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Abstract

The density of ethanolic electrolyte solutions of all sddublkali halide salts
(LiCl, LiBr, Lil, NaBr, Nal, and KI) is studied at 298.15, 308.1818.15, and
328.15 K at concentrations up to 0.05 mol/mol or 90 % of thalsibty limit both

by experiment and molecular simulation. The force fieldsldse describing the
ions are of the Lennard-Jones (LJ) plus point charge tygeethanol force field
is of the LJ plus partial charges type. All force fields wereetafrom previous
work of our group and where adjusted to properties of aqueolugions in case
of the ions [J. Chem. Physl36, 084501 (2012), J. Chem. Phy$40, 044504
(2014)] and to pure component properties [Fluid Phase bBg@iB6, 272 (2005)]

in case of the solvent. The Lorentz-Berthelot combining rslesed to deter-
mine the mixed interactions between ions and ethanol. Tasept simulations
are hence predictions as no parameters are adjusted tateed ethanolic elec-
trolyte solutions. The predictions of the reduced densig/faund to be in good
agreement with the experimental data. Furthermore, thalrdigtribution func-

tion of the ethanol sites around the ions, the solvation rermaind the residence
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time of ethanol molecules in the first solvation shell, thie-gefusion coefficient
of the ions and the electric conductivity are systematycsiiidied by molecular
simulation and compared to experimental data where availab

Keywords: ethanolic electrolyte solutions, alkali halide salts, slgn

measurements, molecular simulation

1. Introduction

In the last decades, organic electrolyte solutions haverbedncreasingly im-

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

istry [1, 2]. The investigation of the thermodynamic prdpes of organic elec-
trolyte solutions is therefore of particular interest [3].

We recently published a comprehensive molecular simuiaiody of thermody-

namic properties of methanolic alkali halide salt solusipf] with classical force

fields, which were taken from previous work of our group. Tdreforce fields had
been adjusted to properties of aqueous alkali halide shitisos [5, 6] and the

solvent methanol to pure component properties [7]. No patara were adjusted
to properties of methanolic electrolyte solutions. Thedpréons of the reduced
density, i.e. the density of the electrolyte solution daddby the density of the
pure solvent at the same temperature, were found to be ingaegl agreement
with experimental data over a wide temperature and coratmtrrange [4]. The
same holds for other studied properties which include: tts¢ finaximum in the

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

methanol molecule around the ions, the solvation numbeisetf-diffusion coef-

ficient of the ion in the solution, and the electric condutfivSuch good agree-

ment could not be expected a priori. To see whether the eagog findings for



the methanolic electrolyte solution were just a lucky caleace or whether our
approach is capable of predicting thermodynamic propedii@rganic electrolyte
solutions more generally, the present study extends thvéguework to ethanolic
alkali halide salt solutions. The methodology is largelgh@nged and therefore
only briefly described here.

The main focus was again on the reduced density of the elgietrsolutions. As
there is a lack of experimental density data in the litegttive density of ethano-
lic electrolyte solutions of all soluble alkali halide sal(tLiCl, LiBr, Lil, NaBr,
Nal and KI) was studied systematically not only by molecsilanulation but also
by experiments at temperatures between 298.15 and 328.h8 Kadt concentra-
tions up to 0.05 mol/mol or 90 % of the solubility limit. At 2%5 K, there is
literature data in that concentration range for LiCl [8, 9, 1D, 12], NaBr [9, 12],
Nal [13, 9, 14, 15, 10, 16, 12], and KI [9] but not for LiBr [10, Jl&nd Lil [10, 12]
solutions. At the other investigated temperatures, nar8éB.15, 318.15 and
328.15 K, experimental density data of ethanolic alkalideakalt solutions was
up to now entirely missing in the literature. The molecuiandations were car-
ried out for the same temperature and composition as studige experiments
of the present work.

