will encompass Steps 5, 6, and 7 or Figure 4.2. The second aim of this section is to confirm
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if the new hybrid approach outperforms the models found in the previous chapter such as A-

D10-10. However, this would be an unfair comparison as the models will have been developed

on different training/testing sets. Therefore, the approaches can be directly compared if the

same 2047 data points in the GCDSi,j is used to develop a new ∆G◦,m
s,i,j data-driven model by

using the corresponding ∆G◦,m
s,i,j data points. This approach allows for a direct comparison

between the direct data-driven approach and the proposed hybrid QM/data-driven approach.

Any resulting models will then be compared against once another using the same data and

benchmarked using performance metrics.

The correlation study found in section 3.3.3 is repeated here as the total number of solutes

and solvents decrease to 224 and 126, respectively. Further, a new target variable was intro-

duced so it will be interesting to investigate for any new effects. Further a cross-validation

study is carried out on the PLS, QPLS and ALAMO methodologies, similarly to section 3.3.2,

first using the GCDSi,j database and then the reduced ∆G◦,m
s,i,j database. From this point for-

ward, new models developed using the GCDSi,j database will be designated a "H" prefix to

signify the hybrid model where as the reduced ∆G◦,m
s,i,j models will be designated a "R" prefix

to signify the reduced models. A collection of these models will be referred to "HX" and

"RX" models, respectively.

Correlation between the target variable GCDSi,j and the solute/solvent descriptors

using the GCDSi,j database

In section 3.3.3, k-fold cross-validation was used to divide the experimental database into a

range of splits to investigate the relationship between the distribution of solute and solvent

molecules and the correlation of solute and solvent descriptors with the free energy of solvation.

It was found that the distribution of molecules had a negligible effect on the correlations and

the target variable GCDSi,j showed greater correlation to the solute properties than to the

solvent properties. The new GCDSi,j is a modified subset of the database used in section 3.3.3,

with 224 solute molecules and 126 solvent molecules. This represents a stark decrease from

the original nonaqueous database. Further, the modified subset of the database also has an

alternative reduced ∆G◦,m
s,i,j data set. The correlation study is repeated using the GCDSi,j data

set to observe if any changes when a new target variable is introduced. The data are divided

accordingly into training and testing sets following splits of 2, 3, 5, 10, 15, and 20. The average
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Figure 4.6: Plots of the average number of solutes (a) and solvents (b), and the averaged correlation
coefficients of the 21 descriptor variables with the target variable GCDS

i,j for both training (c) and
testing (d) sets across the number of splits. The square and triangle markers in the upper plots are

the training and testing data, respectively.

numbers of solutes and solvents are shown, along with the averaged correlation coefficients

across the splits in Figure 4.6.

In figure 4.6, the average number of solutes and solvents in the training sets diverge, with

the solutes and solvents in the testing set converging to 60 and 50 at the 20th split. Two

key observations can be extracted from the average correlation coefficient plots. First, the

number of solutes and solvents do not affect the correlation coefficients, confirming that the

experimental data or target variable data is well distributed (as the data can be sampled in

any way and not affect the relationship between the target and descriptor variables). Next, in
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comparison to the correlation coefficients found in figures 3.3 and 4.10, the difference in solute

and solvent descriptors is more apparent. The polarizability (π), van der Waal’s volume (Vmc),

total entropy (S), and energy of the highest occupied molecular orbital (εH), and the total

energy (E) have significantly larger correlation coefficient values of -0.84, -0.76, -0.63, -0.36,

and 0.31, respectively; in comparison to the other descriptor variables which now range from

-0.05 to 0.2. These correlation coefficients are also notably larger than the ones found in figure

3.3. These results suggest that the partitioning of the electrostatic and nonelectrostatic terms

has further shifted the correlation to the target variable in favour of the solute descriptors.

Cross-validation using the GCDSi,j database

Figures 4.7, 4.8 and 4.9 contain the cross-validation results for the PLS, QPLS and ALAMO

models using the testing data sets for the hybrid models. The cross-validation process utilises

the same training/testing data sets found in the correlation study in section 4.1.4. For the

PLS models in figure 4.7, split 3 has the best RMSE performance of 0.657 kcal mol-1 compared

to the other splits which have RMSE values of approximately 0.690 to 0.700 kcal mol-1. The

R2 show the same trend, with split 3 at 0.826 kcal mol-1, and the rest at 0.803-0.810 kcal

mol-1. The bias values for all the splits are also negligible. The same type of performance is

observed in the QPLS model, with split 3 having an RMSE value of 0.652 kcal mol-1, and the

other splits having a range of 0.670-0.682 kcal mol-1. The R2 values range from 0.813 to 0.827

kcal mol-1, and the bias values are also negligible. In terms of model complexity, the PLS and

QPLS methodologies are simply vector products between coefficients and descriptors, and are

therefore simple linear models.

The basis sets used in the ALAMO models for the cross-validation study can be found in

Table 3.13. These basis sets were previously used in the development of the original data-

driven free energy of oslvation models. The RMSE values show the A, B, and C models

generally have a consistent performance of around 0.650 to 0.700 kcal mol -1, whereas the D,

E, and F models have RMSE values that on average sit 0.100 kcal mol-1 higher than A, B,

and C. Basis sets E and G achieve the lowest RMSE value of 0.470 kcal mol-1, where basis set

E has consistent performance across the splits, with the second-lowest RMSE values of 0.480

kcal mol-1 at split 15. In contrast, basis set G has more erratic performance with a significant

decrease from 0.620 to 0.500 kcal mol-1 for 10 to 15 sets, and a substantial increase from 0.500

to 0.750 kcal mol-1. The basis set trends are reflected in the R2 plot as the highest value
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Figure 4.7: k-fold cross-validation results for the PLS methodology using the corresponding train-
ing/testing sets for each split from the GCDS

i,j data set with the performance metrics R2CV (a), RMSE
(b), Bias (c) and model size (d).

reaches 0.93 with a lower bound of 0.85, which shows excellent predictive capability. The bias

values generally remain in the ± 0.01 kcal mol-1 in most cases, which is negligible. Further,

split 3 has a significantly better performance compared to the other splits. Basis set E is

chosen as the representative model over basis set G as the resulting models have consistent

performance across the splits. Similarly to the cross-validation study carried out in 3.3.2, the

PLS and QPLS methodologies, which are inherently linear methodologies, are outclassed by

the ALAMO models whose basis sets contain both linear and bilinear terms.
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Figure 4.8: k-fold cross-validation results for the QPLS methodology using the corresponding train-
ing/testing sets for each split from the GCDS

i,j data set with the performance metrics R2CV (a), RMSE
(b), Bias (c) and model size (d).

Correlation between the target variable ∆G◦,m
s,i,j and the solute/solvent descriptors

using the reduced ∆G◦,m
s,i,j database

In sections 3.3.3 and 4.1.4, correlation studies were carried out to investigate the relation-

ships between the average number of solutes and solvents and the correlation coefficients of

solute/solvent descriptor variables with the target variables ∆G◦,m
s,i,j and GCDSi,j . In this sec-

tion, the same splits and training/testing data sets as the ones found in section 4.1.4. In

comparison to the correlation study of the hybrid model, the reduced ∆G◦,m
s,i,j data set in this

study will help investigate the effects of lowering the molecular diversity. The results of the
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Figure 4.9: k-fold cross-validation results for the ALAMO methodology using the corresponding
training/testing sets for each split from the GCDS

i,j data set with the performance metrics R2CV (a),
RMSE (b), Bias (c) and model size (d).

correlation study can be found in Figure 4.10.

In Figure 4.10, the same findings as the ones in section 3.3.3 are found. The square and

triangle markers represent the training and testing sets, respectively. The average numbers

of solutes and solvents in the training and testing data sets diverge as the number of splits

increases. Similarly to Figure 3.3, the average correlation coefficients do not vary with the

average numbers of solutes and solvents. The molecular volume, Vm, is the only descriptor

to undergo a significant change in value in the training and testing sets. Further, the oc-

tanol/water partition coefficient, logKow, and the solvent dipole moment, µj are the only

solvent descriptors that have absolute coefficient values around 0.2 or larger. The rest of the
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Figure 4.10: Plots of the average number of solutes (a) and solvents (b), and the averaged correlation
coefficients of the 21 descriptor variables with the target variable ∆G◦,m

s,i,j for both training (c) and
testing (d) sets across the number of splits. The square and triangle markers in the upper plots are

the training and testing data, respectively.

solvent descriptor coefficients reside around -0.1 to 0.2, indicating low correlation with the

free energy of solvation. The average coefficient values do not differ significantly from the

values found in figure 3.3 and show that the distribution of solute and solvents do not affect

the correlation between the descriptor and target variables.

Cross-validation using the reduced ∆G◦,m
s,i,j database

In Figures 4.11, 4.12 and 4.13, the cross-validation results for the PLS, QPLS and ALAMO

methodologies using the reduced ∆G◦,m
s,i,j database can be found. The same data sets found



95

Figure 4.11: k-fold cross-validation results for the PLS methodology using training/testing sets for
each split from the ∆G◦,m

s,i,j with performance metrics R2CV (a), RMSE (b), Bias (c) and model size
(d)

in the correlation study in section 4.1.4 are also utilised here. This means the same data sets

have been used in the cross-validation of the hybrid models from section 4.1.4. The RMSE

values for the PLS results range from 0.847-0.881 kcal mol-1 and QPLS from 0.825-0.864 kcal

mol-1. When compared to the results seen in section 3.3.2, the results are effectively the same.

The R2 values reach 0.781 for PLS and 0.791 for QPLS; the bias values remain in magnitudes

of -3, indicating there is negligible bias in the models.

In figure 4.13, the ALAMO A, B, and C basis sets have similar performance to the PLS

and QPLS models. This similarity is mainly due to the models being dominated by linear
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Figure 4.12: k-fold cross-validation results for the QPLS methodology using training/testing sets
for each split from the ∆G◦,m

s,i,j with performance metrics R2CV (a), RMSE (b), Bias (c) and model
size (d)

effects, as the logarithmic, inverse, or quadratic terms do not contribute much to the model

performance. However, these models consistently have better performance across the splits

with an RMSE range (across the three models) of approximately 0.830 to 0.870 kcal mol-1.

For the E, D, and F basis sets, the performance improves as the number of splits increases

from 2 to 20, with split 10 having the best performance for all the splits. For these basis sets,

the RMSE values decrease steadily from a range of 0.640 to 0.700 kcal mol-1 to 0.600 to 0.680

kcal mol-1 for splits 2 to 5, with a low point of 0.46 kcal mol-1 for basis set E. In contrast,

basis set G has erratic performance across the splits with RMSE values of 1.14 kcal mol-1
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for splits 2 and 5, with the best performance of all basis sets at 0.43 kcal mol-1 for 10 splits.

The R2 values do not include basis set G for splits 2 and 5 (as these values have significantly

worse performance), but the performance of all models generally increases with the number

of sets with a range of 0.85 to 0.94. Notably, the D, E, F, and G basis sets have the highest

performance at split 10. This performance can be attributed to linear and bilinear terms in

the basis sets, where D has inverse terms, E has inverse and inverse bilinear terms, and G

has squared bilinear terms. The model size for all models seem to plateau after 10 splits with

some the model size ranging from 20 to roughly 180, which can be interpreted as higher model

complexity. However, the ALAMO model is a sum of linear and nonlinear terms. Therefore,

while there are significantly more terms in the ALAMO model, the complexity of the model

is on par with the PLS and QPLS models. The model bias values also range from -0.05 to

0.015 kcal mol-1, which is negligible compared to the magnitudes of the experimental values.

4.2 Comparison between the HX and RX ALAMO models

The HX and RX series of ALAMO models will now be designated with a "HA" for hybrid

ALAMO models and "RA" for reduced ALAMO models. Two splits in the reduced ∆G◦,m
s,i,j and

GCDSi,j cross-validation tests have been identified as having the best average values. However,

only a single model from each of the splits can be chosen to represent the HA and RA set of

models. Tables 4.1 and 4.2 contain the performance metrics for each set in the 10-fold and

3-fold cross-validation splits, respectively. For a given split, the "train", "test" and "overall"

headers refer to the model performance concerning the training, testing and overall data

sets. Therefore, a model can be chosen based on its overall performance or preference for

the training and testing sets. In all of the models across both tables, the bias values are

never larger than an absolute value of 0.05 kcal mol-1, which is negligible in comparison to

the experimental solvation free energies. Further, it can be seen in the overall RMSE values

for the RA models that only one model had poor performance with an RMSE value of 0.955

kcal mol-1 whereas the rest of the models have RMSE values that range from 0.409 to 0.467

kcal mol-1. The quality of the trends calculated by the RA models can be seen in the R2

values with a range of 0.933 to 0.949 for the training data sets. The range of the R2 values

for the validation sets is slightly wider; however, it still shows excellent performance. The

model with the lowest RMSE for the validation sets is selected in this work as it offers good
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Figure 4.13: k-fold cross-validation results for the ALAMO methodology using training/testing sets
for each split from the ∆G◦,m

s,i,j with performance metrics R2CV (a), RMSE (b), Bias (c) and model
size (d)

predictive capability. The model from set 5 has a significantly better RMSE values compared

to the rest of the models for the validation set and is therefore the preferred choice. Further,

the RMSE value of the training set is also notably low. Therefore, the model from set 5 is

chosen to represents the reduced ∆G◦,m
s,i,j data set and is denoted RA-G10-5 which signifies

the 5th model that uses the G basis set from 10th split of the reduced ∆G◦,m
s,i,j data set.

In contrast, the GCDSi,j model values seen in table 4.2 show slightly worse performance for

the overall RMSE values with values of 0.430, 0.442, and 0.445 kcal mol-1 obtained for the

splits 1 to 3. There are opposing trends in the RMSE values of the training and testing sets

where set 1 has a larger RMSE value of 0.435 kcal mol-1 for the training set and a significantly
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small RMSE value of 0.362 kcal mol-1 for the testing set. For sets 2 and 3, their RMSE values

of the training set are 0.401 kcal mol-1 with RMSE values of 0.516 and 0.523 kcal mol-1,

respectively, for the testing set. This contradicting trend is also seen in the R2 values. The

overall R2 values are also high with values 0.939, 0.940 and 0.943 for splits 1 to 3. Here, set

1 from the GCDSi,j data set has a significantly lower test RMSE value than set 2 and 3 with a

slightly higher train RMSE value. Thus, the model of set 1 is chosen to represent the GCDSi,j

data set and is denoted HA-3E-1.

When comparing the performance of the RA-G10-5 and HA-3E-1 models, one may think

they prefer to use the RA-G10-5 due to the better performance metrics. However, the differ-

ence in overall performance (compares the models against the whole set of 2047 data points,

making it a fair comparison) is 0.021 kcal mol-1, which is very small. Further, model HA-3E-1

is trained on only a third of the GCDSi,j data set compared to model RA-G10-5, which is trained

on 90% of the reduced ∆G◦,m
s,i,j data set. The model sizes of models HA-3E-1 and RA-G10-5

are 118 and 179, respectively. These points suggest that model HA-3E-1 is more robust in

comparison to model RA-G10-5.

On the note of whether or not the hybrid QM/data-driven methodology provides a superior

description of the solvation free energy, the PLS and QPLS models saw improved performance

when the GCDSi,j data set was used. For the ALAMO models, models basis sets A, B, and C

saw a decrease in RMSE of about 0.15 kcal mol-1 whereas basis sets D, E, and F saw a general

decline of about 0.05 kcal mol-1 for splits 10, 15, and 20 and a reduction of approximately 0.1

kcal mol-1 for splits 2, 3, and 5. From this, it can be concluded that the new formulation of

the hybrid QM/data-driven model is an improvement over the standard ∆G◦,m
s,i,j data-driven

approach. However, one must evaluate a more significant number of combinations of the data

sets to determine if this finding is universally true.

4.2.1 Comparison of ALAMO-based models

Three ALAMO models have been identified as representative data-driven models, namely A-

D10-10, RA-G10-5, and HA-E3-1; however, these models have been developed using different

data sets with respect to the total number of data points, the proportion of data and the

spread of the data points within the training and testing sets. Therefore, comparing these

models is challenging as an independent set of ∆G◦,m
s,i,j data is required. Cross-validation

indicates the predictive capability; however, if a new data set were to be formed from the
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Table 4.1: Table of performance metrics for the each set in 10-fold cross-validation split of the
reduced RX ALAMO models with basis set G.

Set R2 RMSE / kcal mol-1 Bias / kcal mol-1

Train Test Overall Train Test Overall Train Test Overall
RA-G10-1 0.945 0.950 0.945 0.425 0.384 0.422 -1.9E-03 -7.9E-03 -2.3E-03
RA-G10-2 0.948 0.955 0.948 0.412 0.410 0.412 3.7E-03 -4.9E-04 3.5E-03
RA-G10-3 0.931 0.966 0.933 0.472 0.370 0.467 -9.1E-03 3.0E-02 -7.1E-03
RA-G10-4 0.710 0.945 0.721 0.976 0.403 0.955 -1.9E-02 2.6E-02 -1.7E-02
RA-G10-5 0.948 0.955 0.948 0.414 0.350 0.411 7.2E-03 3.2E-03 7.0E-03
RA-G10-6 0.948 0.937 0.947 0.412 0.462 0.417 -1.7E-06 -2.6E-02 -2.6E-03
RA-G10-7 0.952 0.909 0.947 0.396 0.560 0.415 9.1E-07 -2.0E-02 -2.0E-03
RA-G10-8 0.950 0.912 0.947 0.404 0.525 0.418 5.2E-07 -5.6E-04 -5.5E-05
RA-G10-9 0.949 0.920 0.946 0.410 0.515 0.421 1.3E-05 1.3E-02 1.3E-03
RA-G10-10 0.949 0.937 0.949 0.408 0.428 0.409 -1.0E-03 -4.9E-02 -3.4E-03

Table 4.2: Table of performance metrics for the each sets in 3-fold cross-validation splits of the HX
ALAMO model with basis set E.

