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Abstract

The density of methanolic alkali halide salt solutions is studied experimentally at 298.15 K,

308.15 K and 318.15 K at 1 bar for solutions containing all soluble combinations of alkali

cations (Li+, Na+, K+, Rb+, Cs+) with halide anions (F−, Cl−, Br−, I−) at concentrations up

to 0.05 mol/mol or 90 % of the solubility limit. The density of the electrolyte solutions is

also determined by molecular simulation in the same temperature and composition range. The

used force fields of the ions were adjusted in previous work to propertiesof aqueous solutions

and the solvent methanol to pure component properties. The force fieldsare of the Lennard-

Jones (LJ) plus point charge type in case of the ions and of the LJ plus partial charges type in

case of the solvent. For the present molecular simulations, no further adjustment of the force

fields is carried out. The mixed interactions between the ions and methanol arepredicted by

the Lorentz-Berthelot combining rules. The predictions of the reduced density by molecular

simulation are found to be in very good agreement with the experimental data. Furthermore,

the radial distribution function of methanol around the ions, the solvation number and the

residence time of methanol molecules in the first solvation shell, the self-diffusion coefficient
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of the ions and the electric conductivity is systematically studied by molecular simulation and

compared to experimental literature data where available.

Keywords: methanolic electrolyte solutions, alkali halide salts, density measurements, molec-

ular simulation

1. Introduction

Methanolic electrolyte solutions play an important role inmany industrial applications, especially

in the field of the electrochemistry.1,2 Their thermodynamic properties can be described by phe-

nomenological models.3 However, these models have many adjustable parameters3,4 and are lim-

ited to the range of the experimental data they were adjustedto. In addition it is known that such

phenomenological models are not transferable to other solvents.3–5

Molecular simulations with classical force fields go far beyond these methods. The thermodynamic

properties of different combinations of salts with solvents can be estimated at arbitrary conditions.

Furthermore, these simulations also provide a detailed insight into the structure and the processes

in the solution on the molecular level. However, this requires accurate force fields both for the ions

and the solvents. The density, which is closely related to the intermolecular distances, is vital for

the validation of any kind of force field. The prediction of thermodynamic properties of methanolic

alkali halide salt solutions by molecular simulation is influenced by the accuracy of the used force

fields both of the ions and methanol.

In the recent years, many different force fields for the alkali cations and halide anions have been

developed.6–19 Although different parameterization strategies with different objectives were ap-

plied, these force fields have in common that they were adjusted to data of aqueous electrolyte

solutions, e.g. to the free energy,15,16,18the activity17,19 as well as the density of the solutions.13

The strategies and the capabilities of the resulting force fields in aqueous electrolyte solutions are

discussed in more detail by Reiser et al.20 and Moucka et al.21 In recent work of our group, force

fields for all alkali cations and halide anions were developed.20,22 These ion force fields consist
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of one Lennard-Jones (LJ) site and a concentric point chargewith the magnitude of±1 e. The LJ

size parameters were adjusted in a global fit to reduced densities of all aqueous alkali halide salt

solutions at 293.15 K and 1 bar. The LJ energy parameter, which has only a minor influence on

the density,22 was adjusted to the self-diffusion coefficient of the ions inaqueous solution in com-

bination with the position of the first maximum of the radial distribution function (RDF) of water

around the ions at 293.15 K and 298.15 K, respectively, and 1 bar. The reduced density, which is

defined as the density of the electrolyte solution divided bythe density of the pure solvent, was

considered as an objective for the optimization rather thanthe absolute value of the density of the

electrolyte solution. In this way, the influence of the watermodel on the simulation results was

eliminated to a large extent,22 and the ion models that were obtained can successfully be combined

with different water models.22 The resulting force fields for the alkali cations and halide anions

describe well the experimental reduced density of all soluble alkali halide salts in aqueous solution

over a wide composition and temperature range.23 Using the SPC/E water model in combination

with our ion force fields, the simulation results show a good agreement with the experimental self-

diffusion coefficient of the ions, the hydration dynamics ofwater molecules around the ions and

the enthalpy of hydration at 293.15 K and 298.15 K, respectively,20 as well as with the electric

conductivity over a wide temperature range.23

One of the most accurate methanol models24 from the literature25–28 is the model of Schnabel

et al.28 This model consists of two LJ sites and three partial chargesand was obtained by read-

justing the methanol model of van Leeuwen and Smit27 to vapor-liquid equilibrium data of pure

methanol,28 namely the saturated liquid density, the vapor pressure andthe enthalpy of vaporiza-

tion. This model is known to accurately describe the densityof pure methanol.29 The temperature

dependence of the density of pure liquid methanol at 1 bar is shown in Figure 1. The present

simulation results are in very good agreement with experimental data (which were taken for test

purposes from the present work and agree well with other published data30) over the entire investi-

gated temperature range. The liquid density of methanol is only slightly overestimated by the force

field with a deviation of around 0.1 %, cf. Figure 1. Although the same methanol force field was
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used, the present simulation results of the density of pure methanol slightly differ from the data

published by Guevara-Carrion et al.,29 which can be attributed to the different applied long-range

correction methods.

The thermodynamic properties of methanolic alkali halide salt solutions have been investigated in

many simulation studies in the literature,31–46 both by molecular simulation with classical force

fields,31–35,37–39,41,44–46by Car-Parrinello molecular dynamics simulations40,42,43and by statisti-

cal perturbation theory.36 In the molecular simulation studies, the thermodynamic properties of

the methanolic electrolyte solutions were predicted, i.e.literature models were used, which were

adjusted to properties of aqueous solutions in case of the ions (e.g. from Smith and Dang10)

and to pure component properties in case of methanol (e.g. from Haughney et al.26), and no bi-

nary interaction parameters between the ions and the solvents were adjusted to the properties of the

methanolic electrolyte solutions. Only Marx et al.32 developed pair potentials for the ion-methanol

and ion-ion interactions, which were derived fromab initio calculations.32 In the literature studies

both structural properties, e.g. the position of the first maximum in the radial distribution function

of methanol around the ions,31–34,36–46and transport properties, e.g. the self-diffusion coefficient

of the ions in methanolic electrolyte solutions32,35,41,45,46were investigated. However, to the best

of our knowledge, the density of methanolic electrolyte solutions has not yet been studied by

molecular simulation. Therefore, in the present work the density of methanolic alkali halide salt

solutions is studied comprehensively by molecular simulation with the force fields for the ions20,22

and methanol28 developed in previous work of our group.

For such a comparison, plenty of experimental density data for various methanolic alkali halide

salt solutions are available in the literature.47–67In Table 1, these publications are sorted according

to the investigated alkali halide salts and temperatures. The survey shows that for many alkali

halide salt solutions, there is a lack of experimental density data in the literature in the temperature

(298.15 K - 313.15 K) and concentration (up to 0.05 mol/mol or90 % of the solubility limit) range

studied in the present work. At 298.15 K experimental density data are available from infinite

dilution up to 90 % of the solubility limit for all alkali halide salt solutions except for sodium and
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rubidium bromide as well as rubidium iodide solutions. For some alkali halide salt solutions small

deviations can be observed between the data published by different authors. In other cases, data

are only available from a single author (cf. Table 1). At the two other investigated temperatures,

i.e. 308.15 K and 318.15 K, experimental density data are completely missing for several alkali

halide salt solutions, cf. Table 1. In addition, the available literature data sets generally cover a

very narrow concentration range. Solely the experimental density data of methanolic KI salt solu-

tions published by Briscoe and Rinehart49 (at 308.15 K and 318.15 K) and Gonzalez et al.64 (at

308.15 K) cover the entire concentration range studied in this work. Hence, for the validation of

the employed force field, the experimental density data fromthe literature had to be verified and

extended.

