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Abstract

It is widely appreciated that the addition of salts to water leads to significant

changes in the thermodynamic and dynamic properties of these aqueous solutions that

have great significance in biology and manufacturing applications. However, no theo-

retical framework currently exists that describes these property changes in an internally

consistent fashion. In previous work, we developed a coarse-grained model of electrolyte

solutions capable of reproducing basic trends on how salts influence the viscosity and

water diffusion coefficient. The present work explores the predictions of this model for

basic thermodynamic properties of electrolyte solutions, namely the density, isother-

mal compressibility, and surface tension. Based on our model, we find that ion-specific

effects on thermodynamics properties, and by extension the dynamics of electrolyte

solutions, derive primarily from ion solvation.
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Introduction

The thermodynamic and transport properties of electrolyte solutions are crucial for a wide

range of applications, including waste water treatment, chemical waste disposal, (bio) sepa-

ration processes, and the production of energy sources such as scaling in production wells.1–3

These aqueous solutions are also essential for biological function, where ions are typically

classified in terms of the Hofmeister series based on their influence on protein stability, en-

zyme activity, protein and polymer folding, and other basic biological properties.4–6 For a

long time, it was thought that the microscopic mechanism of the Hofmeister series was asso-

ciated with the capacity of the ions to “make” (kosmotropic) or “break” (chaotropic) water

hydrogen-bonding structure, but recent experimental studies have cast doubt on the valid-

ity of this structural interpretation of the Hofmeister series.7–11 In particular, Otma et al.7

reported that the ions primarily influence the structure and dynamics of the first hydration

layer, but not the strength of the hydrogen bonding of the surrounding fluid. Later studies

have shown that this effect can extend beyond the first hydration layer, but this interfacial

layer is still localized to small distances around the ions.12,13 The emerging consensus14 is

that Hofmeister effects are a result of direct ion-solvent interactions that give rise to ex-

tended hydration shells, and several studies have demonstrated the central role of solvation

in influencing solution density,15 the modification of surface tension,2,16,17 the capacity of

ions to segregate at the interfaces,18–21 protein and polymer solubility,22 and the effect of the

water absorbency by fibers used in textile industry.23 While this microscopic description has

recently gained significant acceptance, there is still no satisfactory theory that can predict

the mechanism by which ions modulate basic thermodynamic and dynamic electrolyte solu-

tion properties, such as density, isothermal compressibility, viscosity, and the water diffusion

coefficient.

In principle, computer simulations provide an ideal tool for probing the microscopic

structure of electrolyte solutions. Quantum mechanical based simulations and first prin-

ciple molecular dynamics models24,25 can provide an accurate and detailed description of
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the interactions in electrolyte solutions. However, such models are difficult to apply to the

modeling of polyelectrolyte solutions because of the excessive computational burden associ-

ated with this type of “first principle” computation. Indeed, our own work on this problem

is motivated by the desire to model polyelectrolyte solutions and aqueous block copolymer

assemblies driven by complexation of polyelectrolyte blocks,26 where large length and time

scales are required for computational modeling. Unfortunately, classical coarse-grained pair-

potential models fail to reproduce essential observed experimental trends in the dynamics of

even the relative “simple” case of aqueous electrolyte solutions.27

In a previous study,28 we developed an explicit electrolyte solvent model by stripping

down the molecular features of water to a minimal liquid model where the water-ion dis-

persion interaction parameter was determined by the ion solvation energy through the ap-

plication of Born theory of ionic solvation. Molecular dynamics simulations utilizing this

model captured semi-quantitatively observed changes in solution viscosity and water diffu-

sion coefficient on ion type. We find these results to be encouraging for the development of

a useful coarse-grained model of electrolyte and polyelectrolyte solutions, but further tests

of the model are required to determine whether this type of model can also consistently re-

produce the significant salt-specific changes in the thermodynamic properties of electrolyte

solution upon adding salt. We then investigate how ion-water interactions influence basic

thermodynamic properties (solvent density, isothermal compressibility, and surface tension)

in order to further test the internal consistency of our coarse-grained model and to better

understand the fundamental origin of Hofmeister series. We also calculate the ion-water and

ion-ion pair correlation functions for different salts to better understand how the solvation

effects influence the structure of electrolyte solutions.
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Model and computational methods

