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Free-energy decomposition of salt effects on the solubilities
of small molecules and the role of excluded-volume effects

The separated contributions from cations, anions, and water
in the salt effects on solvation of n-alcohols and n-alkanes
are addressed by free-energy decomposition and correlation
analyses over varied salt species. The direct interaction
between the anion and solute is in agreement with the
Setschenow coefficient in terms of the ranking of salting-in
and salting-out for n-alkanes. The Setschenow coefficient

is well correlated to the water contribution to the excluded-
volume component, which corresponds further to the
change in the water density upon the addition of the salt.
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Free-energy decomposition of salt effects on the
solubilities of small molecules and the role of
excluded-volume effectsy

Stefan Herve-Hansen, ©* Daoyang Lin, Kento Kasahara ©

and Nobuyuki Matubayasi @ *

The roles of cations and anions are different in the perturbation on solvation, and thus, the analyses of the

separated contributions from cations and anions are useful to establish molecular pictures of ion-specific

effects. In this work, we investigate the effects of cations, anions, and water separately in the solvation of n-

alcohols and n-alkanes by free-energy decomposition. By utilising energy-representation theory of

solvation, we address the contributions arising from the direct solute—solvent interactions and the
excluded-volume effects. It is found that the change in solvation of n-alcohols and n-alkanes upon
addition of salt depends primarily on the anion species. The direct interaction between the anion and
solute is in agreement with the Setschenow coefficient in terms of the ranking of salting-in and salting-

out for n-alkanes, which corresponds to the extent of accumulation of the anion on the solute surface.

For each of the n-alcohols and n-alkanes examined, the excluded-volume component in the
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Setschenow coefficient is well correlated to the (total) Setschenow coefficient when the salt effects are

concerned. The ranking of the excluded-volume component in the variation of the salt species is parallel
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rsc.li/chemical-science addition of the salt.

1 Introduction

Solvation lies at the heart of countless chemical and physical
processes, influencing the behaviours of biomolecules.'”* With
the hydrophobic effect as the prime example, the interplay
among a variety of intermolecular interactions has persistently
commanded the attention of scientific investigation.*® The
intricacies of specific salt effects remain a subject of ongoing
investigation.'*** The salt effects are determined by the coop-
eration and competition among interaction components such
as electrostatic, van der Waals, and excluded-volume, and
atomic-level analyses are necessary to uncover the mechanism
of how salts affect the solvation.

It has been found that specific salts possess either the ability
to salting-in solute or to salting-out, giving rise to salt-specific
effects.”® One of the significant findings in the field of ion-
specific effects is the Hofmeister series, discovered at the end
of the 1880s, which ranks cations and anions in their ability to
perturb protein equilibria such as unfolding and solubility.****
With the discovery of the Hofmeister series being highly
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to the water contribution, which is correlated further to the change in the water density upon the

generally applicable to a broad range of solutes, its molecular
mechanism is a subject of active investigation. The origin of
salt-specific ~ effects has been analysed on two
standpoints;'®***¢*® the direct mechanism stresses the direct
interactions between the solute and ion, and the indirect
mechanism focuses on the ions' effects to either strengthen or
weaken water's capacity to solvate the solute.

Atomic-level features of structures and dynamics around
ions have been sought in connection to the ion-specific effects,
and the chaotropy and kosmotropy of ions are an active target of
investigation.'*® From a volumetric perspective, the effect of
excluded volume reflects the changes in the water structures
induced by the salts.*’** It has been pointed out that the
excluded-volume effect can be decisive in structure formation of
biomolecules.*® The salt-induced changes in excluded-volume
effects have not been extensively addressed in the solvation of
small molecules,”*** though, while the roles of the direct
interactions between the salt and the solute have been often
studied in depth.'**>->

In this paper, we present a study on the solvation energetics
of n-alcohols and n-alkanes in water and salt solutions. Using
molecular dynamics simulations in combination with free-
energy calculations, we decompose the contributions from
cations, anions, and water to the solvation free energy and
further analyse the (direct) interaction energies of the solute
with each of the cation, anion, and water as well as the
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excluded-volume component in the salt effects. We examine the
correlations of the salt-induced changes in the solvation free
energy with a variety of intermolecular-interaction components
and discuss the connection of the excluded-volume component
to the density change upon addition of the salt. The roles of the
direct interaction between the anion and solute and the water
contribution to the excluded-volume component will be high-
lighted in the correlation analyses of the Setschenow
coefficients.

