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Thermodynamic properties of aqueous solutions containingalkali and halide ions are de-

termined by molecular simulation. The following ions are studied: Li+, Na+, K+, Rb+,

Cs+, F−, Cl−, Br− and I−. The employed ion force fields consist of one Lennard-Jones

(LJ) site and one concentric point charge with a magnitude of±1 e. The SPC/E model

is used for water. The LJ size parameter of the ion models is taken from Deublein et al.

(J. Chem. Phys.136, 084501 (2012)), while the LJ energy parameter is determined in

the present study based on experimental self-diffusion coefficient data of the alkali cations

and the halide anions in aqueous solutions as well as the position of the first maximum of

the radial distribution function of water around the ions. On the basis of these force field

parameters, the electric conductivity, the hydration dynamics of water molecules around

the ions and the enthalpy of hydration is predicted. Considering a wide range of salinity,

this study is conducted at temperatures of 293.15 and 298.15K and a pressure of 1 bar.
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I. INTRODUCTION

Aqueous electrolyte solutions play an important role in many natural processes and technical ap-

plications. Their thermodynamic properties are dominatedby the strong electrostatic interactions

between the ions and the solvent molecules. However, not only charge and ionic strength are rele-

vant, but also the individual nature of the ions. Most electrolyte solutions are outside of the regime

which can be described with the approach by Debye and Hückel1,2. Therefore, different empirical

extensions of the Debye-Ḧuckel limiting law have been suggested3–7, which also consider the non-

electrostatic interactions between the ions. These modelsintroduce a large number of adjustable

parameters so that they often serve as correlation tools only. Molecular simulations of electrolyte

solutions go far beyond these models. They allow for detailed insights into the behavior of elec-

trolyte solutions and for predictions of their properties.The prerequisite are, however, accurate

molecular force fields.

For water, many force fields are available. The most common ones8, SPC9, SPC/E10 and TIP4P11,

are of Lennard-Jones (LJ) type and have three superimposed point charges. These models are

widely applied, especially in current biochemical research, since they enable simulations of rela-

tively large molecular systems at reasonable computational cost. Therefore, most force fields for

biomolecules, like AMBER12, CHARMM13 and GROMOS14, are based on these water models.

For the ions, various force fields have been developed since the 1990s. Early on, ion models often

neglected the electrostatic interactions at long distances15,16 or simple reaction field corrections

were used17. Peng et al.18 were the first to analyze different models for alkali and halide ions in

aqueous solutions, using the consistent force field19 for water. The result of their study was a set

of molecular ion models that reproduces several solid stateproperties and the microscopic liq-

uid solution structure with a fair accuracy. With increasing computing power and more advanced

simulation techniques, the molecular representations of ion solutions became more reliable and

thereby the accuracy of the models increased. Weerasinghe and Smith developed molecular mod-

els for sodium chloride20 and guanidinium chloride21 in aqueous solution using the Kirkwood-Buff

theory22. The resulting models show a very good agreement with experimental data for these two

solutions, especially for the liquid solution density. TheKirkwood-Buff theory and the activity

calculations were recently extended to all alkali chloridecombinations23 and to all alkali halide

salts24. In another approach, Reif and Hünenberger25 derived force fields for alkali and halide

ions on the basis of the hydration free energy. The result of their parameterization strategy are
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six different parameter sets for all alkali cations and halide anions due to the “absence of pre-

cise experimental values“25 for the hydration free energy. The authors point out that trustworthy

experimental hydration free energy data are not yet available25. Horinek et al.26 used the free en-

ergy and the enthalpy of solvation to optimize force fields ofalkali and halide ions. Their study

resulted in one unique parameter set for the anions, while for the cations, three parameter sets

were proposed that describe the energy of hydration equallywell. In a subsequent work of that

group, Fyta et al.27 reoptimized the ion force fields for a subset of the alkali halide salt models.

The target properties for the optimization were the solvation free energy and the osmotic coeffi-

cient. An improvement of the force fields for potassium and cesium was obtained, but the study

did not converge on a parameter set for fluoride and iodide. This problem was solved by Fyta and

Netz28 by introducing cation-anion interaction parameters. Their force fields for K+, Cs+, F− and

I− were parameterized to the single-ion solvation free energy, whereas the cation-anion interaction

parameters of the alkali cations and the halide anions were adjusted via Kirkwood-Buff theory.

The resulting two parameter sets for potassium, cesium, fluoride and iodide in combination with

the corresponding cation-anion interaction parameters yield good results for the solution activity,

the excess coordination number and the osmotic coefficient.Wheeler and Newman29 focused on

two distinct brines: sodium chloride and potassium chloride in water. Here, the ion models were

parameterized to reproduce both the liquid solution density and the self-diffusion coefficient of

the ions in aqueous solution. The resulting parameter set29 captures the liquid solution density for

both saline solutions in good agreement with experimental data. These force fields were assessed

with respect to other transport properties of the liquid electrolyte solution like viscosity and elec-

tric conductivity.

A recent study by our group30 led to one unique force field set for the alkali and halide ionsin

aqueous solution based on the LJ approach with one superimposed point charge of magnitude+1
and−1 e for cation and anion, respectively. Here, the LJ size parameterσi was adjusted simulta-

neously for nine ions to the reduced liquid solution densityρ̃ of all 19 relevant aqueous solutions

of alkali halide salts. The reduced liquid solution densityis defined bỹρ = ρ/ρw, whereρ is the

liquid density of the solution andρw the density of pure water, both at the same temperature and

pressure. This property is advantageous for ion force field parameterization, since it is dominated

by the presence of the ions in solution and hence, the ion-water interactions. The influence of the

solvent, namely the water-water interactions, on the reduced liquid solution density is weak, i.e.

the ion LJ size parameter is little dependent on the employedsolvent model. The ion force fields
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were reported to predict the reduced liquid solution density well for five widely used water mod-

els30 that are based on the LJ approach with superimposed point charges, namely SPC9, SPC/E10,

TIP3P11, TIP4P11 and TIP4P-Ew31. In the same study, the ion LJ energy parameterεi was reported

to show only a minor influence oñρ over a large range50 K < εi/kB < 1000 K and was estimated

to beεi/kB = 100 K for all anions and cations30. Note that50 K < εi/kB < 1000 K covers the full

range of other recently published data for this parameter20,32.

In the present work, the influence of the LJ energy parameter on the self-diffusion coefficient of the

alkali cations and the halide anions in aqueous solutions aswell as on the position of the first max-

imum of the radial distribution function (RDF) of water around the ions was investigated system-

atically. Both are important properties of aqueous electrolyte solutions which were investigated in

numerous simulation studies in the literature15–17,33–35, for example in the simulation of electrolyte

solutions in nanochannels36,37. Based on the results of this study, a new choice for the LJ energy

parameter is proposed, which differs from the previously reported valueεi/kB = 100 K30. The

resulting ion force fields were assessed with respect to the self-diffusion coefficient of the ions, the

position of the first maximum of the RDF of water around the ions, the electric conductivity, the

hydration dynamics around the ions and the enthalpy of hydration. The applied parameterization

strategy differs from the method introduced by Wheeler and Newman29, where the LJ size param-

eterσi was adjusted both to the liquid solution density and the self-diffusion coefficient of the ions

in aqueous solution, but no adjustment of the LJ energy parameterεi was carried out29.

