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del for solvation based on surface
site interaction points†

Derek P. Reynolds, * Maria Chiara Storer and Christopher A. Hunter *

Surface site interaction points (SSIP) provide a quantitative description of the non-covalent interactions

a molecule makes with the environment based on specific intermolecular contacts, such as H-bonds.

Summation of the free energy of interaction of each SSIP across the surface of a molecule allows

calculation of solvation energies and partition coefficients. A rule-based approach to the assignment of

SSIPs based on chemical structure has been developed, and a combination of experimental data on the

formation of 1 : 1 H-bonded complexes in non-polar solvents and partition of solutes between different

solvents was used to parameterise the method. The resulting model is simple to implement using just

a spreadsheet and accurately describes the transfer of a wide range of different solutes from water to

a wide range of different organic solvents (overall rmsd is 1.4 kJ mol�1 for 1713 data points). The

hydrophobic effect as well as the properties of perfluorocarbon solvents are described well by the

model, and new descriptors have been determined for range of organic solvents that were not

accessible by direct investigation of H-bond formation in non-polar solvents.
Introduction

The solubility of an organic molecule in different chemical
environments is a fundamentally important property that has
implications in the petrochemical industry, in synthesis, and
for the bioavailability of drug candidates. Although numerous
approaches have been developed for the prediction of solubility
directly from chemical structure, the accuracy and generality of
these methods are still limited. The most pragmatic approaches
are based on empirical parameterisation of functional group
contributions, but these methods are limited to solvents where
a large body of experimental data is available.1–4 The most
sophisticated approaches are based on atomistic simulation
using molecular dynamics, but these methods require signi-
cant computational resource.5,6 There are some promising
approaches that marry the predictive power of ab initio calcu-
lation with empirical modelling.7–15

Abraham developed a different approach by using experi-
mental data on 1 : 1 complexation to develop summation
solvation parameters to describe the total H-bond donor or
acceptor capacity of a molecule.16–18 Here we show that the
description of a molecule as a set of specic interaction points,
which are associated with individual functional groups, can be
used to sum interactions across the molecular surface and
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the Royal Society of Chemistry
accurately predict solvation properties directly from chemical
structure. The approach integrates the treatment of intermo-
lecular interactions between solutes and phase transfer equi-
libria, which means that diverse experimental data can be used
for parameterisation. The description of molecules as a collec-
tion of the functional groups allows extrapolation to
compounds for which experimental data is not available.

The generalised H-bond donor and acceptor parameters
a and b can be used to describe the non-covalent interaction
properties of both solvents and solutes.19,20 The free energy of
formation (�DG�) for complexes in solution is determined by
the competition between solute–solute, solute–solvent and
solvent–solvent interactions, as illustrated in Fig. 1.

Given experimentally determined H-bond parameters for
two solutes (a and b) and the solvent (aS and bS), it is possible to
make a reliable quantitative estimate of the free energy of
formation of a 1 : 1 complex between a H-bond donor (D) and
H-bond acceptor (A) using eqn (1).
Fig. 1 The solvent competition model for the complex formed
between a H-bond donor solute, D, and a H-bond acceptor solute, A.
The relative stabilities of the four complexes can be estimated using
the H-bond parameters, a, b, aS and bS, as indicated.
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DG�/kJ mol�1 ¼ �(a � aS)(b � bS) + 6 (1)

where the constant of 6 kJ mol�1 was experimentally deter-
mined in carbon tetrachloride solutions.

This surprisingly simple model is based solely on the prop-
erties of the pairwise local contacts between molecules, and it
does not require any consideration of long range interactions,
solvent dielectric constant, solvent structure, cavitation or
entropic terms. The success of the model suggests that these
terms are small relative to the free energy contributions due to
local interactions, or that they cancel out, or that they are
captured in some way by the constant of 6 kJ mol�1, which does
not vary much between solvents.

The approach illustrated in Fig. 1 has been extrapolated from
single point interactions to a complete description of molecular
surfaces by assigning a set of surface site interaction points
(SSIP) to describe all of the non-covalent interactions that
a molecule can make with the surroundings. Each SSIP is
assigned an interaction parameter, which is equivalent to the
empirically measured a and b parameters illustrated in Fig. 1.
Fig. 2 shows the result for water, which is represented by two
donor SSIPs and two acceptor SSIPs. Two approaches have been
developed for obtaining the SSIP description of a molecule:
manual assignment based on functional groups,21 and
a computational method based on footprinting of ab initio
calculated molecular electrostatic potential surfaces.22,23 The
molecular SSIP description can be used to estimate the free
energy contribution of non-covalent interactions to the stability
of a solid by assuming that SSIPs are paired in a hierarchical
fashion to maximise the total interaction energy, and this
approach has been applied to successfully predict cocrystal
formation.24 The free energy of interaction of a molecule with
a solvent can be calculated by using the SSIP descriptions of
solute and solvent in the surface site interaction model for the
properties of liquids at equilibrium (SSIMPLE), and this
approach has been applied in the calculation of solution phase
properties like partition.21,23

In SSIMPLE, solvation free energies are obtained by calcu-
lating the equilibrium distribution of all pairwise SSIP contacts,
also allowing for non-bonded states to account for the signi-
cant void space present in a liquid. There is an implicit
assumption in eqn (1) that all four complexes shown in Fig. 1
are fully bound and that non-polar van der Waals interactions
cancel out, so that the equilibrium is dominated by polar
interactions. The introduction of non-bonded states in
Fig. 2 Water is represented by four SSIPs that describe the two H-
bond donor (blue) and two H-bond acceptor (red) sites.

13194 | Chem. Sci., 2021, 12, 13193–13208
SSIMPLE therefore required an additional treatment of van der
Waals interactions, and calculation of solvation energies using
this approach is signicantly more complicated than eqn (1)
would suggest. Here, we present an alternative approach, which
is operationally simpler and has the advantage that empirical
elements are introduced to improve the accuracy. For teaching
purposes, it is also useful to have an approach where partition
can be calculated using only a pocket calculator or simple
spreadsheet.
Solvation free energies

As we have previously suggested, the constant of 6 kJ mol�1 in
eqn (1) is related to the difference between the concentration of
the solvent and the standard state of 1 M used to describe the
chemical potentials of the solutes.21,25 Fig. 3 shows experimental
data for formation of a 1 : 1 H-bonded complexes in various
ether solvents. There is a linear dependence of the value of
�DG� on ether oxygen concentration expressed in entropy units
(i.e. RT ln[O]), and the slope is close to �1. This result suggests
that if we dene [S$S] as the effective concentration of the
solvent–solvent interactions that are made on formation of
a complex between two solutes, eqn (1) can be rewritten as eqn
(2). For solvents like ethers that contain a single polar func-
tional group, the effective concentration of solvent–solvent
interactions is similar to the functional group concentration, so
eqn (2) provides a reasonable description of the experimental
data in Fig. 3. This relationship is also consistent with the
behaviour of H-bonded complexes in solvent mixtures, where
the free energy change for complex formation was found to be
directly proportional to the logarithm of the concentration of
the more polar solvent present in the mixture.26–28

DG� ¼ �ab + aSb + abS � aSbS + RT ln[S$S] (2)

In general, the effective concentration of solvent–solvent
interactions is not well-dened, so reliable values of [S$S] can
only be deduced from experimental data. Experimentally
Fig. 3 Free energy of formation for 1 : 1 H-bonded complexes in ether
solvents (�DG�) plotted as a function of solvent oxygen concentration
in entropy units (�RT ln[O]). The linear regression line has formula
�1.2x + 18.5 with R2 ¼ 0.90.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the free energies of transfer of alkanes from the
gas phase into n-hexadecane with the corresponding values for
transfer into n-hexane. The red line is y ¼ x, and the line of best fit
(black) is y ¼ 1.01x + 1.39 kJ mol�1.
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determined association constants for formation of 1 : 1 H-
bonded complexes in carbon tetrachloride were used to derive
eqn (1), which gave a value of 10 M for [S$S] for this solvent. In
this paper, we describe an approach based on partitioning of
solutes between different solvents, which allows experimental
determination of [S$S] for a wide range of different solvents.

