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Abstract

The density of ethanolic electrolyte solutions of all soluble alkali halide salts

(LiCl, LiBr, LiI, NaBr, NaI, and KI) is studied at 298.15, 308.15, 318.15, and

328.15 K at concentrations up to 0.05 mol/mol or 90 % of the solubility limit both

by experiment and molecular simulation. The force fields used for describing the

ions are of the Lennard-Jones (LJ) plus point charge type, the ethanol force field

is of the LJ plus partial charges type. All force fields were taken from previous

work of our group and where adjusted to properties of aqueoussolutions in case

of the ions [J. Chem. Phys.136, 084501 (2012), J. Chem. Phys.140, 044504

(2014)] and to pure component properties [Fluid Phase Equilib. 236, 272 (2005)]

in case of the solvent. The Lorentz-Berthelot combining ruleis used to deter-

mine the mixed interactions between ions and ethanol. The present simulations

are hence predictions as no parameters are adjusted to properties of ethanolic elec-

trolyte solutions. The predictions of the reduced density are found to be in good

agreement with the experimental data. Furthermore, the radial distribution func-

tion of the ethanol sites around the ions, the solvation number and the residence
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time of ethanol molecules in the first solvation shell, the self-diffusion coefficient

of the ions and the electric conductivity are systematically studied by molecular

simulation and compared to experimental data where available.

Keywords: ethanolic electrolyte solutions, alkali halide salts, density

measurements, molecular simulation

1. Introduction

In the last decades, organic electrolyte solutions have become increasingly im-

portant in many industrial applications, especially in thefield of electrochem-

istry [1, 2]. The investigation of the thermodynamic properties of organic elec-

trolyte solutions is therefore of particular interest [3].

We recently published a comprehensive molecular simulation study of thermody-

namic properties of methanolic alkali halide salt solutions [4] with classical force

fields, which were taken from previous work of our group. The ion force fields had

been adjusted to properties of aqueous alkali halide salt solutions [5, 6] and the

solvent methanol to pure component properties [7]. No parameters were adjusted

to properties of methanolic electrolyte solutions. The predictions of the reduced

density, i.e. the density of the electrolyte solution divided by the density of the

pure solvent at the same temperature, were found to be in verygood agreement

with experimental data over a wide temperature and concentration range [4]. The

same holds for other studied properties which include: the first maximum in the

radial distribution function (RDF) of the hydroxyl and the methyl group of the

methanol molecule around the ions, the solvation number, the self-diffusion coef-

ficient of the ion in the solution, and the electric conductivity. Such good agree-

ment could not be expected a priori. To see whether the encouraging findings for
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the methanolic electrolyte solution were just a lucky coincidence or whether our

approach is capable of predicting thermodynamic properties of organic electrolyte

solutions more generally, the present study extends the previous work to ethanolic

alkali halide salt solutions. The methodology is largely unchanged and therefore

only briefly described here.

The main focus was again on the reduced density of the electrolyte solutions. As

there is a lack of experimental density data in the literature, the density of ethano-

lic electrolyte solutions of all soluble alkali halide salts (LiCl, LiBr, LiI, NaBr,

NaI and KI) was studied systematically not only by molecularsimulation but also

by experiments at temperatures between 298.15 and 328.15 K and salt concentra-

tions up to 0.05 mol/mol or 90 % of the solubility limit. At 298.15 K, there is

literature data in that concentration range for LiCl [8, 9, 10, 11, 12], NaBr [9, 12],

NaI [13, 9, 14, 15, 10, 16, 12], and KI [9] but not for LiBr [10, 12] and LiI [10, 12]

solutions. At the other investigated temperatures, namely308.15, 318.15 and

328.15 K, experimental density data of ethanolic alkali halide salt solutions was

up to now entirely missing in the literature. The molecular simulations were car-

ried out for the same temperature and composition as studiedin the experiments

of the present work.

In the literature, there are only a few simulation studies onthe thermodynamic

properties of ethanolic alkali halide salt solutions [17, 12, 18, 19]. Held et al. [12]

modeled the liquid densities, the osmotic coefficient, and the mean ionic activity

coefficients of ethanolic electrolyte solutions with the ePC-Saft equation of state

and validated the results against own measurements. Zeng and co-workers [18, 19]

investigated the structure of the solvent around Li+ and Na+ and dynamic prop-

erties like the auto-correlation function of these ions in ethanolic solutions by
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Car-Parrinello molecular dynamics simulations. Yan et al. [17] used molecular

simulations with classical force fields to study osmotic effects in ethanolic NaBr

salt solutions with a membrane type simulation method [17].The force field for

ethanol was taken from Jorgensen [20], that for the ions (Na+ and Br−) from Jor-

gensen et al. [21]. A geometric mixing rule was used and no interaction parame-

ters were adjusted [17]. To the best of our knowledge, no other reports on molecu-

lar simulation with classical force fields of thermodynamicproperties of ethanolic

alkali halide salt solutions are available in the literature.

Several ethanol force fields are available in the literature[20, 22, 23, 24, 25].