We employ a model of charged Lennard-Jones (LJ) particles in an explicit solvent composed

of uncharged LJ particles.28–33 All ions and solvent particles are assigned the same mass m,

size σ, and self-interaction ε parameter. We set ε and σ as the units of energy and length;

the cutoff distance for LJ interaction cut and shifted potential is rcut−off = 3 σ. The size and

energy parameters between i and j particles are set as σii = σjj = σij = σ and εii = εjj = ε),

except for the interaction parameter between the solvent particles and the ions, as we discuss

below. The system is composed of a total of N = 10 054 particles in a periodic cube of side

L and volume V , periodic boundary conditions were applied in all three directions. There

are N+ and N− positive and negative charged ions, respectively. All ions are monovalent and

our systems are charge neutral N+ = N−. The fraction of charged particles in the solution is

defined as ϕ = (N+ +N−)/N and varied between 0 to 0.45, ranging from small to relatively

large salt concentrations from c = 0 mol /L to 4.77 mol /L.

The Bjerrum length was set equal to lB = e2/ (εskBT ) = 1.85σ, where T is the tempera-

ture, kB is Boltzmann’s constant, and εs is the dielectric constant of the medium. Coulomb

interactions were treated by the particle-particle particle-mesh method. The timestep was

set to 0.005 τ , where τ = σ (m/ε)1/2 is the unit of time. System runs were performed at con-

stant pressure and constant temperature conditions, i.e., reduced temperature kBT/ε = 0.75

and reduced pressure 〈P 〉 ≈ 0.01, maintained by Martyna-Tobias-Klein barostat-thermostat

with time constants τT = 1.0 τ and τP = 10.0 τ . Before any production run, there was equili-

bration for 2 500 τ . Simulations were performed with a GPU-optimized molecular dynamics

software package HOOMD.34–36

The van der Waals interaction parameters between the ions and the solvent ε± are de-

termined based on the methodology developed in our previous work.28 Our coarse-grained

modeling of electrolyte solutions is motivated by the observations of Collins5,37 and Ninham

et al.6 indicating the importance of ion-size on the extent of ion solvation and the resulting

dispersion interaction between ions and water, respectively. Given that the ion solvation en-
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Figure 1: Particle density ρ normalized with the pure solvent density ρw as function of salt
concentration c for ions having different salts. The values of the parameters describing the
ion-water interaction for each type of ion are presented in Table 1. The errorbars represent
one standard deviation.

ergy directly reflects a combination of Coulombic and dispersion interaction contributions38

and that these solution energies are widely measured and tabulated,39–41 we utilize measured

values of ion solvation energies to set ε± in our model. In particular, we use the Born model

of ion solvation energy and measured ion solvation energies to determine ε±. 41 We also as-

sume that ε± is proportional to the solvation energy and adopt the explicit relation for this

quantity introduced by Born, so that we have ε± = ε (r0/rB), where the constant r0 is fixed

by a reference ion for which ε± for the solvent and the ion are equal. To determine the Born

radius, we took ions K+ and Cl− ions for which the water diffusion coefficient D exhibits

little or no change upon addition to water at low concentrations. This procedure results

in r0 = 2.33 Å for cations and r0 = 1.87 Å for anions. The resulting cohesive interaction

parameters determined by this coarse-grained model ε± are summarized in Table 1. We note

that water has a relative high cohesive energy due to the strong hydrogen bond interactions

between the molecules and this aspect of water is incorporated into our model by equating

the critical temperature of real water with that of our solvent model.
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Results

The particle density (ρ = N/V ) reflects the packing efficiency of the solvent particles and

ions in the fluid, and it is perhaps the most basic thermodynamic property of electrolyte

solutions.15,42 In a salt-free solvent, we find that the solvent density is ρw = 0.76σ3 near

room temperature conditions (see Model and Computational Methods). The influence of

different ion types at different salt concentrations (c in mol / L) is presented in Fig. 1, where

the ion size and the interaction parameters for different salt types are assigned in Table 1.