Set R2 RMSE / kcal mol-1 Bias / kcal mol-1

Train Test Overall Train Test Overall Train Test Overall
HA-E3-1 0.943 0.955 0.943 0.435 0.362 0.430 -2.3E-03 -1.4E-02 -3.2E-03
HA-E3-2 0.953 0.912 0.940 0.401 0.516 0.442 1.1E-06 3.1E-02 1.0E-02
HA-E3-3 0.949 0.921 0.939 0.401 0.523 0.445 6.7E-06 -1.7E-02 -5.6E-03

reduced ∆G◦,m
s,i,j database, the models could have already been trained on some of the points,

making the test pointless. Alternatively, an intersection of the testing sets between the three

ALAMO models could be used as an indicator; however, the data sample could be biased. It

may not contain certain molecule classes. Therefore, the only fair comparison is to compare

against the overall performance of the models when compared against a data set. This section

compares the overall model performance for each model and discusses the individual training

and testing set performance.

Table 4.3 contains a comparison of the metrics between model A-D10-10 from section

3.3.6 and the models RA-G10-5 and HA-E3-1 from section 4.2 where the models are assessed

against the reduced ∆G◦,m
s,i,j database. An important observation is an improved performance

from the A-D10-10 model to the RA-G10-5 model. This is evidenced by an increase in the

R2 value from 0.920 to 0.945 and an RMSE value decrease from 0.513 to 0.422 kcal mol-1. In

terms of magnitude, the bias values are negligible. The training/testing splits for the models

are 1951/216 to 1842/205 for A-D10-10 and RA-G10-5, respectively. These splits show the

amount of data is roughly the same in both sets; however, the improved performance can also
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be attributed to an increase in the model complexity as the model size increases from 132 to

179 terms. When contrasting the basis sets between A-D10-10 and RA-G10-5, the models

share linear and bilinear terms; however, basis set G includes squared bilinear terms, whereas

basis set D contains quadratic terms. The HA-E3-1 model was shown to be the better choice

in section 4.2 as it had a more balanced performance and was trained on a smaller number

of points, making it inherently more predictive. Further, the HA-E3-1 model size is only 118

terms, which is less than the A-D10-10 model. However, the E basis set contains additional

inverse bilinear terms. Due to being trained against separate data sets, one cannot draw a

direct comparison between A-D10-10, RA-G10-5 and HA-E3-1 models. However, two possible

conclusions are clear from the comparison. First, a decrease in the number of points in the

data set increased performance against the reduced ∆G◦,m
s,i,j data set. This improvement can

be attributed to a smaller range of molecule classes the model has to predict and also unique

molecules that appear once. This is evidenced by the number of unique solute and solvent

molecule classes in the original ∆G◦,m
s,i,j data set being 82 and 72, respectively, compared to

61 and 41 in the reduced ∆G◦,m
s,i,j data set. If a potential user is interested in a model with

a wider range of application, A-D10-10 is a better choice because it can be applied to 2167

data points. However, if a user is interested in a more precise model for the solute/solvent

systems found in the reduced ∆G◦,m
s,i,j data set (noted in appendix B), HA-E3-1 is the better

choice. The model details for the A-D10-10, RA-G10-5, and HA-E3-1 models can be found

in appendix C from tables C.5, C.6, C.7 and C.8.

Table 4.3: Comparison of the developed data-driven ALAMO models against the reduced ∆G◦,m
s,i,j

database of 2047 data points.

Metric A-D10-10 RA-G10-5 HA-E3-1
R2 0.921 0.948 0.943

RMSE / kcal mol-1 0.516 0.411 0.430
Bias -1.0E-02 7.0E-03 -3.2E-03

Model Size 132 179 118

4.3 Conclusion

In this chapter, a modification was proposed to improve the performance of data-driven

solvation models. The change involved incorporating a detailed description of a quantum-

mechanically derived solute molecule and the partitioning of the solvation free energy into an
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electrostatic and nonelectrostatic contribution. The electrostatic contribution was accounted

for by calculating solute electronic energies in the vacuum and solvent phase, and the nonelec-

trostatic contribution is accounted for by regressing the 21 solute/solvent descriptors against

the GCDSi,j data points. The modification resulted in a new data set of 2047 data points for

the solvation free energy ∆G◦,m
s,i,j and the nonelectrostatic contribution GCDSi,j .

In the latter part of this chapter, the new reduced ∆G◦,m
s,i,j and GCDSi,j data sets were

used in conjunction with the PLS, QPLS, and ALAMO frameworks to produce models for

predicting solvation free energies. Since these data sets were analogous to one another as

∆G◦,m
s,i,j and GCDSi,j were interchangeable, the pure data-driven and hybrid QM/data-driven

approaches could be compared fairly. It was shown that there was a significant improvement

in the RMSE value over the pure data-driven approach when using the GCDSi,j data set with

the PLS and QPLS frameworks of roughly 0.15-0.2 kcal mol-1. In contrast, there was a similar

improvement in RMSE value when using the GCDSi,j with the ALAMO framework of roughly

0.15 kcal mol-1 for mostly linear models and a minor improvement of 0.05-0.1 kcal mol-1 for

models with bilinear power terms.

From the cross validation study, it was seen that the RA series of models had the best

average performance for a split of 10 while using basis G. In contrast, the HA series had the

best average performance with a split of 3 when using basis set E. The models with the lowest

RMSE values for the validation set were the 5th model for RA models and the 1st model for

the HA models. These models were named RA-G10-5 and HA-E3-1. The RA-G10-5 model

achieved an overall RMSE value of 0.411 kcal mol-1 and an R2 value of 0.948. In contrast,

the HA-E3-1 model achieved an overall RMSE value of 0.430 kcal mol-1 and an R2 value of

0.943. While the RA-G10-5 model has better performance, it was also trained on 90% of the

data in comparison to the HA-E3-1 model, which was trained on 66% of it. Therefore, the

HA-E3-1 model is inherently more predictive and is chosen as the representative model for

the data-driven models.

In conclusion, the ALAMO framework significantly improved the performance of a data-

driven generalised solvation model. The incorporation of a detailed QM solute description

further enhances the performance of the generalised solvation model.
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Chapter 5

Systematic assessment of chosen

predictive models for the free energy

of solvation

5.1 Objective

In Chapter 2, it was stated that one of the main objectives of this thesis was to carry

out a systematic comparison of categorically distinct models ranging from hybrid quantum-

mechanical/activity coefficient models, data-driven models and statistical mechanical models.

The comparison of these models will provide a benchmark while offering a guide to selecting

the best model for a reader’s intended purpose. In Chapters 3 and 4, several data-driven

models were developed and shown to have excellent predictive capabilities. This systematic

comparison will provide further context on how data-driven models compare to models that

possess underlying physical theory.

This chapter will first introduce the methodology for carrying out the systematic compar-

ison of the models, then introduce the data sets that will be used to compare the models and

finally a thorough quantitative analysis of the models will be carried out which will highlight

the strengths and weaknesses of each model.

5.2 Methodology of the comparative study

An important aspect of a systematic comparative study is having a common experimental

data set that will allow for a fair comparison of all models involved. In Chapters 3 and 4,
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the data-driven models were developed with the intention of being nonaqueous as water is a

challenging molecule to model effectively. However, predictive tools such as COSMO-SAC,

UNIFAC, or SAFT-γ Mie, are able to represent water through their physical theory and as

such are able to model water. Therefore, to have a clear view of the capabilities of each

model, two sets of experimental data are used in the systematic comparison. The first data

set includes all of the models, which would inherently exclude any solute/solvent systems with

water, and the second data set contains all of the solute/solvent systems that can be modelled

by each predictive tool that excludes data-driven models. It is also important to discuss any

and all computational details related to the calculation of the solvation free energies to ensure

any reader can reproduce the calculations. Finally, the performances of each tool need to be

quantified using some metrics for the benchmarking process.

5.2.1 Determining the common set of experimental solute and solvent data

points

Figure 5.1: Flowchart for selecting the common set of solute and solvent pairs from the experimental
free energy of solvation database.

A core part of the systematic assessment is selecting data that can be modelled by all

of the predictive tools. Figure 5.1 features a flowchart of the logic for selecting this set of

solute/solvent pairs, which and consists of three filters. The first filter is specific to the

SAFT-γ Mie model as it is the most recent of the approaches considered and can thus treat

the least number of solute/solvent pairs. In this filter, the solute/solvent pairs are screened
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such that the pairs that do not have a designated parameter for the like and unlike group

interactions using SAFT-γ Mie are discarded. Therefore, pairs that rely on combining rules

for like and unlike group interactions are not considered. Screening the database through

the first filter results in subset a which contains 423 viable pairs that can be modelled by

using SAFT-γ Mie. In the second filter, there is a check to remove any pairs for which the

parameters for NRTL, UNIFAC, modUNIFAC (Do) and COSMO-SAC are not available. In

the cases of NRTL, UNIFAC, and modUNIFAC (Do), like and unlike parameters are required

whereas the COSMO-SAC model requires a solute structure and the dielectric constant of the

solvent. Therefore, by the end of the second filter, only pairs that can be modelled by each

of the five models considered remain. Thus, starting from the complete experimental free

energy of solvation database of 2364 data points, this results in 404 solute/solvent pairs in

subset 1. In section 3.3.1, water was excluded as a potential solvent in the development data-

driven models due to the the vastly different behaviour of water. Subset 1 is one of the two

subsets that will be used in the comparison of models. Hence, a third filter is used to discard

any pairs that contain water either as a solute or solvent. This resulted in subset b which

contains 364 pairs. In the fourth filter, all pairs that do not have PLS, QPLS, or ALAMO

parameters are excluded. These pairs include ones could not be modelled in Gaussian and

are therefore excluded as the PLS, QPLS or ALAMO HX and RX models would be unable

to model them. After the experimental data has been filtered, a resulting subset of 350

solute/solvent pairs is obtained as subset 2. Therefore, subsets 1 and 2 can be thought of the

aqueous and nonaqueous sets of data. The solutes and solvents are then classified according

to the scheme in section 2.2.4 for later analysis. A list of experimental data points used in this

study is provided with their corresponding CAS numbers, molecule classes, types of bonding

interactions, and their respective subsets in tables D.1 to D.12.

5.2.2 Computational details for the predictive models

The predictive tools considered in this study utilise different software packages. The gSAFT

module in gPROMS ModelBuilder 5.1.0 is used for the calculations with the SAFT-γ Mie

model, ASPEN Plus V8.4 is used for NRTL, UNIFAC, modUNIFAC (Do), and COSMO-

SAC, an in-house Python code is used for PLS and QPLS, and the ALAMO software package

is used for the ALAMO model (Cozad, Sahinidis, and Miller, 2014; Cozad, Sahinidis, and

Miller, 2015; Wilson and Sahinidis, 2017). For the equation of state and activity coefficient
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models, the Gibbs free energy of solvation, ∆G◦,m
s,i,j , is calculated at 298 K, 1 atm, and at

infinite dilution where a solute mole fraction of x = 10−10 is used as a representative of

infinite dilution. It was mentioned earlier in Chapter 2 that the equation of state and activity

coefficient models use the transfer free energy version of the solvation free energy. Therefore,

the outputs of these models are converted into the correct form using equation (2.2).

5.2.3 Model validation and error analysis

In Figure 4.4 of Chapter 4, the total number of pairs was referred to with the symbol P ,

where each pair was denoted with p. Since the common sets of experimental data used for the

comparative study are subsets of P (as seen in Figure 5.1), the total number of each set will

be designated with Qv, where v is 1 or 2 depending on the subset. Therefore, the number of

solute (i)/solvent (j) pairs belonging to a given subset is denoted as Qv where q = 1, 2, . . . , Qv

denotes each pair in a given subset. The experimental and predicted Gibbs free energies of

solvation for a given pair of solute i and solvent j in subset v are denoted as ∆G◦,m,exp
s,q and

∆G◦,m,pred
s,q , respectively, when calculating metrics. The performance of the various models is

assessed using several statistical criteria. These criteria can be found in Table 5.1.
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In Table 5.1, there are several performance metrics which are used for the benchmarking

of the predictive solvation models. The averages of experimental and predicted solvation free

energies are denoted as ∆G◦,m,exp
s,q and ∆G◦,m,pred

s,q . The coefficient of determination, R2, is

useful for measuring the variance in the experimental data set captured by the predicted data

set. In the accompanying expression for R2,
∑︁Qv

q is the sum of all pairs from q = 1, 2, . . . , Qv

belonging to subset v. The RMSE and MUe metrics are frequently-used metrics for assessing

the error between the predicted and experimental data sets whereas the MSE and MRS metrics

are useful for indicating (on average) whether the predicted data set is over-or under-predicted.

Box plots are used to provide a more detailed representation of the data, where the various

aspects of a box plot are identified in Figure 5.2. In box plots, the 25th and 75th percentiles,

Q1 and Q3 respectively, are marked as the edges of the box. This indicates where 50% of

the data is most commonly found (between Q1 and Q3), and is denoted the interquartile

range (IQR). The mean value of the data set is indicated by the darker point and the median

value is indicated by the darker horizontal line; both of which are usually within the IQR. In

terms of errors, having a narrower IQR or a smaller distance between whiskers shows better

agreement between the predicted and experimental data sets. The upper and lower whiskers

mark the outer edges of the box plot at 1.5 IQR away from Q1 and Q3. Outliers are data

points that lie outside the upper and lower whiskers. In this study, the unsigned error is used

as the error metric to derive the box plots.

5.3 Results of the comparative study

In the results section, four tests have been carried out. For these tests, the predictive results

from the models are compared to experimental data in non-aqueous solvents (subset 2) and

also experimental data in non-aqueous solvents and in water (subset 1). In Figure 5.1, it was

shown that subset 1 was meant to be used in the comparison of the SAFT-γ Mie, NRTL,

UNIFAC, modUNIFAC (Do) and COSMO-SAC models. In contrast, subset 2 was meant to

test the aforementioned models with the PLS, QPLS and ALAMO models as the latter were

developed without water as a solvent. In the first test, the three pure activity coefficient

models (ACMs), NRTL, UNIFAC, and modUNIFAC (Do) are compared against the experi-

mental data in subset 1 to determine which of these models will be the representative of the

ACM class. In the second test, the data-driven models A-D10-10 (Chapter 3), RA-G10-5
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Figure 5.2: A figure denoting the various aspects of a box plot where Q1 and Q3 are the 25th and
75th percentiles. The mean is the average value over the original dataset of deviations, and the median
is the most frequent value of the deviation data set. The outlier(s) are value(s) that exist outside of

the upper and lower whiskers.

(Chapter 4) and HA-E3-1 (Chapter 4) are compared against the experimental data in subset

2 to determine which of these models performs the best with respect to this test. The last two

tests will contain a test that focuses on a comparison of the SAFT-γ Mie, modUNIFAC (Do),

COSMO-SAC, and HA-E3-1 for nonaqueous use (subset 2) whereas the final test focuses on a

comparison of the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models for nonaqueous

and water use (subset 1). Each tests consists of an overall comparison of the performance of

each model through parity plots and a more detailed comparison according to molecule type

in the form of box plots. In these tests, it is important to note that the performance of the

models depends on both the physical theory supporting the models and the quality of the

parameterisation. Thus, it is impossible to separate these effects and allocate errors to either

theory or parameters. However, in models such as the data-driven or hybrid data-driven

models found in Chapters 3 and 4, it was possible to compare the PLS, QPLS and ALAMO

frameworks directly as the same experimental data was used to train the models. Otherwise,

for models such as COSMO-SAC or SAFT-γ Mie which were developed outside this work,

this is not possible. The next sections will focus on the four tests.
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5.3.1 Comparison of activity coefficient models

In the comparison of the activity coefficient models, experimental data subset 1 was used to

compare the NRTL, UNIFAC, and modUNIFAC (Do) models as it includes pairs that contain

water as a solute or solvent. There are several figures and tables that are used to showcase

the performance of the models. The overall performance of these models is showcased in

Figure 5.3 in the form of three parity plots that compare the predicted output from the

activity coefficient models and experimental data and Table 5.2 which contains outlines the

quantitative performance using metrics found in Table 5.1. Box plots are used to plot the

unsigned errors of the models according to the type of interaction between solute and solvent,

solute class and solvent class in Figures 5.4, 5.5, and 5.6, respectively. The best performing

models according to category are outlined in Tables 5.3, 5.4, and 5.5.

In all of the figures and tables introduced, the modUNIFAC (Do) model has the best

overall performance with consistent performance across all plots with the smallest errors.

The UNIFAC model achieves slightly worse agreement whereas, the NRTL model has poor

performance. This is further evidenced in Table 5.2 by RMSE values of 0.624, 0.680, and

1.202 kcal mol-1 and R2 values of 0.915, 0.900, 0.686, for the modUNIFAC (Do), UNIFAC,

and NRTL models, respectively. From Figure 5.3, it can be seen that there is constant

underprediction of the data points for all the models with accompanying MSE values of

0.345, 0.450 and 0.722 kcal mol-1 for the modUNIFAC (Do), UNIFAC, and NRTL models,

respectively. The cluster of data points found in the top right corner of the three parity plots is

a series of alkanes (carbon numbers 1 to 8) and isomeric alkanes in water. The isomeric alkanes

include solutes such as 2,2,4-trimethylpentane, 2,2-dimethylpropane, 2,4 dimethylpentane, 2-

methylpentane, and 2-methylpropane. Therefore, the ACM models shown in this study cannot

represent the alkane/water dynamic effectively.