The rst term in eqn (2) describes the free energy of the A$D
complex, and the other terms describe the free energy changes
associated with desolvation of the two solutes on complexation.
If we dene DgS as the free energy of transfer of a SSIP from an
external reference state into a solvent S, then eqn (2) can be
rewritten as eqn (3).

DG� ¼ �ab � DgS(a) � DgS(b) (3)

where

DgS(a) ¼ �abS � Cb (4)

DgS(b) ¼ �aSb � Ca (5)

The two constants Ca and Cb describe the solvent–solvent
interactions that are disrupted when a solute enters the solvent.
The sum of these constants should match the corresponding
terms in eqn (2), which provide a composite description of the
polarity and the concentration of the interactions that each
solvent SSIP makes with the surrounding bulk solvent. Since
these solvent–solvent terms are self-association, then in
solvents where there is only one type of solvent–solvent inter-
action, the two constants must equal, as dened in eqn (6).

Ca ¼ Cb ¼ 1

2
ð �aSbS þ RT ln½S$S�Þ (6)

This reformulation of eqn (1) leads to a description of the
free energy of solvation of an individual solute SSIP, and
summing over a set of SSIPs that represent the surface of
a molecule provides a straightforward method for calculating
molecular solvation energies and hence partition. Eqn (7) shows
the free energy change for transfer of a solute with Na H-bond
donor SSIPs and Nb H-bond acceptor SSIPs from the non-
solvated reference state to solvent S.

DG
�
S ¼

XNa

i¼1

DgSðaiÞ þ
XNa

i¼1

DgS
�
bj

�þ C0 (7)

A constant, C0, is introduced in eqn (7) to take care of any
additional free energy contributions. The requirement for this
constant can be demonstrated by examining experimental data
for the free energies of transfer of alkanes from the gas phase
into different solvents. Fig. 4 compares the gas–liquid parti-
tioning of alkanes into n-hexadecane with the corresponding
values for partitioning into n-hexane. Although the slope is very
close to unity (1.01), there is an offset of 1.39 kJ mol�1 in favour
of transfer into n-hexane. The fact that the offset is a constant
for different alkane solutes with very different numbers of
interaction sites implies that this phenomenon is due to
© 2021 The Author(s). Published by the Royal Society of Chemistry
differences in the intrinsic properties of the two solvents.
Similar behaviour is observed for pairwise comparisons of some
other non-polar solvents (see ESI Section S1†). Values of the
offset vary from solvent to solvent, so we dene the constant C0

relative to a reference solvent, n-hexadecane, to describe this
intrinsic difference between different solvents.

The overall free energy of partition for a molecule is obtained
by summing over all solute SSIPs using eqn (7), and the free
energy of transfer between two different solvents S1 and S2 can
then be obtained using eqn (8).

DG
�
S1/S2 ¼ DG

�
S2 � DG

�
S1 (8)

Many of the parameters required for the implementation of
eqn (4)–(8) can be determined from the experimentally deter-
mined association constants for formation of 1 : 1 H-bonded
complexes between polar solutes in non-polar solvents.
However, H-bonded complexes are not sufficiently stable in
polar solvents for characterisation of the solvation properties of
a wider range of solvents, and interactions between non-polar
solutes are too weak to lead to complexation in solution. Here
we investigate the use of experimental partition data as a way of
deducing parameters to describe these systems.

SSIP description of aliphatic hydrocarbons

A SSIP description of polar functional groups is relatively
straightforward to implement using the basic principles of
chemical bonding and hybridisation. For example, water is
described by four SSIPs, which represent the two H-bond donor
sites and the two lone pairs (Fig. 2). For non-polar functional
groups, the choice is less obvious. Previously, we have used
molecular surface area as the reference point to determine the
number of SSIPs required to describe the non-covalent inter-
action properties of a molecule. The model developed here is
different, because all SSIPs are assumed to be fully paired in the
liquid state. If the van der Waals contribution to solvation is to
cancel out when a molecule is transferred from one liquid to
another, then the total concentration of SSIPs in different
Chem. Sci., 2021, 12, 13193–13208 | 13195
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Fig. 6 Comparison of the total number of SSIPs (Na + Nb) calculated
using eqn (9) with the number of CH bonds (NCH) for 182 alkanes. The
line of best fit through the origin is shown (y ¼ 1.90x).
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liquids should be approximately the same. Liquid water
provides an obvious benchmark with four SSIPs per molecule
and a concentration of 55 M at 298 K. The total number of SSIPs
(Na + Nb) required to describe hydrocarbons was therefore
dened based on the molar concentration of the pure liquid
using eqn (9).

[SSIP] ¼ (Na + Nb)[liquid] z 220 M (9)

Solvent H-bond parameters for alkanes have been deter-
mined experimentally by applying eqn (1) to measurements of
association constants for the formation of 1 : 1 H-bonded
complexes.29 The experimental values of aS ¼ 1.20, bS ¼ 0.60,
and RT ln[S$S] ¼ +6 kJ mol�1 can be used in eqn (6) to obtain
the constants required to describe alkane solvents: Ca ¼ Cb ¼
2.64 kJ mol�1. In contrast, eqn (1) cannot be used directly to
determine the parameters required to describe the properties of
alkane solutes, because they are not polar enough to form stable
1 : 1 complexes. We therefore used experimental data on phase
transfer free energies to develop a SSIP description of alkane
solutes.

Fig. 5 shows experimental data for the free energy of transfer
of alkanes from water to n-hexadecane. The correlation with the
number of hydrogen atoms (NH) is signicantly better than the
correlation with the number of carbon atoms (NC), because the
hydrogen atoms are always exposed on the surface of the
Fig. 5 Comparison of the experimental free energy of transfer of
alkanes from water to n-hexadecane (DG�) (a) with the number of
hydrogen atoms (NH, R

2 ¼ 0.9956) and (b) with the number of carbons
atoms (NC, R

2 ¼ 0.8778) in the molecule.

13196 | Chem. Sci., 2021, 12, 13193–13208
molecule, whereas the carbon atoms are not. For example, the
quaternary carbon atom in neopentane is completely buried.
The approach to construction of a SSIP description of alkane
solutes is therefore based on the number of CH bonds. Appli-
cation of eqn (9) to alkanes indicates that the total number of
SSIPs required to describe an alkane (Na + Nb) is approximately
twice the number of CH bonds (Fig. 6).30 Assigning two SSIPs to
each CH bond results in a total SSIP concentration that varies
from 208 M for n-pentane to 232 M for n-hexadecane (cf.
benchmark value of 220 M for water). Fig. 7 shows the calcu-
lated MEPS of methane. There are four regions of positive
potential over the hydrogen atoms on the end of each CH bond
and four regions of negative potential over the carbon atoms at
the back of each CH bond. We therefore assign one a and one
b for every CH bond in an alkane, and assume that the SSIP
parameters determined for alkane solvents can be used to
describe the non-covalent interaction properties of alkane
solutes, i.e. a ¼ 1.20, b ¼ 0.60.