This list of salts is the same as in our previous study,28 except for the addition of LiCl and

NaF. As a starting point we consider the solution of KCl, which have ε+ ≈ ε− ≈ 1, as a

reference point and label the density for these salts as ρ0. For KCl salts, we find that density

increases linearly as the salt concentration increases (ρ0 ≈ ρw +0.002 c), which means that in

the absence of any asymmetry in the dispersion interactions between the species composing

the electrolyte solution the electrostatic contribution upon the addition of salt leads to a

small increase in ρ; these salts also lead to a small increase in the solution viscosity and

diffusion coefficient of the water. We see that salts having stronger water-ion dispersion

interaction strength result in an appreciable increase in ρ that depends on the magnitude

of this interaction, see the cases of LiCl and NaF salts in Fig. 1. If the salt has a weaker

ion-water interaction strength than KCl salts, then we expect it to reduce the ρ dependence

Table 1: Born radii rB taken from Ref. 41 and the strength of ion-water dispersion energy
parameter ε± for different ions in aqueous solutions.

Ion rB/Å ε±/kBT
Na+ 1.87 1.25
K+ 2.33 1.00
Cs+ 2.75 0.85
Li+ 1.46 1.60
Cl− 1.86 1.00
Br− 2.00 0.93
I− 2.23 0.83
F− 1.39 1.34
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Figure 2: Viscosity B-coefficient for different salt types as function of the relative partial salt
volume α. The correlation is similar to the findings by Bramhall in Ref. 43. The errorbars
represent one standard deviation.

on c, and, indeed KBr salts exhibit this trend for small salt concentrations (c < 2 mol / L).

The specific volume of the solvent also exhibits a non-analytic c1/2 variation at very low salt

concentrations, but we neglect this type of contribution in our discussion below. Overall, we

find that ion solvation can greatly influence the molecular packing as observed in experiments

on aqueous solutions.15

To quantify how these trends in the solution density of aqueous salt solutions relate

to solvent dynamics, we compare the Jones-Dole viscosity B-coefficients, defined from the

ion concentration virial expansion of the salt solution shear viscosity (for more details see

Ref. 28), and the relative partial salt volumes α = (1/ρ− 1/ρ0) /c. All salts fall onto a

single line suggesting that the volume change upon the addition of salt is strongly correlated

with the mobility change in the solvent; see Fig. 2. This observation accords with previous

experimental observations by Bramhall,43 but with some minor differences in the calculation.

First, we do not split contribution of viscosity and partial volume for cation and ions. Second,

Bramhall considered individual ionic van der Waals radii to determine α = 0 point, whereas

in our electrolyte model all ions have the same bare size and only their interaction strength

ε± is taken to vary. Despite these differences, our model semi-quantitatively captures the

correlation between viscosity and density of ionic solutions as it was found in experimental
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findings by Bramhall,43 suggesting that our model’s embodies physical aspects of ion-water

interactions of electrolyte solutions.

The agreement between our model with Bramhall findings has a number of consequences.

First, the concept of “making” and “breaking” of the hydrogen bonding structure of water

is not required since no hydrogen bonding interaction is involved in our model. Second, the

formation of a local hydration layer around the ions greatly influences the average density

of the fluid as a whole. Third, it is striking that ion-specific influences on aqueous solution

properties, attributed to quantum mechanical or many-body polarization effects,24,25 can

be described rather well by a classical molecular dynamics model and a coarse-grained pair

potential. Finally, we note that ion-specific changes in solvent mobility can be understood in

terms of the corresponding changes in the thermodynamic properties of the solvent derived

from the ion solvation.