2 Theory & computational
methodology
The chemical potential can be decomposed into the ideal-gas

part, w4 and the solvation free energy, Au, with the former
given by

W = kT In (Z;(})> (1)

where kg is the Boltzmann constant, T the temperature, Z4(7) is
the isolated solute molecule's configurational integral with the
centre of mass fixed in space, p is the solute concentration in the
solution of interest, and A is the contribution from the kinetic
energy. The solvation free energy is the free energy of trans-
ferring the solute from vacuum to the solution system of
interest, and it corresponds to the reversible work linked to
turning on the intermolecular interactions between the solute
and solvent. In order to obtain the transfer free energy of
a solute from neat water into the solution with the salt
concentration ¢;, AAG(cs), we adopt a thermodynamic cycle
involving three states, as visualised in Fig. 1.
AAG(cy) is then written as

AAGoi(cs) = Aulcs) — Aules = 0), (2)

where Apu(cs) is the solvation free energy of the solute in salt
solution and Apu(cs = 0) is that in neat water.

Vacuum

¢

Apfes = 0){ Apes)
Neat Water Salt solution
@ @

Anions

% ) %’ FCF I
AAGSOI(CS) @ @

\ Cations
Na* K* Rb*

Fig. 1 Thermodynamic cycle involving three states relating the
transfer free energy of a solute from neat water to salt solutions
(AAGgq, horizontal equilibrium), the solvation free energy of the solute
in neat water (Au(cs = 0), left vertical equilibrium), and the solvation
free energy in salt solution (Au(ce), right vertical equilibrium). The
transfer free energy is expressed by the solvation free energies
according to eqgn (2).

478 | Chem. Sci,, 2024, 15, 477-489

View Article Online

Edge Article

Computational methodologies revolving around (solvation)
free-energy calculations have undergone tremendous develop-
ment yielding a broad array of mainstream methods like the
Widom insertion method,* thermodynamic integration,* the
Bennett acceptance ratio method,**** and more.*® An alternative
approach is the utilisation of the novel energy-representation
theory of solvation.*”* The method's strong appeal lies in its
ability to decompose straightforwardly the solvation free energy
into the contribution from each solvent species and further into
the contributions from a variety of intermolecular-interaction
components including the excluded-volume effect. This trait
is particularly useful when studying multi-component liquids
such as salt solutions, where the salt species are treated as
solvents together with water. In fact, the separated contribu-
tions are often useful for physical interpretation and prediction,
while they are not observable in general. A model of solvation
then needs to be adopted to conduct the decomposition. As will
be seen in Results & discussion section, the energy-
representation formalism offers a framework for free-energy
decomposition. The energy-representation theory rests upon
the Kirkwood charging formula® with the density distribution
function being projected onto the solute-solvent pair-energy
coordinate.””™® For flexible solute molecules, the method
relies on three systems simulated: the solute in the absence of
solvent (referred to as vacuum system), the solute energetically
decoupled from the solvent (referred to as the reference system),
and the solute fully coupled to the solvent (referred to as the
solution system). The details underlying the sampling of these
systems are described in the following.

2.1 Molecular dynamics simulations

All-atom molecular dynamics simulations were conducted
using the OpenMM® (8.0.0) toolkit, modded with the MDTraj**
(1.9.7) package. For the reference and solution systems
mentioned above, simulations in the isothermal-isobaric (NPT)
ensemble were conducted using a combination of Langevin
dynamics and Monte Carlo barostating. The temperature
regulation employed the ‘middle discretisation’ Langevin leap-
frog integrator scheme,* with a target temperature of 298.15
K, a collision rate of 1.0 ps_, and an integration time of 2 fs.
The pressure was maintained using the Monte Carlo baro-
stat,®*** targeting a pressure of 1 bar. Isotropic volume pertur-
bations were conducted every 25 steps, selecting the
perturbation volume as a uniform random number between —1
and 1 scaled by a constant. This constant, updated during the
simulation, ensured an acceptance rate of 50%.

In this work, we examine the solvation of n-alcohols and n-
alkanes from methane/methanol to n-hexane/n-hexanol in salt
solutions with an alkali metal of Na', K', or Rb" and a halogen
anion of F~, CI7, or I". The OpenFF force field codename
“Sage”*>*¢ (2.0) was employed for n-alcohols and n-alkanes, in
combination with the OPC water model®” and Sengupta & Merz
parameters® for the cations and anions. Although Sage has
been developed against the TIP3P* water model, OPC was
selected due to its excellent ability in reproducing bulk prop-
erties of water.®” To check the validity of our results, simulations

© 2024 The Author(s). Published by the Royal Society of Chemistry
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were also conducted using a different set of force fields. GAFF”°
(2.11) was employed for n-alcohols and n-alkanes, in combina-
tion with the SPC/E water model”>”> and alkali cations and
halide anions by Heyda et al.,”® Dang,” and Kalcher and Dzu-
biella.” The results of these simulations are presented in the
ESI sectiont named “Results of GAFF/SPCE/Heyda (GSH) Force
Field”.”