For the present study, density measurements of the methanolic electrolyte solutions of all soluble

alkali halide salts were conducted (LiF, NaF and RbF are insoluble in methanol). On this basis,

gaps in the existing literature data are filled and a systematic comprehensive data set on densities

of methanolic alkali halide salt solutions is provided. Thedensity measurements were conducted

at concentrations up to 0.05 mol/mol or 90 % of the solubilitylimit at temperatures of 298.15 K,

308.15 K and 318.15 K. Throughout this study all properties were investigated at 1 bar and the

composition is given in terms of the ion mole fractionxi, which is defined as

xi =
ni

2⋅ni+nMeOH
, (1)

whereni is the mole number of each ion type andnMeOH the mole number of methanol molecules

in the electrolyte solution. For the 1:1 salt studied here, the ion mole fraction of the anions and

the cations isxi each. Some other studies quantify the salinity in terms of the salt mole fraction,

regarding the salt as a single component. The ion mole fractionxi is related to the overall salt mole

fractionxS

xS=
nS

nS+nMeOH
(2)
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by

xS=
xi

1−xi
(3)

as the mole number of salt in the solution isnS = ni here. Molecular simulations of methanolic

electrolyte solutions were carried out at the same temperature, pressure and composition as in the

experiments with the force fields of the ions20,22and methanol28 developed in previous work of our

group. The present simulation results are predictions as nointeraction parameters were adjusted

to the properties of the methanolic electrolyte solutions.The predictive capacity of the present

employed ion force fields was validated regarding the reduced density, which is defined as

ρ̃ =
ρ

ρMeOH
, (4)

whereρMeOH is the density of pure methanol at the same temperature and pressure as the density

of the solutionρ. It is used as reference property to minimize the influence ofthe uncertainty in

the methanol model on the simulation results, although thiserror is rather small, cf. Figure 1. In

case of experimental densitiesρ, the density of pure methanol is taken from the present experi-

mental data and in case of simulation results for the densityof the solutions,ρMeOH is determined

in pure methanol simulations. The simulation results and the experimental data ofρ are discussed

individually for the different alkali halide salt solutions. Furthermore, structural, dynamic and

transport properties of the methanolic electrolyte solutions were predicted by molecular simula-

tion at 298.15 K and compared to experimental literature data where available.

In Section 2, the experiments are described. The employed force fields and the simulation meth-

ods are introduced in Section 3. In Section 4, the experimental data and the simulation results are

presented and discussed. Section 5 summarizes the main statement from the present work.
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2. Experimental Methods

The methanolic alkali halide salt solutions were prepared in a glove box in a water-free atmosphere.

Dry air (provided by the ecodry KA-MT 2 system of Parker Hannifin) was continuously blown

through the glove box. Additionally, the atmosphere in the box was dried with phosphorus pen-

toxide (P2O5). For the preparation of the electrolyte solution, ultradry (≤50 ppm water) methanol

(Rotidry, Roth) with a purity of≥99.9 % was used. The purity and the supplier of the alkali halide

salts are shown in Table 2. The reagent grade alkali halide salts were dried at 353 K in a vacuum

oven for 48 h before for each salt different samples of about 20 ml of desired concentrationsxi were

prepared gravimetrically (AE240, Mettler-Toledo). The uncertainty ofxi, which was estimated by

error propagation considering the resolution of the balance and the error by determining the con-

centrations gravimetrically, was found to be for all samples below±0.00001 mol/mol. Information

of the solubility limit of alkali halide salts in methanol isavailable in the literature.68–79Here, the

data of Pavlopoulos and Strehlow71 (for LiCl, LiBr, LiI, rubidium and cesium halide salts) and

Harner et al.72 (for LiF, sodium and potassium halide salts) were used as their work covers in each

case a wide range of alkali halide salts and their data provedto be reliable during the present ex-

periments.

The density of the electrolyte solutions was determined with a vibrating tube densimeter (DMA

4500M, Anton Paar). Based on the resolution of the densimeterand results from the repetition

of experiments at the same conditions, the uncertainty of the density measurements was found to

be better than±0.0001 g/cm3. The uncertainty of the temperature measurements is reported to

be better than±0.1 K. The densimeter was initially calibrated with air and deionized liquid water

(produced by the Elix Essential 5UV of Merck Millipore), which was degased before use by boiling.
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3. Molecular simulation

In this study, rigid, non-polarizable force fields of the LJ (ions) and united-atom LJ (MeOH) type

with superimposed point charges were used. The force fields for methanol28 and the alkali cations

and halide anions20,22were taken from previous work of our group. The methanol model is com-

posed of two united-atom LJ sites accounting for repulsion and dispersion of the methyl and the

hydroxyl group as well as three point charges. These are located in the center of the methyl group

and at the position of the oxygen and hydrogen atom of the hydroxyl group to model both polarity

and hydrogen bonding. The geometry of the methanol force field is illustrated in Figure 2 and the

parameters are listed in Table 3. The ion force fields consistof one LJ site with a superimposed

point charge of±1 e in the center of mass. Their LJ parameters are listed in Table 4.

The potential energyui j between two moleculesi and j consisting ofNS,i andNS, j interaction sites

is given by

ui j =

NS,i∑
a=1

NS, j∑
b=1

⎡⎢⎢⎢⎢⎣
4εab((σab

rab
)12−(σab

rab
)6)+NC,a∑

l=1

NC,b∑
m=1

qlqm

4πε0rlm

⎤⎥⎥⎥⎥⎦
, (5)

wherea and b is the site index of moleculei and j, respectively. rab represents the distance

between the interaction sitesa andb. σab andεab are the LJ size and energy parameters.ql andqm

are the charges of the solute or the solvent particles that are at a distancerlm andε0 is the vacuum

permittivity. The indicesl andm enumerate the point charges, while the total number of charges

of site a is NC,a. Note that Eq. (5) is given in a form that includes all interactions, i.e. solvent-

solvent, ion-solvent and ion-ion. In mixtures of polar and charged molecules, the electrostatic

contribution to the unlike interaction is fully determinedby the laws of electrostatics. For the

unlike LJ parameters, the Lorentz-Berthelot80,81combining rules were employed

σab =
σaa+σbb

2
, (6)

εab =
√

εaaεbb . (7)
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No interaction parameters between the ions and the solvent were adjusted to properties of methano-

lic electrolyte solutions. Hence, the simulation results presented in this study are throughout pre-

dictions.

In the present study, the radial distribution functiongi−O(r) of the hydroxyl andgi−CH3(r) of the

methyl group around the ioni, the solvation numberni−O and the residence timeτi−O of methanol

molecules in the first solvation shell around the ion, the self-diffusion coefficientDi of the ions and

the electric conductivityσ of the solution were determined by molecular simulation at 298.15 K.