SSIP description of aromatic hydrocarbons

The archetypal aromatic hydrocarbon is benzene, and this
compound was used to develop a SSIP description of aromatic
groups. Eqn (9) indicates that benzene should represented by
a total of 20 SSIPs, which results in a total SSIP concentration of
224 M at 298 K. The MEPS of benzene is shown in Fig. 8a.
Consideration of the hybridisation of the carbon atoms
suggests that each aromatic CH group should represented by
Fig. 7 (a) The molecular electrostatic potential surface of methane
(red ¼ �25 kJ mol�1, blue ¼ +25 kJ mol�1) calculated on the 0.002 e
bohr�3 electron density isosurface using DFT with a B3LYP 6-31G*
basis set. (b) The SSIP description of a CH bond in an aliphatic
hydrocarbon.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The molecular electrostatic potential surface of benzene
(red ¼ �80 kJ mol�1, blue ¼ +80 kJ mol�1) calculated on the 0.002 e
bohr�3 electron density isosurface using DFT with a B3LYP 6-31G*
basis set. (b) The SSIP description of aromatic hydrocarbons (R is an
alkyl substituent).

Table 1 H-bond parameters for the polar interaction sites on the p-
faces of aromatic hydrocarbons

Aromatic acceptors b

Benzene 2.00
Toluene 2.20
ortho-, meta- or para-xylene 2.40
Mesitylene 2.70
Hexamethylbenzene 3.10

Fig. 9 (a) Comparison of the experimental free energy of transfer of
alkanes from water to n-hexadecane ð�DG�

exptÞ with the values
calculated using solvent parameters for water of aS ¼ 2.80, bS ¼ 4.50
and Ca ¼ Cb ¼ �0.47 kJ mol�1 ð�DG�

calcÞ. The red line is y ¼ x, and the
line of best fit is black. (b) Comparison of the experimental free energy
of transfer of aliphatic and aromatic hydrocarbons from water to n-
hexadecane ð�DG�

exptÞ with the values calculated using solvent
parameters for water of aS ¼ 3.80, bS ¼ 3.47 and Ca ¼ Cb ¼
�0.76 kJ mol�1 ð�DG�

calcÞ. The red line is y ¼ x.
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one a on the end of the CH bond and two b SSIPs above and
below the plane of the ring (Fig. 8b). This description gives
a total of 18 SSIPs, and the MEPS shown in Fig. 8a suggests that
the two additional SSIPs should be used to represent the more
polar negative electrostatic potential located over the centres of
the two faces of the p-system. The properties of these two SSIPs
were determined by applying eqn (1) to measurements of
association constants for the formation of 1 : 1 H-bonded
complexes with H-bond donors (see Table 1 and Fig. S2†). The
other parameters required to describe the less polar SSIPs
associated with aromatic CH groups (a ¼ 1.40, b ¼ 0.70) were
obtained by tting to experimental data for the free energy of
transfer of aromatic hydrocarbons from water to n-hexadecane.
Using this approach, it was also possible to obtain parameters
for aromatic molecules with alkyl substituents. The aromatic
carbon bearing the alkyl substituent is described by two SSIPs,
one above and one below the plane of the ring, each with a value
of b ¼ 0.88 (Fig. 8b).
SSIP description of water

The parameters required to describe the properties of water as
a solute have been determined experimentally by applying eqn (1)
to measurements of association constants for the formation of
1 : 1 H-bonded complexes: a ¼ 2.80 and b ¼ 4.50.19 In contrast,
eqn (1) cannot be used directly to determine the parameters
required to describe the properties of water as a solvent, because
it is too polar to allow formation of singly H-bonded 1 : 1
complexes. We therefore used experimental data on phase
transfer free energies to develop solvent parameters for water.

Water is a unique solvent in that the concentration of
solvent–solvent interactions is known, because the H-bonds are
almost fully bound in liquid water at 298 K.31 We can therefore
set the value of [S$S] equal to 110 M in eqn (6). If we assume that
the H-bond parameters that have been experimentally
© 2021 The Author(s). Published by the Royal Society of Chemistry
measured for water as a solute can be used to describe water as
a solvent, i.e. aS¼ 2.80 and bS¼ 4.50, eqn (6) gives the constants
required to describe water as Ca ¼ Cb ¼ �0.47 kJ mol�1.
However, calculation of the partition of alkanes between water
and n-hexadecane using these parameters failed to reproduce
the experimentally measured values (Fig. 9a). The preference for
alkanes to partition into n-hexadecane is overestimated, which
suggests that the solute parameters for water cannot be used to
describe the properties of water as a solvent in this model. By
using experimental data for the free energy of transfer of
aliphatic and aromatic hydrocarbon solutes from water to n-
hexadecane, it was possible to optimise the solvent parameters
for water: aS ¼ 3.80 and bS ¼ 3.47. Fig. 9b shows that the
resulting parameters provide an excellent description of parti-
tioning of a variety of different types of hydrocarbon into water.
SSIP description of polar solutes

The SSIP models for water and hydrocarbons described above
allow accurate calculation of the partition of hydrocarbon
solutes between water and n-hexadecane as shown in Fig. 9b.
The same approach was then used to assign SSIP parameters for
Chem. Sci., 2021, 12, 13193–13208 | 13197
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Fig. 10 The SSIP description of functional groups. The values shown as bold italic were optimised in order to minimise the rmsd between
calculated and experimental free energies for the partition models listed in Table 2. The other values are based on previously measured
experimental parameters.
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an expanded solute set of 134 molecules that included alkenes,
polycyclic aromatics, phenols, pyridines, water, alcohols and
ethers. An initial set of SSIP parameters was derived from
partition between water and hydrocarbons and then further
rened using additional data from partition into other non-
polar solvents (see below). The SSIP parameters that describe
the functional groups present in these compounds are sum-
marised in Fig. 10.

For some functional groups, experimental values of a and
b have previously been determined by applying eqn (1) to
measurements of association constants for the formation of 1 : 1
H-bonded complexes, and these values were used unmodied
and assigned to the relevant SSIPs. However, these experimental
parameters only provide information on the most polar site
present in a solute, so when more than one type of a or b is
required to describe a functional group, optimisation of the
parameter describing the second site was oen required. For
example, an alcohol is described by one a and two b SSIPs
(Fig. 10), but using the experimental value of 5.30 for both b SSIPs
overestimated the polarity of this functional group. An accurate
description of the partition coefficients of alcohols was obtained
by reducing one of the two b parameters from 5.30 to 3.98. Alkyl
groups are well-described by the same a and b parameters
developed for alkanes above and to simplify the assignment
problem the effects of electronegative substituents (O, N or S) on
these parameters were assumed to be negligible. Similarly, the
parameters developed for aromatic hydrocarbons generally
provide a good description of substituted aromatic rings, with the
exception that the value of b for the two H-bond acceptor sites
over the centre of the ring had to be varied depending on the
electronic properties of the ring substituents. The same approach
starting from experimental functional group H-bond parameters
and atom type hybridisation models was applied to ketones,
nitriles, amines, amides, thioethers, alkyl uorides, alkyl
13198 | Chem. Sci., 2021, 12, 13193–13208
chlorides, uoro and chloro substituted benzenes and phenols in
order to expand the range of solute functional groups (see ESI
Section S3† for full details). The SSIP parameters for these
functional groups were optimised using data from partition into
both non-polar and polar solvents (see below).
Parameters for non-polar solvents

It is possible to determine experimental values of aS and bS for
simple non-polar solvents by applying eqn (1) to measurements
of association constants for the formation of 1 : 1 H-bonded
complexes. For solvents that have only one type of donor and
one type of acceptor SSIP, like aliphatic hydrocarbons, the
values of Ca and Cb are equal and can be estimated using eqn
(6). This approach was used to obtain parameters for carbon
tetrachloride: aS ¼ 1.40, bS ¼ 0.60, Ca ¼ Cb ¼ 2.58 kJ mol�1.
However, most organic solvents have more than one type of a or
b site, so the experimentally determined values of aS and bS

represent a weighted average of different interactions between
solvent and solute, and the values of Ca and Cb are unlikely to
be equal. Provided the parameters are optimised using experi-
mental partition data, it turns out that only one aS value and
one bS value can be used to accurately describe the properties of
non-polar solvents. The experimental values of aS and bS for 10
non-polar solvents were used as a starting point for the devel-
opment of a self-consistent set of solvent parameters by opti-
mising against experimental partition data. The resulting values
of aS, bS, Ca and Cb are listed in Table 2, and Fig. 11a illustrates
the quality of the description of transfer free energies for
dichloromethane.