In the literature, there are only a few simulation studiegtmthermodynamic
properties of ethanolic alkali halide salt solutions [1Z, 18, 19]. Held et al. [12]
modeled the liquid densities, the osmotic coefficient, dredrhean ionic activity
coefficients of ethanolic electrolyte solutions with theCeBaft equation of state
and validated the results against own measurements. Zergpanorkers [18, 19]
investigated the structure of the solvent around amd N& and dynamic prop-

erties like the auto-correlation function of these ions thaaolic solutions by



Car-Parrinello molecular dynamics simulations. Yan et HI'] [used molecular
simulations with classical force fields to study osmoti@et$ in ethanolic NaBr
salt solutions with a membrane type simulation method [THe force field for
ethanol was taken from Jorgensen [20], that for the ions @ Br) from Jor-
gensen et al. [21]. A geometric mixing rule was used and reraation parame-
ters were adjusted [17]. To the best of our knowledge, noradports on molecu-
lar simulation with classical force fields of thermodynamioperties of ethanolic
alkali halide salt solutions are available in the literatur

Several ethanol force fields are available in the literafafe 22, 23, 24, 25].
From these, we have chosen one developed previously in oupdpy Schnabel et
al. [25] which is known to give good results both for thermodsgnic properties of
pure ethanol and ethanol-containing non-ionic mixturés g6, 27, 28, 29]. The
parameters of the ethanol model were adjusted to the vapodlequilibrium of
pure ethanol [25], namely the saturated liquid density &ed/apor pressure. The
temperature dependence of the density of pure liquid etlarobar is shown in
Figure 1. The density of pure ethanol is slightly overesteday the model over
the entire investigated temperature range. The highegtitavfrom experimen-
tal data of about 0.6 % is found at 298.15 K. With increasinggerature, the
deviations decrease.

The force fields used for the ions [5, 6] were taken from presiaork of our
group. Their parameters were adjusted with SPC/E water [8pfaperties of
aqueous electrolyte solutions, namely the reduced deniséyself-diffusion co-
efficient of the ions in the solution and the first maximum ie RDF of water
around the ions at 293.15 and 298.15 K, respectively, andr I5h&]. They

describe many thermodynamic properties of aqueous alkhdidsolutions well,



also outside the range they were adjusted to [5, 6, 32]. Aaiistaidy on methano-

lic electrolyte solutions [32], Lorentz-Berthelot combrigirules were used to de-
termine the mixed interactions between ions and solvennarghrameters were
adjusted to the properties of ethanolic alkali halide s@litsoons so that all simu-

lations results presented here are predictions.

A focus of the present study was to evaluate predictiondi®reduced density of

the solution which is defined as

=L (1)
PEtOH

wherepg:on IS the density of pure ethanol at the same temperature asduyee
as the density of the solutign It is used as reference property to minimize the
influence of the error in the ethanol model on the simulatesults, cf. Figure 1.
For the calculation of the reduced density, the density oémihanol has to be
known. In the case of experimental data, it is taken from tlesgnt measure-
ments of pure ethanol, in the case of simulation results,determined in present
pure ethanol simulations.

Besides the reduced density also, structural, dynamic,randgort properties of
ethanolic alkali halide salt solutions were systematjcatlidied in the present
work by molecular simulation at 298.15 K and compared to erpental litera-
ture data where available.

Throughout this study all properties were investigatedrland the composition

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

n;
oM 2
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wheren; is the mole number of each ion type ang,oy the mole number of
ethanol molecules in the electrolyte solution. For the difigudied here, the ion
mole fraction of the anions and the cationgi®ach. Some other studies quantify
the salinity in terms of the overall salt mole fraction, redjag the salt as a single

component. The ion mole fractian is related to the overall salt mole fractiop

ns

3)

xrg =
ng + nNw

by

(4)

as the mole number of salt in the solutiomis= n; here.

In Section 2 of the present paper, the experiments are descriThe employed
force fields and the simulation methods are introduced iti@e8. In Section 4,
the experimental data and the simulation results are piegand discussed. Sec-

tion 5 summarizes the main statement from the present work.