In Figure 5.4, it can be seen the UNIFAC and modUNIFAC (Do) models have similar per-

formance with the latter having a better performance for the SA-NA and NA-NA pairs. These

interaction types contain the majority of the points (128, and 146, respectively), resulting in

the modUNIFAC (Do) model having consistently better performance. However, the UNIFAC

model has slightly better performance for the SA-SA and E-NA pairs, with narrower box

plots in both. The NRTL model has consistently worse performance a notably larger error for

the SA-NA pair, and a significantly larger range for the NA-SA pairs. The numerous outliers
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seen in the NA-SA type exceed 2 kcal mol-1 for all the models are the alkanes in water. In

Table 5.3, the modUNIFAC (Do) model is seen to have the lowest MUE values for all pairs

except SA-SA and E-SA. The minimum, maximum and median values used in Figure 5.4 can

be found in tables E.1, E.2 and E.3 of appendix E.1.

In Figures 5.5 and 5.6, there are box plots that illustrate the spread of UEs for each activity

model according to different solute classes and solvent classes, respectively. The trend of poor

performance for alkanes in water can be seen as outliers in the alkane solute class and the

water solvent class. However, for the water solvent class, the spread of the errors is wider

with the IQR and whiskers of the box plots ranging from near 0 kcal mol-1 (rounded down),

to near 3 kcal mol-1. The MUE values of the water class are substantially higher at roughly

1 kcal mol-1 for all three models. This larger error suggests it is difficult to model solutes

in water with the activity coefficient models. In contrast, the acid solute class is generally

harder for the ACMs to model with errors ranging from near 0 kcal mol-1 to at least 2 kcal

mol-1 and the MUE values of the three models are generally higher at 1.152, 0.772, and 0.803

kcal mol-1 for the NRTL, UNIFAC, and modUNIFAC (Do) models, respectively. It is also

interesting to note the errors (MUE and median values) from the water solute class for the

modUNIFAC (Do) model is substantially higher than the NRTL and UNIFAC models. The

alkane solvent class has several outliers for the three models. Most other solute and solvent

classes have errors that range from 0 kcal mol-1 to 1 kcal mol-1, which is within the limit

of experimental precision. The minimum, maximum and median values used Figure 5.5 can

be found in tables E.4, E.5 and E.6 of appendix E.1 whereas the minimum, maximum and

median values used in Figure 5.6 can be found in tables E.7, E.8 and E.9 of appendix E.1.

The alcohol, alkane and aromatic classes make up 340 out of the 404 data points in

experimental data subset 1. Therefore, the unsigned errors are more reliable in those cases

having been tested more than the acid, amino or ester classes. Thus, the modUNIFAC

(Do) has the best performance amongst the activity coefficient models and is selected as

the representative that will be tested against the HA-E3-1, SAFT-γ Mie and COSMO-SAC

models.

5.3.2 Comparison of data-driven models

In Chapter 3, the ALAMO framework was used to produce three models that outperformed

the PLS and QPLS models. It was determined that the A-D10-10, R-G10-5, and HA-E3-1
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Figure 5.3: Parity plots of the NRTL (a), UNIFAC (b), and modUNIFAC (Do) (c) models where
∆G◦,m,exp

s,i,j and ∆G◦,m,pred
s,i,j are the experimental and predicted free energies of solvation respectively.

The green line represents the equatorial line and the red and blue dotted lines represent a ± 1 kcal
mol-1 deviation, respectively.

Table 5.2: Error analysis for the NRTL, UNIFAC, and modUNIFAC (Do) models when compared
against the solute/solvent pairs in subset 1. The definitions of all the metrics can be found in Table

5.1.

Method NRTL UNIFAC modUNIFAC (Do)

RMSE / kcal mol-1 1.202 0.680 0.624
R2 0.686 0.900 0.915

SD / kcal mol-1 2.105 1.940 1.923
MSE / kcal mol-1 0.722 0.450 0.345
MUE / kcal mol-1 0.791 0.502 0.402

MURE / % 23.88 18.02 14.29
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Figure 5.4: Box plots of unsigned errors (kcal mol-1) for the NRTL, UNIFAC and modUNIFAC
(Do) models per type of interaction between solute and solvent. The errors shown are a comparison
of the predicted values and experimental values of the data in subset 1. The labels of the x-axis
are written in the form of SOLUTE-SOLVENT, e.g. SA-SA represents a self-associating solute in
a self-associating solvent. "Count" represents the number of pairs that exhibit that specific type of

interaction. Figure 5.2 outlines the different aspects of a box plot.

Table 5.3: MUE per type of solvute/solvent interaction for the NRTL, UNIFAC, and modUNIFAC
(Do) models. The errors shown are a comparison of the predicted values and experimental values
of the data in subset 1. The MUE value represents the mean point in Figure 5.4 and is defined by
the MUE metric in Table 5.1. "Count" represents the number the number of pairs that exhibit that

specific type of interaction.

Solute, solvent Count MUE / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

SA-SA 66 0.313 0.273 0.342
SA-NA 128 1.396 0.716 0.480
NA-NA 146 0.423 0.318 0.231
NA-SA 55 1.009 0.802 0.772
E-NA 8 0.339 0.301 0.265
E-SA 1 0.086 0.311 0.099
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Figure 5.5: Box plots of unsigned errors for NRTL, UNIFAC, and modUNIFAC (Do) models per
class of solute. The errors shown are a comparison of the predicted and experimental values of the
data in subset 1. The labels of the x-axis represent the classes of solute, where "c-alkanes" denote
cycloalkanes. "Count" represents the number of pairs that include a specific class of solvent. Figure

5.2 in the appendix outlines the different aspects of a box plot.

Table 5.4: MUE per class of solute for the NRTL, UNIFAC, and modUNIFAC (Do) models. The
errors shown are a comparison of the predicted values and experimental values of the data in subset 1.
The MUE value represents the mean point in Figure 5.5 and is defined by the MUE metric in Table
5.1. "Count" represents the number the number of pairs that exhibit that specific type of interaction.

Solute Class Count MUE / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acetone 9 0.311 0.302 0.246
acid 39 1.152 0.772 0.803

alcohol 119 1.109 0.570 0.282
alkane 69 0.704 0.696 0.638
alkene 6 0.088 0.462 0.303
amino 30 0.706 0.349 0.452

aromatic 63 0.391 0.284 0.241
c-alkane 2 0.105 0.193 0.042

ester 61 0.711 0.351 0.247
water 6 0.217 0.212 0.944
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Figure 5.6: Box plots of unsigned errors for NRTL, UNIFAC, and modUNIFAC (Do) models per
class of solvent. The errors shown are a comparison of the predicted and experimental values of the
data in subset 1. The labels of the x-axis represent the classes of solvent, where "c-alkanes" denote
cycloalkanes. "Count" represents the number of pairs that include a specific class of solvent. Figure

5.2 in the appendix outlines the different aspects of a box plot.

Table 5.5: MUE per class of solvent for the NRTL, UNIFAC, and modUNIFAC (Do) models. The
errors shown are a comparison of the predicted values and experimental values of the data in subset 1.
The MUE value represents the mean point in Figure 5.6 and is defined by the MUE metric in Table
5.1. "Count" represents the number the number of pairs that exhibit that specific type of interaction.

Solvent Class Count MUE / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acid 4 0.137 0.140 0.140
alcohol 78 0.433 0.342 0.323
alkane 215 0.929 0.542 0.358
amino 2 0.133 0.133 0.134

aromatic 47 0.766 0.417 0.375
c-alkane 13 0.519 0.278 0.157

ester 7 0.107 0.091 0.088
water 38 1.095 0.919 1.030
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models were the representative models of their development paths. The A-D10-10 model was

shown to be the best choice for the broader range of 2167 data points versus 2047 data points

of the HA-G10-5 and HA-E3-1 models, at the expense of roughly 0.1 kcal-1 in RMSE value.

The RA-G10-5 model slightly outperformed the HA-E3-1 model, but the latter is inherently

more predictive as it has been trained on fewer data and required a lesser number of terms to

fit the data. In this section, the models are compared against the nonaqueous experimental

data subset 2. The performance of each model is illustrated in Figures 5.7, 5.8, 5.9 and 5.10,

accompanied by Tables 5.6, 5.7, 5.8, and 5.9. The minimum, maximum and median values

for Figures 5.8, 5.9 and 5.10 can be found in Tables (E.10, E.11 and E.12), (E.13, E.14 and

E.15), and (E.16, E.17 and E.18) of appendix E.2, respectively.

The performance of each model is only slightly different from one another; however, in

Figure 5.7, on the lower end of the experimental ∆G◦,m,exp
s,i,j values of -6 to -10 kcal mol-1,

the data spread is similar, whereas, at the higher end of -1 to 1 kcal mol-1, there are a few

points that behave differently. Nearly all of the data points in each plot reside within the ±

kcal mol-1 envelope. In comparison to the ACM models, these ALAMO models have excellent

precision. This is also evidenced by RMSE values of 0.327, 0.298, and 0.300 kcal mol-1 and

R2 values of 0.964, 0.970, and 0.970 for the A-D10-10, RA-G10-5, and HA-E3-1 models,

respectively. The MSE values are also close to zero; resulting in precise predictions with little

over-or under-prediction.

In Figure 5.8, the performance of the models is seen to vary according to bonding type.

Generally, the A-D10-10 model has larger boxes or larger IQRs compared to the RA-G10-5

and HA-E3-1 models. In contrast, there are marked differences in performance for the RA-

G10-5 and HA-E3-1 models. For the SA-NA bonding type, the performance of both models

are relatively similar; however, the spread of the outliers in the RA-G10-5 model is larger.

In the NA-NA bonding type, while the box plot of the HA-E3-1 model is larger than the

RA-G10-5 plot, the outliers do not exceed 0.8 kcal mol-1. Another example can be seen for

the NA-SA type where the HA-E3-1 model has both a lower median and mean than the other

two models. However, the RA-G10-5 model has the best performance for the SA-SA, and the

E-NA bonding types by around 0.3 kcal mol-1. In Table 5.7, it can be seen that the RA-G10-5

model has the lowest MUE for the SA-SA, NA-NA and E-NA, whereas the HA-E3-1 model

has the lowest MUE for the SA-NA and NA-SA models.

Figures 5.9 and 5.10 contain two sets of box plots that describe the spread of the UEs
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according to the solute and solvent classes, respectively. For the solute classes, the perfor-

mance of the three models is generally similar, with some exceptions. The RA-G10-5 model

has lower errors for the acetone class, but higher errors for the aromatic class, the HA-E3-1

model has substantially larger errors for the alkene class, and the A-D10-10 has significantly

larger errors for the c-alkane class. For the solvent classes, the HA-E3-1 model seems to have

better performance for the acid, alcohol, aromatic classes but is outperformed in the alkane

class. The alkane class consists of 213 of the 350 solute/solvent pairs, therefore, the RA-G10-5

model has marginally better performance overall in comparison to the A-D10-10 and HA-E3-1

models.

Overall, this shows that the ALAMO framework offers excellent precision with slightly

better performance from the RA-G10-5 and HA-E3-1 models than the A-D10-10 model. Each

model offers varied performance depending on the bonding type, solute class or solvent class;

however, the performance is similar for specific groups or any differences are negligible. The

HA-E3-1 model is chosen as the representative as it is inherently more predictive (trained on

less experimental data and uses fewer terms) while practically having the same performance

as the RA-G10-5 model.

5.3.3 Comparison of representative models HA-E3-1, modUNIFAC (Do),

SAFT-γ Mie, COSMO-SAC using the nonaqueous subset 2 of the

experimental data.

In the previous tests, comparisons were carried out on models belonging to the same category

of models (ACMs or data-driven models). In this test, the HA-E3-1, modUNIFAC (Do),

SAFT-γ Mie and COSMO-SAC models are compared against the nonaqueous experimental

data of subset 2. This test will showcase the predictive capability of a statistical mechanical

model and the newly developed hybrid data-driven model against established solvation models.

The performance of these models are highlighted in Figures 5.11, 5.12, 5.13, and 5.14, with

Tables 5.10, 5.11, 5.13 and 5.13 containing important metrics. The minimum, maximum and

median values for 5.12, 5.13 and 5.14 can be found in Tables (E.19, E.20 and E.21), (E.22,

E.23 and E.24) and (E.25, E.26 and E.27) of appendix E.3, respectively. Each of these models

exhibit excellent performance with the majority of the errors residing 0.5 kcal mol-1. These

are also reflected in the MUE and median values of the box plots, with some exceptions.
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Figure 5.7: Parity plots of the A-D10-10 (a), RA-G10-5 (b), and HA-E3-1 (c) models where
∆G◦,m,exp

s,i,j and ∆G◦,m,pred
s,i,j are the experimental and predicted free energies of solvation respectively.

The green line represents the equatorial line and the red and blue dotted lines represent a ± 1 kcal
mol-1 deviation, respectively.

Table 5.6: Error analysis for the PLS, QPLS and ALAMO models developed in Chapter 3 when
compared against the non-aqueous solute/solvent pairs in subset 2. The definitions of all the metrics

can be found in Table 5.1.

Method A-D10-10 RA-G10-5 HA-E3-1

RMSE / kcal mol-1 0.327 0.298 0.300
R2 0.964 0.970 0.970

SD / kcal mol-1 1.688 1.690 1.650
MSE / kcal mol-1 -0.0177 0.0004 -0.0135
MUE / kcal mol-1 0.242 0.216 0.226

MURE / % 7.670 6.020 6.620
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Figure 5.8: Box plots of unsigned errors (kcal mol-1) for the A-D10-10, RA-G10-5 and HA-E3-1
models per type of interaction between solute and solvent. The errors shown are a comparison of the
predicted values and experimental values of the data in subset 2. The labels of the x-axis are written in
the form of SOLUTE-SOLVENT, e.g. SA-SA represents a self-associating solute in a self-associating
solvent. "Count" represents the number of pairs that exhibit that specific type of interaction. Figure

5.2 outlines the different aspects of a box plot.

Table 5.7: MUE per class of solute for the A-D10-10, RA-G10-5, and HA-E3-1 models. The errors
shown are a comparison of the predicted values and experimental values of the data in subset 2. The
MUE value represents the mean point in Figure 5.8 and is defined by the MUE metric in Table 5.1.

"Count" represents the number the number of pairs that exhibit that specific type of interaction.

Solute, solvent Count MUE / kcal mol-1

A-D10-10 RA-G10-5 HA-E3-1

SA-SA 41 0.306 0.248 0.308
SA-NA 123 0.238 0.217 0.208
NA-NA 142 0.222 0.171 0.216
NA-SA 36 0.274 0.366 0.229
E-NA 8 0.188 0.135 0.227



120

Figure 5.9: Box plots of unsigned errors for the A-D10-10, RA-G10-5 and HA-E3-1 models per
class of solute. The errors shown are a comparison of the predicted and experimental values of the
data in subset 1. The labels of the x-axis represent the classes of solute, where "c-alkanes" denote
cycloalkanes. "Count" represents the number of pairs that include a specific class of solvent. Figure

5.2 in the appendix outlines the different aspects of a box plot.

Table 5.8: MUE per class of solute for the A-D10-10, RA-G10-5, and HA-E3-1 models. The errors
shown are a comparison of the predicted values and experimental values of the data in subset 2. The
MUE value represents the mean point in Figure 5.9 and is defined by the MUE metric in Table 5.1.

"Count" represents the number the number of pairs that exhibit that specific type of interaction.

Solute Class Count MUE / kcal mol-1

A-D10-10 RA-G10-5 HA-E3-1

acetone 8 0.188 0.135 0.227
acid 34 0.332 0.294 0.321

alcohol 107 0.253 0.219 0.221
alkane 55 0.301 0.266 0.273
alkene 6 0.111 0.182 0.259
amino 23 0.151 0.149 0.156

aromatic 55 0.272 0.251 0.219
c-alkane 2 0.700 0.189 0.183

ester 60 0.129 0.127 0.166
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Figure 5.10: Box plots of unsigned errors for the A-D10-10, RA-G10-5 and HA-E3-1 models per
class of solvent. The errors shown are a comparison of the predicted and experimental values of the
data in subset 1. The labels of the x-axis represent the classes of solvent, where "c-alkanes" denote
cycloalkanes. "Count" represents the number of pairs that include a specific class of solvent. Figure

5.2 in the appendix outlines the different aspects of a box plot.

Table 5.9: MUE per class of solvent for the A-D10-10, RA-G10-5, and HA-E3-1 models. The errors
shown are a comparison of the predicted values and experimental values of the data in subset 2. The
MUE value represents the mean point in Figure 5.10 and is defined by the MUE metric in Table 5.1.

"Count" represents the number the number of pairs that exhibit that specific type of interaction.

Solvent Class Count MUE / kcal mol-1

A-D10-10 RA-G10-5 HA-E3-1

acid 3 0.280 0.402 0.180
alcohol 730 0.286 0.302 0.270
alkane 213 0.221 0.179 0.202
amino 1 0.708 0.149 0.653

aromatic 41 0.258 0.223 0.240
c-alkane 13 0.294 0.217 0.309

ester 6 0.142 0.331 0.203
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The HA-E3-1 model has the best overall performance with a significantly lower RMSE

value of 0.300 kcal mol-1 compared to 0.433, 0.463 and 0.418 kcal mol-1 for the SAFT-γ Mie,

modUNIFAC (Do) and COSMO-SAC models, respectively. The HA-E3-1 model generally had

the best performance across the different bonding types, solute classes and solvent classes.

Some exceptions include the SA-SA bonding type, where it was outperformed by the SAFT-γ

Mie model. The performance of the HA-E3-1 model was the worst among the models for the

alkene solute class and the acid, c-alkane, and ester solvent classes.

The SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models had similar overall per-

formance but the strengths and weaknesses of each model for bonding type, solute class and

the solvent class were more pronounced. For these three models, the MSE values show that

the predicted values were underpredicted on average. In the case of the modUNIFAC (Do)

and COSMO-SAC models, there is a constant underprediction with a few points residing

above the equatorial line. In contrast, the distribution of data points also existed was more

varied with some points residing near the +1 kcal mol-1 line. The acid solutes also proved

difficult to model using the three models with the modUNIFAC (Do) mode having the worst

performance. Further, outliers were observed for the alkane solvent class with all the models

including HA-E3-1 having several data points outside the whiskers. The modUNIFAC (Do)

model had the largest number of outliers with some errors ranging to >2 kcal mol-1, resulting

in poor performance. Further, the alkane solute class contained the majority of the data

points with 213 of the 350 in subset 2.