Experimental data on association constants for the forma-
tion of 1 : 1 H-bonded complexes provide an independent vali-
dation of these solvent parameters. Combining eqn (3)–(5) gives
eqn (10), which can be used to calculate values of DG� for
formation of 1 : 1 complexes. For each solvent, the values of aS,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Parameters for water and non-polar organic solvents and comparison of calculated free energies with experimental data. The values
shown as bold italic were optimised in order to minimise the rmsd between calculated and experimental free energies for the partition models
listed. The other values are based on previously measured parameters from experimental 1 : 1 complexation data

Solvent

Solvent descriptors Solvent/water partition 1 : 1 complexation

aS Ca bS Cb C0 n rmsd/kJ mol�1 n rmsd/kJ mol�1

Water 3.80 �0.76 3.47 �0.76 0
Hexadecane 1.20 2.64 0.60 2.64 0 219 1.2
Benzene 1.40 2.50 2.00 1.09 0 37 1.2 108 1.7
Toluene 1.40 2.50 2.00 1.09 0 34 1.1 46 1.7
Hexane 1.20 2.62 0.60 2.62 1.38 87 1.1 6 0.7
Cyclohexane 1.20 2.61 0.60 2.61 1.33 51 1.2 109 1.2
Carbon tetrachloride 1.40 2.58 0.60 2.58 1.34 86 1.2 475 0.8
Dichloromethane 1.80 2.16 1.40 1.76 1.73 28 1.3 42 1.1
Chloroform 2.10 1.78 1.30 2.11 0.60 71 1.6 13 1.2
1,2-Dichloroethane 1.70 2.23 1.60 1.41 1.93 58 1.6 34 1.0
Chlorobenzene 1.40 2.51 1.40 1.71 1.48 57 1.2 22 1.5
Peruoroalkane 1.2 2.41 0.60 2.41 0.81 27 1.85 15 1.7
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bS, Ca and Cb in Table 2 were used in conjunction with previ-
ously determined experimental values of solute a and
b parameters to calculate the free energy change for complexes
formed by a variety of H-bond acceptors with H-bond donors. In
all cases, the rmsd between the calculated and experimental
values is less than 1.7 kJ mol�1 (see ESI Section S4†) conrming
Fig. 11 Comparison of calculated ð�DG�
calcÞ and experimental free

energies ð�DG�
exptÞ for (a) transfer of for various solutes from water to

dichloromethane (rmsd ¼ 1.0 kJ mol�1), and (b) formation of 1 : 1
complexes between 4-fluorophenol and various H-bond acceptors in
dichloromethane (rmsd ¼ 0.95 kJ mol�1). The red lines are y ¼ x.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the reliability of the solvent parameters. Fig. 11b illustrates the
quality of the description of 1 : 1 complexation data for
dichloromethane.

DG� ¼ �ab + abS + aSb + Ca + Cb (10)

Parameters for polar organic solvents

Organic solvents which contain polar functional groups must
be treated differently, because it is no longer possible to use
only one aS value and one bS value to describe a weighted
average of solvation states. The reason for the failure of this
simplistic description is that the non-polar regions of the
solvent preferentially solvate non-polar solutes, and the polar
groups on the solvent preferentially solvate polar solutes. In this
case, both the polarities and the concentrations of the different
sites on the solvent become important.

We will describe development of the model for ethers to
illustrate the approach used to parameterise polar organic
solvents. Ethers are the simplest class of polar organic solvent,
because they have two types of acceptor SSIP, which describe the
non-polar hydrocarbon region (bS1) and the polar oxygen sites
(bS2), but only one type of CH donor SSIP (aS1). Fig. 12 shows
that the free energy of transfer of alkanes from the gas phase
into alkyl ethers is very similar to the value for transfer into n-
hexadecane. This result suggests that the hydrocarbon compo-
nent of an ether has similar properties to an alkane, so the
solvation of non-polar solute SSIPs can be described using the
same parameters used to describe alkane solvents, i.e. aS1 ¼ 1.2
and bS1 ¼ 0.6. The parameter for the polar oxygen acceptor SSIP
can be estimated from the solute values in Fig. 10, which gives
bS2 ¼ 5.3.

The solvation of solute H-bond acceptor SSIPs is described in
a straightforward manner by eqn (5) using aS ¼ aS1 ¼ 1.2 for the
solvent H-bond donor SSIPs. Solvation of solute H-bond donors
is more complicated, because they interact with two different
acceptor sites. We assume that the solvent is present in a large
Chem. Sci., 2021, 12, 13193–13208 | 13199
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Fig. 12 Free energy of transfer of alkane solutes from the gas phase
into ether solvents (circles tetrahydrofuran, crosses diethyl ether,
diamonds di-n-butyl ether) compared to transfer from the gas phase
into n-hexadecane. The red line is y ¼ x.

Fig. 13 Comparison of calculated ð�DG�
calcÞ and experimental free

energies ð�DG�
exptÞ for transfer from water to (a) tetrahydrofuran (rmsd

¼ 2.0 kJ mol�1, n ¼ 49), (b) diethyl ether (rmsd ¼ 1.2 kJ mol�1, n ¼ 25),
and (c) di-n-butyl ether (rmsd¼ 1.7 kJ mol�1, n¼ 35). The red lines are
y ¼ x.
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excess relative to the solute, so that each solute SSIP is solvated
according to an effective equilibrium constant for interaction
with each type of solvent SSIP. The equilibrium constants for
the interaction of a solute H-bond donor SSIP a with the two
different solvent H-bond acceptor SSIPs bS1 and bS2 are given by
eqn (11) and (12).

K1 ¼ e
abS1þCb1

RT (11)

K2 ¼ e
abS2þCb2

RT (12)

where the constants Cb1 and Cb2 describe the solvent–solvent
interactions that are disrupted on formation of an interaction
between solute and solvent (cf. eqn (4)).

The total free energy contribution due to solvation of the
solute H-bond donor SSIP a is given by the sum of these equi-
librium constants weighted by the fraction of interactions made
with the relevant solvent SSIP, as shown in eqn (13).

DgSðaÞ ¼ �RT ln

�
K1

K1 þ K2

K1 þ K2

K1 þ K2

K2

�
(13)

The constants Cb1 and Cb2 are determined by the polarity and
concentration of solvent–solvent interactions and are likely to
vary from solvent to solvent. However, when values of transfer
free energies from water to different ether solvents were used to
independently optimise values of Ca1, Cb1, Cb2 and C0 for
tetrahydrofuran, diethyl ether and di-n-butyl ether, the variation
in the values of the constants between solvents was rather small
(see ESI Section S5†). Fig. 13 shows that using a single generic
value of each constant for ethers (see Table 3) gives a good
description of the experimental data for all three solvents.

For alcohols, there are two different types of acceptor SSIP,
the polar oxygen and non-polar hydrocarbon, so eqn (11)–(13)
can be used to describe the solvation of solute donor SSIPs.
There are also two different types of donor SSIP, the polar OH
and the nonpolar CH groups, so a similar set of eqn (14)–(16)
are required to described the equilibria involved in the solvation
of solute acceptor SSIPs.
13200 | Chem. Sci., 2021, 12, 13193–13208
K
0
1 ¼ e

aS1bþCa1

RT (14)

K
0
2 ¼ e

aS2bþCa2

RT (15)

where the constants Ca1 and Ca2 describe the solvent–solvent
interactions that are disrupted on formation of an interaction
between solute and solvent.