From these, we have chosen one developed previously in our group by Schnabel et

al. [25] which is known to give good results both for thermodynamic properties of

pure ethanol and ethanol-containing non-ionic mixtures [25, 26, 27, 28, 29]. The

parameters of the ethanol model were adjusted to the vapor-liquid equilibrium of

pure ethanol [25], namely the saturated liquid density and the vapor pressure. The

temperature dependence of the density of pure liquid ethanol at 1 bar is shown in

Figure 1. The density of pure ethanol is slightly overestimated by the model over

the entire investigated temperature range. The highest deviation from experimen-

tal data of about 0.6 % is found at 298.15 K. With increasing temperature, the

deviations decrease.

The force fields used for the ions [5, 6] were taken from previous work of our

group. Their parameters were adjusted with SPC/E water [31] to properties of

aqueous electrolyte solutions, namely the reduced density, the self-diffusion co-

efficient of the ions in the solution and the first maximum in the RDF of water

around the ions at 293.15 and 298.15 K, respectively, and 1 bar [5, 6]. They

describe many thermodynamic properties of aqueous alkali halide solutions well,
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also outside the range they were adjusted to [5, 6, 32]. As in our study on methano-

lic electrolyte solutions [32], Lorentz-Berthelot combining rules were used to de-

termine the mixed interactions between ions and solvent andno parameters were

adjusted to the properties of ethanolic alkali halide salt solutions so that all simu-

lations results presented here are predictions.

A focus of the present study was to evaluate predictions for the reduced density of

the solution which is defined as

ρ̃ =
ρ

ρEtOH

, (1)

whereρEtOH is the density of pure ethanol at the same temperature and pressure

as the density of the solutionρ. It is used as reference property to minimize the

influence of the error in the ethanol model on the simulation results, cf. Figure 1.

For the calculation of the reduced density, the density of pure ethanol has to be

known. In the case of experimental data, it is taken from the present measure-

ments of pure ethanol, in the case of simulation results, it is determined in present

pure ethanol simulations.

Besides the reduced density also, structural, dynamic, and transport properties of

ethanolic alkali halide salt solutions were systematically studied in the present

work by molecular simulation at 298.15 K and compared to experimental litera-

ture data where available.

Throughout this study all properties were investigated at 1bar and the composition

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

xi =
ni

2 ⋅ ni + nEtOH

, (2)
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whereni is the mole number of each ion type andnEtOH the mole number of

ethanol 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 overall 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 + nW

(3)

by

xS =
xi

1 − xi

(4)

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

In Section 2 of the present paper, the experiments are described. The employed

force fields and the simulation methods are introduced in Section 3. In Section 4,

the experimental data and the simulation results are presented and discussed. Sec-

tion 5 summarizes the main statement from the present work.

2. Experiments

For the preparation of the ethanolic alkali halide salt solutions pure ethanol (≥99.9 %,

ROTISOLV Roth) was used. The purity and the supplier of the alkali halide salts

are shown in Table 1. The treatment of the salts, the preparation of the samples of

electrolyte solutions and the density measurements are identical to the procedures

described in detail in recent work [4]. The uncertainty of the concentrationxi is

estimated by error propagation considering the resolutionof the balance and the

error by determining the concentrations gravimetrically to be for all samples be-

low ±0.00001 mol/mol. Based on the resolution of the densimeter and results from
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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 better than±0.1 K. In the literature, several publica-

tions of the solubility limit of alkali halide salts in ethanol are available [33, 34,

35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51,52, 53]. The anal-

ysis of these data reveals that most alkali halide salts are only soluble in traces in

ethanol. However, the solubility limit of LiCl [52], LiBr [40], LiI [34], NaBr [41],

NaI [41] and KI [41] is high enough to cover a reasonable concentration range

both for the experiments and the molecular simulations.

3. Molecular simulation

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

LJ (EtOH) type with superimposed point charges were used. The force fields for

ethanol [25] and the alkali cations and halide anions [5, 6] were taken from previ-

ous work of our group. The ethanol model consists of three united-atom LJ sites

which account for repulsion and dispersion of the methylene, methyl and hydroxyl

group. To model both polarity and hydrogen bonding, the ethanol model addition-

ally possesses three point charges which are located at the center of the methylene

group and the position of the oxygen and hydrogen atom of the hydroxyl group.

Figure 2 shows the geometry of the ethanol force field and its parameters are listed

in Table 2. The ion force fields consist of one LJ site and a concentric point charge

with the magnitude of±1 e. Their LJ parameters are specified in Table 3. For the

unlike LJ parameters of all interactions, i.e. ion-solventand ion-ion (different

types), the Lorentz-Berthelot [54, 55] combining rules wereused.

In the present study, the reduced density of the solutions, the radial distribution
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function of the hydroxylgi−O(r), the methylenegi−CH2(r) and the methyl group

gi−CH3(r) of ethanol around the ioni, the solvation numberni−O and the resi-

dence timeτi−O of ethanol molecules in the first solvation shell around the ion,

the self-diffusion coefficientDi of the ions, and the electric conductivityσ of the

solutions were determined by molecular simulation at 298.15 K. The methods for

the calculation of these properties are described in detailin previous work [4].

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

andτi−O the position of the ethanol molecule is represented by the position of the

oxygen atom. All properties of ethanolic electrolyte solutions were determined at

low salinity (except the reduced density), and hence their simulation results are

almost independent on the counterion in the solution.

Following a proposal by Impey et al. [56], unpairing of an ionand an ethanol

molecule was defined to occur if their separation lasted longer than the average

residence timeτO−O of an ethanol molecule around a neighboring molecule in a

pure bulk ethanol simulation at the same conditions. However, a short-time pair-

ing of two particlesτi−O < τO−O was fully accounted for in the calculationτi−O.