The SAFT-γ Mie model had the scattered performance for the SA-NA and E-NA bonding

types with ranges of 0 to 1.1 kcal mol-1 (excluding outliers) and 0.1 to 0.75 kcal mol-1,

respectively, for the boxes compared to the performance on other bonding types. Further,

the SAFT-γ Mie had a broader range of errors for the acetone solute class and the aromatic

solvent classes. However, the errors for the acetone solute class only reach up to 0.7 kcal

mol-1, in comparison to the aromatic solvent class. The performance of the SAFT-γ Mie

model for the aromatic class is notable as the upper whisker of the box plot reaches errors of

1.4 kcal mol-1. Otherwise, the performance across the solute and solvent classes was relatively

consistent with most errors residing under 0.5 kcal mol-1. The SAFT-γ Mie model has the

best performance for the SA-SA bonding type, cycloalkane solute class and amino solvent

classes with MUE values of 0.236, 0.031, and 0.186 kcal mol-1, respectively.

The COSMO-SAC model has consistent performance across most categories of bonding
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types, solute classes and solvent classes with the majority of the errors never exceeding 1 kcal

mol-1. Exceptions to this behaviour include the poor performance of the model in the NA-SA

and E-NA bonding types, where the errors ranged from 0.25 to 1.1 kcal mol-1. Further, the

acid solute class contained errors that ranged from 0.05 kcal mol-1 to near 1.5 kcal mol-1.

The performance of the COSMO-SAC model for the aromatic solute class is also poor with

errors reaching a value of 1.1 kcal mol-1. In contrast, the other models have relatively similar

performance for the aromatic solute class with the maximum error reaching 0.7 kcal mol-1.

The COSMO-SAC model was also unable to represent alcohol molecules as solvents with the

maximum error reaching 1.5 kcal mol-1.

In this section, the HA-E3-1 and, by extension, the A-D10-10 and RA-G10-5 models have

the best overall performance compared to the physical models SAFT-γ Mie, modUNIFAC (Do)

and COSMO-SAC. This difference in performance suggests that the ALAMO framework is

excellent for developing data-driven models and has been applied successfully to the prediction

of solvation free energies. However, there are some bonding types, solute classes, and solvent

classes that the other models excel at predicting the free energy of solvation compared to the

ALAMO-type models. Furthermore, a part of the data points used in the comparative study

has been used to train all three ALAMO models, whereas the SAFT-γ Mie, modUNIFAC

(Do), and COSMO-SAC models have not been trained against the experimental data. This

is an important point that needs to be considered when assessing the true capabilities of

these models. The physical theory supporting the SAFT-γ Mie, modUNIFAC (Do) and

COSMO-SAC models would most likely allow for much more complex effects to be captured

in comparison to the ALAMO-type models. Another important note is the fact that nearly

all the molecules in this work (and which exist in the form of solvation free energies) are small

molecules with low complexity in the form of functional groups. Finally, the ALAMO-type

models are developed for binary use only whereas the physical models can consider mixed

solvent systems.
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Figure 5.11: Parity plots of the HA-E3-1 (a), SAFT-γ Mie (b), modUNIFAC (Do) (c), and COSMO-
SAC (d) models where ∆G◦,m,exp

s,i,j and ∆G◦,m,pred
s,i,j are the experimental and predicted free energies of

solvation respectively. The green line represents the equatorial line and the red and blue dotted lines
represent a ± 1 kcal mol-1 deviation, respectively.

Table 5.10: Error analysis for the HA-E3-1, SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC
models when compared against the non-aqueous solute/solvent pairs in subset 2. The definitions of

all the metrics can be found in Table 5.1.

Method HA-E3-1 SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

RMSE / kcal mol-1 0.300 0.433 0.463 0.418
R2 0.970 0.937 0.927 0.941

SD / kcal mol-1 1.650 1.650 1.670 1.772
MSE / kcal mol-1 -0.014 0.179 0.276 0.283
MUE / kcal mol-1 0.242 0.345 0.332 0.323

MURE / % 7.67 10.54 10.14 9.080
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Figure 5.12: Box plots of unsigned errors (kcal mol-1) for the HA-E3-1, SAFT-γ Mie, modUNIFAC
(Do), and COSMO-SAC models per type of interaction between solute and solvent. The errors shown
are a comparison of the predicted values and experimental values of the data in subset 2. The labels
of the x-axis are written in the form of SOLUTE-SOLVENT, e.g. SA-SA represents a self-associating
solute in a self-associating solvent. "Count" represents the number of pairs that exhibit that specific

type of interaction. Figure 5.2 outlines the different aspects of a box plot.

Table 5.11: MUE per type of interaction between solute/solvent for the HA-E3-1, SAFT-γ Mie,
modUNIFAC (Do) and COSMO-SAC models. The errors shown are a comparison of the predicted
values and experimental values of the data in subset 2. The MUE value represents the mean point
in Figure 5.12 and is defined by the MUE metric in Table 5.1. "Count" represents the number the

number of pairs that exhibit that specific type of interaction.

Solute, solvent Count MUE / kcal mol-1

HA-E3-1 SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

SA-SA 41 0.308 0.236 0.294 0.38
SA-NA 123 0.208 0.511 0.458 0.299
NA-NA 142 0.216 0.226 0.231 0.249
NA-SA 36 0.229 0.371 0.354 0.585
E-NA 8 0.227 0.336 0.265 0.518
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Figure 5.13: Box plots of unsigned errors for the SAFT-γ Mie, modUNIFAC (Do) and COSMO-
SAC models per class of solute. The errors shown are a comparison of the predicted and experimental
values of the data in subset 1. The labels of the x-axis represent the classes of solute, where "c-alkanes"
denote cycloalkanes. "Count" represents the number of pairs that include a specific class of solvent.

Figure 5.2 in the appendix outlines the different aspects of a box plot.

Table 5.12: MUE per type of class of solute for the HA-E3-1, SAFT-γ Mie, modUNIFAC (Do) and
COSMO-SAC models. The errors shown are a comparison of the predicted values and experimental
values of the data in subset 2. The MUE value represents the mean point in Figure 5.13 and is defined
by the MUE metric in Table 5.1. "Count" represents the number the number of pairs that exhibit

that specific type of interaction.

Solute class Count MUE / kcal mol-1

HA-E3-1 SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

acetone 8 0.227 0.336 0.265 0.518
acid 34 0.321 0.526 0.872 0.635

alcohol 107 0.221 0.441 0.287 0.255
alkane 55 0.273 0.267 0.260 0.344
alkene 6 0.259 0.287 0.303 0.226
amino 23 0.156 0.325 0.348 0.150

aromatic 55 0.219 0.279 0.262 0.341
c-alkane 2 0.183 0.031 0.042 0.176

ester 60 0.166 0.228 0.249 0.284
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Figure 5.14: Box plots of unsigned errors for the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC
models per class of solvent. The errors shown are a comparison of the predicted and experimental
values of the data in subset 1. The labels of the x-axis represent the classes of solvent, where "c-
alkanes" denote cycloalkanes. "Count" represents the number of pairs that include a specific class of

solvent. Figure 5.2 in the appendix outlines the different aspects of a box plot.

Table 5.13: MUE per type of interaction between solute/solvent for the HA-E3-1, SAFT-γ Mie,
modUNIFAC (Do) and COSMO-SAC models. The errors shown are a comparison of the predicted
values and experimental values of the data in subset 2. The MUE value represents the mean point
in Figure 5.14 and is defined by the MUE metric in Table 5.1. "Count" represents the number the

number of pairs that exhibit that specific type of interaction.

Solvent class Count MUE / kcal mol-1

HA-E3-1 SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

acid 3 0.180 0.191 0.062 0.06
alcohol 73 0.270 0.305 0.334 0.497
alkane 213 0.202 0.355 0.352 0.286
amino 1 0.653 0.186 0.197 0.196

aromatic 41 0.240 0.439 0.336 0.297
c-alkane 13 0.309 0.240 0.157 0.182

ester 6 0.203 0.164 0.090 0.121
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5.3.4 Comparison of representative models SAFT-γ Mie, modUNIFAC

(Do) and COSMO-SAC using the nonaqueous subset 1 of the ex-

perimental data.

In the previous test, the ALAMO model, HA-E3-1, was shown to outperform the SAFT-γ

Mie, modUNIFAC (Do) and COSMO-SAC models. However, the HA-E3-1 model was devel-

oped for nonaqueous use and cannot model any solute/solvent systems with water effectively.

Therefore, the final test excludes the HA-E3-1 models and only involves comparing the SAFT-

γ Mie, modUNIFAC (Do) and COSMO-SAC models using the experimental data subset 1,

which consists of nonaqueous and water solvents. The performance of each model is detailed

in Figures 5.15, 5.16, 5.17 and 5.18, accompanied by Tables 5.14, 5.15, 5.16, and 5.17, respec-

tively. The minimum, maximum, and median values used in Figures 5.16, 5.17 and 5.18 can

be found in Tables E.28, E.29 and E.30, E.31, E.32, E.33, E.34, E.35 and E.36 of appendix

E.4.

In section 5.3.3, the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models were

shown to have comparable performance with slight differences in performance depending on

the bonding type, solute class or solvent class. In contrast, the performance of the models is

notably different when considering water as a solute and solvent. The cluster of data points

seen in the top-right corner of each subplot in Figure 5.15 are alkanes and isomeric alkanes in

water. The modUNIFAC (Do) and COSMO-SAC models exhibit poor performance for these

data points, whereas the SAFT-γ Mie model has excellent performance. The RMSE and R2

values of the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models are 0.429, 0.624, and

0.525 kcal mol-1, and 0.960, 0.915, and 0.940, respectively. These results show that the SAFT-

γ Mie model has the best overall performance when using experimental data subset 1. The

models also have similar performance for the SA-SA and NA-NA pairs, the alkene and ester

solute class, and the amino, aromatic, cycloalkane, and ester solvent classes. The aromatic

solvent class contains errors that exceed 1 kcal mol-1; however, the MUE and median values

in the each box plot resides under 0.5 kcal mol-1. For the other categories, there are marked

differences in performance with each model excelling in a certain area. The models are shown

to have poor performance when modelling the acid solute class with errors surpassing the 1

kcal mol-1 and reaching a maximum of 2.2 kcal mol-1. For the acid solute class, the MUE and

median values of the box plots are significantly larger than the predicted overall MUE values,
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0.333, 0.402 and 0.379 kcal mol-1. This suggests the SAFT-γ Mie, modUNIFAC (Do) and

COSMO-SAC models cannot effectively the acid solute class. There is also generally poor

performance when considering the alkane solvent class, which contains several outliers that

exceed the 1 kcal mol-1 mark. However, for the models, the whiskers of the box plot reside

within experimental precision.

The SAFT-γ Mie model has poor performance for SA-NA pairs, with an error range of 0

to 1.45 kcal mol-1, with comparable performance (or the best performance) for other bonding

types. Similarly, the SAFT-γ Mie model has the best performance or comparable performance

for most solute and solvent classes; however, has the worst performance for the alcohol solute

class. Despite having the worst performance, the maximum unsigned error is only 1.2 kcal

mol-1 with the majority of the errors being less than 1 kcal mol-1. The SAFT-γ Mie predictions

for the water solute class have a small range of errors compared to the modUNIFAC (Do) and

COSMO-SAC models. Previously, it was shown that the modUNIFAC (Do) and COSMO

had a poor performance for alkanes in water as a solvent; however, it is seen that water is

also challenging to model when considered as a solute.

The modUNIFAC (Do) model generally has consistent performance across the bonding

types with worse performance than the SAFT-γ Mie and COSMO-SAC models. The model

has low performance for NA-SA types where outliers reach a maximum of roughly 2 kcal

mol-1. These poor results can be attributed to the predictions of the alkane/water systems as

evidenced by the results of the alkane solute class and water solvent class. The modUNIFAC

(Do) also has several outliers that exceed 1.5 kcal mol-1 for SA-NA pairs, further reducing the

precision of the model.

The COSMO-SAC model was shown to have slightly worse performance compared to the

SAFT-γ model as evidenced by comparable error ranges for the SA-SA and NA-NA pairs.

Further, it achieved the best performance for the SA-NA pair; however, has notably poor

performance for the NA-SA and E-NA pairs. The results of the NA-SA pair, which reaches a

maximum of 2 kcal mol-1 are attributed to the poor predictions of the alkane/water systems.

Further, the E-NA type has a significantly higher MUE and median value compared to the

other two models. The COSMO-SAC model has the best performance for the alcohol solute

class, with poor performance for the alkane, aromatic and water solute classes. The range of

errors for the aromatic solute class exceeds experimental precision. However, as the median

value is relatively close to the other two models; this suggests the COSMO-SAC models cannot
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represent some systems effectively. The water solute class shows that the COSMO-SAC model

also cannot represent water as a solute. For the solvent classes, the COSMO-SAC model has

the worst performance for the alcohol solvent class, with comparable performance for every

other solvent class.

For the test between the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models, the

SAFT-γ Mie model was shown to have the best overall performance. However, the analysis of

the bonding types, solute classes and solvent classes has shown that each method has different

strengths; so a potential user should select a model based on their desired solutes and solvents.

5.4 Conclusion

In this chapter, three activity coefficient models, an equation of state, a hybrid quantum-

mechanical/activity coefficient model and three data-driven models were benchmarked in

four tests using 2 data sets with and without water as a solvent. The first experimental

data subset 1 was derived by filtering out solute/solvent pairs that could not be modelled by

the SAFT-γ Mie, NRTL, UNIFAC, modUNIFAC (Do) and COSMO-SAC models, whereas

the second experimental data subset 2 removes any solute/solvent pairs that contain water.

Subset 1 is used when models are compared against nonaqueous and aqueous systems, whereas

subset 2 is for nonaqueous systems only. The first test was a comparison of the three activity

coefficient models, NRTL, UNIFAC, and modUNIFAC (Do) to select the best model to serve as

a representative when compared against the other models. It was shown that the modUNIFAC

(Do) model was the best activity coefficient model compared to the NRTL and UNIFAC

models using experimental data subset 1. In the second test, the three ALAMO-type data-

driven models, A-D10-10, RA-G10-5 and HA-E3-1, were compared to identify a suitable

representative. The models were developed for nonaqueous use only and therefore the second

test used the experimental data subset 2. It was seen that the data-driven models had very

similar performance, with the A-D10-10 model being outperformed by the latter two models.

The RA-G10-5 model achieved slightly better overall performance compared to the HA-E3-1

model with RMSE values of 0.298 kcal mol-1 to 0.300 kcal mol-1. The difference in performance

was deemed negligible and the HA-E3-1 model was chosen as the representative as the model

was trained on less experimental data and is inherently more predictive. The third test
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Figure 5.15: Parity plots of the SAFT-γ Mie (a), modUNIFAC (Do) (b), and COSMO-SAC models
where ∆G◦,m,exp

s,i,j and ∆G◦,m,pred
s,i,j are the experimental and predicted free energies of solvation respec-

tively. The green line represents the equatorial line and the red and blue dotted lines represent a ± 1
kcal mol-1 deviation, respectively.

Table 5.14: Error analysis for the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models when
compared against the solute/solvent pairs in subset 1. The definitions of all the metrics can be found

in Table 5.1.

Method SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

RMSE / kcal mol-1 0.429 0.624 0.525
R2 0.960 0.915 0.940

SD / kcal mol-1 2.139 1.923 2.081
MSE / kcal mol-1 0.172 0.345 0.302
MUE / kcal mol-1 0.333 0.402 0.379

MURE / % 10.17 14.29 14.08



132

Figure 5.16: Box plots of unsigned errors (kcal mol-1) for the SAFT-γ Mie, modUNIFAC (Do) and
COSMO-SAC models per type of interaction between solute and solvent. The errors shown are a
comparison of the predicted values and experimental values of the data in subset 1. The labels of the
x-axis are written in the form of SOLUTE-SOLVENT, e.g. SA-SA represents a self-associating solute
in a self-associating solvent. "Count" represents the number of pairs that exhibit that specific type of

interaction. Figure 5.2 outlines the different aspects of a box plot.

Table 5.15: Table showing the model with the lowest MUE per type of interaction. The MUE value
represents the mean point in figure 5.16 and is defined by the MUE metric in Table 5.1.

Solute, solvent Count MUE / kcal mol-1

SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

SA-SA 66 0.289 0.342 0.355
SA-NA 128 0.499 0.480 0.334
NA-NA 146 0.225 0.231 0.248
NA-SA 55 0.293 0.772 0.846
E-NA 8 0.336 0.265 0.518
E-SA 1 0.005 0.099 0.221



133

Figure 5.17: Box plots of unsigned errors for the SAFT-γ Mie, modUNIFAC (Do) and COSMO-
SAC models per class of solute. The errors shown are a comparison of the predicted and experimental
values of the data in subset 1. The labels of the x-axis represent the classes of solute, where "c-alkanes"
denote cycloalkanes. "Count" represents the number of pairs that include a specific class of solvent.

Figure 5.2 in the appendix outlines the different aspects of a box plot.

Table 5.16: Table showing the model with the lowest MUE per solute class. The MUE value
represents the mean point in figure 5.17 and is defined by the MUE metric in Table 5.1.

Solute class Count MUE / kcal mol-1

SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

acetone 4 0.299 0.246 0.485
acid 78 0.485 0.803 0.609

alcohol 215 0.426 0.282 0.262
alkane 69 0.246 0.638 0.534
alkene 6 0.287 0.303 0.226
amino 30 0.409 0.452 0.174

aromatic 63 0.260 0.241 0.429
c-alkane 2 0.031 0.042 0.176

ester 61 0.227 0.247 0.281
water 6 0.167 0.944 1.014
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Figure 5.18: Box plots of unsigned errors for the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC
models per class of solvent. The errors shown are a comparison of the predicted and experimental
values of the data in subset 1. The labels of the x-axis represent the classes of solvent, where "c-
alkanes" denote cycloalkanes. "Count" represents the number of pairs that include a specific class of

solvent. Figure 5.2 in the appendix outlines the different aspects of a box plot.