The methods for the calculation of the RDF,82 ni−O
83 andτi−O

84 are well-known and established.

For the determination ofgi−O(r) the position of the hydroxyl group and forni−O andτi−O the posi-

tion of the methanol molecule is represented by the positionof the oxygen atom, which is widely

applied in simulation studies in the literature, e.g. by Chowdhuri and Chandra.41

Following a proposal by Impey et al.,85 unpairing of an ion and a methanol molecule was defined to

occur if their separation lasted longer than the residence timeτO−O of a methanol molecule around

a neighboring molecule in a pure bulk methanol simulation atthe same conditions. However, for

short-time pairing of two particles no such restrictions exist.85 The period of short-time pairing is

used without further modifications for the calculation of the ensemble average ofτi−O.

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

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

Kubo formalism.86,87 This formalism establishes a direct relationship between atransport coeffi-

cient and the time integral of the autocorrelation functionof the corresponding flux within a fluid.

The Green-Kubo expression for the self-diffusion coefficient Di is based on the individual ion

velocity autocorrelation function88 and the electric conductivityσ is related to the time autocorre-

lation function of the electric current fluxjjj(t).89

For all simulations carried out in this work, the simulationprogramms290 was used. Technical

details are given in the Appendix: Simulation details.
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4. Results and discussion

4.1 Experimental data

The experimental density data are listed in Footnote for methanolic alkali halide salt solutions as

well as for pure liquid methanol.

In Figure 3 and Figure 4 the present experimental density data of the methanolic electrolyte solu-

tions are compared to literature data at 298.15 K (cf. Table 1) over the entire investigated compo-

sition range. Only data sets which cover exclusively very dilute solutions, e.g. the data published

by Takenaka et al.,59–61are not shown and considered in the following discussion.

The present experimental data are in excellent agreement with the literature data over the entire in-

vestigated composition range, cf. Figure 3 and Figure 4. Thedeviations are generally below 0.1 %.

For NaBr, NaI, KCl, KBr, RbBr, RbI, CsF, CsCl and CsBr salt solutions the observed deviations

are even below 0.05 %. An exceptional case is LiI where deviations up to 0.17% from the data of

Renz56 were found at the highest investigated concentration. In case of LiBr, the deviations from

the data of Pasztor et al.53 are 0.3% at the highest concentration whereas the deviationfrom the

remaining literature data51,58,63is below 0.1 %. The deviations from the data of Gonzalez et al.64

in case of KI increase up to 1.16 % at the highest concentration. According to Figure 3, these data

possess an increasing mismatch both to the present experimental data and the remaining literature

data.47–50,52,53,58,61,62The deviation between these other data and the present experimental data is

below 0.1 %. Furthermore a deviation up to 0.13% from the dataof Werblan54 were found in case

of CsCl. However, the present experimental data for methanolic CsCl salt solutions are in excellent

agreement with the data of Kawaizumi and Zana52 (deviations below 0.05 %).

For the two other studied temperatures (308.15 K and 318.15 K) only scarce data are available

(cf. Table 1) and hence the comparison between the present experimental and literature data is not

shown graphically. The deviation between present experimental and literature data is for all alkali

halide salt solutions at both temperatures below 0.05 %. An exceptional case is KI at 308.15 K
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where the deviation from the data of Gonzalez et al.64 increases up to 1.63 % at the highest con-

centration, whereas the deviation from the data of Figurskiand Nipprasch62 and Briscoe and Rine-

hart49 is below 0.1 % and 0.05 %, respectively.

The density of the electrolyte solutionsρ increases linearly with the ion mole fractionxi for a

given temperature in the concentration range studied in this work, cf. Figure 3 and Figure 4 and

Footnote . The corresponding data of the slopea of ρ overxi with

ρ = ρMeOH+a ⋅xi (8)

at 298.15 K and 318.15 K are listed in Table 6. For all lithium and sodium halide salts, the standard

deviation∆ρ of the correlation for the density of the methanolic electrolyte solutions, cf. Eq. (8),

is smaller than±0.001 g/cm3. For the potassium, rubidium and cesium halides∆ρ is even smaller

than±0.0002 g/cm3. The slopea is individual for the different alkali halide salts and is almost

independent on the temperature (cf. Table 6). Hence, the temperature dependence of the density

of the methanolic electrolyte solutions studied here is only determined by the temperature depen-

dence of pure methanol, cf. Footnote . Hence, the reduced density ρ̃ of the electrolyte solution is

also almost independent on the temperature.

4.2 Comparison of simulation results to experimental data

The simulation results of the densityρ of the methanolic alkali halide salt solutions as well as of

pure liquid methanol are listed in Table 7.

In Figure 5 and Figure 6, the simulation results of the reduced densityρ̃ at 298.15 K and 318.15 K

are compared to the present experimental data. At 298.15 K, the simulation results are in excellent

agreement with the experimental data over the entire investigated concentration range. The devia-

tions are throughout below 0.4 %, except for LiCl and LiBr salt solutions where the deviations are

up to 1 % at the highest investigated concentration, cf. Figure 5. The simulation results for̃ρ are
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found to be almost temperature-independent, which is consistent with the experimental data, cf.

Figure 5 and Figure 6.

The simulation results of the density of the electrolyte solutionsρ increase, at a given tempera-

ture, linearly with the ion mole fractionxi. The slopea of the different alkali halide salt solutions

determined from the simulation results ofρ are compared to experimental data at 298.15 K and

318.15 K in Figure 7. Analogous to the experimental data, thepredictions ofa from molecular

simulation are found to be almost independent on the temperature. The discontinuous decrease

of a with increasing atomic number of the ions (e.g. identical slopesa for sodium and potassium

halide salt solutions) can be attributed to a superpositionof the increasing ion size and mass and

the influence of the ion on the hydrogen bonding network of thesurrounding methanol molecules.

The discussion of the effect of the ions on the solvent hydrogen bonds is beyond the scope of this

study.

4.3 Structural properties

The RDF of the oxygen atomgi−O(r) and the methyl groupgi−CH3(r) of methanol around the

alkali cations and halide anions in methanolic solution wasdetermined by molecular simulation

at 298.15 K and low salinity (xi = 0.002 mol/mol). Hence, the results ofgi−O(r) andgi−CH3(r)
around the single ions are almost independent on the counterion in the solution. The RDF of the

oxygen atom and the methyl group of methanol around the ions was determined for LiCl, NaBr,

KF, RbI and CsCl salt solutions.

The simulation results of the RDFgi−O(r) andgi−CH3(r) are listed in Table 8 and are shown exem-

plarily for the cesium cation and the fluoride anion in Figure8. Both for the cation and the anion,

the position of the first maximumrmax,1 of gi−O(r) is closer to the ion than ofgi−CH3(r). Hence,

in both cases the hydroxyl group of the methanol molecule points towards the ion and the methyl

group generally faces into the opposite direction. This orientation was also observed in simulation

studies in the literature.31–33,44The comparison between the position of the first maximumrmax,1
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in the RDFgi−O(r) of the oxygen atom of the methanol molecule and of the SPC/E water model

(published by Reiser et al.20) around the ions reveals thatrmax,1 for the different ions is identical

in aqueous and methanolic electrolyte solutions. This was also observed both in simulation stud-

ies44,46 and from the comparison of experimentalgi−O(r) data.91 The good agreement between

the experimental data and the predictions from molecular simulation of the reduced density of the

alkali halide salt solutions (cf. Section 4.2) can be directly attributed to the identical values of

rmax,1 for gi−O(r) in aqueous and methanolic solutions. The density is strongly influenced by the

microscopic structure, which is identical in the surrounding of the ion in aqueous and methanolic

salt solutions. Hence, the ion models adjusted in aqueous solution possess the capability to predict

well the density of methanolic alkali halide salt solutions.