The simulation programms2 [57] was used for all simulations carried out in the

present work. Technical details are given in the Appendix.

4. Results and discussion

4.1. Experimental density data

The experimental density data for ethanolic electrolyte solutions of all soluble

alkali halide salts as well as for pure liquid ethanol are presented in Table 4.

In Figure 3, the present experimental density data of ethanolic electrolyte solutions

are compared to literature data [8, 9, 10, 11, 12, 13, 14, 15, 16] at 298.15 K over
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the entire investigated concentration range. The deviations from the literature

data are generally below 0.1 %, for the LiBr and KI salt solutions even below

0.05 %. For one data point of Held et al. [12] for LiCl salt solutions at high

concentration the deviation is slightly above 0.1 %. However, the deviations from

the data of Vosburgh et al. [8] in the same regime are below 0.1%, cf. Figure 3.

The deviation from the data of Partington and Simpson [13] incase of NaI is 1.1 %

at the highest concentration measured by these authors, apart from that it is below

0.05 %. According to Figure 3, there is also a mismatch between this data point

of Partington and Simpson [13] and the remaining literaturedata [14, 15, 10, 12].

Figure 3 and Table 4 reveal that the densityρ increases linearly with increasing

ion mole fractionxi at a given temperature for all investigated ethanolic alkali

halide salt solutions:

ρ(xi, T ) = ρEtOH(T ) + a(T ) ⋅ xi . (5)

The numbers for the slopesa at 298.15 and 328.15 K obtained for each salt from

a linear fit to the experimental data of the present work are given in Table 5. The

standard deviation of the linear correlation of the densityaccording to Eq. (5), is

below±0.001 g/cm3 for all studied solutions. As can be seen from Table 5, the

slopesa depend on the salt but are almost independent on the temperature. Hence,

the temperature dependence of the density of the studied ethanolic alkali halide

salt solutions is determined only by the temperature dependence of the density

of pure ethanol. In Figure 4, the temperature dependence of the density of pure

ethanol and of the different investigated NaI salt solutions is shown as an example.

The reduced densitỹρ of the electrolyte solutions is therefore almost independent

on the temperature as well.
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4.2. Comparison of simulation results and experimental density data

The simulation results for the densityρ of the investigated ethanolic alkali halide

salt solutions and of pure liquid ethanol are given in Table 6.

In Figure 5, the predictions from molecular simulation for the reduced densitỹρ

of the studied electrolyte solutions are compared to the present experimental data

at 298.15 and 328.15 K. At 298.15 K, an fair agreement betweensimulation re-

sults and experimental data is found in case of the lithium halide (LiCl, LiBr and

LiI) salt solutions. The deviations increase up to 1.7 % at the highest investigated

concentration. In case of the remaining alkali halide salt (NaBr, NaI, KI) solu-

tions, a good agreement with deviations below 0.5 % between simulation results

and experimental data is found over the entire investigatedconcentration range,

cf. Figure 5. The experimental data ofρ̃ are found to be almost temperature-

independent, which is well predicted by the simulation results, cf. Figure 5.

At a given temperature, the simulation results of the density ρ of all investigated

ethanolic electrolyte solutions increase linearly with increasing ion mole fraction

xi, cf. Eq. 5. In Figure 6, the slopesa of the ethanolic electrolyte solution density,

determined from the present experimental data, are compared to simulation results

at 298.15 and 328.15 K. The predictions ofa from molecular simulation are found

to be almost temperature-independent, which is consistentwith the experimental

data, cf. Figure 6. The slopea increases in general with increasing size both of the

cations and the anions, but that effect is more important forthe anions than it is

for the cations. This is a consequence of the different arrangement of the ethanol

molecules in the solvation shell around the oppositely charged ions, cf. discussion

below.
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4.3. Structural properties

The RDF of ethanol around the alkali cations (Li+, Na+, and K+) and halide an-

ions (Cl−, Br−, and I−) in ethanolic solutions was determined for the oxygen atom

gi−O(r), the methylenegi−CH2(r) and the methyl groupgi−CH3(r) by molecular

simulation at 298.15 K and low salinity (xi= 0.002 mol/mol) in LiCl, NaBr and

KI salt solutions.

The simulation results for the extrema of the RDF are listed inTable 7. As an

example, the RDF of the ethanol sites around the sodium cationand the chloride

anion are shown in Figure 7. As expected, the position of the first maximumrmax,1

of gi−O(r) is for both cations and anions closer to the ion thanrmax,1 of gi−CH2(r)

andgi−CH3(r), respectively (cf. Figure 7 and Table 7). The hydroxyl groupof

the ethanol molecules points towards the ion and the methylene and methyl group

generally face into the opposite direction. The position ofthe first maximum in

the RDF of the oxygen atom around the ions is identical to thermax,1 data of

gi−O(r) in aqueous alkali halide salt solutions with SPC/E water [31]from previ-

ous work [6]. This was also observed by Zeng and co-workers [18, 19] in their

simulation studies of Li+ and Na+ in aqueous and ethanolic solutions. Further-

more, the presentrmax,1 data ofgi−O(r) are identical to the corresponding simula-

tion results in methanolic electrolyte solutions determined in recent work [4]. The

density is highly affected by the microscopic structure in the electrolyte solutions.