Initial configurations were generated using Packmol”
(20.3.5) with the system geometry being cubic with a cell length
of ~67 A. For the solution system, the MD cell contains 1 solute
molecule (alcohol or alkane) and 10000 water molecules
possibly with ions, and the numbers of the cation and anion are
0, 90, or 180 depending on the salt concentration of 0 M (water
without ions), ~0.5 M, and ~1.0 M, respectively. For the refer-
ence systems, only water and salt were present in the same
amount as in the solution systems. The initial configurations
were minimised using the limited-memory BFGS optimisation
algorithm” until a tolerance of 10 k] mol™" has been reached.
After the minimisation, the velocities were assigned according
to the Maxwell-Boltzmann distribution at 298.15 K and the
system was equilibrated for 1 ns at constant temperature and
pressure.

The reference systems were simulated for a total of 50 ns
with the collection of configurations for statistical evaluation
every 0.2 ps, while the solution systems were simulated for
a total of 20 ns with a sampling interval of 0.2 ps. For both the
reference and solution systems, the electrostatic potential
energies and forces were evaluated using the Particle Mesh
Ewald (PME) summation method”®*® using fifth-order B-splines,
an error tolerance of 107>, and a real-space cutoff of 1.2 nm. The
Lennard-Jones interactions were subjected to switching func-
tions®" using a fifth-order potential, with a switching range of
1.0-1.2 nm. The vacuum systems were simulated in the
canonical ensemble (NVT) at 298.15 K, using the integration
scheme mentioned at the beginning of this subsection at a time
step of 1 fs. The Lennard-Jones energies and forces were eval-
uated with the same procedures as those for the reference and
solution systems while the electrostatic interactions were
handled in their generic 1/r form, without a cutoff. The vacuum
simulations were run for 1 ns with sampling of solute structures
every 0.01 ps.

For the calculation of radial distribution functions (RDFs) of
the solute and solvent (water and ions) at a salt concentration of
~1.0 M, 50 independent initial configurations were generated,
following the procedures described above. Each replica was run
for 20 ns, resulting in a cumulative simulation time of 1 ps
across all replicas. RDFs were computed using the MDTraj*
(1.9.7) package.

2.2 Energy-representation theory of solvation

The energy-representation theory resolves around the uti-
lisation of the pair-energy coordinate between the solute and
the solvent as a projection function for the ensemble-averaged
correlation functions.”” The instantaneous pair-interaction
energy distribution for solvent species i, ;)Af(e), is obtained at
any given configuration by the definition of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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i (e) = 3 0(ulai) —¢)- ()
j

In eqn (3) the summation is taken over all solvent particles of

species i and g;; is the configuration of the j-th solvent molecule

of species i relative to the solute. The Kirkwood charging

formula® within the energy representation is given by**

wes[ [ 7

w04
where u; (¢) is the solute-solvent interaction potential at the
coupling parameter A of solvent species i and p3(¢) is the
A-dependent ensemble average of eqn (3). A = 0 and A = 1
correspond to the reference and solution systems of interest,
respectively. By conducting partial integration and separating the
direct and indirect parts of the potential of mean force, we obtain

Au = ZA,U,,- (5)

75 (e)ded2, @)

and the contribution from solvent species i is

Ap; = Jgpl,[(5)d3

o (o160 = pue) -1 n (24 e

Po,i(5 )

1 5
—O—J J w;.i(¢) 9p1i(e) de dA. (6)
0 ’ dA
where w; (¢) is the solvent-mediated (indirect) part of the
potential of mean force between the solute and the ith solvent
species in the energy representation. Eqn (5) and (6) are exact
expressions for Au. The first term of eqn (6) is equal to the
averaged sum of the interaction energies of the solute with
solvent 7 in the solution system of interest, and the second and
third terms together provide the free-energy penalty of solvent
reorganisation. Upon addition of the solute, the solvent
configurations are changed from those without the solute.
These changes are quantified as the solvent-reorganisation free
energy, and it is further decomposed into the last two terms in
eqn (6). The excluded-volume effect is part of the free energy of
solvent reorganisation and will be introduced later on the basis
of eqn (6). The second term of eqn (6) corresponds to the pair
entropy between the solute and solvent species i in the energy
representation. The third term takes into account the effect of
solvent-solvent correlations, and is in this work approximated
by a combined Percus-Yevick (PY)-type and hypernetted-chain
(HNC)-type functional, as it has been done in previous works
employing a similar strategy.******% The (total) solvation free
energy is then obtained as a sum of the contributions from the
individual solvent species through eqn (5). It has been shown
that the energy-representation theory can yield solvation free
energies with comparable accuracy as state-of-the-art free
energy methods, namely Bennett's acceptance ratio method, for
amino-acid analogues, however at an outstandingly reduced
computational cost.?>*¢

For the calculation of solvation free energies, the ERmod
software®® (0.3.7) has been utilised. Long-range dispersion
correction was added to capture the contribution from
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Lennard-Jones interactions beyond the cutoff distance.®”” To
obtain the pair-energy distributions at A = 0, 200 insertions of
the solute were performed at random positions and orienta-
tions into each reference configuration sampled. Error estima-
tion of the solvation free energies was done using block
averaging with the reference and solution trajectories divided
into 5 and 10 blocks, respectively.