The position of the first maximumrmax,1 in the RDFgi−O(r) andgi−CH3(r) is shown in Figure 9.

The simulation results are in good agreement with the experimental data from the literature92,93

where available. The deviations are both forgi−O(r) andgi−CH3(r) generally below 13 %, except

for gLi−CH3 where deviations up to 20% were observed. The size parameters of the Li+ and Na+

models are almost identical (σLi =1.88 Å, σNa=1.89 Å) and hence the same position of the first

maximumrmax,1 in the RDF of the oxygen atom and the methyl group around both ions, respec-

tively, was found. The positionrmax,1 increases both forgi−O(r) andgi−CH3(r) in linear fashion

with increasing size of the ions. The slope of the increase isin both cases identical for the cations

and the anions and, furthermore, almost identical forgi−O(r) andgi−CH3(r). Comparing the po-

sition of the first maximum around the cesium anion and the only slightly larger fluoride anion, a

decrease ofrmax,1 is observed both in the RDFgi−O(r) andgi−CH3(r), cf. Figure 9. This decrease

can be attributed to the different orientations of the methanol molecules around the ions.

gi−O(r): In case of the positively charged cesium ion, the negatively charged oxygen atom of

the methanol molecules points towards the cation and the positively charged hydrogen atom of

the hydroxyl group and the methyl group face into the opposite direction.32,33,44Because these

equally charged parts of neighboring methanol molecules lead to a mutual repulsion, the methanol

molecules are not able to form a strongly attached solvationshell around the cesium cation. In
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comparison, only the hydrogen atom of the hydroxyl group points towards the negatively charged

fluoride ion.32,33,44The methyl group, which is turning away from the ion, is attracted by the oxy-

gen atom of a neighboring methanol molecule. Hence, the methanol molecules constitute a more

firmly attached solvation shell around the fluoride anion which is closer to the ion.

gi−CH3(r): Besides the above described effect of the charges on the methanol molecules in the

solvation shell, the position ofrmax,1 of gi−CH3(r) is also influenced by a further aspect. In case

of the cesium cation, the positively charged methyl group ofthe methanol molecules is forced by

electrostatic repulsion to face away from the equally charged ion in the solvation shell. In contrast,

the methyl group is attracted by the charge of the fluoride anion and is, hence, significantly closer

to the ion in the solvation shell, cf. Figure 9.

4.4 Solvation number

The solvation numberni−O of methanol molecules in the first solvation shell around theions was

evaluated at 298.15 K. The basis of the calculation of the solvation number is the RDFgi−O(r)
from the previous section. Hence, the results ofni−O are almost independent on the counterion in

the solution.

The simulation results ofni−O around the different alkali cations and halide anions in methanolic

solutions are shown in Figure 10 and are listed in Table 9. Forthe alkali cations, an increase of

the simulation results ofni−O is observed, whereas for the halide anions a decrease with increasing

size of the ions is observed. The same contrast was also observed by Chowdhuri and Chandra41

in their systematic simulation study of the solvation number around all alkali cations and halide

anions. For all ions, the present simulation results ofni−O are in good agreement with the data

published by Chowdhuri and Chandra41 and with other simulation data from the literature, i.e. of

ni−O around Na+,32,33,36,38,43,44K+,36,43and Cl−.31–33,38,40,44

The comparison between the simulation results and experimental data from the literature,92,93

where available, reveals, thatni−O is well predicted around all ions by molecular simulation, cf.

Figure 10. The deviations are below 11 % except for the solvation number around the iodide anion
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where a deviation from the experimental data of 35 % is observed. However, the decrease ofni−O

with increasing size of the anions, which was observed in simulation studies, can not be observed

in the experimental studies, cf. Figure 10.

4.5 Solvation dynamics

The residence timeτi−O of the methanol molecules around the ions was determined by MD simu-

lation at 298.15 K. The residence time was sampled in the samemethanolic electrolyte solutions

and under the same conditions as the RDF, cf. Section 4.3. Hence, the results ofτi−O are almost

independent on the counterion in the electrolyte solution.

For the simulation ofτi−O, the residence time of a methanol molecule around a neighboring

molecule in pure bulk methanolτO−O was required (cf. Section 3). It was determined by MD

simulation at the same conditions and was found to beτO−O = 1.7 ps. This period of short time

unpairing of ion and methanol molecule, which is fully accounted to the calculation ofτi−O, is

consistent with the findings of Hawlicka and Rybicki.44

The simulation results of the residence timeτi−O of methanol around the different ions are listed

in numerical form in Table 9. The residence timesτi−O decrease with increasing size both of the

cations and the anions, cf. Table 9. With increasing size of the ion the electrostatic interaction be-

tween the ions and the methanol molecules decreases and hence the methanol molecules are more

likely to leave the solvation shell. Because of the differentorientations of the methanol molecules

around the cations and the anions (cf. Section 4.3), the methanol molecules form a more strongly

bonded solvation shell around the fluoride anion than aroundthe cesium cation, although these

ions have almost the same size. Hence, the residence timeτF−O is significantly larger thenτCs−O,

cf. Table 9. In the literature, a systematic study of the residence timesτi−O of methanol around all

alkali cations and halide anions is missing. In simulation studies,τi−O was determined in methano-

lic NaCl33,35and LiCl46 salt solutions. The present simulation results ofτNa−O are in between the

data reported by Hawlicka and Swiatla-Wojcik35 and Sese at al.33 However, the present simulation

15



results ofτCl−O are below the data published by Kumar et al.,46 Hawlicka and Swiatla-Wojcik35

and Sese at al.33 The same was also observed forτLi−O in comparison to the data reported by Ku-

mar et al.46

4.6 Self-diffusion coefficient

The self-diffusion coefficientDi of all alkali cations and halide anions in methanolic solution was

determined at 298.15 K and low salinity (xi = 0.001 mol/mol). Hence, the influence of correlated

motion between anion and cation in the solution is low andDi is almost independent on the coun-

terion type in the solution.

The self-diffusion coefficients of the alkali cations and halide anions in methanolic solution are

shown in Figure 11 and are listed in Table 9. The overall agreement between experimental data94

and the predictions from molecular simulation is good. The highest deviation of 15 % is found in

case ofDI. In the present simulations, the self-diffusion coefficients Di increase with increasing

size both of the cations and the anions. The same qualitativetrend was also observed by Chowdhuri

and Chandra41 in their systematic study ofDi of all alkali cations and halide anions. However, a

mismatch is found for the bigger halide anions, i.e. Br− and I−. In the experimental data94 and the

simulation study of Chowdhuri and Chandra,41 the self-diffusion coefficient of the halide anions

increases continuously fromDF up toDI . In case of the present simulation this trend is only ob-

served from F− to Cl−. The self-diffusion coefficientsDBr andDI are found to be almost identical

to DCl.