The primary effect on this structure is the distance betweenthe ion and the near-

est site of the solvent molecules, which is identical in aqueous, methanolic and

ethanolic alkali halide salt solutions. The secondary effect is the orientation of the

solvent molecules in the solvation shell around the ions, which is apparently well

predicted in the present molecular simulations of ethanolic electrolyte solutions.
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The simulation results of the position of the first maximum ofgi−O(r), gi−CH2(r)

andgi−CH3(r) are compared to each other in Figure 8. The LJ size parametersof

the lithium and sodium cation are almost identical (σLi = 1.88Å, σNa = 1.89Å)

and hence the positionsrmax,1 in the RDF of the oxygen atom, the methylene and

the methyl group of ethanol around the two cations are found to be the same within

their statistical uncertainties. According to Figure 8, the position of the first max-

imum increases forgi−O(r), gi−CH2(r) andgi−CH3(r) with increasing size of the

ions. In case of the anions a linear increase can be observed with identical slopes

for the RDF of the different sites.

Especially remarkable is the change in the order of the first maxima of the methy-

lene and the methyl group around the cations and anions, cf. Figure 8. While the

methyl group of the ethanol molecule is closer to the cationsthan the methylene

group, this order is found to be obverse around the anions, cf. Figures 7 and 8.

Furthermore, the distance between thermax,1 data ofgi−CH3(r) andgi−CH2(r) is

significantly larger around the anions than around the cations. Both effects can

be attributed to the angled shape of the ethanol molecule (cf. Figure 2) and the

different orientation of the hydroxyl group around the oppositely charged ions.

For illustration purposes, the typical orientation of the ethanol molecules around

a cation and anion, respectively, is shown in Figure 9. In case of the cations, the

negatively charged hydrogen atom of the hydroxyl group and,in case of the an-

ions, the positively charged oxygen atom points towards theion, cf. Figure 9. The

particular behaviour ofrmax,1 is additionally increased by the electrostatic repul-

sion of the positively charged methylene group around cations and its attraction

around anions, respectively.
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4.4. Solvation number

The solvation numberni−O of ethanol molecules in the first solvation shell around

the alkali cations and halide anions was determined at 298.15 K. The calculation

of ni−O is based on the RDFgi−O(r) from Section 4.3.

The simulation results ofni−O around the different ions in ethanolic solutions are

shown in Figure 10 and listed in Table 8. In case of the alkali cations, an in-

crease of the solvation number with increasing ion size is found as a bigger ion

surface provides more space for the attachment of the ethanol molecules. How-

ever, around the alkali anionsni−O slightly decreases with the size of the ions

from Cl− to I−, cf. Figure 10 and Table 8. In this case, the influence of the bigger

ion surface onni−O is suppressed by the effect, that with increasing ion size the

electrostatic attraction of the ion on the solvent moleculedecreases. Hence, an at-

tachment of ethanol molecules in the solvation shell aroundthe ions is less likely

to occur. This behaviour was also observed in electrolyte solutions with a different

alcoholic solvent, i.e. in systematic simulation studies of the solvation number in

methanolic alkali halide salt solutions published by Chowdhuri and Chandra [58]

and by Reiser et al. [4]. The present results are in very good agreement with the

simulation data fornLi−O andnNa−O in ethanolic electrolyte solutions published

by Zeng and co-workers [18, 19].

4.5. Solvation dynamics

The residence timeτi−O of ethanol molecules in the first solvation shell around the

alkali cations and halide anions was determined at 298.15 K by MD simulation.

The simulation results ofτi−O were determined under the same conditions in the

same ethanolic electrolyte solutions as the RDF in Section 4.3.

The residence timeτO−O of an ethanol molecule around a neighboring molecule
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in pure liquid ethanol was determined by MD simulation at thesame conditions

and was found to beτO−O= 2.4 ps. This time span was set to the period of short

time unpairing, which is fully accounted to the calculationof τi−O during the sim-

ulation (cf. Section 3).

The simulation results of the residence timeτi−O of ethanol around the differ-

ent ions are listed in Table 8. Around the alkali cations, a substantial decrease

of the residence time with increasing size of the ions is observed, cf. Table 8.

With increasing size, the electrostatic interaction between the ion and the solvent

molecules decreases and hence the ethanol molecules are more likely to leave the

first solvation shell around the ions. In case of the halide anions, the electrostatic

attraction between ions and ethanol molecules in the solvation shell is weak in

comparison to the significant smaller alkali cations. Hence, the observed resi-

dence timeτi−O of ethanol molecules around the halide anions is only slightly

above the residence timeτO−O in pure liquid ethanol.

4.6. Self-diffusion coefficient

The self-diffusion coefficientDi of the alkali cations and halide anions was deter-

mined by MD simulation at 298.15 K and low salinity (xi= 0.001 mol/mol).

The simulation results of the self-diffusion coefficient ofthe investigated ions in

ethanolic solution are shown in Figure 11 and listed in Table8. An ion propagates

together with its solvation shell through the electrolyte solution, and hence the

ion motion is dominated by the effective radius of this ion-ethanol complex [6].