Table 5.17: Table showing the model with the lowest MUE per solute class. The MUE value
represents the mean point in figure 5.18 and is defined by the MUE metric in Table 5.1.

Solvent class Count MUE / kcal mol-1

SAFT-γ Mie modUNIFAC (Do) COSMO-SAC

acid 4 0.267 0.140 0.137
alcohol 78 0.304 0.323 0.469
alkane 218 0.353 0.358 0.292
amino 2 0.229 0.134 0.133

aromatic 47 0.408 0.375 0.367
c-alkane 13 0.240 0.157 0.182

ester 7 0.162 0.088 0.115
water 38 0.262 1.030 0.862
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involved using the nonaqueous subset 2 to compare the HA-E3-1, modUNIFAC (Do), SAFT-

γ Mie, and COSMO-SAC models. It was shown that the HA-E3-1 model achieved the best

overall performance; however, some of the experimental data points were used to train the

model directly. The model also had varied performance across different bonding types, solute

classes and solvent classes. In the fourth test, the SAFT-γ Mie, modUNIFAC (Do), and

COSMO-SAC models were compared against one another using the nonaqueous and aqueous

subset 1. The SAFT-γ Mie model was shown to have the best overall performance; however,

each model excels at different bonding types, solute classes and solvent classes.

An important note pertains to the diversity of molecules in the experimental subsets, as

there are only 76 molecules, with the majority of them being alkane, alcohol and aromatic

molecules. Furthermore, the combinations of solute and solvent molecules favour alcohols as

solutes and alkanes as solvents. This study’s findings may show that some models have the best

overall performance; however, some molecule classes may only have data points in the single

digits. Therefore, it is essential to select a model based on that knowledge. Finally, the HA-E3-

1 model, modUNIFAC (Do), SAFT-γ Mie and COSMO-SAC models usually have medians or

MUEs of 0.5 kcal mol-1, which is significantly lower than the experimental precision, making

these models excellent predictive tools for the prediction of solvation free energies. The

performance of the the latter three models are notable as the models were not trained on the

experimental free energy of solvation database.





137

Chapter 6

Conclusions and Future work

6.0.1 Summary

The free energy of solvation, ∆G◦,m
s,i,j , was introduced as a fundamental thermodynamic quan-

tity with a broad range of applications in Chapter 1. The property describes the difference in

free energy of a solute i in the gas phase and a solute i in a given solvent j at infinite dilution.

Given the importance of the free energy of solvation, there have been efforts to compile par-

tition coefficients, Henry’s constants, or solubilities in databases to be converted directly into

the solvation free energy. However, some solute/solvent system data may not be available

despite the amount of experimental data present. This lack of information is often because a

solute of interest is not stable (i.e. reaction intermediates, transition states) or is dangerous

to handle. In the case of mixed solvents, the potentially infinite number of concentrations and

solvent combinations make the measurement of these systems infeasible. Therefore, predictive

tools which rival experimental precision are highly desired. A wide range of predictive tools

that span empirical data-driven models to ab initio quantum mechanical models have been

applied to the prediction of solvation free energies. Most systematic assessments of these pre-

dictive tools usually apply to one category of models, with only a handful of studies covering

multiple types of models. We proposed two objectives for this thesis: i) to develop a hybrid

data-driven/quantum mechanical model to predict solvation free energies, and ii) to conduct

a systematic assessment that spanned multiple categories of predictive tools.

In Chapter 2, we introduced key concepts such as relevant standard states or reference

concentration scales. These standard states or concentration scales affect how the solvation

free energy is expressed. Therefore, we present a guide on how to convert the solvation free

energy between different forms. We compiled a database of solvation free energies using two

sources and ensured all data points had the desired concentration scale and reference standard
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state. Further, a series of 9 quantum-mechanical solute and 12 bulk solvent descriptors for a

range of solutes and solvents were collated alongside the solvation free energies. In developing

a data-driven model, the PLS framework has previously been used to develop a generalised

data-driven solvation model that can be applied to any solute or solvent system provided the

correct solute and solvent descriptors are available (Borhani et al., 2019). In this thesis, we

also utilise the quadratic form of the PLS framework (QPLS) and the ALAMO framework in

developing a data-driven model. The experimental database that contained the solvation free

energies, solute descriptors and solvent descriptors were used in tandem with the PLS, QPLS

and ALAMO frameworks to develop data-driven models in Chapters 3 and 4.

A review of the current state of systematic studies of predictive tools was also presented

in Chapter 2. Most of the studies involved testing different iterations of models in a family

of predictive tools (UNIFAC, COSMO-RS, COSMO-SAC); however, two studies compared

various families of models. These studies include the comparison of two UNIFAC-type and

two COSMO-SAC-type models and a comparison of two data-driven models and two ab initio

quantum mechanical models. These studies show that there is a need for a systematic study

that covers models from several families. Several popular models such as the SAFT-γ Mie

equation of state, the modUNIFAC (Do) activity coefficient model, and the hybrid quantum

mechanical/activity coefficient model, COSMO-SAC were chosen. We provided brief descrip-

tions highlighting the crucial aspects of these models and the steps to calculate solvation free

energies using them. In Chapter 5, we compare the SAFT-γ Mie, modUNIFAC (Do) and

COSMO-SAC models against the newly-developed data-driven models from Chapters 3 and

4 in a systematic assessment using a common experimental data set.

In Chapter 3, we utilised the PLS, QPLS and ALAMO model frameworks to develop non-

aqueous data-driven models using the experimental solvation free energies alongside the solute

and solvent descriptions from the database compiled in Chapter 2. Firstly, we introduced the

algorithms for each model and explained the important aspects of each model. We conducted

cross-validation studies to determine if the distribution of data points in the training and val-

idation sets would affect the predictive capabilities of the developed PLS, QPLS and ALAMO

models. This cross-validation procedure involved averaging the performance metrics of mod-

els trained on different training and validation data sets. There were negligible effects for the

PLS and QPLS models with both models also having similar performance. In the ALAMO
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framework, a data-driven model is built on selecting the best subset of mathematical trans-

formations of the descriptor variables from an initially broader set through optimisation. We

identified several mathematical transformations such as linear, quadratic, inverse, and several

powers of binomial terms that best represented the experimental data and created several

basis sets composed of combinations of these terms. The results of the cross-validation study

for the ALAMO framework showed more distinct effects when distributing the training and

validation data sets for ALAMO models; however, we identified the best ratio of training to

validation data and the best basis set which was composed of linear, inverse, and binomial

terms. In the cross-validation study of the three frameworks, it was shown that the ALAMO

framework offered excellent precision and high customisation and outperformed the PLS and

QPLS models. While we identified the best ratio of training to validation data and the best

basis set for the ALAMO framework, it was dependent on an average of 10 ALAMO models.

Thus, among those models, the representative ALAMO model was chosen as the model with

the lowest overall RMSE when compared with 2167 experimental data points. The chosen

ALAMO model was named A-D10-10, which stands for an ALAMO model with basis set D

(linear, inverse and a binomial term) that uses the 10th model from the selection of models

with training to validation ratio of 10:1. The model achieved an RMSE value of 0.516 kcal

mol-1 and a R2 value of 0.921. We encourage a potential user to utilise this model to predict

solvation free energies due to its wide range of applicability and predictive capability.

After the A-D10-10 model was developed, we sought to try to improve the model by

incorporating a detailed description of a quantum-mechanically derived solute molecule in

a solvent in Chapter 4. Doing so would provide information about how the solute i and

solvent j molecules interact together. The free energy of solvation ∆G◦,m
s,i,j was partitioned

into an electrostatic contribution, ∆Eeli,j , which is represented by the QM description of the

solute molecule in a solvent, and nonelectrostatic contribution, GCDSi,j . The electrostatic

contribution, ∆Eeli,j , is the difference between electronic energy of the solute molecule in the

gas phase, Eel,IGi,j , and the electronic energy of the solute molecule in the solvent phase, Eel,Li,j .

These electronic energies were calculated using the IEF-PCM model with the X3LYP/6-

31G(d,p) level of theory in the Gaussian09 model suite (Frisch et al., 2016). Compared to

the 2167 experimental data points of solute/solvent pairs used to develop the nonaqueous

A-D10-10 model, we could only model 2047 of these solute/solvent pairs in Gaussian09. Once

the 2047 pairs of gas-phase and solvent-phase electronic energies were calculated, the 2047
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experimental ∆G◦,m
s,i,j values in the database were converted into GCDSi,j values. This conversion

into GCDSi,j values resulted in two databases: i) a reduced database of ∆G◦,m
s,i,j and ii) and a

database of GCDSi,j values which contain the same solute/solvent pairs and solute and solvent

descriptors. We used both databases to develop models with the PLS, QPLS and ALAMO

frameworks to assess if incorporating the QM description of the solute molecule improved

performance.

In the latter half of Chapter 4, the new reduced ∆G◦,m
s,i,j and GCDSi,j data sets were used in

conjunction with the PLS, QPLS and ALAMO frameworks to produce a series of data-driven

(RX series of models) and hybrid QM/data-driven models (HX series of models), respectively,

to predict solvation free energies. A cross-validation study using the same procedure as the

one in Chapter 3 was carried out using both the ∆G◦,m
s,i,j and GCDSi,j data sets to determine

if the distribution of data in the training to validation sets affected model performance. In

the context of the PLS and QPLS models, we found a significant improvement in the RMSE

value of 0.15 to 0.2 kcal mol-1 for the HX series of models when compared to the RX series

of models. For the ALAMO framework, we developed two families of models, the RA series

which refers to ALAMO models developed using the reduced ∆G◦,m
s,i,j data set and the HA

series which refers to ALAMO models which were developed using the GCDSi,j data set. For

both families of models, we chose to use the same combined basis sets like the ones selected

in Chapter 3 (Table 3.13). The results were similar to the ones in Chapter 3 for both families

where the ALAMO models outperform the PLS and QPLS models with a varied performance

across the different ratios of training to validation data. For the HA models, we determined

there was a similar improvement (as seen in the HX PLS and QPLS models) of roughly 0.15

kcal mol-1 compared to the RA models when considering mostly linear models. However, only

a minor improvement of 0.05 to 0.1 kcal mol-1 was observed when considering models with

bilinear power terms.

From the cross-validation study, we were able to identify the best ratios of training to

validation data and the best basis sets for the RA and HA series of models. The RA series

achieved the best average performance with a ratio of 9:1 training to validation data and the

basis set "G", which contains a linear, binomial and squared binomial term. In contrast, the

HA series achieved its best average performance with a ratio of 2:1 training to validation data

and the basis set "E", which contains linear, inverse, binomial, and inverse binomial terms.

We selected representative models according to the lowest RMSE value of the validation
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set. Therefore, the best models were the RA-G10-5 and HA-E3-1 models which achieved

overall RMSE values of 0.411 and 0.430 kcal mol-1, respectively. Based on these values, one

can conclude that the RA-G10-5 model, which uses the reduced ∆G◦,m
s,i,j data set has superior

performance. However, the model has been trained on 90% of the experimental in comparison

to the HA-E3-1 model, which has only been trained on 66% of the data, making it inherently

less predictive than the latter. Thus, we selected the HA-E3-1 model as the representative

model for the data-driven models and have shown that the hybrid QM/data-driven approach

enhances the performance of the data-driven model approach.

In Chapter 5, we carried out a systematic assessment of a range of predictive tools that

included the SAFT-γ Mie equation of state; the NRTL, UNIFAC, and modUNIFAC (Do)

activity coefficient models; the three data-driven ALAMO models, A-D10-10, RA-G10-5 and

HA-E3-1; and the hybrid QM/activity coefficient model COSMO-SAC. A critical aspect of

systematic studies is to determine a common validation data set to benchmark the models.

We filtered the compiled database of 2364 data points from Chapter 2 to ensure each model

could model each solute/solvent pair and obtained a nonaqueous and aqueous subset of 404

data points (subset 1) and a nonaqueous subset of 350 data points (subset 2). The nonaqueous

subset is necessary as the data-driven models A-D10-10, RA-G10-5 and HA-E3-1, were de-

veloped for nonaqueous use only. Further, having two subsets of data allows us to assess how

the performance of the non-data-driven models changes when adding aqueous pairs. In total,

Chapter 5 contained four tests. The first two were designed to select a representative from

the activity coefficient models using experimental data subset 1 and to select a representative

from the data-driven models using experimental data subset 2. We selected the models based

on their overall performance when compared to their corresponding subsets of data. The mod-

UNIFAC (Do) model exhibited the best performance amongst the activity coefficient models.

In contrast, the RA-G10-5 and HA-E3-1 models outperformed the A-D10-10 model and had

very similar performances. We chose the HA-E3-1 model as the representative data-driven

model as it was trained on less experimental data and is inherently more predictive.

The other two tests involved comparing the SAFT-γ Mie and COSMO-SAC models with

the representative ACM and data-driven models. The nonaqueous test (subset 2) involved the

HA-E3-1, SAFT-γ Mie, modUNIFAC (Do), and COSMO-SAC models. We observed superior

performance from the HA-E3-1 with an overall RMSE value of 0.300 kcal mol-1 compared to

0.433, 463, and 418 kcal mol-1 for the SAFT-γ Mie, modUNIFAC (Do), and COSMO-SAC
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models, respectively. We also categorised unsigned errors into box plots and found that the

HA-E3-1 model has consistently low errors for nearly all categories. Thus, the HA-E3-1 model

has been shown to severely outperform predictive tools that are supported by some physical

theories.

In the test that compared the SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC models

using the nonaqueous and aqueous subset of data (subset 1), we have shown that the SAFT-

γ Mie model has the best overall performance. However, when the unsigned errors were

categorised into box plots, we found that each of the three models excelled at different bonding

pairs, solute classes or solvent classes. For example, the modUNIFAC (Do) and COSMO-SAC

models exhibited poor performance for alkane/water systems with some errors exceeding 2

kcal mol-1. In contrast, the modelling of aromatic molecules using the SAFT-γ Mie model was

challenging with some errors and outliers exceeding 1 kcal mol-1. Further, all three models

had a poor performance for acids as solutes and alkanes as solvents with errors surpassing 1

kcal mol-1. It is important for a reader to discern what solute/solvent systems they intend to

model and select a model with the lowest errors. The HA-E3-1, modUNIFAC (Do), SAFT-γ

Mie and COSMO-SAC models generally have median values or mean unsigned errors of 0.5

kcal mol-1, which is substantially lower than the experimental precision making them excellent

predictive tools for the prediction of solvation free energies.

This thesis uses several methodologies to develop, test and benchmark predictive tools

to estimate the free energy of solvation. As such, this thesis serves as a guide for a poten-

tial user intending to estimate the free energy of solvation, assessing each tool depending on

their intended applications. We compared four methodologies - data-driven, molecular, ac-

tivity coefficient, and ab-initio - and found the HA-E3-1 data-driven model to be the best in

terms of accuracy for nonaqueous systems. However, one important limitation of the HA-E3-1

hybrid QM/data-driven framework is its reliance on experimental data for the solvent prop-

erties. Pure solvent properties are readily available; however, mixed solvent information is

not due to the infinite number of potential compositions, preventing the HA-E3-1 model from

being applied to multiple solvent systems. Comparatively, the SAFT-γ Mie, modUNIFAC

(Do) and COSMO-SAC models can be used to access the range of compositions due to their

formulation. However, while the whole range is accessible, the lack of mixed solvent data

means any predictions using the three models cannot be validated against experimental data.

Further, only the HA-E3-1 and COSMO-SAC models can be used to access transition state
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systems; the former requires the theoretical solute descriptors, whereas the latter requires a

QM optimised structure of the transition state. Transition state properties cannot be exper-

imentally determined; therefore, we cannot validate any predictions from the HA-E3-1 and

COSMO-SAC models.

Once a potential user has assessed their needs depending on intended application, this

thesis’s predictive tools may be accessed using the following methods. MATLAB, Python

or any equivalent software can be used to implement the HA-E3-1 model using its model

parameters and coefficients that are available in Table C.8 in appendix C. For the SAFT-γ

Mie predictive tool, the gPROMS ModelBuilder 5.1.0 (gPROMS 1997) modelling suite can

be used to access the model where the functional groups are readily available. The process

modelling software, ASPEN Plus V8.4 (ASPEN Plus 1994) can be used for the modUNIFAC

(Do) and the COSMO-SAC models.

Solvation free energies may thus be applied in a variety of fields, including but not limited

to, drug effectiveness, environmental studies, or the estimation of reaction rates in solution

chemistry. However, as mentioned in Chapter 1, it is important to take into account other

thermodynamic quantities in solution chemistry, such as the infinite dilution activity coeffi-

cient, solubility, Henry’s constant, and the partition coefficient of the relevant species. A user

may predict the solubility of an existing or new drug in any solvent provided the required

model parameters and a value for the vapour pressure are present, given that the solubility is

related to the effectiveness of a drug. A series of expressions to convert predicted solvation free

energies into various thermodynamic quantities are available in the database guide document

for the MNSol database (Marenich et al., 2012). Marenich et al. (2012) have presented an ex-

ample of obtaining the aqueous solvation free energy from the vapour pressure and solubility,

expressed as:

∆G∗
S = −2.303RT log

(︃
Saq/M

◦

Pvapour/P ◦

)︃
(6.1)

where Saq is the aqueous solubility of a solute with units mol/L, M◦ is the standard state of

1 mol/L, Pvapour is the vapour pressure of the solute and P ◦ is the standard state pressure of

24.45 atm.