The dependence ofDi on the size of the ion is directly linked to the formation of ion-methanol

complexes that typically dominates the ion motion within the solution.20 With increasing size of

the ion, the influence of the charge on surrounding methanol molecules decreases and the formation

of the ion-methanol complex is less pronounced. Hence, the effective radius of the ion-methanol

complex decreases and the ion mobility increases. The comparison between the self-diffusion

coefficients of Cs+ and F−, which have almost the same size, reveals thatDi and hence the ion
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mobility is higher in case of the alkali cation. This can be attributed to the different orientation

of the methanol molecules in the solvation shell around the oppositely charged ions. For F−, the

methanol molecules in the solvation shell are strongly attached to the ion which leads to a bigger

effective radius of the ion-methanol complex and hence a smaller self-diffusion coefficient (see

Section 4.3 for a discussion of the orientation of the methanol molecules around the cations and

the anions).

4.7 Electric conductivity

The electric conductivityσ of methanolic lithium, sodium and potassium chloride, bromide and

iodide salt solutions were calculated at various ion mole fractions at 298.15 K (except LiBr at

293.15 K). These specific salts were chosen because sufficient experimental data were available in

the literature.95–100The concentration range of the literature data prescribes the investigated con-

centrations of the alkali halide salt solutions. The availability of experimental literature data95 is

also the reason for the slightly different temperature in case of the LiBr salt solutions.

The electric conductivity of the different methanolic alkali halide salt solutions is shown in Fig-

ure 12. The predictions from molecular simulations are in good agreement with the experimental

data.95–100The deviations are generally below 15 %, for KCl and LiI salt solutions even below

10 %. An exceptional case are the simulation results for the KI salt solutions, where deviations

from the experimental data of about 27 % are found over the entire investigated concentration

range .

5. Conclusions

The density of all methanolic alkali halide salt solutions was determined both by experiment and

molecular simulation from 298.15 K to 318.15 K at 1 bar in a concentration range up to 0.05 mol/-
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mol or 90 % of the solubility limit. Furthermore, the radial distribution function of the methanol

sites around the ions, the solvation number and residence time of methanol molecules in the first

solvation shell around the ions, the self-diffusion coefficient of the ions and the electric conduc-

tivity was investigated by molecular simulation. The molecular models for the simulations were

taken from previous work of our group and were therein adjusted in case of the alkali cations and

halide anions to properties of aqueous solutions and in caseof the solvent methanol to pure com-

ponent properties. The simulation results in this work are throughout predictions as no interaction

parameters between the ions and the solvent were adjusted toproperties of methanolic electrolyte

solutions.

The density measurement results of the methanolic alkali halide salt solutions are in excellent

agreement with data from the literature. Prior to this work,there was a lack of experimental data in

the concentration range considered in this study for sodiumand rubidium bromide as well as rubid-

ium iodide solutions at 298.15 K and for all alkali halide salt solutions at 308.15 K and 318.15 K

except for KI salt solutions. The predictions from molecular simulation of the slopea and the

reduced densitỹρ are in good agreement with the experimental data for all alkali halide salt solu-

tions. The experimental data ofa andρ̃ are found to be almost independent on the temperature,

which is predicted correctly by the molecular simulation.

The simulation results of the position of the first maximumrmax,1 in the RDF of the hydroxyl

groupgi−O(r) and the methyl groupgi−CH3(r) of the methanol molecule as well as of the number

of methanol molecules in the first solvation shell around theion ni−O are found to be generally in

good agreement with experimental data from the literature,as far as such data are available. The

differences in the positionsrmax,1 around Cs+ and F−, which have almost the same size, can be at-

tributed to the different orientations of the methanol molecules around the cations and the anions.

The residence time of methanol molecules in the first solvation shell around the ionsτi−O decreases

with increasing size of the ions as the electrostatic attraction between ion and solvent decreases.

Hence, the molecules in the hydration shell are weaker bonded. The different orientations of the

methanol molecules lead in case of the fluoride anion to a stronger bonded solvation shell with a
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smaller value ofτi−O in comparison to the cesium cation.

The predictions from molecular simulation of the self-diffusion coefficientsDi of the alkali cations

and halide anions and of the electric conductivityσ of numerous alkali halide salt solutions are

in good agreement with experimental literature data, whereavailable. The increase ofDi with

increasing size of the ions can be attributed to the decreasing effective radius of the ion-methanol

complex, which typically dominates the mobility of the ion in the solution.

The present study of methanolic electrolyte solutions generalizes our previous work on aqueous

electrolyte solutions.23 On this basis, the thermodynamic properties and their simulation results

can easily be compared for aqueous and methanolic alkali halide salt solutions.
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Appendix: Simulation details

All simulations of this study were carried out with the simulation programms2.90 In ms2, ther-

mophysical properties can be determined for rigid molecular models using Monte-Carlo (MC)

or molecular dynamics (MD) simulation techniques. For all simulations, the LJ interaction part-

ners 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 radiusrc.

The thermostat incorporated inms2 is velocity scaling. The pressure is kept constant using Ander-

sen‘s barostat in MD, and random volume changes evaluated according to Metropolis acceptance
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criterion in MC, respectively. The simulation uncertainties were estimated with the block average

method by Flyvberg and Petersen.101

The liquid density of methanolic alkali halide solutions was determined with the MC technique

in the isothermal-isobaric (N pT ) ensemble at a constant pressure of 1 bar for different tempera-

tures and compositions. Depending on the composition, the simulation volume contained 2 to 50

cations. The molecule number in the simulations was set at least toN = 1000 and increased up to

N = 1364. A physically reasonable configuration was obtained after 5000 equilibration loops in

the canone ensemble (NV T ), followed by 80,000 relaxation loops in theN pT ensemble. Ther-

modynamic averages were obtained by sampling 512,000 loops. Each loop consisted ofNNDF/3
steps, whereNNDF indicates the total number of mechanical degrees of freedomof the system.

Electrostatic long range contributions were considered byEwald summation102 with a real space

convergence parameterκ = 5.6. The real space cut-off radius was equal to the LJ cut-off radius of

19 Å.

For the calculation of structural and dynamic properties ofthe methanolic electrolyte solutions,

MD simulations were carried out. In a first step, the density of the methanolic alkali halide solu-

tion was determined by anN pT simulation at the desired temperature, pressure and composition.

Subsequently, the self-diffusion coefficient, the radial distribution function and the residence time

were calculated in theNV T ensemble at the same temperature and composition with the density

resulting from the first step. In these MD simulations, Newton‘s equations of motion were solved

with a Gear predictor-corrector scheme of fifth order with a time step of 1.2 fs. The long-range

interactions were considered by Ewald summation.102

The self-diffusion coefficient of the ions88 and the electric conductivity of the solution89 were cal-

culated with the Green-Kubo formalism.86,87 For simulations in theN pT ensemble, a physically

reasonable configuration was attained by 10,000 time steps in theNV T ensemble and 100,000 time

steps in theN pT ensemble, followed by a production run over 800,000 time steps. In theNV T

ensemble, the equilibration was carried out over 150,000 time steps, followed by a production run

of 6,000,000 time steps for the calculation of the self-diffusion coefficient and the electric conduc-
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tivity. The sampling length of the velocity and the electriccurrent autocorrelation functions was

set to 14 ps and the separation between the origins of two autocorrelation functions was 0.15 ps.