3 Results & discussion

3.1 Quantifying salts’ effects on the solvation: Setschenow
coefficients

The Setschenow equation asserts that the transfer free energy
from neat water to salt solution AAGg(cs) is linearly propor-
tional to the salt concentration ¢ ****%8

AAGSOl (C‘S)

= RsCs;, 7
RT ke 7)

where R is the gas constant and AAG(c;) is given by eqn (2). ks is
termed Setschenow coefficient and qualifies the salt's attribute
to either be salting-in (ks < 0), i.e. increasing the solubility of the
solute or to be salting-out (ks > 0). The solvation free energies of
n-alcohols and n-alkanes with alkyl-chain lengths of 2, 4, and 6
are illustrated in Fig. 2 against the salt concentration for KF,
KCl, and KI.

The hydration free energies (equal to the vertical intercept of
Fig. 2, with numerical values in Table S1%) of the n-alcohols and
n-alkanes are in agreement with experimental data® with
overestimation by <1 kcal mol~ " (smaller deviations for shorter
chains). When salts are added, the solvation free energy
changes linearly with the salt concentration for both the n-
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alcohols and n-alkanes, with the slope being proportional to the
Setschenow coefficient according to eqn (7). According to Fig. 2,
the sign of the Setschenow coefficient shows KF and KCI to salt-
out, while KI acts to salt-in. The Hofmeister series is observed
since the Setschenow coefficient is in the order of I <Cl” <F~
at fixed cation of K'. The points in Fig. 2 are more scattered for
the n-alcohols than for the n-alkanes, and the plot for ethanol
involves large error bars. This is an issue of sampling, and as
described in the ESI with respect to Fig. S1 and S2,t the alcohol-
ion interactions are slowly converging. The trend for the Set-
schenow coefficients is in qualitative agreement with experi-
mental observations, with KF and KCI salting-out both the n-
alcohols and n-alkanes.’®* For KI, it is noted for the force field
employed for Fig. 2 that the salt is salting-in the n-alcohols and
marginally salting-in the n-alkanes.

To investigate the relative importance of the cations and
anions, the Setschenow coefficients for all salt combinations are
illustrated in Fig. 3 for n-hexanol and n-hexane. It is observed
that the effect of changing the anion species dominates over
that of the cation for the Setschenow coefficient. A similar
observation has been done for caffeine, revealing that the anion
effect is primary in the salt effect on the solvation.** From here
on out, we fix the cation to potassium when the decomposed
contributions from cations and anions are discussed, while
correlations with the variation of salts are examined over all the
combinations of the cations and anions.

3.2 Cation-anion contrast in n-alcohol and n-alkane
solvation

To gain mechanistic insights into the roles of the cation, anion,
and water species in the solvation of the n-alcohols and n-
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Fig. 2 Solvation free energies, Ay, of n-alcohols (top) and n-alkanes (bottom) as functions of potassium salt concentration, with the corre-
sponding anions F~ (blue), Cl™ (orange), and I~ (green). The lines are the best fits using the common value in neat water (zero concentration of the

salt) for each solute.
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Fig. 3 Setschenow coefficients, ks, for n-hexanol (left) and n-hexane (right) for all combinations of the cations: Na*, K*, and Rb* and anions: F~,
Cl™, and I". kg are visualised as points, and the planes connecting adjacent points have been added for guidance.

alkanes, the solvation free energy Au has been decomposed into
the contributions from the solvent species present in the
system. Within the framework of the energy-representation
theory, we can write Au as

(®)

A,u' = A,u'self + A,“'cation + A,u'anion + A,l'lvwater

where the subscripts denote the species’ contributions. The self-

interaction of the solute with its own images and neutralising
background and enters as a separate term to ensure all the
contributions added up to the total. In our simulations of n-
alcohols and n-alkanes, Apugr has been less than
10~* keal mol ™" in magnitude over all the solutes and salt
species and the salt concentrations. Consequently, the self-
energy correction can be neglected in the following. We can
quantify the effects of the individual solvent species (i.e.

energy correction, Apgr, arises from the electrostatic cations, anions, and water) on the Setschenow coefficient by
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Fig.4 Setschenow coefficient, ks, and the contributions from the solvent species, namely cations, anions, and water, for n-alcohols (top) and n-
alkanes (bottom) with potassium as the cation and F~ (blue), Cl™ (orange), and |~ (green) as the anions. The cation, anion, and water contributions
correspond to the first, second, and third terms of egn (9). The self-energy correction was found not to vary with the salt concentration. The error
bars shown report the 95% confidence interval as determined by non-parametric bootstrapping® (N = 10°) assuming the individual solvent

contributions to vary linearly.
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taking the derivative of eqn (8) with respect to the salt
concentration

_ 1 aA:u'cation
ks = ﬁ( g, T

6A:uanion
dc

A
+ :u'water) (9)

dc

In Fig. 4, the decomposition of the Setschenow coefficients into
the contributions from the individual solvent species has been
visualised. The contributions from cations, anions, and water
correspond to the first, second, and third terms of eqn (9),
respectively.