In Section II, the employed force fields are discussed in detail, considering the influence of the

LJ energy parameter of the ions on the reduced liquid solution density. In Section III, the applied

analysis methods are briefly introduced. Section IV presents the new force field energy parameter

as well as all simulation results. Section V concludes the work.

II. FORCE FIELDS

Water and the ions were both described by LJ type models with one (ions) and three (water)

superimposed point charges, respectively. The employed force field hence writes as

uij = 4εij ⎛⎝(
σij

rij
)
12

− (σij

rij
)
6⎞
⎠ +

NC,i∑
l=1

NC,j∑
m=1

qlqm

4πǫ0rlm
, (1)
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whereuij is the potential energy between the particlesi andj with a distancerij between their LJ

sites.σij andεij are the LJ parameters for size and energy, respectively,ql andqm are the charges

of the solute or the solvent particles that are at a distancerlm andǫ0 is the vacuum permittivity.

The indicesl andm count the point charges, while the total number of charges ofparticlei is de-

noted byNC,i. Note that Eq. 1 is given in a form that includes all interactions, i.e. solvent-solvent,

ion-solvent and ion-ion. Throughout the present work, the Lorentz-Berthelot combining rules38,39

were applied for the unlike LJ interactions. This choice is discussed below. In contrast, other

recent works24,28 rely on other combining rules.

The rigid, non-polarizable force field SPC/E10 was used here for water. This model is widely

applied in molecular simulations of biomolecules, often incombination with the GROMOS force

field14. The LJ size parameterσi of the ion models was taken from preceding work30, where it was

adjusted to the reduced liquid solution densityρ̃ in a global fit to data for all aqueous solutions of

alkali halide salts30. The reduced densitỹρ is defined by the liquid density of the solution divided

by the density of pure water, both at the same temperature andpressure. The quality of the absolute

liquid density data that are obtained for aqueous alkali halide solutions is primarily determined by

the quality of the water model. Using the SPC/E water model, which shows a decent agreement

with the experimental density of pure liquid water at ambient conditions10, the density of aqueous

alkali halide solutions was reproduced in good agreement with experimental work30. It is well

known that the density of mixtures is dominated by the combining rule for the size parameterσ40.

Note that the Lorentz combining rule yields good results forthe density of aqueous electrolyte

solutions30 and hence no introduction of binary interaction parametersfor σ is necessary. In our

preceding study30, the ion LJ energy parameterεi showed hardly any influence oñρ over a wide

range of parameter values and was hence simply set to a value of εi/kB = 100 K30. However, an

influence ofεi on other solution properties is present. It is worthwhile todiscuss this influence

and the relation betweenεi and the electrostatic interaction of the chosen model on thelevel of

the intermolecular interaction. Therefore, the unlike intermolecular potential energyuNa−H2O was

considered here as a function of distancer between a sodium cation and a water molecule. For the

evaluation of this energy, the water molecule was oriented in an energetically favorable configu-

ration so that its negative partial charge points towards the cation, while the hydrogen atoms were

at the largest possible distance from the cation. The potential energy function was determined for

three values of the LJ energy parameter of the sodium cation,i.e. εNa/kB = 20, 200 and 1000 K,

while all remaining model parameters were adopted from our preceding work30 and were kept
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constant. The results are illustrated in Figure 1. Contraintuitive findings can be seen in the plot:

the smallest value for the LJ energy parameterεNa/kB = 20 K leads to the deepest potential well

and the well depth of the potential energy decreases significantly with increasingεNa. The reason

for this behavior of the interaction energy is due to the nature of the LJ potential. The choice of the

LJ energy parameterεi also influences the repulsive contribution of the LJ potential, i.e. the lower

εi is, the softer the repulsive interaction becomes. The softening of the repulsive interaction with

decreasingεi, together with the strong electrostatic attraction that acts at short distances between

ion and water molecule, leads to the observed deepening of the potential well with decreasingεi.

Hence, for ions in aqueous solutions, lower values of the ionLJ energy parameterεi lead to a

stronger attraction, not vice versa as usual.

Note that the total unlike interaction energy for larger distancesr is almost independent on the ion

LJ energy parameter due to the strong electrostatic interaction contribution between ion and water

that dominatesuNa−H2O. This dominance is illustrated in Figure 1, where it can be seen that the

LJ potential energy forεNa/kB = 1000 K is small in comparison to the total interaction energy.

In the present study, the influence of the LJ energy parameterof the ions on their aqueous solu-

tions is investigated systematically and the choice for values ofεi is addressed. Note that data

on dispersion, determined by quantum mechanical calculations, were not considered in the study.

Simulation results for the self-diffusion coefficient of the alkali cations and the halide anions in

aqueous solutions as well as the position of the first maximumof the radial distribution function of

water around the ions are compared to experimental data. Based on these results, LJ energy force

field parameters for alkali cations and halide anions are proposed that reproduce these reference

data well. Note that the simple Lorentz-Berthelot combiningrule was used to determine the unlike

interactions. Throughout the study, diluted electrolyte solutions were investigated. Hence, the LJ

energy parameter of the ioni contributes to the potential energy of the solution predominantly via

the unlike interactionεi−H2O = √εiεH2O, i.e. the adjustment that was performed here optimizes

the description of the interactions between the ions and thewater molecules. No additional binary

parameters in the Berthelot combining rule were used.

For all simulations of this study, an extended version of thesimulation programms241 was em-

ployed. Technical details are given in the Appendix.

6



Reiser et. al.

III. DYNAMIC, STRUCTURAL AND CALORIC SOLUTION PROPERTIES

Molecular simulations of aqueous alkali halide salt solutions were carried out to determine their

thermodynamic properties. The following quantities were assessed: the self-diffusion coefficient

Di of the ions, the RDFgi−O(r) of water around the ioni, the electric conductivityσ, the hy-

dration dynamics around the ions, i.e. residence timeτi−O which quantifies the time that a water

molecule remains in the first hydration shell around an ioni, the energy barrier∆wmax for wa-

ter molecules leaving the first hydration shell and the enthalpy of hydration∆hhyd,S. Structural

properties, like the hydration number and the net charge, were discussed in our preceding work30.

Activity data were not determined because the commonly usedsimulation methods, such as grad-

ual insertion42–45, yield results with large statistical uncertainties. Throughout the present paper,

the solution composition is given in terms of the mole fraction. The mole fractionxS of the salt

is the overall mole fraction, i.e. for the 1:1 salts studied here, the mole fractions of the anions and

cations arexS each.