2. Experiments

For the preparation of the ethanolic alkali halide saltB8ohs pure ethanok99.9 %,
ROTISOLV Roth) was used. The purity and the supplier of thalalkalide salts
are shown in Table 1. The treatment of the salts, the preparat the samples of
electrolyte solutions and the density measurements angéicdéto the procedures
described in detail in recent work [4]. The uncertainty af ttoncentratior; is
estimated by error propagation considering the resolufahe balance and the
error by determining the concentrations gravimetricadlyé for all samples be-

low £0.00001 mol/mol. Based on the resolution of the densimetkresults from



the repetition of experiments at the same conditions, ticeiainty of the density

measurements was found to be better th@®001 g/cri. The uncertainty of the

temperature measurements is better th@ii K. In the literature, several publica
tions of the solubility limit of alkali halide salts in ethahare available [33, 34,
35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 55 B5153]. The anal-
ysis of these data reveals that most alkali halide saltsrayesoluble in traces in
ethanol. However, the solubility limit of LiCl [52], LiBr [4Q]Lil [34], NaBr [41],

Nal [41] and KI [41] is high enough to cover a reasonable catregion range

both for the experiments and the molecular simulations.

3. Molecular simulation

In this study, rigid, non-polarizable force fields of the lidns) and united-atom
LJ (EtOH) type with superimposed point charges were used.fdite fields for
ethanol [25] and the alkali cations and halide anions [5, &jertaken from previ-
ous work of our group. The ethanol model consists of threeedratom LJ sites
which account for repulsion and dispersion of the methylerethyl and hydroxyl
group. To model both polarity and hydrogen bonding, thereghanodel addition-
ally possesses three point charges which are located agiberof the methylene
group and the position of the oxygen and hydrogen atom of yieaxy! group.
Figure 2 shows the geometry of the ethanol force field andartarpeters are listed
in Table 2. The ion force fields consist of one LJ site and a epfric point charge
with the magnitude of1 e. Their LJ parameters are specified in Table 3. For the
unlike LJ parameters of all interactions, i.e. ion-solvant ion-ion (different
types), the Lorentz-Berthelot [54, 55] combining rules wesed.

In the present study, the reduced density of the solutidresradial distribution



function of the hydroxyly;_o(r), the methyleneg,_cu2(r) and the methyl group
gi-cus(r) of ethanol around the iofy the solvation numbenr; o and the resi-
dence timer;_o of ethanol molecules in the first solvation shell around the i
the self-diffusion coefficienD; of the ions, and the electric conductivityof the
solutions were determined by molecular simulation at 29& 1The methods for
the calculation of these properties are described in detgtevious work [4].
For the determination af;_o(r) the position of the hydroxyl group and fef_g
andr;_o the position of the ethanol molecule is represented by tiséipno of the
oxygen atom. All properties of ethanolic electrolyte smos were determined at
low salinity (except the reduced density), and hence theiukation results are
almost independent on the counterion in the solution.

Following a proposal by Impey et al. [56], unpairing of an iand an ethanol
molecule was defined to occur if their separation lasteddotigan the average
residence time_p of an ethanol molecule around a neighboring molecule in a
pure bulk ethanol simulation at the same conditions. Howevehort-time pair-
ing of two particlesr;_o < 70_o was fully accounted for in the calculatiop .

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 electrolyteitsms of all soluble
alkali halide salts as well as for pure liquid ethanol aresprged in Table 4.

In Figure 3, the present experimental density data of efiaglectrolyte solutions

are compared to literature data [8, 9, 10, 11, 12, 13, 14, 8Fat1298.15 K over
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the entire investigated concentration range. The dewviatioom the literature
data are generally below 0.1 %, for the LiBr and Kl salt solsieven below
0.05 %. For one data point of Held et al. [12] for LiCl salt s@uas at high
concentration the deviation is slightly above 0.1 %. Howgtlee deviations from
the data of Vosburgh et al. [8] in the same regime are belovi4).&f. Figure 3.
The deviation from the data of Partington and Simpson [18hse of Nal is 1.1 %
at the highest concentration measured by these authors fiagpa that it is below
0.05 %. According to Figure 3, there is also a mismatch batvileis data point
of Partington and Simpson [13] and the remaining literatla® [14, 15, 10, 12].
Figure 3 and Table 4 reveal that the dengitincreases linearly with increasing
ion mole fractionz; at a given temperature for all investigated ethanolic alkal

halide salt solutions:

p(x:,T) = peiou(T) +a(T) - z; . ©))