For n-alcohols (Fig. 4, top row), the cations yield a negative or
marginal contribution to the Setschenow coefficients, the
anions provide a negative contribution, and the water contri-
butions are positive. The contribution of cation (the cation is
fixed to potassium) is weakly dependent on the corresponding
anion, which is considered to reflect the full dissociation of
the salt. The magnitude of the cation contribution becomes
smaller with the chain length of the n-alcohols. The relative
strengths of the anion contributions vary with the alcohol
species examined. The anions act to salt-in the alcohols. Among
the cation, anion, and water, the contribution is the most
favourable from the anion, and in Fig. 4, the ordering of F~ <
Cl” <I" for the tendency of salting-in is observed for n-butanol
and n-hexanol in agreement with the Hofmeister series. The
water contribution is positive, showing its role to reduce the
solubility when the transfer from neat water to the salt solution
is concerned.
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For n-alkane solvation (Fig. 4, bottom row), the cations and
anions play contrasting roles to modulate the solubility. The
former yield a positive contribution to the Setschenow coeffi-
cient with the negative or marginal contribution from the
anions. The cation contribution is independent of the accom-
panying anion as observed for the alcohol solutes. The anion
contrbution depends on the salt species, with the weak corre-
spondence to the anion size. As for the water contribution, KF >
KCI > KI is seen, where the KF values are positive and the KI
values are negative or maginal. When the alkyl chain is elon-
gated, the general tendency is that both the cation and anion
contributions increase in magnitude, with the enhancement of
the water contribution.

The parallelism and contrast to the previous results for
caffeine** are as follows. For all the solutes examined, the
Hofmeister series holds for the Setschenow coefficients (total
values in Fig. 4). The differences are observed for the separated
contributions from cations and anions. For caffeine, the cations
act to salt-in and the anions to salt-out, while for the n-alkanes,
the opposite holds. For the n-alcohols, the anions act to salt-in
with favourable or marginal contributions from the cations as
observed in Fig. 4. The water contribution is positive for most of
caffeine, n-alcohols, and n-alkanes, showing that water often
becomes less favourable for a solute when a salt is added. To see
the effects of the cations, anions, and water more closely, we will
further examine the solvent-species contribution to the Set-
schenow coefficients.

3 ethanol 3 n-l?utanol 3 n-hexanol
Salting out Salting out Salting out
2 2 2
IE 1 1 1
~
fé %”—1 ‘ -1 - -1
[go]
—2 Salting in -2 Salting in -2 Salting
-3 Total Cation Anion Water -3 Total Cation Anion Water -3 Total Cation Anion Water
1.0 ethane 1.0 n-butane 1.0 n-hexane
0.5 Salting out 05 Salting out 05 Silting out
T 0.0 _“““l__-__ _J_ 0.0 _“““I__-__ __J_ 0.01- — __ _-J_
E
~ 1 1
x -05 -0.5 1 -0.5
=] w
=R -10 ~1.0 ~1.0
-15 Salting in -15 Salting in -15 Salting |

Total Cation Anion Water Total

Cation Anion Water

Total Cation Anion Water

Fig. 5 Species decomposition of the contributions to the Setschenow coefficient from the direct interaction energies between the solute and
solvent for n-alcohols (top) and n-alkanes (bottom), with potassium as the cation and F~ (blue), Cl™ (orange), and |~ (green) as the anions. The
error bars shown report the 95% confidence interval determined by non-parametric bootstrapping® (N = 10°) assuming the individual solvent

contributions to vary linearly.
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3.3 Roles of the solute-solvent interactions

Within the framework of the energy-representation theory of
solvation, the contribution to the solvation free energy from
a single solvent species (see eqn (8)) can be written as

Au; = J eapi{ei)de = Jf (o) (10)

=)= | seae

where i refers to the cation, anion, or water. ¢; is the pair
interaction energy between the solute and the solvent species i,
(v); is the average solute-sovlent interaction energy in the
solution system, pye;) is the average distribution of ¢; in the
solution system, and f{¢;) is a function that accounts for the
effect of solvent reorganisation. The individual solvent species’
contribution to the Setschenow coefficient can then be given
through eqn (9) by

1 o), 1 9

kei= o=~ — o= J:f(ei)d&

" RT 0c, (11)