The self-diffusion coefficient of the ions and the electric conductivity of the aqueous solutions

were determined via equilibrium molecular dynamics (MD) simulations by means of the Green-

Kubo formalism46. This formalism offers a direct relationship between transport coefficient and

the time integral of the autocorrelation function of the corresponding flux within a fluid. Hence, the

Green-Kubo expression for the self-diffusion coefficientDi is based on the individual ion velocity

autocorrelation function46

Di = 1

3Ni
∫ ∞

0
⟨vik(t) ⋅ vik(0)⟩dt , (2)

wherevik(t) is the center of mass velocity vector of ionk of speciesi at some timet. Eq. 2 is an

average over allNi ions of speciesi.

The electric conductivityσ is related to the time autocorrelation function of the electric current

flux j(t) and is given by47

σ = 1

3V kBT
∫ ∞

0
⟨j(t) ⋅ j(0)⟩dt , (3)

whereV is the volume. The electric current flux is defined by the chargeqk of ionk and its velocity

vectorvk according to

j(t) = NIon∑
k=1

qk ⋅ vk(t) , (4)

whereNIon is the number of ions in solution. Note that for evaluating Eq. 4 all ions have to

be considered, but not the water molecules. For better statistics,σ was determined for all three
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independent spatial elements ofj(t). The electric current time autocorrelation function may be

decomposed into the sum48

⟨j(t) ⋅ j(0)⟩ = NIon∑
k=1

⟨q2k ⋅ vk(t) ⋅ vk(0)⟩
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Z(t)

+NIon∑
k=1

NIon∑
n=1
n≠k

⟨qkqn ⋅ vk(t) ⋅ vn(0)⟩
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

∆(t)

, (5)

whereZ(t) is an autocorrelation function and∆(t) is a crosscorrelation function that quantifies

the deviations from the ideal Nernst-Einstein behavior48,49.

The first termZ(t) describes the mobility of the ions due to their self-diffusion in solution. Math-

ematically, it is directly related to the sum of the velocityautocorrelation functions of all ion types

in solution weighted by their charges. The second term∆(t) describes the correlated motions of

the ions in solution. Correlated motions of ion pairs of opposite charges in solution decrease the

electric conductivity (∆(t) < 0), while correlated motions of ion pairs with the same charges in-

crease it (∆(t) > 0). The magnitude of the electric conductivity is highly dependent on the salinity,

i.e. it increases withxS.

The RDFgi−O(r) of water around the ioni indicates the microscopic structure that the ion imposes

onto the solution. In this case, the water molecule positionwas assumed to be the position of the

oxygen atom. The RDF is well known from the literature50 and is not formally introduced here.

Hydration dynamics are characterized by the residence timeτi−O, which defines the average time

span that a water molecule remains within a given distanceri−O around an ioni. It is related to the

following autocorrelation function17

τi−O = ∫ ∞

t=0
⟨ 1

ni−O

ni−O∑
k=1

Θk(t)Θk(0)⟩dt , (6)

wheret is the time,ni−O is the hydration number around ioni at t = 0 andΘ is the Heavyside

step function, which yields unity, if the water molecule is paired with the ion. In this study, the

residence time of water in the first hydration shell was determined. A water molecule and an ion

were considered as paired, if their distanceri−O was smaller than the position of the first minimum

of the RDF, i.e.ri−O < rmin,1. Following a proposal by Impey et al.51, unpairing of an ion and a

water molecule was assumed when their separation (ri−O > rmin,1) lasts more than 2 ps. However,

a short-time pairing of two particlesτi−O < 2 ps was fully accounted for in the calculationτi−O.

The energy barrier∆wmax that a water molecule has to overcome in order to leave the first hydra-
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tion shell was determined from the orientationally averaged ion-water RDF by17,52,53

wi−O(r) = −kBT ln gi−O(r) . (7)

Here,wi−O is the potential of mean force between ioni and the surrounding water molecules. The

energy barrier is defined as the difference between the numbers forwi−O at the first minimum and

the first maximum of the potential of mean force.

In addition, the enthalpy of hydration of the salt∆hhyd,S was investigated. It is defined as the dif-

ference between the partial molar enthalpy of the salt dissolved in the aqueous solution at infinite

dilution and the molar enthalpy of the salt in an artificial ideal gas reference state. Using molec-

ular simulation,∆hhyd,S can be derived from the enthalpy of a highly dilute aqueous electrolyte

solutionHS and the enthalpy of the pure solventHH2O divided by the mole number of the salt in

the solutionnS
54

∆hhyd,S = HS −HH2O

nS

− kBT . (8)

The enthalpy of hydration was determined here accordingly for all alkali halide salts individually.

IV. RESULTS

The self-diffusion coefficientDi of the ions in aqueous solution as well as the RDFgi−O(r) of

water around the ioni were chosen to specify the LJ energy parameter of the ion models. All

remaining properties were subsequently determined in a strictly predictive manner.

A. Model adjustment I - Self-diffusion coefficient

The self-diffusion coefficient of the alkali cations and thehalide anions in aqueous solutions was

determined for a salt mole fraction ofxS = 0.009 mol/mol. A low salinity reduces the influence

of correlated motions between anion and cation so that the values ofDi are hardly dependent on

the counterion in solution. Numerous aqueous alkali halidesolutions were investigated so thatDi

of every ion was determined at least for two different counterions. The self-diffusion coefficient

of each ion was determined as a function of its LJ energy parameter, which was varied between
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20 K ≤ εi/kB ≤ 1000 K. The results for the alkali cations are shown in Figure 2 andfor the halide

anions in Figure 3.

The influence of the salt concentration on the self-diffusion coefficients of these ions is, in com-

parison to the values at infinite dilution, weak at this low salinity 33–35. Nevertheless, experimental

self-diffusion coefficients55 measured at the salt mole fraction matching the simulationswere used

in this study to exclude additional errors.

1. Alkali cations

Lithium and Sodium: For the self-diffusion coefficient of Li+ and Na+, hardly any dependence

on the LJ energy parameter was found.Di is practically constant for20 K ≤ εi/kB ≤ 1000 K.

The value ofDLi from simulation is in excellent agreement with the experimental data55. DNa

from simulation exhibits an offset of about 20 %. The low sensitivity of DLi andDNa on the

LJ energy parameter is due to the strong electrostatic attraction between these ions and the water

molecules in the first hydration shell. Lithium and sodium cations do not diffuse as single particles

in aqueous solution, but together with their first hydrationshell. TheirDi is thus dominated by the

diffusivity of the ion-water complex and therefore, on the molecular level, by the interactions of

the water molecules in the first hydration shell around Li+ and Na+ with the bulk water molecules.

Thus,εi has a negligible influence onDi. The strong attraction between these two cations and the

water molecules in their first shell can also be seen in the hydration dynamics, where the energy

barrier for a water molecule leaving the first shell is very high, cf. Section IV G.