Similarly, in environmental studies, solvation free energy can be used to calculate pollutant

content inside a water stream if converted into the Henry’s Law constant. Comparable to the
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solubility approach, Marenich et al. (2012) have demonstrated how to obtain the aqueous

solvation free energy from the Henry’s Law constant and is expressed as:

∆G∗
S = −2.303RT log (KH) (6.2)

where KH is the Henry’s Law constant as a dimensionless quantity. The quantity is frequently

reported with differing units. When handling the data, care must be taken either when

converting experimental KH values into ∆G∗
S energies or converting predicted ∆G∗

S values

into KH values.

The final potential application of solvation free energy in estimating reaction rates is

illustrated in the work of Struebing et al. (2013), where the solvation free energy of reactants

and transition states are functions of the computed rate constant. The solvation free energies

are necessary in calculating the activation energy barrier for the solvation free energy and is

written as:

∆‡∆G◦
S,B = ∆G◦

S,(CD)‡,B −∆G◦
S,C,B −∆G◦

S,D,B (6.3)

where ∆‡ indicates that an activation energy barrier is being calculated, ∆G◦
S is the standard

free energy of solvation, and the subscript (CD)‡ refers to the transition state structure formed

from reactants C and D while in a solvent B. The solvation free energies for reactants C

and D in any solvent can be calculated as long as the required parameters are available;

however, the solvation free energy of the transition state structure cannot be calculated by

the modUNIFAC (Do) and SAFT-γ Mie models due to a lack of functional groups.

In contrast, the HA-E3-1 model can model transition states as long as the electronic energy

of the transition state in the solvent is calculated and the corresponding solute parameters

are collected. If the user wants an estimate without having to carry out QM calculations, the

A-D10-10 model can model transition states in the same way provided the solute parameters

are available. The optimal option for calculating solvation free energies from the models in

this work is the COSMO-SAC model. It is an ab initio model that can model transition

states using sigma profiles using QM calculations. Through the examples shown, a user can

obtain a series of thermodynamic properties as shown in the documentation for the Minnesota

solvation database or through the expressions found in Chapter 2.
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6.0.2 Main Contributions

• A new database of solvation free energies has been compiled. The database has an

array of solvation free energies ∆G◦,m
s,i,j , electrostatic contribution values, ∆Eeli,j and

nonelectrostatic contribution values, GCDSi,j . The database can be used with the 9 QM

solute descriptors and 12 bulk solvent descriptors (which can be found in (Borhani et

al., 2019)) to develop data-driven models using other mathematical frameworks. These

energies in the database only correspond to solute/solvent pairs at infinite dilution, 1

atm and 298 K.

• The QPLS and ALAMO methodologies were applied successfully in predicting solvation

free energies. The QPLS only achieved slightly better performance compared to the

PLS framework. In contrast, the ALAMO framework exhibited excellent performance

when developing the pure and reduced ∆G◦,m
s,i,j models as well as the hybrid QM/data-

driven models. The resulting ALAMO models also outperformed the SAFT-γ Mie,

modUNIFAC (Do) and COSMO-SAC models when compared against nonaqueous data.

• A novel methodology for producing a generalised hybrid QM/data-driven models for

predicting solvation free energies was proposed. In the methodology, the solvation free

energy, ∆G◦,m
s,i,j , was partitioned into electrostatic (∆Eeli,j) and nonelectrostatic contri-

butions (GCDSi,j ). The electrostatic contribution, ∆Eeli,j , was expressed as the difference

in electronic energies of a solute in the gas solvent phases. The electronic energies were

calculated using the IEF-PCM model with X3LYP/6-31G(d,p) as the level of theory.

Once the electronic energies were compiled, experimental solvation free energies were

converted into nonelectrostatic contributions. After, a mathematical framework (PLS,

QPLS, and ALAMO in this thesis) was used to relate the property to 9 QM solute de-

scriptors and 12 bulk solvent descriptors. Doing so would provide the overall model with

an inherent QM description of the solute molecule in a solvent while also having other

properties to enhance the solute and solvent descriptions. The proposed methodology

was a success as the hybrid QM/data-driven models based on GCDSi,j values achieved

better RMSE values compared to a data-driven model trained on ∆G◦,m
s,i,j values. Fur-

ther, the hybrid QM/data-driven ALAMO models had better RMSE values than the

SAFT-γ Mie, modUNIFAC (Do) and COSMO-SAC by about 0.1 kcal mol-1.
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• A systematic study spanning four predictive tool categories was carried out against

a common set of experimental data to assess which models perform the best. These

categories include activity coefficient models, data-driven models, an equation of state

and a hybrid QM/activity coefficient model. Several metrics and parity plots were used

to assess the overall performance of each model whereas box plots with categories such

as interactions between solute and solvent, solute classes, and solvent classes were used

to highlight the strengths and weaknesses of each model.

• The SAFT-γ Mie equation of state was utilised in the prediction of solvation free ener-

gies. The equation of state achieved good results when compared to the modUNIFAC

(Do) and COSMO-SAC models. The latter models are popular in the prediction of infi-

nite dilution activity coefficients and solvation free energies. When compared against the

nonaqueous subset of data, the SAFT-γ Mie model performed similarly to the COSMO-

SAC model. However, when compared against the nonaqueous and aqueous subset of

data, the SAFT-γ Mie achieved the best overall performance with the majority of the

errors remaining under 0.5 kcal mol-1.

• A potential user interested in modelling the free energy of solvation for obtaining other

thermodynamic quantities such as the partition coefficient, reaction rates, or for another

purpose, they can consult this work to aid in selecting a predictive model for the free

energy of solvation.

6.0.3 Future work

Expanding the database of solvation free energies and solute/solvent descriptors

Currently, the database used in this thesis is composed of experimental solvation free energies,

electronic energies, nonelectrostatic contribution values, 9 QM solute descriptors and 12 bulk

solvent descriptors for each data point. A simple way to improve data-driven models is

to utilise more experimental data for model training and validation. There are sources of

experimental solvation free energies available such as the free energy of self-solvation (the

energy required to transfer a solute molecule i from the gas phase into a solvent i), which

can be found in the CompSol database (Moine et al., 2017). Further, new solute or solvent

descriptors can be compiled and added to the database. These descriptors can then be used

in mathematical frameworks to produce higher quality models.
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Improving the hybrid QM/data-driven methodology

The hybrid QM/data-driven methodology of incorporating a detailed QM description of the

solute molecule in a solvent was shown to have excellent results for the ALAMO series of

models, which consistently outperformed predictive tools such as SAFT-γ Mie, modUNIFAC

(Do) and COSMO-SAC. The goal of the method was to expand the generalised form of

data-driven solvation models developed by Borhani et al. (2019), which directly related the

solvation free energy to the solute and solvent descriptors. A drawback of that formulation

was that the solute and solvent descriptors were independent of one another. Therefore,

the hybrid methodology improved the formulation by incorporating information on how the

solute and solvent molecules interact together. It has been shown that this new formulation

has achieved better results compared to the pure data-driven form. However, there are ways

to improve the formulation. For example, the electronic energies can be calculated using

a higher level of theory which would provide higher precision. Further, the GCDSi,j variable

can be related to the solute and solvent descriptors by using more complicated mathematical

frameworks such as neural networks. However, the ALAMO framework is highly customisable,

so the predicted data would fit the experimental data as closely as possible. Another avenue

for improvement is using more descriptor variables or considering different combinations of

mathematical functions to optimise the hybrid model. A substantial improvement involves

incorporating the solute structure in the formulation to obtain a more detailed description.

This approach is similar to the one proposed in the SMD model (Marenich, Cramer, and

Truhlar, 2009).

Broader systematic studies

One of the main goals of this thesis was achieved when predictive tools spanning multiple

categories were compared against one another using a nonaqueous subset of data and a non-

aqueous and aqueous subset of data. The systematic study is meant to serve as a guide for

potential users when selecting a predictive tool. However, the study can be expanded by

incorporating models from other categories such as classical molecular dynamics or Monte

Carlo models or QM models such as SMD or COSMO-RS. Further, for the newer SAFT-γ

Mie equation of state, functional groups are still being developed and can be used to create
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more solute/solvent systems. Otherwise, the validation data set can be expanded by including

more experimental data.

Solvation models for mixed solvents

An ultimate goal for predictive tools for the free energy of solvation is to have models that

can accurately predict the behaviour of mixed solvents over a broad range of compositions

and combinations. This aspect would open multiple avenues for computer-aided molecular

design or the design of drug molecules. For data-driven models like the ones developed in

this thesis, it is substantially challenging to develop models using current methodologies as

there is a severe lack of experimental data of mixed solvents due to the range of compositions

and combinations. Thus, it is highly unlikely that pure data-driven models can ever model

mixed solvents. In contrast, models with physical theory supporting them have been shown

to model multicomponent systems. Equations of state such as the SAFT-γ Mie model are

state-of-the-art predictive tools that can accurately model these systems with high precision.

The final issue with mixed solvent solvation models is even if there was a high precision model,

there would be almost no experimental solvation free energy data for validation. However, it

would be an interesting avenue to explore nonetheless.
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Appendix A

List of molecules used in the study

and in the experimental subsets

This section contains lists of molecules in this study, and tables containing the molecules in

each experimental data subset found in chapter 5. The list of the molecules used in this study

can be found in tables A.1 and A.2 with their corresponding CAS numbers, molecule class,

and molecule type. The tables containing the experimental data subset 1 can be found in

tables XX and the tables containing experimental data subset 2 can be found in tables YY.
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Table A.1: Table showing the molecules used in this study, with their corresponding CAS numbers,
molecule classes and molecule interaction types as classified in section 2.2.4

Molecule name CAS Number Molecule Class Molecule Type

acetone 67-64-1 acetone E
n-pentanoic acid 109-52-4 acid SA
n-propanoic acid 79-09-4 acid SA
n-hexanoic acid 142-62-1 acid SA
n-butanoic acid 107-92-6 acid SA
n-heptanoic acid 111-14-8 acid SA

1-nonanol 143-08-8 alcohol SA
1-octanol 111-87-5 alcohol SA
1-butanol 71-36-3 alcohol SA
1-heptanol 111-70-6 alcohol SA
1-hexanol 111-27-3 alcohol SA

2-methyl-1-propanol 78-83-1 alcohol SA
ethanol 64-17-5 alcohol SA

2-propanol 67-63-0 alcohol SA
1-pentanol 71-41-0 alcohol SA
1-propanol 71-23-8 alcohol SA
methanol 67-56-1 alcohol SA
1-decanol 112-30-1 alcohol SA
2-butanol 78-92-2 alcohol SA
t-butanol 75-65-0 alcohol SA

n-dodecanol 112-53-8 alcohol SA
3-methyl-1-butanol 123-51-3 alcohol SA

t-amyl alcohol 75-85-4 alcohol SA
n-heptane 142-82-5 alkane NA
n-pentane 109-66-0 alkane NA
n-octane 111-65-9 alkane NA

n-hexadecane 544-76-3 alkane NA
n-nonane 111-84-2 alkane NA

2,2,4-trimethylpentane 540-84-1 alkane NA
n-hexane 110-54-3 alkane NA
n-decane 124-18-5 alkane NA
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Table A.2: Table showing the molecules used in this study, with their corresponding CAS numbers,
molecule classes and molecule interaction types as classified in section 2.2.4

Molecule name CAS Number Molecule Class Molecule Type

n-pentadecane 629-62-9 alkane NA
n-dodecane 112-40-3 alkane NA
n-undecane 1120-21-4 alkane NA

2,4-dimethylpentane 108-08-7 alkane NA
2-methylpentane 107-83-5 alkane NA

2,2-dimethylpropane 463-82-1 alkane NA
2-methylpropane 75-28-5 alkane NA

n-butane 106-97-8 alkane NA
n-propane 74-98-6 alkane NA

ethane 74-84-0 alkane NA
methane 74-82-8 alkane NA

2-methylbutane 78-78-4 alkane NA
propene 115-07-1 alkene NA
1-hexene 592-41-6 alkene NA
1-pentene 109-67-1 alkene NA

s-trans-1,3-butadiene 106-99-0 alkene NA
1-butene 106-98-9 alkene NA
ethene 74-85-1 alkene NA

ethylamine 75-04-7 amino SA
butylamine 109-73-9 amino SA
pentylamine 110-58-7 amino SA
propylamine 107-10-8 amino SA

1,2-diaminoethane 107-15-3 amino SA
methylamine 74-89-5 amino SA

benzene 71-43-2 aromatic NA
m-xylene 108-38-3 aromatic NA

ethylbenzene 100-41-4 aromatic NA
toluene 108-88-3 aromatic NA
o-xylene 95-47-6 aromatic NA
p-xylene 106-42-3 aromatic NA

butylbenzene 104-51-8 aromatic NA
isopropylbenzene 98-82-8 aromatic NA

1,2,3-trimethylbenzene (hemellitene) 526-73-8 aromatic NA
trimethylbenzene (hemellitene) 95-63-6 aromatic NA

cyclohexane 110-82-7 c-alkane NA
cyclopentane 287-92-3 c-alkane NA
pentyl acetate 628-63-7 ester NA
n-butyl acetate 123-86-4 ester NA
ethyl acetate 141-78-6 ester NA

n-propyl acetate 109-60-4 ester NA
methyl acetate 79-20-9 ester NA

methyl propanoate 554-12-1 ester NA
methyl butanoate 623-42-7 ester NA
ethyl propanoate 105-37-3 ester NA

water 7732-18-5 water SA
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Appendix B

List of molecules used in the

experimental subsets found in chapter

5

This section contains the experimental database.
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Appendix C

Extra information for the PLS, QPLS

and ALAMO data-driven models

C.1 Tables for the determining of number of splits analysis

Table C.1: Table containing the R2 values of the ALAMO models per split found in Figure 3.6

R2

2 3 5 10 15 20
A 0.80 0.79 0.79 0.80 0.79 0.79
B 0.79 0.79 0.80 0.79 0.79 0.79
C 0.79 0.79 0.79 0.79 0.79 0.78
D -31.7 0.86 0.88 0.89 0.88 0.88
E 0.71 0.74 0.83 0.88 0.8 0.86
F -471 0.86 0.87 0.88 0.89 0.88
G -56.6 0.74 0.83 0.44 0.72 0.07

Table C.2: Table containing the average RMSE values of the ALAMO models per split found in Figure 3.6

RMSE (kcal mol)-1

2 3 5 10 15 20
A 0.83 0.83 0.83 0.83 0.83 0.82
B 0.83 0.83 0.83 0.83 0.83 0.82
C 0.84 0.85 0.84 0.84 0.84 0.83
D 7.55 0.67 0.62 0.61 0.62 0.62
E 0.96 0.9 0.74 0.62 0.75 0.64
F 27.8 0.69 0.65 0.64 0.61 0.62
G 10.0 0.9 0.75 1.05 0.84 1.00
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Table C.3: Table containing the average bias values of the ALAMO models per split found in Figure 3.6

R2

2 3 5 10 15 20
A -0.00271 0.00406 -0.00186 -0.000768 0.00117 0.000997
B -0.00634 0.00397 -0.00129 0.00322 0.0015 -0.00235
C -0.00349 -0.000667 -0.00144 0.000369 0.00176 -0.0021
D -0.42200 0.000201 -0.00484 -0.00405 0.00186 -0.00399
E -0.00958 -0.0236 0.00829 -0.0123 -0.0162 0.0000774
F -1.59000 -0.00947 0.00231 0.00738 -0.00332 -0.00886
G 0.17200 0.00892 -0.000675 -0.0422 -0.00721 -0.0417

Table C.4: Table containing the average model size of the ALAMO models found in Figure 3.6

R2

2 3 5 10 15 20
A 21.50 25.67 23.40 27.80 27.87 27.90
B 21.50 26.33 26.60 28.90 27.53 27.60
C 22.00 23.66 23.40 25.30 25.47 25.50
D 85.00 105.0 118.2 121.9 130.3 131.7
E 120.0 142.7 149.6 150.6 157.7 155.9
F 91.50 98.30 114.8 124.7 122.5 124.3
G 132.0 155.0 179.4 188.4 189.7 190.5

C.2 Breakdown of ALAMO-type models found in chapter 3.

This section contains the model constituents for the A-D10-10, HA-G10-5 and HA-E3-1

ALAMO models. The models are listed with a set of basis functions and corresponding coef-

ficients. For the HA-E3-1 model, the model is regressed against the GCDS data set found in

section 4.1.4 and appendix B. In constrast, the A-D10-10 and HA-G10-5 models are regressed

against the free energy of solvation data set found in sections 3.3 and 4.1.4 and appendix B.

C.2.1 ALAMO model A-D10-10

The A-D10-10 model is composed of 132 basis functions which include linear, quadratic, and

bilinear terms. Table C.5 contains the basis functions and their corresponding coefficients.

C.2.2 ALAMO model HA-G10-5

The HA-G10-5 model is composed of 179 basis functions which include linear, inverse, and

bilinear terms. Tables C.6 and C.7 contains the basis functions and their corresponding
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coefficients.

C.2.3 ALAMO model HA-E3-1

The HA-E3-1 model is composed of 118 basis functions which include linear, inverse, bilinear

and, inverse bilinear terms. Table C.8 contains the basis functions and their corresponding

coefficients.
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Table C.5: Table containing the functions and corresponding coefficients for the A-D10-10 model.