To see the effect of direct solute-solvent interactions on the
Setschenow coefficient, Fig. 5 shows the first term of eqn (11).
For all the solutes in Fig. 5, the change in the total interaction
energy between the solute and solvent is favourable (negative)
upon addition of the salt and acts to increase the solubility. The
separated contribution from cation is in contrast between the n-
alcohols and n-alkanes, and it is negative for the former and
positive for the latter. The negative values from the cation stem
from its ability to interact with the hydroxyl groups of the n-
alcohols. The n-alkane solutes have weakly positive charges on
the hydrogens, and this leads to the positive interaction ener-
gies. With the anion contribution, the n-alkanes are salted-in
with the ranking of I" > CI” > F~. This ranking is further valid
for n-hexanol, which has a long alkyl chain. It has been noted
that weakly hydrated anions preferentially accumulate near
hydrophobic surfaces.'®*® It is then expected that the water
molecules around a hydrophobic motif will be displaced to
accommodate the anion. The correlation between the solute-
anion interaction energy and the Setschenow coefficient is
indeed positive when the salt species is varied and the alkane
solute is fixed (Fig. S31), while an anti-correlation is seen for the
salt-induced change in the solute-water interaction (Fig. S47).
The direct interaction of the alkane solute with an anion that
salts-in more strongly is more favourable at the energetic
expense of water.

To discuss the solvation structures underlying the ener-
getics, we illustrate the radial distribution functions (RDFs) of
n-hexane in the 1 M mixtures of water and potassium salts in
Fig. 6. The RDFs with the anions are compared in Fig. 6A, and
iodide ions are observed to accumulate closely to the n-hexane.
The exclusion from the solute surface is more evident in the
order of F~ > Cl” > I". Fig. 6B depicts the RDFs for potassium.
The cation is excluded from the surface of n-hexane regardless
of the anion species and exhibits an increased extent of pres-
ence in the order of I > CI” > F™. This is considered to reflect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Radial distribution functions (RDFs) in the ~1 M salt solutions of
the carbon of n-hexane with potassium as the cation and F~ (blue), Cl™
(orange), and |~ (green) as the anions. The distributions of water
oxygen are also shown (black). The water RDF is insensitive to the
choice of the salt, and its differences among the salt species are not
appreciable within the resolution of the figure. The RDFs for the 6
carbon atoms are averaged in this figure.

the electrostatic attraction between the cation and anion. When
the anion is accumulated more strongly around the solute, K
comes more closely to the solute surface. The above features of
RDF correspond to the energetic observations for (v) in Fig. 5.
Among the three anions of F,Cl7, and I, for example, the
direct interaction with the solute n-hexane in Fig. 5 is more
favourable in the order of I” > CI” > F~, with the same ordering
of accumulation tendency around the solute.

The Kirkwood-Buff theory is another route to addressing
salt-induced changes in solubilities.** As pointed out by Smith
and Mazo and Katsuto et al,”® though, the Kirkwood-Buff
integral of the monovalent cation with the solute is equal to that
for the monovalent anion even when the short-range features of
RDF are different between the cation and anion. This is due to
the 1:1 dissociation of the salt, and according to Fig. 6, the
long-distance region of RDF needs to be treated at high
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precision to attain the equality. We do not address the Kirk-
wood-Buff integrals in this work since they did not converge
within our computational setups.

To investigate the effect of solvent reorganisation together
with the interaction energy (i.e. going from an energy to a free
energy), we can choose the integration limits of eqn (10) to the
energy domain of a characteristic interaction. When the upper
limit of integration in eqn (11) is set to &y, and it is much larger
than RT, the average solute-solvent interaction energy (the first
integral in the first line of eqn (10)) becomes invariant with &,
(pi(e;) vanishes when ¢; > enay), while fle;) for &; > enmay instead will
reflect the effect of excluded volume. We then define the
following energy domains:

o — < g < gy effects of interactions such as hydrogen
bonding and dispersion and associated solvent-reorganisation
effects.

® cmax < & < o effects of solvent displacement for cavity
formation (excluded-volume effects).

The choice of ¢y, has been done from the maximum pair
energy between the solute and solvent in the simulations of the
solutions. When scanned over all salts, salt concentrations, and
solutes, the largest pair energy observed has been
14.6 keal mol ! and thus e,.x = 15 keal mol* has been set as an
appropriate choice. We note that the largest energy observed in
a molecular simulation is related to the sampling of rare events
and therefore subject to change, however, the results and
conclusions in the following are not altered with any (reason-
able) choice of ¢y ax-

In order to quantify the effect of the solvent reorganisation
on the Setschenow coefficient, we introduce the partial contri-
bution to eqn (11) as

View Article Online
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by restricting the domain of integration to ¢; < ena. When the
direct interactions depicted in Fig. 5 are compared to ks in Fig,
S5,T it is seen that the trend is common between k3 and the
direct interaction term, often with partial cancellation of the
latter. The discussion with the direct interaction is thus parallel
to that with k. The contributions from the interaction
domains of ¢; < emax can be characterised by the direct interac-
tions between the solute and solvent.