Potassium, Rubidium and Cesium: In case of K+, Rb+ and Cs+, the influence of the LJ energy

parameter on the self-diffusion coefficient is much more pronounced. Forεi/kB < 200 K, a de-

crease ofDi was found. For such low values ofεi, the repulsive interaction between ion and

water is weaker (as illustrated in Figure 1) and as a consequence, the ion-water complex becomes

more stable, which hinders the ion motion in bulk solution. For a large LJ energy parameter of

εi/kB > 700 K, the self-diffusion coefficient is decreased as well. In case of such high values ofεi,

the thermal motions of the ions are more constrained to the first cage of solvent molecules around

the ion. A strong repulsion between ion and water hinders thediffusion of the ion in solution,

which leads to a lowerDi. With increasing size of the ions, the attraction between the surrounding

water molecules and the charge of the ion is less pronounced and thus the thermal motions of
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larger ions are reduced by lowerεi. Hence, a slight decrease ofDi was observed already for

εi/kB = 400 K in case of the larger rubidium and cesium cations.

For intermediate values of 200 K≤ εK/kB ≤ 400 K, the self-diffusion coefficient of potassium

shows an excellent agreement with experimental data55, the deviations are below 5 %. The large

range of the LJ energy parameter that reproduces the experimental data well is due to the mutual

compensation of the two effects described above. The self-diffusion coefficients of rubidium and

cesium ions forεi/kB = 200 K are also in excellent agreement with the experimental data55. The

simulation results are within the experimental uncertainty of about 2 %.

2. Halide anions

For all halide anions, a similar behavior of the self-diffusion coefficient as for the larger cations

(K+, Rb+ and Cs+) was observed. Again, both for high and lowεi values, a decrease ofDi was

found for the reasons discussed above.

Fluoride: In the case of the fluoride ion, the maximum ofDF was observed forεF/kB = 400 K.

As the peak value ofDF is above the experimental data, there are two different values for the LJ

energy parameter of F− where the deviation from the experimental value is zero, cf.Figure 3.

Hence, bothεF/kB = 200 K andεF/kB = 700 K are acceptable parameters.

Chloride and Bromide: The chloride and bromide self-diffusion coefficients are almost constant

in the parameter ranges200 K ≤< εCl/kB ≤< 700 K and200 K ≤< εBr/kB ≤< 400 K. The thermal

motions of the larger bromide anion are constrained for lower εi values, since the attraction be-

tween the surrounding water molecules is less pronounced incomparison to the Cl− anion. In the

corresponding ranges, the deviations between simulation and experiment are below 10 %.

Iodide: As for the rubidium and cesium cation, the self-diffusion coefficient of I− has a maximum

value at a LJ energy parameterεI/kB = 200 K. In that case,DI is in excellent agreement with the

experimental data. The deviations are below 5 %.
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B. Model adjustment II - Radial distribution function

For the choice of reasonableεi values of all ions, the parameter range derived from the self-

diffusion coefficient was further restricted by considering another property, i.e. the position of the

first maximumrmax,1 of the RDFgi−O(r) of water around the alkali cations and the halide anions

in aqueous solution. The RDF was determined for a salt mole fraction of xS = 0.01 mol/mol.

At such a low salinity, the occurrence of ion pairing betweenanions and cations is reduced so

that the values ofrmax,1 are hardly dependent on the counterion in solution. The RDF ofwater

around the ions were calculated for aqueous LiCl, NaBr, KF, RbI and CsCl solutions. The water

molecule position was represented in these simulations by the position of the oxygen atom. The

dependence of the first maximumrmax,1 on the LJ energy parameter was studied in the range from

100 K ≤ εi/kB ≤ 700 K. The simulation results and the ranges of experimentalrmax,1 values56,57

for the alkali cations and the halide anions are shown in Figure 4 and Figure 5, respectively.

As expected, the positionrmax,1 increases with increasing size of the ion. This can be seen both

from the experimental data and the simulation results for the alkali cations and the halide anions.

Note that the LJ site of Li+ and Na+ has nearly the same size (σLi = 1.88 Å, σNa = 1.89 Å)

and hence the simulation results forrmax,1 are practically identical for these two cations. As

discussed in preceding work30, the dependence ofrmax,1 on εi is weak. Nevertheless, a trend is

observable, which can be used for the specification of the LJ energy parameter of the ions. With

increasingεi, an increase ofrmax,1 was observed for all ions (cf. Figure 4 and Figure 5). This can

be attributed to the influence ofεi on the intermolecular potential energy between ion and water,

which is illustrated in Figure 1 foruNa−H2O. With increasingεi, the position of the well depth of the

potential energy increases, which accordingly leads to stronger repulsive forces at larger distances.

1. Alkali cations

Lithium: The simulation results forrmax,1 are within the range of the experimental data for

εLi/kB ≤ 200 K. For εLi/kB > 200 K, the deviation from the experimental data increases with

increasingεi.

Sodium: A comparison between the experimental data and the simulation results forrmax,1 indi-

cates that the LJ size parameterσNa of the sodium ion from our preceding work30 is too small.
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The simulation results are below the experimental data for100 K ≤ εNa/kB ≤ 700 K. The smallest

deviation of the simulation results from the experimental data was found forεNa/kB = 700 K and

the deviation increases with decreasingεi. According to the order of the elements in the periodic

table, Na+ should have a noticeably larger LJ size parameter than Li+. Because the LJ size param-

eters were adjusted in a systematic manner to the reduced liquid solution density of all aqueous

alkali halide solutions30, the LJ size parameter of Na+ was not reparameterized here.

Potassium: For the potassium cation, the simulation results forrmax,1 are within the range of the

experimental data in the entire LJ energy parameter range100 K ≤ εK/kB ≤ 700 K.

Rubidium: In case of Rb+, the position of the first maximum is within the range of the experimen-

tal data only forεRb/kB = 200 K. Both for lower and higherεi, the deviation from the experimental

data increases.

Cesium: For Cs+, the simulation results forrmax,1 are within the range of the experimental data

for εCs/kB < 400 K. Like for the lithium and rubidium cation, the deviation from the experimental

data increases with increasingεi.

2. Halide anions

Fluoride and Chloride: For both F− and Cl−, the simulation results for the first maximum of the

RDF are above the experimental data for all investigatedεi values. This indicates that the LJ size

parameters of these anions are too large. As discussed in case of the sodium cation, a reparame-

terization was not made here. The smallest deviations from the experimental data were found for

both anions forεi/kB = 100 K and the deviation further increases with increasingεi.

Bromide: The simulation results forrmax,1 are within the range of the experimental data for

εBr/kB ≤ 100 K. For values of the LJ energy parameter ofεBr/kB > 100 K, the deviation of the

simulation results from the experimental data increases with increasingεi.