The formation of this complex is more pronounced the stronger the electrostatic

interaction within the solvation shell [6]. In case of the alkali cations, the self-

diffusion coefficient of Li+ and Na+, which have almost the same size, and the

considerably larger K+ are identical within their statistical simulation uncertain-
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ties, cf. Figure 11 and Table 8. The underlying identical effective radius of the

different ion-ethanol complexes can be attributed to the compensation of the in-

fluence of the decrease of the electrostatic attraction in the solvation shell by the

increase of the ion diameter itself with increasing size of these cations. In case of

the anions, a small increase of the self-diffusion coefficient with increasing size

of the ions can be observed, cf. Figure 11 and Table 8. It is attributed to less

pronounced ion-ethanol complexes due to decreasing electrostatic interaction be-

tween the anions and the ethanol molecules with increasing ion size. There is only

a slight relative increase of the ion diameter from Cl− to I− and hence the influence

of the ion diameter on the ion-ethanol complex around the anions is weak.

4.7. Electric conductivity

The electric conductivityσ of ethanolic sodium bromide and iodide salt solutions

was determined at various concentrations at 298.15 K. Thesespecific alkali halide

salts were chosen because sufficient experimental data are available in the litera-

ture [59, 60].

The electric conductivity of the ethanolic NaBr and NaI salt solutions is shown

in Figure 12. The predictions from molecular simulation follow the trend of the

experiments [59], i.e. the changes of the absolute value ofσ become smaller at

higher concentrations. At low salinity, the electric conductivity of the ethanolic

electrolyte solutions is well predicted by molecular simulation. With increasing

concentration, an increasing mismatch between the simulation results ofσ and the

experimental data is observed. However, the deviations arethroughout below the

statistical uncertainties of the molecular simulation.
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5. Conclusions

The density of all soluble ethanolic alkali halide salt solutions was determined at

concentrations up to 0.05 mol/mol or 90 % of the solubility limit in a temperature

range from 298.15 to 328.15 K at 1 bar both by experiment and molecular simula-

tion. Furthermore, the radial distribution function of theethanol sites around the

ions, the solvation number and the residence time of ethanolmolecules in the first

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

electric conductivity of ethanolic electrolyte solutionswere determined by molec-

ular simulation. The molecular force fields of the ions and ethanol were taken

from previous work of our group and were not adjusted to properties of ethanolic

alkali halide salt solutions.

The present experimental data of the density of ethanolic alkali halide salt solu-

tions are in excellent agreement with data from the literature. Prior to this work,

there was a lack of experimental density data both for LiBr andLiI solutions at

298.15 K. In case of the three other investigated temperatures, namely 308.15,

318.15 and 328.15 K, experimental density data of ethanolicalkali halide salt so-

lutions were entirely missing in the literature. It is foundthat there is a linear

relation between the density of the solutionρ and the ion mole fractionxi. The

predictions of the slopesa of that relation for the different salts and of the reduced

densityρ̃ of the solutions are in good agreement with the experimentaldata. There

is almost no influence of the temperature on the reduced density and the slopea,

which is well predicted by the molecular simulation. The prediction of these prop-

erties with ion force fields adjusted in aqueous solutions isfeasible, as there is the

same group of the solvent molecules in the same distance in the direct surrounding

of the ions in both aqueous and ethanolic alkali halide solutions (primary effect).
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Furthermore, the orientation of the ethanol molecules in the solvation shell around

the ions (secondary effect) is predicted correctly by the molecular simulation.

In the RDF of the ethanol sites around the ions, the position ofthe first maxi-

mumrmax,1 for the hydroxyl groupgi−O(r) was found to be closer to both cations

and anions than for the methylenegi−CH2(r) and the methyl groupgi−CH3(r).

A remarkable finding is the different order of the first maximaof gi−CH2(r) and

gi−CH3(r) around cations and anions. The methylene group of the ethanol molecule

is around cations closer to the ion than the methyl group, which is obverse around

the anions. This change in the order ofrmax,1 around the oppositely charged ions

can be attributed to the angled shape of the ethanol molecule, the different ori-

entation of the hydroxyl group around the ions and the interaction between the

charge and the methylene group. Unfortunately, experimental data of the RDF

of the ethanol sites around the alkali cations and halide anions are missing in the

literature. It will be interesting to compare the present predictions to experimental

data when such data will hopefully become available in the future.

The decline of the electrostatic interaction between the ion and the solvent is the

reason for the decrease of the residence timeτi−O of ethanol molecules in the first

solvation shell with increasing size of the cations. In caseof the anions, where the

electrostatic attraction between ions and surrounding ethanol molecules is weaker,

τi−O is only slightly longer thanτO−O in pure liquid ethanol.

The increase of the self-diffusion coefficientsDi with increasing size of the ions

can be attributed to the decreasing effective radius of the ion-ethanol complex,

which typically dominates the mobility of the ion in the solution. However, with

increasing size of the ion the effective radius of the ion-ethanol complex is in-

creasingly influenced by the ion diameter itself. These opposing effects are the

17



reason for similar values forDi in case of different alkali cations in ethanolic

electrolyte solutions. The predictions from molecular simulation of the electric

conductivityσ of ethanolic NaBr and NaI salt solutions are found to be in good

agreement with experimental data from the literature.

The present study of ethanolic electrolyte solutions generalizes our previous work

on aqueous and methanolic electrolyte solutions. They suggest that the present

methodology should also yield good results for electrolytesolutions of alkali

halide salts in other alcohols.
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Appendix: Simulation details

All simulations of this study were carried out with the simulation programms2 [57].