3.4 Effect of excluded volume

The effect of excluded volume can be addressed on the basis of
eqn (11), and the contribution from solvent species i (i is cation,
anion, or water) to the excluded-volume component in the

Setschenow coefficient, kty, is given by

EV _

1 0 *
K= TRT e, (me “"dff)

where ¢, is the same as the one in eqn (12). Correlation plots
between the Setschenow coefficient and the excluded-volume
component in the Setschenow coefficient are visualised in
Fig. 7.

They are well correlated when the solute is fixed and the salts
are varied. In Fig. 7, all the combinations of cations (Na', K,
and Rb") and anions (F~, Cl~, and I") are plotted for each solute
and the data are clustered according to the anion species. This
shows the dominance of the anion effect upon variation of the
salt species, with F~ > CI™ > I" for both the Setschenow coeffi-
cient and the excluded-volume component. Accordingly, the
effects of salting-in and salting-out can be described by the free-
energy penalty of creating a cavity. To investigate this idea
further, the role of each of the cation, anion, and water in the

(13)

fnt Loy, 1 9 J Fmax f(e)de: (12) excluded-volume component is examined. The separated
' RT d¢g RT 9c ) o contributions are visualised in Fig. 8.
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0.5
-—I'-_' 0.30 -—I'-_' .T'c_' 0.6
s s 0.44 s
— 0.251 — —
TP Do Do
X 0.201 X 0.3 X" 0.4+
0.15 N 0.2
9 LiP 0.2 - B0
0.10{ —** e
-0.2 0.0 0.2 0.4 -0.2 0.0 02 04 06 -0.5 0.0 0.5
ks [M1] ks [M71] ks [M71]
Na*t s F- n-alcohols
K+ Cl- n-alkanes
Rb+ — |

Fig. 7 Correlation between the total Setschenow coefficient and the excluded-volume component obtained from integration over the high-
energy domain. Data are shown for all the combinations of cations (Na*, K*, and Rb™) and anions (F~, Cl~, and I7). The data symbols are shaped
depending on the cation species: Na* (triangle), K* (circle), and Rb* (inverse triangle) and coloured depending on the anion species: F~ (blue), Cl™
(orange), and I” (green). The solute refers to ethanol and ethane with N;pon = 2, to n-butanol and n-butane with Neapon = 4, and to n-hexanol
and n-hexane with Neamon = 6. The symbols are filled and open for the n-alcohols and n-alkanes, respectively.
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Fig. 8 Species decomposition of the excluded-volume component in the Setschenow coefficient for n-alcohols (top) and n-alkanes (bottom)

with potassium as the cation and F~
determined by non-parametric bootstrapping® (N

The cation and anion contributions are positive for all the
combinations of solute and salt. For the cations, the excluded-
volume component is independent of the accompanying
anion, which is expected since the excluded-volume effect is
caused by the overlap of the solute and solvent upon insertion
of the solute into the reference system. For the anions, the series
of F~ < ClI” < I is observed, reflecting the ionic radii of the
halogens. With the increase of the solute size, the excluded-
volume component becomes larger since the overlap between
the solute and salt enhances with the solute size. It should be
noted, though, that when the solute is fixed and the salt species
is varied, either the cation or anion contribution to the
excluded-volume component in the Setschenow coefficient is
not correlated to the total value of the excluded-volume
component. This implies the importance of the water
contribution.

Fig. 8 and 9 show that the water contribution to the excluded-
volume component correlates to the total in the dependence on
the salt species. Note that the water contribution refers here to
the difference in the excluded-volume effect between the salt
solution and neat water. It is positive with KF, small in
magnitude with KCI, and negative with KI for all the n-alcohol
and n-alkane solutes examined. The salt-induced changes in the
free-energy penalties of cavity formation are more favourable
(negative) for larger anions. This is related to the changes in the
water density, as will be discussed later. It is seen in Fig. 9,
furthermore, that both the total and water contributions are
clustered according to the anion species and are close to each
other between the n-alcohol and n-alkane when the numbers of