If the nature of ion solvation is responsible for the density and viscosity trends observed

upon the addition of salt to water, then we may expect other thermodynamic properties to

likewise become significantly affected through the addition of salt. Two additional basic ther-

modynamic properties of electrolyte solutions are the isothermal compressibility κT , which is

a measure of the relative volume change of a fluid as a response to a pressure variation at fixed

temperature, κT = − 1
V

(
∂V
∂P

)
T

, and the surface tension γ, which is the tension of the surface

film of a liquid while the surface acquires the least surface area possible. We obtained κT

by calculating the equilibrium volume at different pressure values that range from 0.01σ3/ε

to 0.1σ3/ε while temperature was held constant. The surface tension was calculated for

our solution by using the method of Shi et al.44 (see Supplementary Information). We find

that stronger ion-water dispersion interactions reduce κT , and correspondingly increase γ

with the addition of salt to our solvent, while weaker ion-water dispersion interactions result

in the opposite trend; see Fig. 3. Again, we obtain the same pattern as found before in

the density and viscosity of aqueous salt solutions, reinforcing our view that the nature of

ion solvation is central to understanding the thermodynamic and dynamic properties of the
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Figure 3: (Top) Isothermal compressibility κT and (bottom) surface tension γ as function
of salt concentration c and different salt types. Both κT and γ are normalized by their value
as c→ 0. The errorbars for κT were smaller than the symbol size.

Figure 4: Viscosity B-coefficients of different salts as function of (left) isothermal com-
pressibility the relative deviation from the pure solvent δκT/c and (right) surface tension
deviation δγ/c. The errorbars represent one standard deviation.

electrolyte solutions.

Since the character of the changes observed in κT and γ is similar to ion-specific changes
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Figure 5: Pair distribution functions for ion-water for kosmotropic salt (NaF) and chaotropic
salt (CsI) at c = 2 mol / L concentration. Water-water pair distribution shown for compar-
ison. Inset: Water-ion radial distribution functions for different ions generated from both
neutron and X-ray diffractions; the data were extracted from Ref. 46 and the x-axis is
normalized by the corresponding Born radii rB from Table 1.

in ρ, we compare κT and γ with viscosity B-coefficient in the spirit of Bramhall’s approach.

We first calculate the relative deviation from the pure solvent at low c, i.e., δκT/c and

δγ/c; a linear fit to determine the relative deviations was applied to data presented in

Fig. 3 for salt concentrations upto c = 2 mol L−1. Our findings are presented in Fig. 4,

where we again find the same trends as for ρ, compare Figs. 2 and 4. Since ρ, κT , and

γ are correlated with the same quantity, i.e, viscosity B-coefficient, then ρ, κT , and γ,

are all correlated with each other. We infer that ion solvation is the primary mechanism

by which ions modulate thermodynamic and dynamic properties of electrolyte solutions.

This conclusion is in agreement with several recent studies that have stressed this point of

view.17,18,38,45

It is also instrsuctive to consider changes in the local density of aqueous solutions by the

presence of ions to characterize the nature of ion solvation. In particular, we calculate the

pair-correlation function g(r) for different ion types and compare these results to neutron

and x-ray scattering measurements of g(r). In Fig. 5, we show the pair distribution function

of some common ions (Na+, CS+, F−, and I−) and compare these to g(r) of pure water as a

reference point. The height of g(r) at its first peak is evidently higher for “cosmotropic” ions

(Na+ and F−) for which B > 0, and lower for “chaotropic” ions for which B < 0; this trend
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Figure 6: Ion-ion pair distribution functions for ion pairs in electrolyte solutions having a
salt concentration, c = 2 mol / L. The water-water pair correlation is provided for reference.