DgSðbÞ ¼ �RT ln

 
K

0
1

K
0
1 þ K

0
2

K
0
1 þ

K
0
1

K
0
1 þ K

0
2

K
0
2

!
(16)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters for polar organic solvents and comparison of calculated transfer free energies with experimental data. The values shown as
bold italic were optimised in order to minimise the rmsd between calculated and experimental free energies for the partition models listed. The
other values are based on previously measured parameters from experimental 1 : 1 complexation data

Solvent class

Solvent descriptors Solvent/water partition

aS1 Ca1 bS1 Cb1 aS2 Ca2 bS2 Cb2 C0 n rmsd/kJ mol�1

Ethersa 1.20 2.58 0.60 2.98 — — 5.30 �3.65 2.26 109 1.7
Nitrilesb 1.20 �0.79 0.60 2.69 1.50 2.67 5.15 �3.54 3.55 76 1.7
Ketonesc 1.20 �0.78 0.60 2.82 1.50 2.71 5.80 �4.09 1.89 118 1.4
Alcoholsd 1.20 2.75 0.60 2.95 3.50 �6.02 6.90 �6.42 0.18 604 1.5

a Diethyl ether, di-n-butyl ether and tetrahydrofuran. b Acetonitrile, propionitrile and butyronitrile. c Acetone, butanone and cyclohexanone.
d Methanol, ethanol, propan-1-ol, butan-1-ol, pentan-1-ol, hexan-1-ol, heptan-1-ol, octan-1-ol, decan-1-ol, propan-2-ol, butan-2-ol, 2-
methylpropan-1-ol, 2-methylpropan-2-ol and 3-methylbutan-1-ol.
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The effect of alcohols on the association constants for
formation of 1 : 1 H-bonded complexes has been investigated in
alcohol-alkane mixtures.32 These experiments suggest that
alcohol self-association leads to an increase in the polarity of
the hydroxyl group compared with monomeric alcohols in
dilute solution. The effective value of the hydroxyl a increases
from 2.7 to 3.5 and b increases from 5.3 to 6.9 in the self-
associated bulk liquid. These parameters were therefore used
as aS2 and bS2 to describe the polar SSIPs in alcohols. The alkane
solvent parameters (aS1 ¼ 1.2 and bS1 ¼ 0.6) were used to
describe the non-polar hydrocarbon SSIPs in alcohols. Partition
data were available for 14 different alcohol solvents, and these
data were used to optimise a single set of constants (Ca1, Ca2,
Cb1, Cb2 and C0 in Table 3) that describe the solvent–solvent
interactions in all of these alcohols.

Experimental values of aS and bS have been determined for
nitrile and ketone solvents by applying eqn (1) to measurements
of association constants for the formation of 1 : 1 H-bonded
complexes (see ESI Section S6†). These values were therefore
used to describe the polar SSIPs in these solvents, aS2 and bS2,
and the non-polar hydrocarbon SSIPs were described using the
alkane parameters as above (aS1 ¼ 1.2 and bS1 ¼ 0.6). As for
ethers and alcohols, a generic set of constants (Ca1, Ca2, Cb1, Cb2

and C0) were obtained for dialkyl ketones and for alkyl nitriles
by minimising the rmsd between experimental partition data
and calculated transfer free energies (Table 3).
Fig. 14 Comparison of free energies calculated using the SSIP model
developed here ð�DG�

calcÞ with experimental values ð�DG�
exptÞ for

transfer of 219 different solutes fromwater to 35 solvents (overall rmsd
is 1.4 kJ mol�1 for 1713 data points). The red line is y ¼ x.
Results

The training set used to develop the model contained 266
different solutes, 35 different solvents, and a total of 1884
independent measurements of partition free energies (see ESI
Section S7† for details). These data were used to optimise 60
SSIP values used to describe the solutes and 45 parameters used
to describe the solvents. The other 63 SSIP values and solvent
constants used in the model were xed using previous
measurements on 1 : 1 H-bonded complexes. Thus the number
of data points used in parameterisation of the model (1884) was
more than 10 times the number of optimised parameters (105).

Experimental data for partition between water and n-hex-
adecane was available for 219 of the solutes in the training set.
The solvent parameters in Tables 2 and 3 were used with SSIP
© 2021 The Author(s). Published by the Royal Society of Chemistry
representations of these solutes to calculate transfer free ener-
gies between water and 34 different organic solvents (see ESI
Section S9† for details). The results are illustrated in Fig. 14. The
agreement is excellent with an overall rmsd of 1.4 kJ mol�1 for
1713 data points, and there are no major outliers.

For 189 of the solutes in the training set, data was also
available for partition between wet octanol and water, and these
data were used to validate the generic alcohol solvent parame-
ters. Comparison of calculated and experimental values was
satisfactory with an rmsd of 1.6 kJ mol�1. In addition, calcula-
tions were performed on a validation set of 84 solutes that were
not present in any of data sets used to parameterise the model.
Again good agreement with the experimental data was obtained
with an overall rmsd of 1.7 kJ mol�1 for octanol–water partition
and 1.6 kJ mol�1 for n-hexadecane-water partition. The original
training set was limited to simple compounds, some of the
validation set solutes contained more than one functional
group (e.g. 1,4-dicyanobutane), and these compounds are
described well. These results suggest that the model developed
here is robust and has applicability beyond the systems used for
parameterisation.

The performance of the model was evaluated by comparing
the results with related methods. Fig. 15 compares the model
with the performance of the SSIMPLE method for the same for
Chem. Sci., 2021, 12, 13193–13208 | 13201
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Fig. 15 Comparison of free energies calculated using SSIMPLE
ð�DG�

calcÞ with experimental values ð�DG�
exptÞ for transfer of 219

different solutes fromwater to 35 solvents (overall rmsd is 3.5 kJ mol�1

for 1713 data points). The red line is y ¼ x.
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1713 experimental data points used in Fig. 14. SSIMPLE uses ab
initio calculations to obtain SSIPs for both solute and solvent
and evaluates all pairwise SSIP interactions in the liquid phase,
including van der Waals interactions.21 There are very few
empirical parameters in SSIMPLE, and although the trend is
reasonable, the performance is signicantly worse than the
model developed in this paper, with an overall rmsd of
3.5 kJ mol�1. For octanol–water partition, a number of methods
have been developed. c log P is a structure-based method that
uses empirically derived parameters for functional group frag-
ments, so it can be generalised to a wide range of solutes but
cannot be generalised to other solvents.33 Abraham's linear
solvation energy relationship (LSER) is based on summation
over solvent–solute interactions and can be applied to a wide
range of solvents, but empirical parameters are required for
each solute.18 For 189 wet octanol–water data points, the rmsd
values obtained using c log P and Abraham's linear solvation
energy relationship (LSER) are 0.8 kJ mol�1 and 1.1 kJ mol�1

respectively. Although the rmsd obtained using the model
described here is slightly higher (1.6 kJ mol�1), the advantage is
that extrapolation to a wider range of solutes and solvents
requires minimal reparameterisation.
Fig. 16 Sequential equilibria for formation of a 1 : 1 and 2 : 1 complex
between a carbonyl H-bond acceptor and a phenol H-bond donor (R
¼ H, 2-OMe or 4-OMe, X ¼ H, Me, Ph or OMe). The equilibrium
constant K

0
2 for formation of a 1 : 1 complex with a carbonyl H-bond

acceptor that has an intramolecular H-bond can be used to estimate
the value of the second b SSIP required to describe solvation of
a carbonyl oxygen.
Discussion
SSIP representation of solutes

The representation of functional groups illustrated in Fig. 10
provides a straightforward method for determining the number
of SSIPs required to describe amolecule based on assignment of
an integer number of SSIPs to each heavy atom according to
hybridisation and number of attached hydrogen atoms. Thus
each alkane and alkene CH is assigned two SSIPs, one a and one
b. Each sp2 hybridised carbon is assigned two b SSIPs that
represent the two faces of the p-system. Each sp hybridised
carbon is assigned four b SSIPs to represent the p-electrons. A
similar approach is used for oxygen and nitrogen, but an
additional b SSIP is assigned for each lone pair. The approach
for halogens is slightly different as explained below.
13202 | Chem. Sci., 2021, 12, 13193–13208
Many of the required values of the a and b parameters were
available from experimental measurements of association
constants for 1 : 1 H-bonded complexes in carbon tetrachloride,
and these parameters were used directly. For alkanes, which do
not form H-bonds in carbon tetrachloride, experimental 1 : 1
complexation data in alkane solvents have been used to deter-
mine solvent H-bond parameters, and these parameters were
used for alkane solutes.