© 2024 The Author(s). Published by the Royal Society of Chemistry

(blue), Cl” (orange), and |~ (green) as the anions. The error bars shown report the 95% confidence interval
=10 assuming the individual solvent contributions to vary linearly.
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Fig. 9 Correlation between the total excluded-volume component in
the Setschenow coefficient and the water contribution. Data are
shown for all the combinations of cations (Na*, K*, and Rb*) and
anions (F~, Cl™, and 7). The solid lines connect the data with the same
length of the alkyl chain (Ncamon) @and varied species of salts. The
dashed lines are for fixed salts with varied solutes. The solute refers to
ethanol and ethane with Ncaon = 2, to n-butanol and n-butane with
Ncarbon = 4, and to n-hexanol and n-hexane with Negpon = 6. The data
symbols are shaped depending on the cation species: Na* (triangle), K*
(circle), and Rb* (inverse triangle) and coloured depending on the
anion species: F~ (blue), Cl™ (orange), and I~ (green). The symbols are
filled and open for the n-alcohols and n-alkanes, respectively.
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Fig. 10 Correlation between the derivative of the water molarity with respect to the salt concentration and the water contribution to the
excluded-volume component in the Setschenow coefficient. Data are shown for all the combinations of cations (Na*, K*, and Rb*) and anions
(F~, Cl™, and I7). The data symbols are shaped depending on the cation species: Na* (triangle), K* (circle), and Rb* (inverse triangle) and coloured
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n-butane with Nearpon = 4, and to n-hexanol and n-hexane with Neapon = 6. The symbols are filled and open for the n-alcohols and n-alkanes,

respectively.

carbon atoms (Ncarbon) are the same. The slopes of the solid
lines in Fig. 9 are also similar over Ncabon = 2, 4, and 6. The
excluded-volume effect is close between the alcohol and alkane
with similar sizes and appears in the dependence on the salt
species through the water contribution.

For the variation of the solute at fixed salt, the correlations
between the total excluded-volume component and the water
contribution to it are depicted in Fig. 9 with dashed lines. All the
lines pass near the origin. Accordingly, both the total and water
contributions to the excluded-volume component grow in
magnitude with the solute size and the water contribution is
negative with large anions. The negative growth of the water
contribution with the solute size reflects the observation in the
next paragraph that the water density decreases with addition of
the iodide salts.

In the above, the importance of the water contribution was
seen in the excluded-volume component in the Setschenow
coefficient, and in ref. 44, it was observed for the caffeine solute
that the water contribution is correlated to the change in the
water density upon introduction of the solute. Fig. 10 provides
correlation plots between the water contribution to the
excluded-volume component and the response of the water
d[H,0]

Cs

density to the addition of the salt ( > The addition of KI

or KCl salt reduces the density (molarity) of water, while KF
increases the water density. The salt's effect on the water density
is parallel to the size of the ion, and in Fig. 10, the water
contribution to the excluded-volume component is well corre-
lated to the change in the water density. This observation holds
over all the n-alcohol and n-alkane solutes as well as caffeine.*
The water contribution to the excluded-volume component is
smaller when the salt reduces the water density, and vice versa.

486 | Chem. Sci, 2024, 15, 477-489

. . d[H,O
The line connecting % and kfy\v’mter does not pass through
S
.. Jd[H,O .
the origin. kfwater = 0 corresponds to [H0] ~ — 1, which was
cs

also observed for caffeine in salt solutions, despite employing
a different water model, solute, and ion force fields. The
importance of the excluded-volume effect was pointed out for
salt effects on the solubilities of small solutes with semi-explicit
methods.***%7% It was seen that although the electrostatic
interactions act to increase the solubilities,** the excluded-
volume component governs the salt-induced changes in the
solvation free energies. This is in agreement with our results,
while we employed a different model of solvation and maintain
an all-atom representation throughout the computation.

4 Conclusions

We have addressed the role of salt on the solvation of n-alcohols
and n-alkanes by using all-atom MD simulation and the energy-
representation theory of solvation. It has been found, in
agreement with the general consensus on ion-specific effects,
that the anion species govern the ranking of the salt-species
dependence of the Setschenow coefficient. The free-energy
decomposition has then been conducted to elucidate the roles
of the cation, anion, and water and of the direct solute-solvent
interactions and the excluded-volume component by focusing
on the correlations with the Setschenow coefficient. When the
salt species is varied with a fixed solute, the Setschenow coef-
ficient is correlated to the direct interaction between the solute
and anion for the alkanes and to the excluded-volume compo-
nent for all the solutes examined. The favourable interactions
with large anions like iodide corresponds to its accumulation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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around hydrophobic groups and brings the salting-in effect.
The dependence of the excluded-volume component on the salt
species is parallel to the water contribution to it, which is in
turn correlated to the change of the water density upon addition
of the salt. The density change is a volumetric aspect of the salt-
induced effect, and on the basis of correlation analyses, the role
of the excluded-volume component has been pointed out in the
salts’ effects on the Setschenow coefficient.

It has been observed through correlation analyses that the
excluded-volume effect can describe the salt-induced changes
in the solubility. Although the separated components in the free
energy are not observable in general, they may be physically
appealing and suitable for prediction. The excluded-volume
effect is a notable example, and since it is further correlated
to the salt-induced change in the water density, a predictive
discussion of salt-specific effects is possible with the volumetric
term.
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