Within this time span, all correlation functions decayed toless than 1/e of their normalized value.

The MD unit cell with periodic boundary conditions contained 5000 molecules. This relative high

number of molecules was used here to minimize the influence ofthe finite size effect on the simu-

lation results. Using the Green-Kubo formalism86,87 for the calculation of transport properties of

aqueous systems, Guevara-Carrion et al.103 showed that the finite site effect saturates with increas-

ing number of molecules. No significant differences were observed above 2048 molecules.103 For

the calculation of the self-diffusion coefficient, the simulation volume contained 4990 methanol

molecules, 5 alkali ions and 5 halide ions. The electric conductivity was determined for different

compositions. Hence, the number of ions in the simulation volume varied from 4 to 115. The real

space and LJ cut-off radius was set to 30 Å.

The radial distribution function and the residence time were determined by molecular simulation

of systems containing 2 cations, 2 anions and 996 methanol molecules. For simulations in theN pT

ensemble, the system was equilibrated over 10,000 time steps in theNV T ensemble and 100,000

time steps in theN pT ensemble, followed by a production run over 2,000,000 time steps. The

resulting density was used in a subsequentNV T ensemble simulation for the determination of the

RDF of methanol around the ions. The RDF was sampled up to a cut-off radius of 19 Å with

645 bins. The results for the position of the first minimum of the RDF were used in a second

NV T ensemble simulation with the same density for the determination of the residence time of

methanol molecules around the ions. In bothNV T simulations, the system was equilibrated over

100,000 time steps, followed by a production run of 1,000,000 time steps.

The same process was applied for the calculation of the pure methanol properties, i.e. the self-

diffusion coefficient and the residence time of methanol molecules around themselves.
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Figure 1: Density of pure liquid methanol as a function of thetemperature at 1 bar. Simulation
results from the present work (◆) are compared to present experimental data (○). The line indicates
a correlation of experimental data from the literature.30
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Figure 2: Geometry of the methanol model by Schnabel et al.:28 Si indicates the model interaction
sitei.

h
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Figure 3: Density of methanolic lithium and sodium halide, potassium fluoride and iodide and
rubidium iodide salt solutions as a function of the ion mole fraction at 298.15 K and 1 bar. Present
experimental data (●) are compared to data from the literature: Skabichevskii51(△), Vosburgh et
al.47(☆), Kiepe et al.63(○), Pasztor and Criss53(△), Lankford et al.58(▽), Renz56(▽), Jones and
Fornwalt48(☆), Wawer et al.67(+), Figurski and Nipprasch62(◇), Gonzalez et al.64(○), Briscoe and
Rinehart49(◇), Eliseeva et al.65(×), Werblan54 (◻) and Kawaizumi and Zana52(◻).
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Figure 4: Density of methanolic potassium and rubidium chloride and bromide and cesium halide
salt solutions as a function of the ion mole fraction at 298.15 K and 1 bar. Present experimental
data (●) are compared to data from the literature: Lankford et al.58(▽), Kawaizumi and Zana52(◻),
Vosburgh et al.47(☆), Kolhapurkar et al.66 (×), Pasztor and Criss53(△), Werblan54,55 (◻) and Fig-
urski and Nipprasch62(◇).
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Figure 5: Reduced density of methanolic lithium and sodium halide, potassium fluoride and iodide
and rubidium iodide salt solutions as a function of the ion mole fraction at 1 bar. Present simulation
data (symbols) are compared to correlations of the present experimental data (lines): 298.15 K (○,
—) and 318.15 K (×,⋯). For several solutions the lines and symbols of the different temperatures
lie upon each other.
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Figure 6: Reduced density of methanolic potassium and rubidium chloride and bromide and ce-
sium halide salt solutions as a function of the ion mole fraction at 1 bar. Present simulation data
(symbols) are compared to correlations of the present experimental data (lines): 298.15 K (○, —)
and 318.15 K (×, ⋯). For several solutions the lines and symbols of the different temperatures lie
upon each other.
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Figure 7: Slope of the density of methanolic alkali halide salt solutions over the ion mole fraction
at 1 bar. Present simulation data (symbols) are compared to present experimental data (lines):
298.15 K (○, —) and 318.15 K (×,⋯). For several solutions the lines and symbols of the different
temperatures lie upon each other.
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Figure 8: Radial distribution function of the oxygen atom (—)and the methyl group (- - -) of
methanol around Cs+ (top) and F− (bottom) in methanolic solution (xi=0.002 mol/mol) at 298.15 K
and 1 bar.
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Figure 9: Position of the first maximum of the radial distribution function of the oxygen atom (top)
and the methyl group (bottom) of methanol around the alkali cations (●) and halide anions (∎)
in methanolic solution (xi=0.002 mol/mol) at 298.15 K and 1 bar. Present simulation data (filled
symbols) are compared to experimental data from the literature (open symbols).92,93 For lithium
and sodium, the LJ size parameters are almost identical and the simulation results are identical
within their statistical uncertainties. Experimental data are only available for the lithium cation.

29



Figure 10: Solvation number of first solvation shell around the alkali cations (●) and halide anions
(∎) in methanolic solution (xi=0.002 mol/mol) at 298.15 K and 1 bar. Present simulation data (filled
symbols) are compared to experimental data from the literature (open symbols).92,93 For lithium
and sodium, the LJ size parameters and the simulation results are almost identical. Experimental
data are only available for the lithium cation.
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Figure 11: Self-diffusion coefficient of alkali cations (●) and halide anions (∎) in methanolic so-
lutions (xi = 0.001 mol/mol) at 298.15 K and 1 bar. Present simulation data (filled symbols) are
compared to experimental literature data (open symbols).94 For lithium and sodium, the LJ size
parameters are almost identical. Experimental data are only available for the sodium cation.
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Figure 12: Electric conductivity of methanolic lithium, sodium and potassium chloride, bromide
and iodide salt solutions as a function of the ion mole fraction at 298.15 K (except LiBr at 293.15 K)
and 1 bar. Present simulation data (●) are compared to experimental data from the literature:
Winsor and Cole99 (○), Bachhuber100 (◻), Sears et al.95 (△), Foster and Amis96 (▽), Kolthoff and
Chantoon97 (◇) and Goncharov et al.98 (+).
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Table 1: Survey of experimental studies from the literatureof the densityρ of methanolic alkali
halide salt solutions at various temperatureT and 1 bar.