Coefficient Function Coefficient Function Coefficient Function

-0.129079037 Tb -1.43E-02 Tb ∗ εH -1.539144699 µj ∗ q+
-1.27E-02 Mw 2.00E-02 Tb ∗ εL 7.62E-03 µj ∗ Vmc

0.179549924 Tc 4.16E-04 Tb ∗ µi -4.72E-03 µj ∗ S
-1.272096124 Pc -5.09E-02 Tb ∗ q+ 5.01E-03 ϵ ∗ σ

1.15E-02 Vc -7.07E-03 Mw ∗ Pc 1.54E-04 ϵ ∗ π
-22.60432484 Vm 6.43E-04 Mw ∗ ϵ -3.91E-02 ϵ ∗ εL
-2.385604624 µj 2.25E-02 Mw ∗ nD 6.66E-02 ϵ ∗ q+
0.10255058 ϵ 2.99E-04 Mw ∗ σ 0.52222805 nD ∗ σ

-24.89370467 nD -9.87E-04 Mw ∗∆Hv 8.635912064 nD ∗ εL
-6.70E-02 σ -4.55E-05 Mw ∗ π -0.820814972 nD ∗ µi

0.169232911 ∆Hv -1.45E-03 Mw ∗ µi -1.68E-02 nD ∗ Vmc
0.22633315 logKow 1.20E-02 Mw ∗ q+ 0.461885344 σ ∗ εH
-8.31E-02 π 6.49E-04 Mw ∗ q− 0.293514462 σ ∗ q+

17.34593709 εH 2.35E-06 Mw ∗ E -0.112323555 ∆Hv ∗ εL
-23.97362464 εL -1.33E-02 Tc ∗ µj -5.69E-03 ∆Hv ∗ µi
1.315531603 µi 1.51E-04 Tc ∗ ϵ -9.17E-02 ∆Hv ∗ q+
-24.21967314 q+ -4.27E-02 Tc ∗ nD 3.81E-02 ∆Hv ∗ q−
5.876254708 q− -1.09E-03 Tc ∗ σ -3.23E-04 ∆Hv ∗ S

9.61E-03 Vmc 2.53E-04 Tc ∗∆Hv -3.62E-03 logKow ∗ π
4.33E-03 E -3.74E-02 Tc ∗ εH -0.878193453 logKow ∗ εL
5.85E-02 S 1.43E-03 Tc ∗ µi 2.031631015 logKow ∗ q+

-13208.26488 (Tb)
−1 2.49E-02 Tc ∗ q+ 4.17E-03 logKow ∗ S

35.44873647 (Mw)
−1 19.64783338 Pc ∗ Vm 7.39E-02 π ∗ εL

36073.07191 (Tc)
−1 -0.155276247 Pc ∗ µj -6.65E-03 π ∗ µi

12.46781798 (Pc)
−1 4.51E-03 Pc ∗ ϵ -5.69E-02 π ∗ q+

0.192853573 (Vc)
−1 0.896681311 Pc ∗ nD -7.12E-02 π ∗ q−

8.50E-02 (Vm)
−1 -2.12E-02 Pc ∗ σ -3.34E-05 π ∗ Vmc

1.883415713 (ϵ)−1 -3.96E-02 Pc ∗∆Hv -2.94E-05 π ∗ E
-58.36984607 (nD)

−1 3.36E-04 Pc ∗ π 1.91E-04 π ∗ S
3.442298202 (∆H)−1

v -2.576062702 Pc ∗ εH -36.89150543 εH ∗ εL
-6.031746752 (π)−1 -1.47300261 Pc ∗ εL 27.80740485 εH ∗ q+
-1.19167735 (εH)

−1 -3.36E-02 Pc ∗ µi 0.175280112 εL ∗ µi
-2.95E-05 (εL)

−1 0.939831411 Pc ∗ q+ 57.45388076 εL ∗ q+
0.177899236 (q−)−1 0.768963307 Pc ∗ q− 8.44E-03 εL ∗ E
-88.12728704 (E)−1 -8.25E-02 Vc ∗ Vm -0.752742748 µi ∗ q+
-86.03718143 (S)−1 4.29E-05 Vc ∗ q+ 0.642450294 µi ∗ q−

1.11E-04 Tb ∗Mw -10.69826406 Vm ∗ µj 1.06E-02 µi ∗ Vmc
5.08E-03 Tb ∗ Pc 0.134181659 Vm ∗ q+ 8.48E-05 µi ∗ E
1.53E-02 Tb ∗ µj 4.17627538 µj ∗ nD -1.63E-02 µi ∗ S
-1.02E-03 Tb ∗ ϵ -1.02E-02 µj ∗ π -31.08962556 q+ ∗ q−
1.41E-04 Tb ∗ σ -1.292308385 µj ∗ εH -1.39E-02 q+ ∗ E
-1.50E-03 Tb ∗ logKow 0.213663628 µj ∗ εL 4.71E-02 q− ∗ Vmc
9.93E-05 Tb ∗ π -6.86E-02 µj ∗ µi -2.27E-03 q− ∗ E

1.63E-05 Vmc ∗ E
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Table C.6: Table containing the functions and corresponding coefficients of the HA-G10-5 model.

Coefficient Function Coefficient Function Coefficient Function

-6.32E-02 Tb 1.73E-05 Tbπ -0.560634706 PcεL
8.17E-02 Mw 5.46E-03 TbεH -0.335029095 Pcq

+

9.29E-03 Tc 8.68E-02 TbεL 0.947123051 Pcq
−

-4.748204017 Pc 2.02E-03 Tbµi -0.58668682 Vcϵ
-21.60523915 Vc -2.60E-02 Tbq

+ -3.826302095 VclogKow

45.57638747 Vm 2.07E-02 Tbq
− -6.81E-02 Vcq

+

-7.101555104 µj 5.11E-06 TbE 1.93E-03 Vmµi
0.253224036 ϵ 3.87E-04 MwTc 0.165618221 Vmq

+

51.11167251 nD 6.33E-04 MwPc 5.55E-02 µjϵ
-8.99E-02 σ -1.85E-02 MwVc 8.374256815 µjnD
-9.00E-03 ∆Hv 1.29E-03 Mwϵ -1.05E-02 µj∆Hv

0.421969672 logKow 1.35E-03 Mw∆Hv -0.102549415 µj logKow

-0.1426266 π -1.50E-04 Mwπ 2.82E-03 µjπ
81.62115 εH -2.21E-02 MwεH 0.219838212 µjεH

-23.46407304 εL 5.02E-03 MwεL 0.415034208 µjεL
2.746269007 µi -3.30E-03 Mwµi -5.99E-02 µjµi
-45.31629341 q+ -0.114561056 Mwq

+ -1.081732532 µjq+

48.70877536 q− -0.458323762 TcVm -1.48E-03 µjVmc
0.133668602 Vmc -9.83E-03 Tcµ

j 2.49E-03 ϵσ
2.32E-02 E -2.33E-03 Tcϵ 4.73E-04 ϵπ
3.78E-02 S -3.58E-02 TcnD -1.82E-02 ϵεL
-9.14E-04 TbMw -1.53E-03 TclogKow 2.20E-02 ϵq+

2.11E-04 TbTc -5.36E-02 TcεH 24.57560919 nDq
+

1.30E-02 TbPc 4.28E-03 Tcq
+ -26.25095385 nDq

−

8.51E-02 TbVc 1.17E-03 Tcq
− -1.37E-02 nDE

0.558544568 TbVm 3.99E-06 TcE -0.270787572 nDS
6.48E-03 Tbµ

j -0.233965079 Pcµ
j -4.27E-03 σ∆Hv

2.34E-03 Tbϵ -0.233498712 PclogKow 1.272251443 σq+

-0.102814613 TbnD -1.73E-03 Pcπ 8.74E-04 σVmc
1.09E-02 TblogKow -2.824372401 PcεH
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Table C.7: Table containing the functions and corresponding coefficients of the HA-G10-5 model.

Coefficient Function Coefficient Function Coefficient Function

1.27E-04 σE -0.222159314 εLS -8.65E-04 (Pcµi)
2

-2.37E-04 σS -4.310447189 µiq
+ 4.66E-06 (Vc∆Hv)

2

-3.75E-02 ∆Hvlog -1.222678435 µiq
− 3.80E-04 (Vcq

+)2

4.31E-04 ∆Hvπ 1.43E-02 µiVmc -9.15E-05 (µjϵ)2

-0.153917243 ∆HvεH 9.63E-05 µiE -1.10E-05 (µjπ)2

-0.295495712 ∆HvεL -2.93E-02 µiS -2.057849051 (µjεL)
2

-1.23E-03 ∆Hvµi -21.57578797 q+q− 1.36E-06 (µjVmc)
2

0.201296926 ∆Hvq
+ -1.88E-02 q+Vmc 5.26E-04 (ϵnD)

2

-3.65E-05 ∆HvE 6.39E-04 q+E 2.81E-04 (ϵlogKow)
2

-1.45E-03 logKowπ 0.366474946 q+S -1.52E-08 (ϵπ)2

-1.226158946 logKowεL 0.222980809 q−Vmc 6.60E-05 (nDπ)
2

1.579993124 logKowq
+ -3.44E-03 q−E -3.80E-02 (nDµi)

2

4.86E-03 πεH -0.348912416 q−S -28.90972492 (nDq
+)2

-0.143159928 πεL 4.95E-05 VmcE -7.55809495 (nDq
−)2

-1.26E-02 πµi -9.62E-05 ES -2.83E-02 (σq+)2

-0.204533891 πq+ -6.08E-04 (TbεL)
2 -2.59E-08 (∆Hvπ)

2

-0.310107113 πq− -3.00E-04 (Tbq
+)2 1.53E-02 (∆HvεL)

2

-3.78E-05 πE 1.72E-05 (Tbq
−)2 -1.51E-05 (∆Hvµi)

2

-85.09169252 εHεL -7.15E-06 (MwPc)
2 -5.50E-03 (∆Hvq

+)2

7.328824297 εHµi 6.52E-05 (MwnD)
2 0.307545191 (logKowq

+)2

47.16405015 εHq
+ 2.61E-09 (Mwπ)

2 6.03E-06 (πµi)
2

47.21829396 εHq
− -3.17E-04 (MwεH)

2 -4.19E-05 (πq+)2

0.273035553 εHVmc 2.03E-06 (Mwµi)
2 -4.41E-04 (πq−)2

2.79E-02 εHE 1.08E-03 (Mwq
+)2 2.376922977 (εHµi)

2

-0.735020042 εHS -6.18E-05 (TcεL)
2 -3.023301955 (εLµi)

2

-1.038448733 εLµi 1.09E-04 (Tcq
+)2 2003.767928 (εLq

+)2

-78.13313996 εLq
+ -3.92E-06 (Tcq

−)2 -1.08E-04 (εLE)2

-30.3964217 εLq
− 5.46E-06 (Pcϵ)

2 0.717158121 (µiq
+)2

0.192357933 εLVmc 3.75E-02 (PcnD)
2 -0.50679265 (µiq

−)2

1.84E-02 εLE -1.104432064 (PcεL)
2 98.36402146 (q+q−)2
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Table C.8: Table containing the functions and corresponding coefficients of the HA-E3-1 model.

Coefficient Function Coefficient Function Coefficient Function

1.09E-02 Tb 18.61480333 (Mw ∗ logKow)
−1 -9.90E-04 Mw ∗ µi

-9.54E-02 Mw -682.5625301 (Mw ∗ π)−1 1.46E-02 Mw ∗ q+
4.51E-02 Tc 650.0330319 (Mw ∗ E)−1 -2.43E-04 Tc ∗ µi

-0.255316392 Pc -13346.82853 (Tc ∗ ϵ)−1 4.75E-03 Tc ∗ q+
21.20260245 Vm -76234.18669 (Tc ∗ π)−1 -0.405299413 Pc ∗ εL
1.504521651 µj -409.8486802 (Tc ∗ εH)−1 0.803457395 Pc ∗ q+
-5.12E-02 ϵ -9.525549454 (Tc ∗ q−)−1 0.680888966 Pc ∗ q−

46.21280021 nD 127972.0485 (Tc ∗ Vmc)−1 -7.62E-05 Pc ∗ E
-6.22E-02 σ -69.13059473 (Pc ∗ π)−1 -4.403959042 Vm ∗ µj
8.79E-03 ∆Hv 836.6675514 (Pc ∗ Vmc)−1 -0.613851526 µj ∗ q+

0.234403777 logKow -299.1137301 (Pc ∗ S)−1 -0.690009414 µj ∗ q−
5.46E-02 π 0.291985659 (Vm ∗ ϵ)−1 7.30E-02 ϵ ∗ q+

20.67765278 εH -10.3602285 (Vm ∗ S)−1 0.383299782 σ ∗ q+
-2.575167035 εL 55.86008356 (ϵ ∗ nD)−1 -0.111253045 ∆Hv ∗ εL
-0.470125953 µi -6.36283623 (ϵ ∗ π)−1 3.60E-03 ∆Hv ∗ µi
-8.842983297 q+ 1.90E-02 (ϵ ∗ εH)−1 -9.53E-02 ∆Hv ∗ q+
-6.061061901 q− 0.192101807 (ϵ ∗ q−)−1 2.126162897 logKow ∗ q+

-8.14E-02 Vmc 82.63119038 (nD ∗ σ)−1 0.605572619 π ∗ εH
-0.540512207 S -0.600703232 (nD ∗ q−)−1 1.84E-03 π ∗ µi
-13045.17753 T−1

b 1662.967829 (nD ∗ E)−1 -2.70E-02 π ∗ q+
-876.8539142 M−1

w 1.157321887 (σ ∗ logKow)
−1 -3.16E-04 π ∗ Vmc

18808.08809 T−1
c 4.20E-03 (logKow ∗ q−)−1 1.26E-03 π ∗ S

8.5016492 P−1
c 43.56859415 (π ∗ εH)−1 -2.278517881 εH ∗ µi

0.532341578 V −1
m 3.381112299 (π ∗ q−)−1 -0.302434468 εH ∗ Vmc

-38.53588608 ϵ−1 -6959.915038 (π ∗ Vmc)−1 27.20340602 εL ∗ q+
49.07015673 n−1

D -40182.35752 (π ∗ E)−1 11.66231199 εL ∗ q−
-72.08997219 σ−1 -32670.08221 (π ∗ S)−1 -7.63E-03 εL ∗ E
-0.345873128 logK−1

ow -2.47E-04 (εH ∗ εL)−1 -0.433531674 µi ∗ q+
707.1911787 π−1 2.65E-02 (εH ∗ q−)−1 -2.04E-03 q+ ∗ E
2.64784396 ε−1

H 34.86960687 (εH ∗ Vmc)−1 4.57E-04 Vmc ∗ S
-1.06E-03 ε−1

L 62.9823968 (εH ∗ E)−1

0.357277176 (q−)−1 -130.4007391 (εH ∗ S)−1

-2639.89733 V −1
mc 2.526613083 (q− ∗ Vmc)−1

-952.2684396 E−1 234440.5252 (Vmc ∗ E)−1

-4027.31551 S−1 204393.6599 (Vmc ∗ S)−1

229315.1508 (Tb ∗Mw)
−1 -92170.57384 (E ∗ S)−1

-7755.400403 (Tb ∗ Pc)−1 1.87E-04 Tb ∗Mw

-157.6681244 (Tb ∗ Vm)−1 -3.52E-03 Tb ∗ µj
10663.68123 (Tb ∗ ϵ)−1 -5.38E-02 Tb ∗ nD
13717.5428 (Tb ∗ π)−1 1.86E-02 Tb ∗ εL
200518.4639 (Tb ∗ Vmc)−1 -3.58E-02 Tb ∗ q+
-32286.78478 (Tb ∗ E)−1 8.01E-03 Tb ∗ q−
11.7614249 (Mw ∗ Vm)−1 8.86E-04 Mw ∗ ϵ

-804.8085712 (Mw ∗ ϵ)−1 -4.81E-03 Mw ∗ logKow
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Appendix D

List of molecules used in the

experimental subsets found in chapter

5
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Appendix E

Metrics for the box plots found in

chapter 5

E.1 Activity coefficient model metrics

E.1.1 Type of bonding interaction metrics

This section contains the box plot metrics per bonding interaction type for the activity coef-

ficient models test found in chapter 5.

Table E.1: Table showing the minimum unsigned errors of the activity coefficient models per type
of interaction.

Solute, solvent Count Minimum unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

SA-SA 66 0.004 0.006 0.006
SA-NA 128 0.081 0.015 0.003
NA-NA 146 0.004 0.001 0.014
NA-SA 55 0.002 0.024 0.006
E-NA 8 0.063 0.073 0.109
E-SA 1 0.086 0.311 0.099

Table E.2: Table showing the maximum unsigned errors of the activity coefficient models per type
of interaction.

Solute, solvent Count Maximum unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

SA-SA 66 2.089 1.198 1.792
SA-NA 128 3.519 2.276 2.165
NA-NA 146 1.391 1.575 1.060
NA-SA 55 6.462 2.649 2.845
E-NA 8 0.845 0.413 0.416
E-SA 1 0.086 0.311 0.099
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Table E.3: Table showing the median unsigned error of the activity coefficient models per type of
interaction

Solute, solvent Count Median unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

SA-SA 66 0.201 0.200 0.184
SA-NA 128 1.127 0.617 0.335
NA-NA 146 0.262 0.293 0.205
NA-SA 55 0.533 0.546 0.401
E-NA 8 0.365 0.323 0.322
E-SA 1 0.086 0.311 0.099

E.1.2 Solute class metrics

This section contains the box plot metrics per solute class for the activity coefficient models

test found in chapter 5.

Table E.4: Table showing the minimum unsigned errors of the activity coefficient models per solute
class.

Solute class Count Minimum unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acetone 9 0.063 0.073 0.099
acid 39 0.022 0.038 0.036

alcohol 119 0.004 0.006 0.003
alkane 69 0.004 0.001 0.014
alkene 6 0.036 0.267 0.199
amino 30 0.019 0.070 0.070

aromatic 63 0.002 0.002 0.006
c-alkane 2 0.089 0.173 0.036

ester 61 0.048 0.049 0.046
water 6 0.085 0.015 0.530

Table E.5: Table showing the maximum unsigned errors of the activity coefficient models per solute
class.