For functional groups that have more than one possible H-
bond acceptor site, such as alcohols, the experimental H-bond
parameter was used for the rst b SSIP, and value for the
second b SSIP was optimised using partition data. In these
cases, the optimised value of the second SSIP was always less
polar than the experimental value used for the rst SSIP. These
results are consistent with a range of computational and
experimental studies.34–40 Analysis of the H-bond acceptor
parameters for carbonyl groups that make an intramolecular H-
bond conrms the accuracy of the SSIP values. Fig. 16 shows
that the equilibrium constant K

0
2 is a surrogate for K2, the

equilibrium constant for formation of a second intermolecular
H-bond with a carbonyl group. The experimental values of K

0
2

correspond to b values of 3.8–4.3, which are signicantly lower
than the H-bond parameters measured for the rst H-bond
using K1 (5.5–6.4).37 These parameters agree well with the two
different b values (3.8 and 5.8) used to describe the two lone
pairs of a carbonyl group in Fig. 10.
Functional group parameterisation

Parameters have been derived for the most common organic
functional groups in this paper, but we have not discussed
halogens so far. Chloroalkanes exemplify how the general
approach can be extended to other functional groups. Eqn (9)
indicates that the number of SSIPs required to describe a chlo-
rine substituent is 5, which gives [SSIP] ¼ 219 M for CH2Cl2,
212 M for CHCl3, 227 M for CH2Cl2CH2Cl2 and 207 M for CCl4.
Experimental data on the association constants for 1 : 1
complexes of chloroalkanes and H-bond donors such as
phenols suggest that one of these SSIPs has a b value of 2.3.23

However chlorine substituents are non-polar, so the other four
© 2021 The Author(s). Published by the Royal Society of Chemistry
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SSIPs were assigned the same parameters as for alkanes, two
with a ¼ 1.2 and two with b ¼ 0.6. Partition of t-butyl chloride
between water and 10 organic solvents is well predicted using
these values (rmsd ¼ 1.1 kJ mol�1), which indicates that this
SSIP representation provides a reasonable description of
chlorine.

However, the agreement between calculated and experi-
mental free energies of transfer for chloroalkanes which have
CH2Cl groups was not so good (rmsd ¼ 1.6 kJ mol�1 for 10
organic solvents). We have modelled alkyl substituents in
various compound classes discussed above using the same
parameters as for alkanes. Polarisation of C–H bonds adjacent
to heteroatoms might be expected, but reasonable results were
obtained without modifying the SSIPs in most cases. As the
large values of a found for dichloromethane and chloroform
might suggest, this is not the case for chloroalkanes. Fig. 17
shows that increasing the value of a for the C–H groups adjacent
to the chlorine from 1.2 to 1.6 signicantly improved the
description of these compounds (rmsd ¼ 0.9 kJ mol�1 for 10
organic solvents). Note that one of the assumptions implicit in
the approach described here is that there are no changes in the
net van der Waals interaction in the equilibrium illustrated in
Fig. 1, so that partition can be described purely in terms of polar
interactions between SSIPs. The excellent agreement between
Fig. 17 Comparison of calculated ð�DG�
calcÞ and experimental free

energies ð�DG�
exptÞ for transfer of chloroalkane solutes from n-hexane

into water. (a) Calculated values obtained using a ¼ 1.2 for the C–H
groups in CH2Cl (rmsd ¼ 2.3 kJ mol�1). (b) Calculated values obtained
using a¼ 1.6 for the C–H groups in –CH2Cl (rmsd¼ 0.7 kJmol�1). The
line is y ¼ x in each case.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the calculated and experimental partition data obtained for
chloroalkanes suggests that this assumption holds for second
row elements as well.

SSIP representation of solvents

For non-polar solvents, interactions with solutes can be
described using just two types of solvent SSIP, aS and bS. These
parameters are available for several solvents from experimental
measurements of association constants for 1 : 1 H-bonded
complexes, and these values were used directly. However,
most polar solvents require additional SSIPs in order to account
for differences in the way they interact with polar and non-polar
functional groups. For these solvents, the two SSIPs used to
describe alkanes were used to describe the non-polar regions of
the solvent, and two SSIPs were used to describe the polar
regions of the solvent. For ethers, ketones and nitriles, solvation
of polar solutes can be successfully described by using the
relevant functional group H-bond acceptor parameters. For
alcohols, self-association increases the apparent polarity of the
solvent, so the hydroxyl groups were described using experi-
mentally determined solvent parameters. Experimental solvent
parameters are not available for the other strongly self-
associated solvent, water, so the values of aS and bS were opti-
mised using partition data. These optimised solvent parameters
suggest that water interacts more strongly with H-bond accep-
tors than alcohols (aS ¼ 3.8 for water compared with aS2 ¼ 3.5
for alcohols) but less strongly with H-bond donors (aS ¼ 3.5 for
water compared with aS2 ¼ 6.9 for alcohols). The difference
between the description of water and alcohols is consistent with
the Ta solvent parameters determined using solvatochromic
dyes: the Ta H-bond donor parameter is larger for water (1.2
compared with 0.8 for alcohols), and the Ta H-bond acceptor
parameter is smaller (0.5 compared with 0.8 for alcohols).20

Each solvent SSIP is also assigned a constant (Ca or Cb),
which quanties the interactions that are broken with the bulk
solvent when the solvent SSIP solvates a solute. The values of
these constants were optimised using partition data, and they
capture information about both the polarity and the concen-
tration of solvent–solvent interactions. For solvents with just
two types of SSIP, the sum of the two constants can be directly
related to the properties of the solvent–solvent interactions by
eqn (17).

Ca + Cb ¼ �aSbS + RT ln[S$S] (17)

As explained above, the effective concentration of solvent–
solvent interactions [S$S] is not easy to estimate for most
solvents. When eqn (1) was rst proposed the constant of
+6 kJ mol�1 was obtained from measurements of formation of
1 : 1 H-bonded complexes in carbon tetrachloride.19 This value
corresponds to [S$S] ¼ 10 M, and we have assumed that
a constant of +6 kJ mol�1 can also be used in eqn (1) to describe
1 : 1 complexation other organic solvents. However, the values
of Ca and Cb obtained here from the partition data can be used
in eqn (17) to obtain a direct experimental measurement of this
parameter. The results shown in Table 4 conrm that the values
of RT ln[S$S] for non-polar solvents are approximately constant
Chem. Sci., 2021, 12, 13193–13208 | 13203
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Table 4 Values of RT ln[S$S] (kJ mol�1)a

Solvent RT ln[S$S]

Hexadecane 6.0
Benzene 6.4
Toluene 6.4
Hexane 6.0
Cyclohexane 5.9
Carbon tetrachloride 6.0
Dichloromethane 6.4
Chloroform 6.6
1,2-Dichloroethane 6.4
Chlorobenzene 6.2
Peruoroalkane 5.5

a Calculated using eqn (17).
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(+5.5 to +6.6 kJ mol�1). The high value for chloroform
(6.6 kJ mol�1) is indicative of the greater solvating power of
a more polar solvent, and the low value for peruoroalkanes
(5.5 kJ mol�1) reects the very weak intermolecular interactions
present in these solvents. The results in Table 4 show why using
a value of +6 kJ mol�1 for the constant in eqn (1) provides an
accurate description of the association constants for formation
of 1 : 1 complexes in different non-polar solvents. In contrast,
partition is much more sensitive to the precise values of the
solvent constants, because the small differences in Table 4 are
signicant when they are multiplied up by the total number of
SSIPs in a solute.