T / K
salt 298.15 308.15 318.15
LiCl 47,51,53,54,57,59,63 59 59

LiBr 51,53,56–58,63 57

LiI 56,57 57

NaCl 52–54,58,59,65 59 59

NaBr 52,53,58,60,67 60,67 60

NaI 47,52,58,61,62 61,62 61

KF 52,53,58

KCl 47,48,52,58,59 59 59

KBr 52,53,58,60,66 60 60

KI 47–50,52,53,58,61,62,6449,61,62,64 49,61

RbCl 52

RbBr 58

RbI 58,62 62

CsF 53,58

CsCl 52,54

CsBr 54,58

CsI 52,55,62 62
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Table 2: Purity and supplier of the alkali halide salts.

salt purity supplier
LiCl ≥ 99 % Merck
LiBr ≥ 99.999 % Roth
LiI ≥ 99 % AlfaAesar
NaCl ≥ 99.5 % Merck
NaBr ≥ 99 % Merck
NaI ≥ 99.5 % Roth
KF ≥ 99 % Merck
KCl ≥ 99.5 % Merck
KBr ≥ 99.5 % Merck
KI ≥ 99 % Fluka
RbCl ≥ 99.8 % Aldrich
RbBr ≥ 99.7 % Aldrich
RbI ≥ 99.8 % AlfaAesar
CsF ≥ 99.9 % Aldrich
CsCl ≥ 99.999 % Roth
CsBr ≥ 99.5 % Fluka
CsI ≥ 99.999 % Aldrich

Table 3: LJ size parameterσ , LJ energy parameterε, point chargeq and geometry parametersh
andγ of the methanol force field, cf. Figure 2. The parameters weretaken from previous work.28

site σaa / Å εaa/kB / K qa / e
SCH3 3.7543 120.592 +0.24746
SOH 3.0300 87.879 −0.67874
SH 0 0 +0.43128

h1 / Å h2 / Å γ / ○

1.4246 0.9451 108.53
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Table 4: LJ size parameterσ of alkali and halide ions. The LJ energy parameterε/kB is 200 K
throughout. The parameters were taken from previous work.20,22

ion σ / Å
Li+ 1.88
Na+ 1.89
K+ 2.77
Rb+ 3.26
Cs+ 3.58
F− 3.66
Cl− 4.41
Br− 4.54
I− 4.78

Table 5: Experimental data of the densityρ of methanolic alkali halide salt solutions and of pure
methanol at various temperatureT and 1 bar. The uncertainty in both the ion mole fractionxi and
the overall salt mole fractionxS is estimated to be better than±0.00001 mol/mol. The uncertain-
ties of the density and temperature measurements are found to be better than±0.0001 g/cm3 and
±0.1 K, respectively.

T / K 298.15 308.15 318.15 T / K 298.15 308.15 318.15

salt xi/mol mol−1 xS/mol mol−1 ρ / g cm−3 salt xi/mol mol−1 xS/mol mol−1 ρ / g cm−3

LiCl 0.0100 0.01010 0.7970 0.7879 0.7787 KBr 0.0012 0.00120 0.7898 0.7803 0.7708
0.0200 0.02041 0.8073 0.7984 0.7895 0.0024 0.00241 0.7929 0.7835 0.7740
0.0300 0.03093 0.8179 0.8093 0.8006 0.0036 0.00361 0.7960 0.7866 0.7771
0.0400 0.04167 0.8280 0.8197 0.8112 0.0048 0.00482 0.7991 0.7897 0.7802
0.0500 0.05263 0.8388 0.8306 0.8224 KI 0.0054 0.00543 0.8062 0.7967 0.7871

LiBr 0.0100 0.01010 0.8072 0.7979 0.7886 0.0108 0.01092 0.8258 0.8163 0.8067
0.0200 0.02041 0.8279 0.8188 0.8096 0.0162 0.01647 0.8450 0.8355 0.8258
0.0300 0.03093 0.8490 0.8400 0.8311 0.0216 0.02208 0.8646 0.8550 0.8453
0.0400 0.04167 0.8707 0.8619 0.8531 0.0270 0.02775 0.8839 0.8744 0.8645
0.0500 0.05263 0.8925 0.8839 0.8751 RbCl 0.0010 0.00100 0.7893 0.7799 0.7703

LiI 0.0100 0.01010 0.8168 0.8075 0.7980 0.0020 0.00200 0.7921 0.7826 0.7731
0.0200 0.02041 0.8472 0.8379 0.8286 0.0030 0.00301 0.7946 0.7853 0.7757
0.0300 0.03093 0.8785 0.8694 0.8601 RbBr 0.0011 0.00110 0.7906 0.7812 0.7717
0.0400 0.04167 0.9097 0.9005 0.8914 0.0022 0.00220 0.7947 0.7853 0.7757
0.0500 0.05263 0.9425 0.9334 0.9243 0.0033 0.00331 0.7987 0.7893 0.7797

NaCl 0.0017 0.00170 0.7891 0.7797 0.7701 0.0044 0.00442 0.8027 0.7933 0.7837
0.0034 0.00341 0.7914 0.7821 0.7726 RbI 0.0026 0.00261 0.7987 0.7892 0.7796
0.0051 0.00513 0.7940 0.7846 0.7752 0.0052 0.00523 0.8107 0.8012 0.7916
0.0068 0.00685 0.7964 0.7871 0.7777 0.0078 0.00786 0.8227 0.8135 0.8038

NaBr 0.0080 0.00806 0.8060 0.7966 0.7871 0.0104 0.01051 0.8348 0.8251 0.8154
0.0160 0.01626 0.8255 0.8162 0.8067 0.0130 0.01317 0.8467 0.8371 0.8273
0.0240 0.02459 0.8449 0.8356 0.8261 CsF 0.0011 0.00110 0.7906 0.7812 0.7716
0.0320 0.03306 0.8649 0.8556 0.8461 0.0022 0.00220 0.7946 0.7852 0.7756
0.0400 0.04167 0.8850 0.8757 0.8663 0.0033 0.00331 0.7986 0.7892 0.7796

NaI 0.0100 0.01010 0.8203 0.8108 0.8012 CsCl 0.0012 0.00120 0.7910 0.7816 0.7720
0.0200 0.02041 0.8546 0.8451 0.8355 0.0024 0.00241 0.7956 0.7862 0.7766
0.0300 0.03093 0.8897 0.8801 0.8705 0.0036 0.00361 0.8001 0.7906 0.7810
0.0400 0.04167 0.9246 0.9149 0.9051 0.0048 0.00482 0.8045 0.7950 0.7854
0.0500 0.05263 0.9604 0.9506 0.9407 CsBr 0.0010 0.00100 0.7913 0.7818 0.7722

KF 0.0022 0.00220 0.7900 0.7806 0.7711 0.0020 0.00200 0.7961 0.7866 0.7770
0.0044 0.00442 0.7933 0.7840 0.7745 0.0030 0.00301 0.8008 0.7913 0.7817
0.0066 0.00664 0.7966 0.7873 0.7778 CsI 0.0010 0.00100 0.7923 0.7829 0.7733
0.0088 0.00888 0.7998 0.7905 0.7811 0.0020 0.00200 0.7980 0.7885 0.7789
0.0110 0.01112 0.8030 0.7938 0.7843 0.0030 0.00301 0.8037 0.7942 0.7846

KCl 0.0007 0.00070 0.7877 0.7783 0.7687 0.0040 0.00402 0.8094 0.7998 0.7902
0.0014 0.00140 0.7889 0.7795 0.7699 MeOH 0.7865 0.7771 0.7675
0.0021 0.00210 0.7900 0.7806 0.7711

The composition is given in terms both of the ion mole fraction xi and the overall salt mole fractionxS. The ion mole fractionxi is defined asxi = ni/(2 ⋅ni +nMeOH), whereni is the mole
number of each ion type andnMeOH the mole number of methanol molecules in the electrolyte solution. For the 1:1 salt studied here, the ion mole fraction ofthe anions and the cations isxi each.
Regarding the salt as a single component, the salinity can also be quantified in terms the overall salt mole fractionxS. It is defined asxS = nS/(nS+nMeOH), wherenS is the mole number of salt
in the solution. The ion mole fractionxi is related to the overall salt mole fractionxS by xS = xi/(1− xi) as the mole number of salt in the solution isnS = ni here.
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Table 6: Slopea of the densityρ of methanolic alkali halide salt solutions over the ion molefractionxi at various temperatureT and 1 bar.
For all lithium and sodium halide salts, the standard deviation ∆ρ of the correlation for the density of the methanolic electrolyte solutions,
cf. Eq. (8), is smaller than±0.001 g/cm3. For the potassium, rubidium and cesium halides∆ρ is even smaller than±0.0002 g/cm3.