Iodide: In case of I−, the simulation results for the first maximum of the RDF are within the

range of the experimental data for100 K < εI/kB < 400 K. The deviation from the experimental

data increases both for decreasing values ofεI/kB < 100 K and increasing values ofεI/kB > 400 K.
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C. Choice of dispersion parameters

The major target for the adjustment of the LJ energy parameter of the ion force fields was the

self-diffusion coefficient of the ions in aqueous solution.The dependence of the position of the

first maximum of the RDF of water around the ions onεi was used to restrict the parameter range

derived from the self-diffusion coefficient. The LJ energy parameter of the ion force fields was

determined to be theεi value within the parameter range derived from the self-diffusion coefficient

which has the smallest deviation of the simulation results for rmax,1 from the experimental data. In

case that forεi a parameter range remains after the restriction byrmax,1, the LJ energy parameter

was set to a selected value from this parameter range.

Alkali cations: Both for Li+ and K+ ranges for the LJ energy parameters were derived from the

model adjustment, i.e.100 K ≤ εLi/kB ≤ 200 K and200 K ≤ εK/kB ≤ 400 K, respectively. Ac-

cording to the results for the adjustment ofεi of the other force fields, the LJ energy parameter

of the lithium and the potassium cations was also set toεi/kB = 200 K. Here, an adjustment of

εNa was not feasible. However, to be consistent with the other alkali and halide ion force fields

εNa/kB = 200 K was chosen as well. For Rb+ and Cs+, the model adjustment to the self-diffusion

coefficient and the first maximumrmax,1 of the RDFgi−O(r) of water around the ions yields

εi/kB = 200 K.

Halide anions: The adjustment of the LJ energy parameter of the ion force fields of the halide

anions, i.e. F−, Cl−, Br− and I−, yields for all anionsεi/kB = 200 K as described above .

The present study of the self-diffusion coefficientDi and the first maximumrmax,1 of the RDF

gi−O(r) of water around the ions indicates thatεi/kB = 200 K is a reasonable choice for all alkali

cations as well as all halide anions. For the applied parameterization strategy of the ion force

fields, i.e. adjustment of the LJ size parameter to the reduced liquid solution density and subse-

quent adjustment of the LJ energy parameterεi to Di andrmax,1, this single LJ energy parameter

value for all alkali cations and all halide anions represents an adequate choice.

As reported in our previous study30, the LJ energy parameter shows only a minor influence onρ̃

over the range of20 K ≤ εi/kB ≤ 1000 K. However, the choice ofεi/kB = 200 K leads to slightly

different values for̃ρ in comparison to the previous work30, which will be discussed in detail in a

by Reiser et al.58.
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D. Self-diffusion coefficient

The self-diffusion coefficientDi was investigated for all alkali cations and halide anions inaque-

ous solution forǫi/kB = 200 K. These data were calculated, as already mentioned above, at low

salinity (xS = 0.009 mol/mol) so that correlated motions of the ions were avoidedandDi is inde-

pendent on the counterion in solution.

The results are shown in Figure 6 and are listed in numerical form in Table II. The overall

agreement of the simulation results with the experimental data is excellent. The deviations are

below 10 % for all ions, except for the sodium cation, where the deviation is about 20 %. These

simulation results also follow the qualitative trends bothfrom the experiment55 as well as from

simulation studies15–17 , i.e. Di increases with cation and anion size, respectively. Moreover, the

changes of the absoluteDi values become smaller for larger ions (e.g.DI−DBr <DCl−DF). This

ion size dependence is directly linked to the formation of ion-water complexes. For small ions,

the complex is very firmly attached to the ion. Hence, the effective complex radius, that typically

dominates ion motion, is larger for smaller ions than for larger ions, where the ion-water complex

formation is less pronounced.

Comparing the self-diffusion coefficient data of the cesium cation and the fluoride anion, which

have almost the same size, it can be seen that cations diffusemore rapidly in aqueous solutions

than anions. This is due to the fact that the different orientations of the water molecules around

the positively charged cesium ion and the negatively charged fluoride ion lead to stronger attached

water molecules in the hydration shell around the fluoride ion, which is discussed in detail in the

following section. This can also be quantified in terms of theenergy barrier∆wmax that a water

molecule needs to overcome in order to leave as well as the residence time of water molecules in

the hydration shellτi−O. While for the cesium cation∆wmax = 1.5kBT andτCs−O = 1.0 ps, for the

fluoride anion∆wmax = 2.5kBT andτF−O = 1.5 ps, cf. Table II.

E. Position of the first maximum of the radial distrubution fun ction

The position of the first maximumrmax,1 of the RDFgi−O(r) of water around the alkali cations

and halide anions was determined forǫi/kB = 200 K. These data were calculated at low salinity

(xS = 0.01 mol/mol) so that ion pairing between anions and cations was avoided andrmax,1 is
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independent on the counterion in solution.

The results are shown in Figure 7 and are listed in numerical form in Table II. In case of the alkali

cations, the simulation results are within the range of the experimental data, except for Na+ where

the deviation from the experimental data is 5 %. For the halide anions, only the simulation result

for rmax,1 of the RDF of water around the iodide anion is within the range of the experimental

data. The deviations of the simulation results forrmax,1 from the experimental data around F− are

12 %, around Cl− 7 % and around Br− 3 %.

The position of the first maximum of the RDF of water around the ions increases with increasing

size both of the alkali cations and halide anions. The dependence of the simulation results for

rmax,1 on the size of the ions is nearly identical for the cations andthe anions, cf. Figure 7. Com-

paring the position of the first maximum of the RDF of water around the fluoride anion, which is

slightly larger, and the cesium cation, a decrease ofrmax,1 was observed. This can be attributed

to the different orientation of the water molecules around the oppositely charged ions. In case of

the positive cesium ion, the negatively charged oxygen atomof the water molecule points towards

the ion and hence the two positive hydrogen atoms face into the opposite direction. Because the

equally charged hydrogen atoms of neighboring water molecules lead to a mutual repulsion, the

water molecules are not able to form a strongly attached hydration shell around the cesium cation.

In comparison to the orientation of the water molecules around the cesium cation, predominantly

only one of the two hydrogen atoms of the water molecule points towards the negatively charged

fluoride anion51. The second hydrogen atom, which is not pointing towards theion, is attracted by

the oxygen atom of a neighboring water molecule. Hence, the water molecules constitute a more

firmly attached hydration shell around the fluoride ion whichis closer to the ion.

F. Electric conductivity

The electric conductivityσ was calculated for aqueous NaCl and CsCl solutions for various salt

mole fractions of up to 0.018 mol/mol at a temperature of 298.15 K and a pressure of 1 bar. These

specific salts were chosen, because sufficient experimentaldata49,59 are available.

The electric conductivityσ predicted by molecular simulation is in excellent agreement with the

experimental data49,59, cf. Figure 8. The deviations are below 10 % for all studied solutions,

except for CsCl at low salinity, where the deviations are up to 20 %.
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The simulation trajectories were analyzed in more detail byseparating the electric current time

correlation function into its two contributions accordingto Eq. 5, i.e. the autocorrelation term

Z(t) and the crosscorrelation term∆(t). This analysis was performed exemplarily for two aque-

ous NaCl and CsCl solutions with the same salinity ofxS = 0.018 mol/mol. The results forZ(t)
and∆(t) are shown in Figure 9 and Figure 10.