The behaviour of polar solvents is more complicated,
because with two types of donor and two types of acceptor there
are four different types of solvent–solvent interaction. However
in the case of alcohols, the solvent parameters in Table 3 show
that Ca1 z Cb1 and Ca2 z Cb2. Structural studies on alcohols
showing clustering of the alkyl chains and separate H-bonded
aggregates of the hydroxyl groups.41,42 In other words to a rst
approximation, we can think of alcohols as consisting of two
independent solvating domains. The solvent parameters that
describe the non-polar hydrocarbon domain in alcohols are
similar to those found for alkanes. Using the values of aS1, Ca1,
bS1 and Cb1 in eqn (17) gives RT ln[S$S] ¼ +6.4 kJ mol�1 for the
hydrocarbon domain in alcohols, which is similar to the values
found for non-polar solvents in Table 4. The polar hydroxyl
domain is described by aS2, Ca2, bS2 and Cb2, and using these
values in eqn (17) gives a value of +11.7 kJ mol�1 for RT ln[S$S],
which is the same as the value for water in Table 4. The model
that emerges from the partition data is that alcohol solvents
behave as a mixture of a water-like domain and an alkane-like
domain.

There is an additional solvent constant C0, which is used to
describe differences between solvents that are not accounted for
by the SSIP interactionmodel. The values of C0 listed in Tables 2
and 3 are all positive and small (generally less than +2 kJ mol�1),
and there are no obvious patterns. This result indicates that
a simple model based on pairwise interactions between specic
interaction sites on solvent and solute provides a rather general
description of solvation phenomena and that there are nomajor
additional factors that need to be considered.
13204 | Chem. Sci., 2021, 12, 13193–13208
The hydrophobic effect

Although the approach was developed from experiments on H-
bonded complexes in non-polar solvents, the model provides
a good description of very different phenomena, such as the
hydrophobic effect in water. Interestingly, there is no need for
different treatments of the water and hydrocarbon solvents or
the need for a special cavitation term to describe the breaking of
water structure. Free energy of transfer of a non-polar molecule
from a non-polar liquid into water is a process dominated by
disruption of water–water interactions and has been quantita-
tively linked to the molecular volume or molecular surface area
of the solute.43 It has been estimated that the free energy of
transfer from a non-polar liquid into water is unfavourable by
0.2 kJ mol�1 Å�2 of non-polar molecular surface area, but
calculation of non-polar surface area requires specialist so-
ware.44 The total number of SSIPs that are assigned to a mole-
cule using the relatively simple procedure outlined above is
closely correlated to the molecular surface area for diverse
structural type and functionality (see ESI Section S8†), so the
magnitude of the hydrophobic effect can be quite accurately
estimated. The advantage of this SSIP approach is that it is
a simple spreadsheet calculation.

Consider for example transfer of the 9 different alkanes in
Table 5 from n-hexadecane into water. Each of these alkanes has
16 hydrogen atoms, and each C–H groups has two SSIPs with
values of a ¼ 1.2 and b ¼ 0.6. The free energy of solvation for
each of the SSIPs can be calculated using eqn (4) and (5) with
the solvent constants listed in Table 2.

For water:

DgS(a)/kJ mol�1 ¼ �abS � Cb ¼ �1.20 � 3.47 + 0.76 ¼ �3.40

DgS(b)/kJ mol�1 ¼ �aSb � Ca ¼ �3.80 � 0.60 + 0.76 ¼ �1.52

For n-hexadecane:

DgS(a)/kJ mol�1 ¼ �abS � Cb ¼ �1.20 � 0.60 � 2.64 ¼ �3.36

DgS(b)/kJ mol�1 ¼ �aSb � Ca ¼ �0.60 � 1.20 � 2.64 ¼ �3.36

The difference between these solvation energies is (�3.40–
1.52) � (�3.36–3.36) ¼ 1.80 kJ mol�1, which represents the free
energy of transfer of one C–H group from n-hexadecane to water.
Thus the calculated value for the free energy of transfer is the
same for all of the alkanes, 16� 1.8¼ 28.8 kJ mol�1, which agrees
very well with the experimental values in Table 5 (29� 2 kJmol�1).
Phase change equilibria

The behaviour of alkanes with respect to liquid–liquid transfer
is remarkably predictable, but this is not the case for gas–liquid
and solid–liquid equilibria. Table 5 also shows experimental
values for the free energy of transfer of CxH16 alkanes from n-
hexadecane into the gas phase. These values vary signicantly
from one alkane to another and span range of more than
10 kJ mol�1. It is clear that there is an additional contribution to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Experimental free energies of transfer for alkane solutes at 298 K

Alkane Formula

n-Hexadecane
to water

n-Hexadecane
to gas Melting point

DG�/kJ mol�1 DG�/kJ mol�1 K

n-Heptane C7H16 29.3 18.1 182
3-Methylhexane C7H16 28.7 17.4 154
2,2-Dimethylpentane C7H16 28.0 16.0 149
Ethylcyclohexane C8H16 31.1 22.1 162
Propylcyclopentane C8H16 30.6 21.7 156
cis-1,2-Dimethylcyclohexane C8H16 28.6 21.9 223
trans-1,4-Dimethylcyclohexane C8H16 28.7 20.8 236
Cyclooctane C8H16 28.3 24.7 288
Adamantane C10H16 27.5 28.1 543
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the free energy of transfer of a molecule into the gas phase that
is not included in the liquid phase solvation model described
here. The origin of this difference is not known, but cyclic
structures appear to have a dramatic effect, and in order to
obtain an accurate model of gas–liquid equilibria, most
methods require an empirical correction based on experimen-
tally determined vapour pressures. Table 5 also shows that there
is a variation of 400 K in the melting points of the 9 different
alkanes, which highlights the dramatic difference between
these phase change equilibria and liquid–liquid transfer. The
equations in this paper calculate the free energy of a solute in
a solvent relative to a liquid-like reference state, and additional
contributions from changes in internal molecular motion are
likely to be signicant when a phase change is involved.
The uorous effect