In ms2, thermophysical properties can be determined for rigid molecular models

using Monte-Carlo (MC) or molecular dynamics (MD) simulationtechniques. 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
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determined explicitly for distances smaller than the cut-off radiusrc. The thermo-

stat incorporated inms2 is velocity scaling. The pressure is kept constant using

Andersens barostat in MD, and random volume changes evaluated according to

Metropolis acceptance criterion in MC, respectively. The simulation uncertainties

were estimated with the block average method by Flyvberg andPetersen [61].

The liquid density of ethanolic alkali halide solutions wasdetermined with the

MC technique in the isothermal-isobaric (NpT ) ensemble at a constant pressure

of 1 bar for different temperatures and compositions. Depending on the compo-

sition, the simulation volume contained 2 to 50 cations. Themolecule number

in the simulations was set at least toN = 1000 and increased up toN = 1111. A

physically reasonable configuration was obtained after5000 equilibration loops in

the canonical ensemble (NV T ), followed by80,000 relaxation loops in theNpT

ensemble. Thermodynamic averages were obtained by sampling 512,000 loops.

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

mechanical degrees of freedom of the system. Electrostaticlong range contribu-

tions were considered by Ewald summation [62] with a real space convergence

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

of 21 Å.

For the calculation of structural and dynamic properties ofthe ethanolic elec-

trolyte solutions, MD simulations were carried out. In a first step, the density of

the ethanolic alkali halide solution was determined by anNpT 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 mo-
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tion were solved with a Gear predictor-corrector scheme of fifth order with a time

step of 1.2 fs. The long-range interactions were consideredby Ewald summa-

tion [62].

The self-diffusion coefficient of the ions [63] and the electric conductivity of the

solution [64] were calculated with the Green-Kubo formalism [65, 66]. For simu-

lations in theNpT ensemble, a physically reasonable configuration was attained

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

ensemble, followed by a production run over800,000 time steps. In theNV T en-

semble, the equilibration was carried out over150,000 time steps, followed by a

production run of6,000,000 time steps for the calculation of the self-diffusion

coefficient and the electric conductivity. The sampling length of the velocity

and the electric current autocorrelation functions was setto 14 ps and the sep-

aration between the origins of two autocorrelation functions was 0.1 ps. Within

this time span, all correlation functions decayed to less than 1/e of their normal-

ized 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 of the finite size effect on the simulation results.Using the Green-Kubo

formalism [65, 66] for the calculation of transport properties of aqueous systems,

Guevara-Carrion et al. [27] showed that the finite site effectsaturates with increas-

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

molecules [27]. For the calculation of the self-diffusion coefficient, the simula-

tion volume contained 4990 ethanol molecules, 5 alkali ionsand 5 halide ions.

The electric conductivity was determined for different compositions. Hence, the

number of ions in the simulation volume varied from 7 to 145. The real space and

LJ cut-off radius was set to 30̊A.
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The radial distribution function and the residence time were determined by molec-

ular simulation of systems containing 2 cations, 2 anions and 996 ethanol molecules.

For simulations in theNpT ensemble, the system was equilibrated over10,000

time steps in theNV T ensemble and100,000 time steps in theNpT ensemble,

followed by a production run over2,000,000 time steps. The resulting density

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

RDF of ethanol around the ions. The RDF was sampled up to a cut-off radius of

21 Å with 704 bins. The results for the position of the first minimum of the RDF

were used in a secondNV T ensemble simulation with the same density for the

determination of the residence time of ethanol molecules around the ions. In both

NV T simulations, the system was equilibrated over100,000 time steps, followed

by a production run of1,000,000 time steps.

The same process was applied for the calculation of the pure ethanol properties,

i.e. the residence time of ethanol molecules around each other.
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Figure 1: Density of pure liquid ethanol as a function of temperature at 1 bar.
Simulation results from the present work (▼) are compared to present experi-
mental data (△). The line indicates a correlation of experimental data from the
literature [30].
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Figure 2: Geometry of the ethanol model by Schnabel et al. [25]: Si indicates the
model interaction sitei.
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Figure 3: Density of ethanolic lithium chloride, lithium and sodium bromide and
lithium, sodium and potassium 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: Kawaizumi and Zana [9](◻), Vosburgh et al. [8](☆), Eliseeva
et al. [11](×), Glugla et al. [10](△), Held et al. [12](◇), Taniewska-Osinska and
Chadzynski [14](▽), Nowicka et al. [16](▽), Lauermann [15](△), Partington and
Simpson [13](○).
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Figure 4: Density of pure ethanol (○) and ethanolic sodium iodide salt solutions
as a function of temperature at ion mole fractions ofxi = 0.01 (▼), 0.02 (◇), 0.03
(▲), 0.04 (◻) and 0.05 mol/mol (●) and 1 bar. The symbols represent the present
experimental data and the lines are guides for the eye.
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Figure 5: Reduced density of ethanolic lithium chloride, lithium and sodium bro-
mide and lithium, sodium and potassium iodide salt solutions as a function of the
ion mole fraction at 1 bar. Present simulation data (symbols) are compared to cor-
relations of the present experimental data (lines): 298.15K (○, —) and 328.15 K
(×, ⋯). For several solutions the lines and symbols of the different temperatures
lie upon each other.
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Figure 6: Slope of the density of ethanolic alkali halide salt solutions over the ion
mole fraction (cf. Eq. 5) at 1 bar. Present simulation data (symbols) are compared
to present experimental data (lines): 298.15 K (○, —) and 328.15 K (×, ⋯). For
several solutions the lines and symbols of the different temperatures lie upon each
other.
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Figure 7: Radial distribution function of the oxygen atom (—), the methylene
(⋅ ⋅ ⋅) and the methyl group (- - -) of ethanol around Na+ (top) and Cl− (bottom)
in ethanolic solution (xi=0.002 mol/mol) at 298.15 K and 1 bar. The LJ size
parameters areσNa=1.89Å, andσCl=4.41Å.
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Figure 8: Position of the first maximum of the radial distribution function of the
oxygen atom (●), the methylene (△) and the methyl group (∎) of ethanol around
the alkali cations and halide anions in ethanolic solution (xi=0.002 mol/mol) at
298.15 K and 1 bar. For lithium and sodium, the LJ size parameters are almost
identical and the simulation results are identical within their statistical uncertain-
ties.
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(a) (b)