In the aqueous NaCl solution, the motions of oppositely charged ions are correlated (∆(t) < 0)

only for short times< 0.3 ps, while for longer times they are completely uncorrelated. For long

times, the electric conductivity is thus determined by the self-diffusivity of the single ions in solu-

tion.

The oscillations ofZ(t) and∆(t) in Figure 9 are due to the permanent vibrations of the sodium

cation within its hydration shell. These short time motionsresult from the thermal fluctuations of

the ion, which are constrained by the firmly attached hydration shell. These short range motions

are superimposed to the characteristic long time motions ofthe cation and do not contribute to the

overall electric flux51.

In the aqueous CsCl solution, significant oscillations ofZ(t) and∆(t) do not occur, cf. Figure 10.

Larger cations fluctuate only little within their hydrationshell. Correlated motions (∆(t) < 0) of

oppositely charged ions were observed only for short timest < 0.5 ps. For longer times,∆(t) > 0,

which indicates correlated motions of ions with the same charge. The strong attractive forces

between oppositely charged ions lead to a frequent exchangeof the interaction partners in terms

of correlated motions. Hence,∆(t) is dominated for longer times by correlated motions of ions

with the same charge, which can be attributed to electrostatic repulsion.

Comparing the behavior of the ions, correlated motions between oppositely charged ions (∆(t) <
0) were observed for both studied aqueous alkali chloride solutions. For NaCl, the absolute value

of ∆(t) is significantly smaller than for CsCl. Correlated motions of oppositely charged ions

highly depend on the ability of the anion to replace water molecules in the hydration shell of the

cation and vice versa. For Na+, the strong attraction between cation and water molecules in the

hydration shell hinders the continuous exchange of water molecules. The chloride anion is not

able to replace water molecules in the Na+ hydration shell and therefore correlated motions are

unlikely to occur. In contrast, there is more exchange of water molecules aroundCs+ and thus

correlated motions are more pronounced.
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G. Hydration dynamics

Using the present force fields, cf. Table I, the residence time of a water molecule in the first hydra-

tion shell around an ion was investigated. Furthermore, theenergy barrier that is associated with

solvent molecules leaving the shell was determined. Note that these properties were considered to

be independent on the type of counterion in solution. This assumption is reasonable at low salinity

as studied here.

The results for the hydration dynamics are summarized in Table II. As expected, the residence

time τi−O of water molecules in the first hydration shell around an ioni decreases with increas-

ing ion size. For the smallest cations, i.e. lithium and sodium, the residence time is between

6.0 and 9.0 ps, which indicates the existence of stable ion-water complexes. For larger cations, the

residence time decreases to≈ 1 ps, while for the larger anions, it is as low as 0.8 ps.

The energy required to remove a water molecule from the first hydration shell is directly correlated

with the hydration dynamics, cf. Table II. High energy barriers were found for small ions, while

with increasing ion size the energy barrier is lower. For thesodium cation∆wmax was determined

to be 5.1kBT , while for large ions like the iodide anion it was found to be only 1.5kBT . These

results again exhibit the very strong electrostatic attraction between the small ions and water

molecules that leads to stable ion-water complexes.

H. Enthalpy of hydration

The enthalpy of hydration of all alkali halide salts in aqueous solutions was determined by molec-

ular simulation at low salinity (xS = 0.01 mol/mol) at a temperature of 298.15 K and a pressure

of 1 bar, cf. Table III. Considering that this property was notincluded in the parameter adjust-

ment, the agreement between data from simulation and experiment60 is acceptable for all salts.

The enthalpy of hydration was underestimated by about 10 - 20%, which is slightly more than

the experimental uncertainty of 10 to 15 %60. Particularly large deviations were found for salts

containing small ions.
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V. CONCLUSIONS

Molecular models for alkali and halide ions were investigated in aqueous solutions with respect

to a variety of thermodynamic properties, namely the self-diffusion coefficient of the ions, the

RDF of water molecules around the ions, the electric conductivity, the hydration dynamics and the

enthalpy of hydration.

The self-diffusion coefficient of the alkali cations and thehalide anions in aqueous solutionsDi

and the first maximumrmax,1 of the RDF of water around the ions were used for specifying the

LJ energy parameter of the ion models. A reasonable agreement with experimental data for both

quantities was achieved with a single value ofεi/kB = 200 K for all anions and all cations. Due to

a fairly insensitive self-diffusion coefficient and position of the first maximum of the RDF,εi was

not determined by classical optimization, but by excludingunfavorable parameter ranges. The

self-diffusion coefficient as well as the position of the first maximum of the RDF around all alkali

and halide ions in aqueous solution, as determined by molecular simulation withεi/kB = 200 K,

is in good overall agreement with the experimental data.

The present ion models were used for predictive simulationsconsidering other salts and other

thermodynamic properties. The electric conductivityσ was predicted for aqueous NaCl and CsCl

solutions over a wide range of salinity. The simulation results match with the experimental data

excellently. Correlated motions of differently charged ions were found only at short times. Corre-

lated motions of ions with the same charge were observed for the aqueous CsCl solution. They are

attributed to the short lifetime of correlated motions of oppositely charged ions and the electro-

static repulsion. For Na+, oscillating high-frequency motions of the ion within its hydration shell

were observed, which lead to oscillations of both contributions.

The average residence time for water molecules in the first hydration shell of the cations was

between 1.0 and 9.0 ps. For the anions, it was in the range from0.8 to 1.5 ps. The residence

time is larger for small ions, as the attractive forces between ion and water molecules are stronger.

This trend was confirmed by the potential of mean force that shows a decreasing energy barrier

for water molecules leaving the first hydration shell. For Li+ and Na+, the energy barrier was

determined to be 5.1kBT , while for the largest anion (I−), the barrier was only 1.5kBT .

The enthalpy of hydration was predicted for all alkali halide salts. The results show a good agree-

ment with the experimental data, the deviations are between10 and 20 %.

A consistent force field set with a constant energy parameterfor all alkali cations and halide anions
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was provided. The model parameters were adjusted to experimental data, which are available with

a high accuracy. The ion force fields well reproduce numerousother properties, both of the single

ions and of solutions containing different combinations ofalkali cations and halide anions.

APPENDIX: SIMULATION DETAILS

For all simulations of this study, an extended version of thesimulation programms241 was em-

ployed. Inms2, thermophysical properties can be determined for rigid molecular models using

Monte-Carlo (MC) or molecular dynamics (MD) simulation techniques. For all simulations, the

LJ interaction partners are determined for every time step and MC loop, respectively. Interaction

energies between molecules and/or ions are determined explicitly for distances smaller than the

cut-off distancerc. Simulation uncertainties were estimated with the block average methode by

Flyvbjerg and Petersen61.