is in agreement with experimental observations, as illustrated in the inset of Fig. 5. Note

that we have normalized the radial coordinate of the pair distribution by the ion size σ in our

model, while in the corresponding neutron scattering estimates of g(r) the radial coordinate

is normalized by the Born radius given in Table 1 as the appropriate experimental measure of

ion size. We see that simulation and experimental observation of g(r) are consistent with the

quantitative view of Collins,5,37 indicating that the degree of ion solvation directly correlates

with the ion size having smaller ions of a common valance have a higher charge density,

and thus solvate better. These observable structural effects on g(r) are captured rather well

by our model, even though we model water molecules by simple LJ particles having a high

cohesive energy set by the observed critical temperature of water. The ion-water dispersion

interaction, in turn, is set by the observed Born radius of the ions. This simple model ensures

that ions with smaller rB exhibit stronger solvation consistent with the intuitive reasoning of

Collins. We also note that in the height of the first peak can be roughly interpreted in terms

of change in the effective coordination number: The structure of the aqueous salt solution is

approximately the same at long distances, which qualitatively accords with the conceptual

picture of ions in water as being “sticky” in the sense described by Collins.37

Ion-ion correlations are an another important aspect of structure in electrolyte solutions
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and these correlations are related to the strength and frequency of “ion pairing” in aque-

ous solvents.47 We note that the electrostatic interactions are much stronger in non-aqueous

solutions, and thus ion clustering is dominated by electrostatic interactions, while in aque-

ous solutions the dielectric constant makes the strength of the electrostatic interactions

comparable in magnitude to the associated solvation interactions dominated by dispersion

interactions. In other words, the appearance of ion pairs in an aqueous electrolyte solutions

is due to the balance of competitive interactions between different species and interaction

types. In our model of aqueous electrolyte solutions, we can tune the solvent affinity due

to dispersion interactions, we briefly probe how these interactions impact ion-ion correla-

tions. Specifically, we compare the ion-ion pair correlations of different electrolyte solutions

in Fig. 6, for a range of metal ions (Li+, Na+, and Cs+) but for a fixed co-ion Cl−. We find

that weakly solvating ion pairs in our model, ε±/kBT < 1, have stronger ion correlations

compared to strongly solvating ions (ε±/kBT > 1), suggesting that the solvent affinity dis-

rupts the formation of ion pairings since, as mentioned above, the electrostatic interactions

are comparable with thermal energy and solvation interactions in aqueous solutions. On

the other hand, weak solvation effectively enhances the formation of ion pairings. This same

effect should greatly affect ion segregation at interfaces, giving rise to ion specific effects that

influence polymer solubility and surface tension.

Conclusions

In summary, we use molecular dynamics simulations to investigate the effect of ion hydration

on the thermodynamics properties of electrolyte solutions by using a recently developed

coarse-grained model of electrolyte solutions that captures semi-quantitatively ion-specific

effects on the dynamics of these solutions. While our model is not intended to be a highly

precise model of the properties of electrolyte and polyelectrolyte solutions, it does captures,

in a parameter-free method, many of the observed experimental trends regarding how ions
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modulate the thermodynamic and dynamic properties of these solutions. In particular, our

model is in good agreement with observations of Bramhall linking solution density changes

to the changes in solution viscosity, indicating that that salts that increase the solvent

volume decrease the viscosity and vice versa. Similar correlations were constructed for

isothermal compressibility and surface tension. Our findings support the view17,38,45 that

the dispersion interactions between the ions and the solvent are primarily responsible for

ion-specific changes in the thermodynamic properties of the electrolyte solutions, and by

extension for changes in the diffusion of water and the viscosity of these solutions.

Of course, we do not mean to imply that directional hydrogen-bonding interactions are

not important for understanding some of the unique properties of water. The competi-

tive interactions of hydrogen bonding between water molecules, the associative interactions

with polar molecules, and the mutual associative interactions between water and dissolved

molecules lead to non-trivial patterns of molecular solubility and binding that collectively

give rise to the “hydrophobic effect”.48 The treatment of such interactions will require a

more sophisticated coarse-grained model of water that accounts for competitive directional

interactions.

Associated Content

Supporting Information. Details of the surface tension calculation, including representa-

tive simulation box snapshot and representative stress profile.
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