Figure 9: Screenshot of the molecular simulation of ethanolic NaCl salt solution
at 298.15 K and 1 bar. All molecules are faded out except of onesodium cation
(green) (a) and chloride anion (orange) (b), respectively,and one ethanol molecule
of the corresponding solvation shell. The hydroxyl group ofthe ethanol molecule
consists of the white hydrogen and the blue oxygen atom. The methylene and
methyl group are represented by the purple and red sphere, respectively.
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Figure 10: Solvation number of the first solvation shell around the alkali cations
(●) and halide anions (∎) in ethanolic solution (xi=0.002 mol/mol) at 298.15 K
and 1 bar. For lithium and sodium, the LJ size parameters and the simulation
results are almost identical.

30



Figure 11: Self-diffusion coefficient of alkali cations (●) and halide anions (∎) in
ethanolic solutions (xi = 0.001 mol/mol) at 298.15 K and 1 bar. For lithium and
sodium, the LJ size parameters and the simulation results are almost identical.
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Figure 12: Electric conductivity of ethanolic sodium bromide and iodide salt so-
lutions as a function of the ion mole fraction at 298.15 K and 1bar. Present sim-
ulation data (●) are compared to experimental data from the literature: Nikitina et
al. [59] (◻) and Sukhotin and Timofeeva [60] (◇).
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Table 1: Purity and supplier of the alkali halide salts.

salt purity supplier
LiCl ≥ 99 % Merck
LiBr ≥ 99.999 % Roth
LiI ≥ 99 % AlfaAesar
NaBr ≥ 99 % Merck
NaI ≥ 99.5 % Roth
KI ≥ 99 % Fluka
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Table 2: LJ size parameterσ, LJ energy parameterε, point charge and geometry
parameters of the ethanol force field, cf. Figure 2. The parameters were taken
from previous work [25].

Site σ / Å ε/kB / K q / e
SCH3 3.6072 120.15 0
SCH2 3.4612 80.291 +0.25560
SOH 3.1496 85.053 -0.69711
SH 0 0 +0.44151

h1 / Å h2 / Å h3 / Å
1.98429 1.71581 0.95053
γ1 / ○ γ2 / ○

90.950 106.368

Table 3: LJ size parameterσ of alkali and halide ions. The LJ energy parameter
ǫ/kB is 200 K throughout. The parameters were taken from previouswork [5, 6].

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
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Table 4: Experimental data of the densityρ of ethanolic alkali halide salt solutions
and pure ethanol at 1 bar. The uncertainty inxi is estimated to be better than
±0.00001 mol/mol. The uncertainty of the density and temperature measurements
is found to be better than±0.0001 g/cm3 and±0.1 K, respectively.

T / K 298.15 308.15 318.15 328.15
salt xi / mol mol−1 ρ / g cm−3

LiCl 0.01000 0.7928 0.7844 0.7757 0.7669
0.02000 0.8001 0.7918 0.7834 0.7747
0.03000 0.8069 0.7987 0.7903 0.7818
0.04000 0.8148 0.8067 0.7985 0.7902
0.05000 0.8229 0.8150 0.8069 0.7986

LiBr 0.01000 0.8000 0.7915 0.7828 0.7739
0.02000 0.8147 0.8063 0.7977 0.7889
0.03000 0.8294 0.8211 0.8126 0.8039
0.04000 0.8447 0.8364 0.8280 0.8194
0.05000 0.8602 0.8520 0.8437 0.8352

LiI 0.01000 0.8068 0.7982 0.7895 0.7806
0.02000 0.8276 0.8191 0.8104 0.8015
0.03000 0.8502 0.8417 0.8330 0.8242
0.04000 0.8721 0.8636 0.8550 0.8462
0.05000 0.8963 0.8879 0.8792 0.8704

NaBr 0.00180 0.7882 0.7796 0.7708 0.7618
0.00360 0.7910 0.7824 0.7736 0.7646
0.00540 0.7939 0.7853 0.7765 0.7676
0.00720 0.7967 0.7881 0.7794 0.7704
0.00900 0.7996 0.7910 0.7823 0.7733