The caloric properties were determined by MC simulations inthe isothermal-isobaric ensemble

at T = 298.15 K andp = 1 bar. Electrostatic long range contributions were considered by Ewald

summation62 with a real space convergence parameterκ = 5.6. The real space cut-off distance

was equal to the LJ cut-off distance of 15Å. The ion and solvent particles were initially placed

into a cubic lattice in random order. The simulation volume was cubic, the initial size of the cube

was determined by the expected density in solution. A physically reasonable configuration was

obtained by5,000 equilibration loops in theNV T ensemble, followed by80,000 relaxation loops

in theNpT ensemble. Thermodynamic averages were obtained by sampling 200,000 loops. Each

loop consisted ofNNDF/3 steps, whereNNDF indicates the total number of mechanical degrees of

freedom of the system.

For the calculation of dynamic properties of the aqueous electrolyte solutions, MD simulations

were carried out. The self-diffusion coefficient of the ionsand the electric conductivity of the

solution were calculated with the Green-Kubo formalism46,47. First, the density of the electrolyte

solution was determined by a isothermal-isobaric (NpT ) simulation at the desired temperature

and pressure. Subsequently, the self-diffusion coefficient was calculated in the canonical (NV T )

ensemble at the temperature and density resulting from the first step. The sampling length of the

velocity and the electric current correlation functions was set to 11 ps and the separation between

the origins of two autocorrelation functions was 0.2 ps. Within this time span, all correlation
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functions decayed to less than 1/e of their normalized value.

For all MD simulations in theNpT ensemble, a physically reasonable configuration was attained

by 10,000 time steps in theNV T ensemble and100,000 time steps for relaxation in theNpT

ensemble, followed by a production run over500,000 time steps. For simulations in theNV T

ensemble, the equilibration was carried out over100,000 time steps, followed by a production

run of 1,200,000 and2,400,000 time steps for the calculation of the self-diffusion coefficient

and the electric conductivity, respectively. Newton‘s equations of motion were solved with a

Gear predictor-corrector scheme of fifth order with a time step of 1.2 fs. Temperature control was

achieved via velocity scaling. The MD unit cell with periodic boundary conditions contained 4500

molecules. This relatively large number of molecules was used here to minimize the influence of

finite size effects on the simulation results. Using the Green-Kubo formalism46,47 for the calcula-

tion of transport properties of aqueous systems, Guevara etal.63 showed that the finite site effect

saturates with increasing number of molecules. No significant differences were observed above

2048 molecules63. For the calculation of the self-diffusion coefficient, thesimulation volume con-

tained 4420 water molecules, 40 alkali ions and 40 chloride ions. The electric conductivity was

determined for different compositions. Hence, the number of alkali ions in the simulation volume

varied from 4 to 80. The electrostatic long-range contributions were considered in the same way

as in case of MC simulations. The real space and LJ cut-off distance was set to 25̊A.

The structural properties were also determined by MD simulations. In a first step, the density of

the aqueous alkali halide solution with a salt mole fractionxS = 0.01 mol/mol was determined in

theNpT ensemble atT = 293.15 K andp = 1 bar. The simulation volume with periodic boundary

conditions contained 10 cations, 10 anions and 980 water molecules. The system was relaxed

over10,000 time steps in theNV T and100,000 time steps in theNpT ensemble. The density

was sampled over a production run of2,000,000 time steps. The resulting density was used in

a followingNV T simulation at the same temperature, pressure and composition of the different

alkali halide solutions for the determination of the RDF of water around the ions. In this case, the

system was relaxed over100,000 time steps in theNV T ensemble, followed by a production run

of 1,000,000 time steps. The RDF was sampled within the cut-off distance of15Å with 500 bins.

Newton‘s equations of motion were solved according to the MDsimulations mentioned above.

The electrostatic long-range corrections were consideredby Ewald summation62.

21



Reiser et. al.

ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support by theBMBF ”01H08013 - Innovative HPC-

Methoden und Einsatz für hochskalierbare Molekulare Simulation” and DFG‘s Reinhart Koselleck

Program as well as computational support by the Steinbuch Centre for Computing under the grants

LAMO and MOCOS and the High Performance Computing Center Stuttgart (HLRS) under the

grant MMHBF2. The present research was conducted under the auspices of the Boltzmann-Zuse

Society of Computational Molecular Engineering (BZS).

22



Reiser et. al.

LIST OF FIGURES

1 Potential energyuNa−H2O/(kBT ) between a sodium cation and a water molecule as

a function of their distancerNa−H2O. Water was described with the SPC/E model10

with its oxygen site oriented towards the cation. The LJ sizeparameter of the

sodium model was taken from the literature30, while its LJ energy parameter was

varied: εNa/kB = 20 K (—), εNa = 200 K (- - -) and εNa/kB = 1000 K (- ⋅ -).
The LJ contributionuLJ

Na−H2O/(kBT ) to the pair potential is shown exemplarily for

εNa/kB = 1000 K (⋯). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . 25

2 Self-diffusion coefficient of lithium, sodium, potassium, rubidium and cesium

cations in aqueous solutions (xS = 0.009 mol/mol) atT = 298.15 K andp = 1 bar.

Present simulation data (●) are compared to experimental data55 (- - -). . . . . . . . . . . . 26

3 Self-diffusion coefficient of fluoride, chloride, bromideand iodide anions in aque-

ous solutions (xS = 0.009 mol/mol) atT = 298.15 K and p = 1 bar. Present

simulation data (●) are compared to experimental data55 (- - -). . . . . . . . . . . . . . . . . . . 27

4 Position of the first maximumrmax,1 of the RDFgi−O(r) of water around the

lithium, sodium, potassium, rubidium and cesium ion in aqueous solutions (xS =
0.01 mol/mol) atT = 293.15 K and p = 1 bar. Present simulation data (●) are

compared to the range of experimentalrmax,1 data56,57 (grey). . . . . . . . . . . . . . . . . . . . 28

5 Position of the first maximumrmax,1 of the RDFgi−O(r) of water around the fluo-

ride, chloride, bromide and iodide ion in aqueous solutions(xS = 0.01 mol/mol) at

T = 293.15 K andp = 1 bar. Present simulation data (●) are compared to the range

of experimentalrmax,1 data56,57 (grey). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6 Self-diffusion coefficient of alkali cations (●) and halide anions (∎) in aqueous

solutions (xS = 0.009 mol/mol) atT = 298.15 K andp = 1 bar. Simulation results

(filled symbols) are compared to experimental data55 (open symbols). . . . . . . . . . . . . 30

7 Position of the first maximumrmax,1 of the RDFgi−O(r) of water around the alkali

cations (●) and halide anions (∎) in aqueous solutions (xS = 0.01 mol/mol) atT =
293.15 K andp = 1 bar. Present simulation data (filled symbols) are compared to

the range of experimentalrmax,1 data56,57 (vertical lines). Note that the simulation

data points for lithium and sodium are identical within their statistical uncertainties. 30

23



Reiser et. al.