Solute class Count Maximum unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acetone 9 0.845 0.413 0.416
acid 39 3.519 2.276 2.165

alcohol 119 2.854 1.367 1.198
alkane 69 6.462 2.649 2.845
alkene 6 0.122 0.940 0.583
amino 30 2.089 0.956 1.792

aromatic 63 1.180 0.757 0.711
c-alkane 2 0.122 0.214 0.049

ester 61 1.391 1.173 0.901
water 6 0.438 0.579 1.749
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Table E.6: Table showing the median unsigned error of the activity coefficient models per type of
interaction

Solute class Count Median unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acetone 9 0.355 0.311 0.308
acid 39 0.548 0.469 0.669

alcohol 119 0.964 0.564 0.237
alkane 69 0.221 0.380 0.253
alkene 6 0.093 0.374 0.248
amino 30 0.728 0.315 0.407

aromatic 63 0.288 0.187 0.171
c-alkane 2 0.105 0.193 0.042

ester 61 0.841 0.347 0.250
water 6 0.193 0.153 0.886

E.1.3 Solvent class metrics

This section contains the box plot metrics per solvent class for the activity coefficient models

test found in chapter 5.

Table E.7: Table showing the minimum unsigned errors of the activity coefficient models per solvent
class.

Solvent class Count Minimum unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acid 4 0.037 0.038 0.038
alcohol 78 0.004 0.006 0.006
alkane 215 0.008 0.002 0.003
amino 2 0.071 0.070 0.070

aromatic 47 0.022 0.011 0.014
c-alkane 13 0.004 0.001 0.035

ester 7 0.048 0.049 0.050
water 38 0.002 0.012 0.006
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Table E.8: Table showing the maximum unsigned errors of the activity coefficient models per solvent
class.

Solvent class Count Maximum unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acid 4 0.368 0.372 0.372
alcohol 78 1.853 1.198 1.198
alkane 215 3.519 2.276 2.165
amino 2 0.196 0.197 0.197

aromatic 47 2.854 1.519 1.632
c-alkane 13 1.130 0.742 0.393

ester 7 0.228 0.146 0.146
water 38 6.462 2.649 2.845

Table E.9: Table showing the median unsigned error of the activity coefficient models per solvent
class.

Solvent class Count Median unsigned error / kcal mol-1

NRTL UNIFAC modUNIFAC (Do)

acid 4 0.072 0.074 0.074
alcohol 78 0.378 0.325 0.239
alkane 215 0.821 0.419 0.272
amino 2 0.133 0.133 0.134

aromatic 47 0.294 0.316 0.152
c-alkane 13 0.498 0.247 0.133

ester 7 0.080 0.079 0.079
water 38 0.162 0.447 0.637

E.2 Data-driven model metrics

E.2.1 Type of bonding interaction metrics

This section contains the box plot metrics per bonding interaction type for the data-driven

models test found in chapter 5.

Table E.10: Table showing the minimum unsigned errors of the data-driven models per type of
interaction.

Solute, solvent Count Minimum unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

SA-SA 41 0.005 0.003 0.004
SA-NA 123 0.000 0.005 0.001
NA-NA 142 0.001 0.002 0.003
NA-SA 36 0.005 0.001 0.008
E-NA 8 0.007 0.019 0.025
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Table E.11: Table showing the maximum unsigned errors of the data-driven models per type of
interaction.

Solute, solvent Count Maximum unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

SA-SA 41 1.226 1.294 1.396
SA-NA 123 1.225 1.069 0.870
NA-NA 142 1.199 1.028 0.770
NA-SA 36 0.829 0.806 0.908
E-NA 8 0.333 0.393 0.435

Table E.12: Table showing the median unsigned errors of the data-driven models per type of inter-
action.

Solute, solvent Count Median unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

SA-SA 41 0.222 0.212 0.240
SA-NA 123 0.156 0.177 0.156
NA-NA 142 0.166 0.110 0.179
NA-SA 36 0.253 0.344 0.192
E-NA 8 0.194 0.113 0.193

E.2.2 Solute class metrics

This section contains the box plot metrics per solute class for the data-driven models test

found in chapter 5.

Table E.13: Table showing the minimum unsigned errors of the data-driven models per solute class.

Solute class Count Minimum unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

acetone 8 0.007 0.019 0.025
acid 34 0.021 0.003 0.004

alcohol 107 0.00 0.005 0.001
alkane 55 0.003 0.001 0.003
alkene 6 0.023 0.031 0.038
amino 23 0.037 0.010 0.015

aromatic 55 0.001 0.008 0.008
c-alkane 2 0.327 0.072 0.010

ester 60 0.001 0.003 0.010

E.2.3 Solvent class metrics

This section contains the box plot metrics per solvent class for the data-driven models test

found in chapter 5.
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Table E.14: Table showing the maximum unsigned errors of the data-driven models per solute class.

Solute class Count Maximum unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

acetone 8 0.333 0.393 0.435
acid 34 1.225 1.069 0.829

alcohol 107 1.226 1.294 1.396
alkane 55 1.199 1.028 0.908
alkene 6 0.219 0.680 0.642
amino 23 0.708 0.308 0.653

aromatic 55 0.624 0.806 0.547
c-alkane 2 1.073 0.307 0.356

ester 60 0.666 0.652 0.673

Table E.15: Table showing the median unsigned errors of the data-driven models per solute class.

Solute class Count Median unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

acetone 8 0.194 0.113 0.193
acid 34 0.307 0.245 0.256

alcohol 107 0.156 0.152 0.168
alkane 55 0.250 0.207 0.238
alkene 6 0.095 0.080 0.103
amino 23 0.101 0.134 0.111

aromatic 55 0.295 0.240 0.206
c-alkane 2 0.700 0.189 0.183

ester 60 0.124 0.096 0.153

Table E.16: Table showing the minimum unsigned errors of the data-driven models per solvent class.

Solvent class Count Minimum unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

acid 3 0.101 0.212 0.046
alcohol 73 0.005 0.001 0.004
alkane 213 0.00 0.003 0.001
amino 1 0.708 0.149 0.653

aromatic 41 0.007 0.005 0.007
c-alkane 13 0.032 0.004 0.048

ester 6 0.004 0.002 0.027

E.3 Nonaqueous comparison metrics

E.3.1 Type of bonding interaction metrics

This section contains the box plot metrics per bonding interaction type for the nonaqueous

test found in chapter 5.
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Table E.17: Table showing the maximum unsigned errors of the data-driven models per solvent
class.

Solvent class Count Maximum unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

acid 3 0.385 0.559 0.370
alcohol 73 1.226 1.294 1.396
alkane 213 1.225 1.069 0.854
amino 1 0.708 0.149 0.653

aromatic 41 0.937 0.873 0.870
c-alkane 13 0.832 0.487 0.699

ester 6 0.329 0.439 0.499

Table E.18: Table showing the median unsigned errors of the data-driven models per solvent class.

Solvent class Count Median unsigned error / kcal mol-1

A-D10-10 HA-G10-5 HA-E3-1

acid 3 0.355 0.434 0.125
alcohol 73 0.222 0.275 0.232
alkane 213 0.159 0.121 0.157
amino 1 0.708 0.149 0.653

aromatic 41 0.217 0.127 0.204
c-alkane 13 0.247 0.191 0.264

ester 6 0.118 0.386 0.158

Table E.19: Table showing the minimum unsigned errors of the HA-E3-1, modUNIFAC (Do), SAFT-
γ Mie, and COSMO-SAC models per type of interaction.

Solute, solvent Count Minimum unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

SA-SA 41 0.004 0.001 0.036 0.037
SA-NA 123 0.001 0.003 0.003 0.000
NA-NA 142 0.003 0.005 0.014 0.002
NA-SA 36 0.008 0.109 0.006 0.230
E-NA 8 0.025 0.080 0.109 0.355

Table E.20: Table showing the maximum unsigned errors of the HA-E3-1, modUNIFAC (Do),
SAFT-γ Mie, and COSMO-SAC models per type of interaction.

Solute, solvent Count Maximum unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

SA-SA 41 1.396 1.172 1.198 1.471
SA-NA 123 0.870 1.392 2.165 1.403
NA-NA 142 0.770 1.044 1.060 1.020
NA-SA 36 0.908 0.753 0.711 1.110
E-NA 8 0.435 0.692 0.416 0.646
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Table E.21: Table showing the median unsigned errors of the HA-E3-1, modUNIFAC (Do), SAFT-γ
Mie, and COSMO-SAC models per type of interaction.

Solute, solvent Count Median unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

SA-SA 41 0.24 0.190 0.172 0.195
SA-NA 123 0.156 0.482 0.323 0.227
NA-NA 142 0.179 0.211 0.205 0.242
NA-SA 36 0.192 0.366 0.310 0.558
E-NA 8 0.193 0.173 0.322 0.555

E.3.2 Solute class metrics

This section contains the box plot metrics per solute class for the nonaqueous test found in

chapter 5.

Table E.22: Table showing the minimum unsigned errors of the HA-E3-1, modUNIFAC (Do), SAFT-
γ Mie, and COSMO-SAC models per solute class.

Solute class Count Minimum unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acetone 8 0.025 0.080 0.109 0.355
acid 34 0.004 0.001 0.036 0.036

alcohol 107 0.001 0.025 0.003 0.000
alkane 55 0.003 0.007 0.014 0.025
alkene 6 0.038 0.078 0.199 0.167
amino 23 0.015 0.003 0.107 0.003

aromatic 55 0.008 0.012 0.006 0.002
c-alkane 2 0.010 0.014 0.036 0.171

ester 60 0.010 0.005 0.046 0.048

Table E.23: Table showing the maximum unsigned errors of the HA-E3-1, modUNIFAC (Do),
SAFT-γ Mie, and COSMO-SAC models per solute class

Solute class Count Maximum unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acetone 8 0.435 0.692 0.416 0.646
acid 34 0.829 1.392 2.165 1.471

alcohol 107 1.396 1.172 1.198 1.196
alkane 55 0.908 1.044 1.060 1.020
alkene 6 0.642 0.712 0.583 0.284
amino 23 0.653 0.517 0.588 0.458

aromatic 55 0.547 0.661 0.711 1.110
c-alkane 2 0.356 0.048 0.049 0.182

ester 60 0.673 0.818 0.901 0.897
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Table E.24: Table showing the median unsigned errors of the HA-E3-1, modUNIFAC (Do), SAFT-γ
Mie, and COSMO-SAC models per solute class.

Solute class Count Median unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acetone 8 0.193 0.173 0.322 0.555
acid 34 0.256 0.349 0.811 0.638

alcohol 107 0.168 0.447 0.258 0.210
alkane 55 0.238 0.250 0.232 0.275
alkene 6 0.103 0.232 0.248 0.219
amino 23 0.111 0.310 0.337 0.105

aromatic 55 0.206 0.241 0.178 0.230
c-alkane 2 0.183 0.031 0.042 0.176

ester 60 0.153 0.222 0.253 0.268

E.3.3 Solvent class metrics

This section contains the box plot metrics per solvent class for the nonaqueous test found in

chapter 5.

Table E.25: Table showing the minimum unsigned errors of the HA-E3-1, modUNIFAC (Do), SAFT-
γ Mie, and COSMO-SAC models per solute class.

Solvent class Count Minimum unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acid 3 0.046 0.026 0.038 0.037
alcohol 73 0.004 0.001 0.006 0.054
alkane 213 0.001 0.003 0.003 0.000
amino 1 0.653 0.186 0.197 0.196

aromatic 41 0.007 0.016 0.014 0.002
c-alkane 13 0.048 0.007 0.035 0.021

ester 6 0.027 0.011 0.050 0.048

Table E.26: Table showing the maximum unsigned errors of the HA-E3-1, modUNIFAC (Do),
SAFT-γ Mie, and COSMO-SAC models per solute class

Solvent class Count Maximum unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acid 3 0.370 0.345 0.107 0.105
alcohol 73 1.396 1.172 1.198 1.471
alkane 213 0.854 1.363 2.165 1.403
amino 1 0.653 0.186 0.197 0.196

aromatic 41 0.870 1.392 1.632 1.236
c-alkane 13 0.699 0.979 0.393 0.420

ester 6 0.499 0.521 0.146 0.286
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Table E.27: Table showing the median unsigned errors of the HA-E3-1, modUNIFAC (Do), SAFT-γ
Mie, and COSMO-SAC models per solvent class.

Solvent class Count Median unsigned error / kcal mol-1

HA-E3-1 modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acid 3 0.125 0.202 0.042 0.039
alcohol 73 0.232 0.266 0.253 0.435
alkane 213 0.157 0.293 0.271 0.245
amino 1 0.653 0.186 0.197 0.196

aromatic 41 0.204 0.293 0.136 0.188
c-alkane 13 0.264 0.136 0.133 0.176

ester 6 0.158 0.120 0.085 0.097

E.4 Nonaqueous and aqueous comparison metrics

E.4.1 Type of bonding interaction metrics

This section contains the box plot metrics per bonding interaction type for the nonaqueous

and aqueous test found in chapter 5.

Table E.28: Table showing the minimum unsigned errors of the modUNIFAC (Do), SAFT-γ Mie
and COSMO-SAC models per type of interaction.

Solute, solvent Count Minimum unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

SA-SA 66 0.001 0.006 0.004
SA-NA 128 0.003 0.003 0.000
NA-NA 146 0.005 0.014 0.002
NA-SA 55 0.000 0.006 0.230
E-NA 8 0.08 0.109 0.355
E-SA 1 0.005 0.099 0.221

Table E.29: Table showing the maximum unsigned errors of the modUNIFAC (Do), SAFT-γ Mie
and COSMO-SAC models per type of interaction.

Solute, solvent Count Maximum unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

SA-SA 66 2.077 1.792 1.471
SA-NA 128 1.392 2.165 1.446
NA-NA 146 1.044 1.060 1.020
NA-SA 55 0.753 2.845 2.084
E-NA 8 0.692 0.416 0.646
E-SA 1 0.005 0.099 0.221
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Table E.30: Table showing the median unsigned errors of the modUNIFAC (Do), SAFT-γ Mie and
COSMO-SAC models per type of interaction.

Solute, solvent Count Median unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

SA-SA 66 0.206 0.184 0.195
SA-NA 128 0.469 0.335 0.242
NA-NA 146 0.204 0.205 0.242
NA-SA 55 0.253 0.401 0.700
E-NA 8 0.173 0.322 0.555
E-SA 1 0.005 0.099 0.221

E.4.2 Solute class metrics

This section contains the box plot metrics per solute class for the nonaqueous and aqueous

test found in chapter 5.

Table E.31: Table showing the minimum unsigned errors of the modUNIFAC (Do), SAFT-γ Mie
and COSMO-SAC models per solute class.

Solute class Count Minimum unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acetone 9 0.005 0.099 0.221
acid 39 0.001 0.036 0.036

alcohol 119 0.025 0.003 0.000
alkane 69 0.005 0.014 0.025
alkene 6 0.078 0.199 0.167
amino 30 0.003 0.070 0.003

aromatic 63 0.000 0.006 0.002
c-alkane 2 0.014 0.036 0.171

ester 61 0.005 0.046 0.048
water 6 0.033 0.530 0.059

Table E.32: Table showing the maximum unsigned errors of the modUNIFAC (Do), SAFT-γ Mie
and COSMO-SAC models per solute class.

Solute class Count Maximum unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acetone 9 0.692 0.416 0.646
acid 39 1.392 2.165 1.471

alcohol 119 1.172 1.198 1.196
alkane 69 1.044 2.845 2.084
alkene 6 0.712 0.583 0.284
amino 30 2.077 1.792 0.710

aromatic 63 0.661 0.711 1.507
c-alkane 2 0.048 0.049 0.182

ester 61 0.818 0.901 0.897
water 6 0.252 1.749 1.446
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Table E.33: Table showing the median unsigned errors of the modUNIFAC (Do), SAFT-γ Mie and
COSMO-SAC models per solute class.

Solute class Count Median unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acetone 9 0.151 0.308 0.550
acid 39 0.324 0.669 0.635

alcohol 119 0.431 0.237 0.210
alkane 69 0.232 0.253 0.312
alkene 6 0.232 0.248 0.219
amino 30 0.342 0.407 0.124

aromatic 63 0.205 0.171 0.245
c-alkane 2 0.031 0.042 0.176

ester 61 0.217 0.250 0.265
water 6 0.192 0.886 1.189

E.4.3 Solvent class metrics

This section contains the box plot metrics per solvent class for the nonaqueous and aqueous

test found in chapter 5.

Table E.34: Table showing the minimum unsigned errors of the modUNIFAC (Do), SAFT-γ Mie
and COSMO-SAC models per solvent class.

Solvent class Count Minimum unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acid 4 0.026 0.038 0.037
alcohol 78 0.001 0.006 0.004
alkane 215 0.003 0.003 0.000
amino 2 0.186 0.070 0.071

aromatic 47 0.016 0.014 0.002
c-alkane 13 0.007 0.035 0.021

ester 7 0.011 0.050 0.048
water 38 0.000 0.006 0.046
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Table E.35: Table showing the maximum unsigned errors of the modUNIFAC (Do), SAFT-γ Mie
and COSMO-SAC models per solvent class.

Solvent class Count Maximum unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acid 4 0.494 0.372 0.368
alcohol 78 1.172 1.198 1.471
alkane 215 1.363 2.165 1.446
amino 2 0.271 0.197 0.196

aromatic 47 1.392 1.632 1.236
c-alkane 13 0.979 0.393 0.420

ester 7 0.521 0.146 0.286
water 38 2.077 2.845 2.084

Table E.36: Table showing the median unsigned errors of the modUNIFAC (Do), SAFT-γ Mie and
COSMO-SAC models per solvent class.

Solvent class Count Median unsigned error / kcal mol-1

modUNIFAC (Do) SAFT-γ Mie COSMO-SAC

acid 4 0.273 0.074 0.072
alcohol 78 0.263 0.239 0.412
alkane 215 0.293 0.272 0.246
amino 2 0.229 0.134 0.133

aromatic 47 0.260 0.152 0.206
c-alkane 13 0.136 0.133 0.176

ester 7 0.128 0.079 0.080
water 38 0.159 0.637 0.848
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