NaI 0.01000 0.8081 0.7994 0.7906 0.7816
0.02000 0.8310 0.8224 0.8135 0.8045
0.03000 0.8544 0.8457 0.8368 0.8277
0.04000 0.8782 0.8694 0.8605 0.8514
0.05000 0.9025 0.8937 0.8847 0.8755

KI 0.00113 0.7881 0.7795 0.7707 0.7616
0.00225 0.7908 0.7822 0.7734 0.7644
0.00338 0.7936 0.7850 0.7762 0.7671
0.00450 0.7962 0.7875 0.7787 0.7697

EtOH 0.7852 0.7766 0.7678 0.7587
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Table 5: Slopea of the densityρ of ethanolic alkali halide salt solutions over the
ion mole fractionxi at 1 bar. The standard deviation∆ρ of the correlation for the
density of ethanolic electrolyte solutions (Eq. (5)) is forall studied alkali halide
salts below±0.001 g/cm3.

T / K 298.15 328.15 298.15 328.15 298.15 328.15
Salt a / g cm−3 Salt a / g cm−3 Salt a / g cm−3

LiCl 0.74 0.79
LiBr 1.49 1.52 NaBr 1.60 1.62
LiI 2.19 2.20 NaI 2.33 2.32 KI 2.47 2.47

Table 6: Molecular simulation data of the densityρ of ethanolic alkali halide salt
solutions and pure ethanol at 1 bar. The statistical uncertainties of the densities
are throughout below±0.0003 g/cm3.

T / K 298.15 308.15 318.15 328.15
salt xi / mol mol−1 ρ / g cm−3

LiCl 0.01000 0.7950 0.7867 0.7766 0.7677
0.03000 0.8054 0.7972 0.7877 0.7785
0.05000 0.8144 0.8048 0.7950 0.7875

LiBr 0.01000 0.8032 0.7940 0.7845 0.7750
0.03000 0.8281 0.8197 0.8120 0.8015
0.05000 0.8510 0.8430 0.8319 0.8227

LiI 0.01000 0.8109 0.8019 0.7922 0.7812
0.03000 0.8501 0.8404 0.8292 0.8209
0.05000 0.8879 0.8809 0.8708 0.8609

NaBr 0.00180 0.7938 0.7843 0.7736 0.7642
0.00540 0.7987 0.7893 0.7793 0.7693
0.00900 0.8050 0.7961 0.7867 0.7759

NaI 0.01000 0.8137 0.8047 0.7949 0.7839
0.03000 0.8587 0.8489 0.8377 0.8292
0.05000 0.9027 0.8956 0.8853 0.8752

KI 0.00225 0.7956 0.7856 0.7762 0.7661
0.00450 0.8008 0.7920 0.7818 0.7716

EtOH 0.7899 0.7800 0.7705 0.7603
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Table 7: RDF of the oxygen atomgi−O(r), the methylenegi−CH2(r) and the
methyl groupgi−CH3(r) of ethanol around the alkali and halide ionsi in ethanolic
solutions (xi =0.002 mol/mol) at the first maximumrmax,1, first minimumrmin,1

and second maximumrmax,2 at 1 bar.

rmax,1 / Å g(rmax,1)
Ion i-O i-CH2 i-CH3 i-O i-CH2 i-CH3
Li+ 2.211 3.555 3.196 28.569 6.342 4.303
Na+ 2.211 3.585 3.166 28.866 6.231 4.199
K+ 2.688 4.003 3.495 16.406 4.662 3.582
Cl− 3.435 4.152 5.855 8.033 4.845 3.287
Br− 3.495 4.182 5.945 7.233 4.644 3.116
I− 3.644 4.331 6.064 6.185 4.272 2.854

rmin,1 / Å g(rmin,1)
Ion i-O i-CH2 i-CH3 i-O i-CH2 i-CH3
Li+ 2.987 4.272 4.092 0.016 0.050 0.448
Na+ 2.957 4.272 4.092 0.019 0.049 0.466
K+ 3.585 4.809 4.750 0.110 0.199 0.626
Cl− 4.182 5.676 6.811 0.391 0.842 0.856
Br− 4.272 5.526 6.811 0.404 0.811 0.815
I− 4.421 5.825 7.050 0.447 0.784 0.820

rmax,2 / Å g(rmax,2)
Ion i-O i-CH2 i-CH3 i-O i-CH2 i-CH3
Li+ 4.451 5.765 6.871 1.852 1.188 1.323
Na+ 4.421 5.765 6.871 1.725 1.180 1.336
K+ 4.809 6.124 7.319 1.317 1.027 1.302
Cl− 5.377 6.064 7.826 1.463 0.880 0.995
Br− 5.317 6.303 8.006 1.433 0.866 0.977
I − 5.437 6.572 8.125 1.478 0.846 0.964
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Table 8: Solvation numberni−O and residence timeτi−O of ethanol molecules in
the first solvation shell around the alkali and halide ionsi in ethanolic solutions
(xi = 0.002 mol/mol) and their self-diffusion coefficientDi in ethanolic 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+ 4.0 (2) 91 (5) 4.3 (5)
Na+ 4.0 (2) 72 (3) 4.6 (4)
K+ 5.0 (2) 14 (1) 4.5 (3)
Cl− 5.4 (2) 2.7 (2) 5.3 (2)
Br− 5.2 (2) 4.3 (3) 5.5 (2)
I− 5.0 (2) 2.8 (2) 6.1 (2)
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