8 Electric conductivityσ of aqueous NaCl (●) and CsCl (▲) solutions as a function

of the salt mole fraction atT = 298.15 K andp = 1 bar. Simulation results (filled

symbols) are compared to experimental data49,59 (open symbols). . . . . . . . . . . . . . . . . 31

9 Electric current time correlation functions of NaCl in aqueous solution (xNaCl =
0.018 mol/mol) atT = 298.15 K andp = 1 bar separated into its autocorrelation

functionZ(t) (- - -) and crosscorrelation function∆(t) (—). . . . . . . . . . . . . . . . . . . . . 31

10 Electric current time correlation functions of CsCl in aqueous solution (xCsCl =
0.018 mol/mol) atT = 298.15 K andp = 1 bar separated into its autocorrelation

functionZ(t) (- - -) and crosscorrelation function∆(t) (—). . . . . . . . . . . . . . . . . . . . . 32

24



Reiser et. al.

FIG. 1. Potential energyuNa−H2O/(kBT ) between a sodium cation and a water molecule as a function of
their distancerNa−H2O. Water was described with the SPC/E model10 with its oxygen site oriented towards
the cation. The LJ size parameter of the sodium model was taken from the literature30, while its LJ energy
parameter was varied:εNa/kB = 20 K (—), εNa = 200 K (- - -) and εNa/kB = 1000 K (- ⋅ -). The LJ
contributionuLJNa−H2O/(kBT ) to the pair potential is shown exemplarily forεNa/kB = 1000 K (⋯).
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FIG. 2. Self-diffusion coefficient of lithium, sodium, potassium, rubidium, and cesium cations in aqueous
solutions (xS = 0.009 mol/mol) atT = 298.15 K andp = 1 bar. Present simulation data (●) are compared to
experimental data55 (- - -).
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FIG. 3. Self-diffusion coefficient of fluoride, chloride, bromide, andiodide anions in aqueous solutions
(xS = 0.009 mol/mol) atT = 298.15 K andp = 1 bar. Present simulation data (●) are compared to experi-
mental data55 (- - -).
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FIG. 4. Position of the first maximumrmax,1 of the RDFgi−O(r) of water around the lithium, sodium,
potassium, rubidium, and cesium ion in aqueous solutions (xS = 0.01 mol/mol) atT = 293.15 K and
p = 1 bar. Present simulation data (●) are compared to the range of experimentalrmax,1 data56,57 (grey).
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FIG. 5. Position of the first maximumrmax,1 of the RDFgi−O(r) of water around the fluoride, chloride,
bromide, and iodide ion in aqueous solutions (xS = 0.01 mol/mol) atT = 293.15 K andp = 1 bar. Present
simulation data (●) are compared to the range of experimentalrmax,1 data56,57 (grey).
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FIG. 6. Self-diffusion coefficient of alkali cations (●) and halide anions (∎) in aqueous solutions (xS =
0.009 mol/mol) atT = 298.15 K and p = 1 bar. Simulation results (filled symbols) are compared to
experimental data55 (open symbols).

FIG. 7. Position of the first maximumrmax,1 of the RDFgi−O(r) of water around the alkali cations (●)
and halide anions (∎) in aqueous solutions (xS = 0.01 mol/mol) atT = 293.15 K andp = 1 bar. Present
simulation data (filled symbols) are compared to the range of experimentalrmax,1 data56,57 (vertical lines).
Note that the simulation data points for lithium and sodium are identical within their statistical uncertainties.
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FIG. 8. Electric conductivityσ of aqueous NaCl (●) and CsCl (▲) solutions as a function of the salt mole
fraction atT = 298.15 K andp = 1 bar. Simulation results (filled symbols) are compared to experimental
data49,59 (open symbols).

FIG. 9. Electric current time correlation functions of NaCl in aqueous solution (xNaCl = 0.018 mol/mol)
atT = 298.15 K andp = 1 bar separated into its autocorrelation functionZ(t) (- - -) and crosscorrelation
function∆(t) (—).
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FIG. 10. Electric current time correlation functions of CsCl in aqueous solution (xCsCl = 0.018 mol/mol)
atT = 298.15 K andp = 1 bar separated into its autocorrelation functionZ(t) (- - -) and crosscorrelation
function∆(t) (—).
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TABLE I. LJ sizeσ, LJ energyε and C6 parameters for dispersion for alkali and halide ions. The size
parameters were taken from preceding work30.

Ion σ / Å ε/kB / K C6 / kcalÅ6 / mol q / e
Li+ 1.88 200 70.19 +1
Na+ 1.89 200 72.46 +1
K+ 2.77 200 718.13 +1
Rb+ 3.26 200 1908.22 +1
Cs+ 3.58 200 3346.73 +1
F− 3.66 200 3821.28 −1
Cl− 4.41 200 11693.76 −1
Br− 4.54 200 13920.59 −1
I− 4.78 200 18962.25 −1

TABLE II. Residence timeτi−O of water in the first hydration shell around ioni, energy barrier∆wmax for
a water molecule leaving the first hydration shell, self-diffusion coefficient Di of ion i and position of the
first maximumrmax,1 of the RDFgi−O(r) of water around the ioni at T = 298.15 K andp = 1 bar. The
number in parentheses indicates the statistical simulation uncertainty in the last digit.

Ion τi−O / ps ∆wmax / kBT Di / 10−10 m2s−1 rmax,1 / Å
Li+ 9.0 5.1 10.1 (7) 2.2
Na+ 6.0 4.8 10.4 (7) 2.2
K+ 1.8 2.9 17.9 (4) 2.7
Rb+ 1.2 1.9 19.7 (4) 3.0
Cs+ 1.0 1.5 19.2 (3) 3.1
F− 1.5 2.5 13.4 (4) 3.0
Cl− 1.0 1.7 16.6 (4) 3.4
Br− 0.9 1.5 17.2 (3) 3.5
I− 0.8 1.3 17.7 (3) 3.6

TABLE III. Enthalpy of hydration∆hhyd,S in kJ/mol for alkali halide salts in aqueous solution atT =

298.15 K andp = 1 bar. The statistical uncertainty was throughout≈ 1 kJ/mol.

Anion

Cation
F− Cl− Br− I−

∆hSim.
hyd,S ∆h

Exp.

hyd,S ∆hSim.
hyd,S ∆h

Exp.

hyd,S ∆hSim.
hyd,S ∆h

Exp.

hyd,S ∆hSim.
hyd,S ∆h

Exp.

hyd,S

kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
Li+ -831 -1034 -724 -900 -712 -866 -686 -824
Na+ -830 -921 -724 -787 -712 -753 -686 -711
K+ -711 -837 -606 -703 -594 -669 -567 -627
Rb+ -663 -808 -560 -674 -546 -640 -518 -598
Cs+ -640 -779 -536 -645 -520 -611 -495 -569
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