Fluorous solvents are an important class of solvents that exhibit
a range of anomalous properties compared with other liquids.
Peruorocarbons are more volatile that the corresponding
hydrocarbons, dissolve very high concentrations of gaseous
solutes, and do not mix with either non-polar or polar solvents.
The preferential dissolution of peruorocarbon solutes in per-
uorocarbon solvents is known as the uorous effect and has
been exploited in separation technology. As indicated in Table
4, the low value of RT ln[S$S] provides a good description of the
weak intermolecular interactions present in peruorocarbon
solvents for most solutes. However, the model breaks down for
peruorocarbon solutes. The free energy of transfer of per-
uorocarbon solutes (C5F12 to C8F18) from alkanes to water has
a slightly higher error than for other solutes (rmsd ¼
4.8 kJ mol�1, n ¼ 4), but the errors are signicant for the
transfer from peruorocarbon solvents to alkanes (rmsd ¼
13.8 kJ mol�1) and to water (rmsd ¼ 18.6 kJ mol�1). The
strength of the interactions between peruorocarbon solutes
and peruorocarbon solvents is consistently underestimated by
the model. The origin of this special interaction between per-
uorocarbons is difficult to understand, especially given the
volatility of these substances, which indicates weak intermo-
lecular interactions. Steric effects that interfere with molecular
packing may contribute to this anomaly, and considerable
changes in volume occur when hydrogenated and uorinated
© 2021 The Author(s). Published by the Royal Society of Chemistry
substances are mixed.45 For example, when n-peruorohexane is
dissolved in n-octane at innite dilution, the molar volume of
the solute increases by 13%.46,47 The effect is even more
pronounced when n-alkanes are dissolved in n-per-
uoroalkanes, where the molar volume of the solute increases
by 20%.48 It is as though layers of empty space are created
around each molecule, and this behaviour clearly cannot be
captured by a simple model that assumes van der Waals inter-
actions balance and polar interactions dominate. In conclusion,
the uorous effect is outside the scope of the model developed
in this paper even though the model provides a good descrip-
tion of the solvation of different types of solute by per-
uorocarbon solvents.
Conclusions

Solvation of organic molecules is a fundamentally important
property that governs intermolecular association of solutes and
phase transfer equilibria. Both processes depend on non-
covalent interactions between solutes and solvents, and we
have shown that it is possible to quantitatively account for the
free energy changes associated with intermolecular contacts by
using surface site interaction points (SSIP). A molecule is
described by a discrete set of SSIPs, which dene the array of all
possible interactions that can be made with other molecules.
Association constants for the formation of 1 : 1 complexes in
solution are governed by the interaction of the most polar SSIP
on each solute, whereas phase transfer equilibria are governed
by the sum of the interactions made by all of the solute SSIPs
with the solvent. A large body of experimental data is available
for both processes, and here we use this information to
parameterise an integrated model for describing non-covalent
interactions and solvation.

Solutes are described based on the composition of func-
tional groups, which allows straightforward rule-based trans-
lation of chemical structure into a SSIP description without the
need for the ab initio calculations we have used previously.
Positive SSIPs (a) are assigned to hydrogen atoms, and negative
SSIPs (b) are assigned to represent lone pairs and p-electron
density. The total number of SSIPs used to represent a solute is
xed such that the concentration of SSIPs in a liquid is
Chem. Sci., 2021, 12, 13193–13208 | 13205
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approximately constant. The assumption is that van der Waals
contributions cancel out in any association or phase transfer
equilibria, so that the behaviour of the system is dominated by
polar interactions between SSIPs. Equilibria are treated as
a competition between pairwise interactions of solute and
solvent SSIPs, which has been shown previously to provide
a rather good description of experimental data on 1 : 1
complexation in organic solvents.

Values of the most polar SSIPs required to describe each
functional group were obtained from the experimentally deter-
mined H-bond parameters a and b. The values of any additional
SSIPs required to complete description of each functional group
were obtained by optimisation using experimental data on
phase transfer equilibria. Similarly, the values of the SSIPs
required to describe many organic solvents (aS and bS) have
been determined previously from experimental data on 1 : 1
complexation. The SSIP description of other solvents like water,
where 1 : 1 complexes are not sufficiently stable for experi-
mental study, were obtained by optimisation using experi-
mental data on phase transfer equilibria. For solvents that
contain both polar and non-polar functional groups like alco-
hols, two sets of solvent SSIPs were used to describe the equi-
librium between the two different solvation modes. In addition,
for each solvent SSIP, a constant term was used to describe the
effects of solvent–solvent interactions. The resulting model is
simple to implement using just a spreadsheet (see ESI Section
S9†) and accurately describes the transfer of a wide range of
different solutes from water to a wide range of different organic
solvents (overall rmsd is 1.4 kJ mol�1 for 1713 data points).

The model described above is the result of a feasibility study
based on solutes with one functional group and a limited set of
solvents. The purpose was to determine whether the solvent
competition model originally applied to H-bond complexes in
non-polar solvents could be extended to describe whole mole-
cule solvation and partition between organic solvents and
water. This simple model describes the hydrophobic effect with
surprising accuracy. It has also been possible to deduce new
descriptors for range of organic solvents that were not acces-
sible by direct investigation of H-bond formation in non-polar
solvents. These empirical parameters should be of value in
linking the results of ab initio quantum mechanics calculations
with the thermodynamic properties of molecules in solution.

Experimental H-bond parameters are available for most
organic functional groups, and these parameters can be used to
develop the method for application to a much wider range of
solutes than those used in the parameterisation described here.
In addition, the availability of experimental H-bond parameters
for anionic and cationic functional groups may provide
a method for the treatment of ionisable compounds. One
limitation is that the experimental data on 1 : 1 complexation
and partition is generally restricted to room temperature, which
means that extrapolation to different temperatures would
require a new treatment. There are some challenges that will
have to be addressed in development of the model to tackle
more complex polyfunctional compounds. Electronic interac-
tions between functional groups through the bonding frame-
work can affect the H-bond parameters, and intramolecular
13206 | Chem. Sci., 2021, 12, 13193–13208
non-covalent interactions may change the availability of SSIPs
for interaction with solvent. In addition, the current model is
based purely on covalent connectivity, and a more elaborate
treatment would be required to tackle the effects of conformer
distribution on solvation energies.

Methods
Experimental partition data

The initial training set of neutral organic solutes included
a variety of common functional groups and various structural
types. The selected solutes had published partition coefficients
available for several different solvents. Gas-n-hexadecane
partition coefficients were available for the whole set and gas-
water partition for 219 molecules. Thermodynamic values for
solvent–solvent partition were calculated from the available
values of the free energy of transfer from gas to solvent (see ESI
Section S7† for values and references to data sources).

Analysis of chemical structures

From the SMILES string each molecule was fragmented into
constituent atom types.49 Each non-hydrogen atom was
assigned a group code based on SMARTS nomenclature that
described the atom and the directly bonded neighbours. Each
atom code was assigned a number of donor and acceptor SSIP.
In the optimisation process, the number of SSIP per atom was
constrained. Only integer numbers of SSIP per atom were
allowed, and a close correlation between the total number of
SSIP used to describe a molecule and the molecular volume was
maintained. Aromatic groups were assigned an additional code
to describe a SSIP in the centre of the p-face of each 6
membered ring.

Calculation procedure

For each SSIP, the free energies of interaction with solvent were
calculated using eqn (4) and (5) for simple solvents or eqn (11)–
(16) for complex solvents. A lookup table was used to retrieve the
free energy calculated for each code, and these values were
summed as in eqn (7) to calculate the overall transfer free energy
from the reference phase. Free energy of transfer between
solvents was calculated with eqn (8) and compared with experi-
mental values. The calculations were performed with Microso
Excel, and the matrix of compounds and atom codes required for
the calculations was assembled by analysis of SMILES strings
using a combination of the fragmentation tools in Advanced
Algorithm Builder soware and the open source CDK tools
accessible within Excel through the LICSS add-in.33,50,51

Optimisation of parameters

Published values of functional group H-bond parameters
derived from experimental data were used as a starting
point.19,23,24 An iterative approach was used to assign new a and
b values and new solvent constants by minimisation of the root
mean square deviation (rmsd) between calculated and experi-
mental values. A stepwise approach was adopted starting with
a small initial training set of hydrocarbon solutes from which it
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc03392a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
1:

17
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was possible to deduce descriptors for the water model based on
partition data for the systems hexadecane/water and benzene/
water. With parameters for water established it was a straight-
forward process to rene parameters for other solvents and to
assign a and b values to interaction sites for which there was no
reliable precedent.
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