T / K 298.15 318.15 298.15 318.15 298.15 318.15 298.15 318.15 298.15 318.15
salt a / g cm−3 Salt a / g cm−3 Salt a / g cm−3 Salt a / g cm−3 Salt a / g cm−3

KF 1.51 1.55 CsF 3.67 3.69
LiCl 1.04 1.10 NaCl 1.46 1.51 KCl 1.67 1.73 RbCl 2.73 2.77 CsCl 3.75 3.76
LiBr 2.10 2.14 NaBr 2.45 2.46 KBr 2.64 2.67 RbBr 3.70 3.71 CsBr 4.76 4.76
LiI 3.09 3.11 NaI 3.46 3.45 KI 3.61 3.60 RbI 4.64 4.62 CsI 5.72 5.50
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Table 7: Molecular simulation data of the densityρ of methanolic alkali halide salt solutions over
the ion mole fractionxi and of pure methanol at various temperatureT and 1 bar. The statistical
uncertainties of the densities are throughout below±0.0003 g/cm3.

T / K 298.15 308.15 318.15
salt xi / mol mol−1 ρ / g cm−3

LiCl 0.0100 0.7984 0.7892 0.7798
0.0300 0.8164 0.8074 0.7998
0.0500 0.8310 0.8244 0.8156

LiBr 0.0100 0.8085 0.7989 0.7889
0.0300 0.8500 0.8409 0.8296
0.0500 0.8851 0.8784 0.8678

LiI 0.0100 0.8195 0.8092 0.7991
0.0300 0.8798 0.8701 0.8604
0.0500 0.9402 0.9320 0.9228

NaCl 0.0034 0.7924 0.7830 0.7735
0.0068 0.7972 0.7883 0.7791

NaBr 0.0080 0.8080 0.7988 0.7888
0.0240 0.8481 0.8364 0.8279
0.0400 0.8852 0.8767 0.8682

NaI 0.0100 0.8235 0.8131 0.8030
0.0300 0.8922 0.8824 0.8725
0.0500 0.9614 0.9530 0.9436

KF 0.0022 0.7918 0.7825 0.7717
0.0066 0.7981 0.7891 0.7780
0.0110 0.8054 0.7974 0.7858

KCl 0.0021 0.7915 0.7819 0.7720
KBr 0.0024 0.7936 0.7845 0.7742

0.0048 0.7999 0.7906 0.7807
KI 0.0054 0.8065 0.7970 0.7877

0.0162 0.8451 0.8360 0.8257
0.0270 0.8817 0.8724 0.8618

RbCl 0.0030 0.7953 0.7854 0.7760
RbBr 0.0022 0.7954 0.7855 0.7763

0.0044 0.8029 0.7938 0.7842
RbI 0.0026 0.7992 0.7901 0.7804

0.0078 0.8217 0.8119 0.8037
0.0130 0.8440 0.8355 0.8254

CsF 0.0033 0.8003 0.7902 0.7808
CsCl 0.0024 0.7961 0.7860 0.7771

0.0048 0.8044 0.7947 0.7847
CsBr 0.0030 0.8006 0.7913 0.7815
CsI 0.0020 0.7985 0.7891 0.7791

0.0040 0.8090 0.8001 0.7900
MeOH 0.7872 0.7778 0.7682
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Table 8: RDF of the oxygen atomgi−O(r) and methyl groupgi−CH3(r) of methanol around the
alkali and halide ionsi in methanolic solutions (xi =0.002 mol/mol) at the first maximumrmax,1,
first minimumrmin,1 and second maximumrmax,2 at 298.15 K and 1 bar.

rmax,1 / Å g(rmax,1)
ion i-O i-CH3 i-O i-CH3
Li+ 2.212 3.258 21.77 5.848
Na+ 2.212 3.258 21.59 5.589
K+ 2.630 3.587 13.69 4.098
Rb+ 2.899 3.766 9.827 3.492
Cs+ 3.049 3.976 7.639 2.963
F− 3.019 3.736 10.03 5.431
Cl− 3.408 4.095 5.863 4.117
Br− 3.467 4.185 5.206 3.893
I− 3.617 4.304 4.190 3.620

rmin,1 / Å g(rmin,1)
ion i-O i-CH3 i-O i-CH3
Li+ 3.258 4.005 0.049 0.135
Na+ 3.168 3.976 0.047 0.141
K+ 3.527 4.394 0.159 0.391
Rb+ 3.886 4.693 0.353 0.581
Cs+ 4.095 5.082 0.520 0.664
F− 3.766 4.633 0.239 0.528
Cl− 4.215 5.351 0.314 0.651
Br− 4.304 5.500 0.410 0.666
I− 4.394 5.799 0.349 0.671

rmax,2 / Å g(rmax,2)
ion i-O i-CH3 i-O i-CH3
Li+ 4.394 5.410 1.605 1.234
Na+ 4.424 5.410 1.497 1.186
K+ 4.842 5.679 1.259 1.072
Rb+ 5.171 6.158 1.124 1.008
Cs+ 5.171 7.652 0.957 1.182
F− 5.171 6.188 1.178 1.026
Cl− 5.500 7.861 1.087 1.201
Br− 5.440 7.921 1.068 1.187
I − 5.530 8.011 1.155 1.200

38



Table 9: Solvation numberni−O and residence timeτi−O of methanol molecules in the first solvation
shell around the alkali and halide ionsi in methanolic solutions (xi = 0.002 mol/mol) and their self-
diffusion coefficientDi in methanolic solutions (xi = 0.001 mol/mol) at 298.15 K and 1 bar. The
number in parentheses indicates the statistical simulation uncertainty in the last digit.

ion ni−O τi−O / ps Di / 10−10 m2s−1

Li+ 5.5 (2) 66 (3) 8.3 (3)
Na+ 5.3 (2) 68 (3) 9.8 (4)
K+ 6.0 (2) 13 (1) 11.2 (3)
Rb+ 6.6 (2) 6.6 (4) 12.8 (4)
Cs+ 6.9 (2) 4.6 (3) 13.2 (3)
F− 6.1 (2) 10 (1) 9.4 (4)
Cl− 5.5 (2) 3.7 (3) 12.2 (3)
Br− 5.8 (2) 4.6 (3) 12.6 (3)
I− 5.2 (2) 2.8 (2) 12.6 (3)
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