The numbers for the slopesat 298.15 and 328.15 K obtained for each salt from
a linear fit to the experimental data of the present work arergin Table 5. The
standard deviation of the linear correlation of the denadgording to Eq. (5), is
below +0.001 g/cm for all studied solutions. As can be seen from Table 5, the
slopes: depend on the salt but are almost independent on the teraperitence,
the temperature dependence of the density of the studied@tb alkali halide
salt solutions is determined only by the temperature deperel of the density
of pure ethanol. In Figure 4, the temperature dependendeeadénsity of pure
ethanol and of the different investigated Nal salt solugigshown as an example.
The reduced densify of the electrolyte solutions is therefore almost indepahde

on the temperature as well.



4.2. Comparison of simulation results and experimental idgdata

The simulation results for the densjtyof 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 foe reduced density
of the studied electrolyte solutions are compared to thegueexperimental data
at 298.15 and 328.15 K. At 298.15 K, an fair agreement betvgganlation re-
sults and experimental data is found in case of the lithiuhdégLiCl, LiBr and
Lil) salt solutions. The deviations increase up to 1.7 % atiighest investigated
concentration. In case of the remaining alkali halide ddiEr, Nal, KI) solu-
tions, a good agreement with deviations below 0.5 % betwaweulation results
and experimental data is found over the entire investigatettentration range,
cf. Figure 5. The experimental data pfare found to be almost temperature-
independent, which is well predicted by the simulation lssef. Figure 5.

At a given temperature, the simulation results of the dgnsif all investigated
ethanolic electrolyte solutions increase linearly witbrgmasing ion mole fraction
x;, cf. EQ. 5. In Figure 6, the slopesof the ethanolic electrolyte solution density,
determined from the present experimental data, are compastmulation results
at 298.15 and 328.15 K. The predictions:dfom molecular simulation are found
to be almost temperature-independent, which is consistintthe experimental
data, cf. Figure 6. The slopencreases in general with increasing size both of the
cations and the anions, but that effect is more importanttferanions than it is
for the cations. This is a consequence of the different gearent of the ethanol
molecules in the solvation shell around the oppositelygdaions, cf. discussion

below.
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4.3. Structural properties

The RDF of ethanol around the alkali cations*(LINa*, and K-) and halide an-
ions (CF, Br-, and ) in ethanolic solutions was determined for the oxygen atom
gi-o(r), the methyleney;_cu2(r) and the methyl groug;_cus(r) by molecular
simulation at 298.15 K and low salinity:(= 0.002 mol/mol) in LiCl, NaBr and
Kl salt solutions.

The simulation results for the extrema of the RDF are listedahle 7. As an
example, the RDF of the ethanol sites around the sodium catidrthe chloride
anion are shown in Figure 7. As expected, the position of teerfiaximun,,,x 1

of g;_o(r) is for both cations and anions closer to the ion than ; of g;,_cu2(7)
and g;_cus(r), respectively (cf. Figure 7 and Table 7). The hydroxyl gradp
the ethanol molecules points towards the ion and the metaydad methyl group
generally face into the opposite direction. The positiorhef first maximum in
the RDF of the oxygen atom around the ions is identical torthe; data of
gi-o(r) in aqueous alkali halide salt solutions with SPC/E water [Bith previ-
ous work [6]. This was also observed by Zeng and co-worke8s 19] in their
simulation studies of L'i and N& in agueous and ethanolic solutions. Further-
more, the present,,.. 1 data ofg;_o () are identical to the corresponding simula-
tion results in methanolic electrolyte solutions determxiim recent work [4]. The
density is highly affected by the microscopic structureni@ ¢lectrolyte solutions.
The primary effect on this structure is the distance betwkenon and the near-
est site of the solvent molecules, which is identical in @yse methanolic and
ethanolic alkali halide salt solutions. The secondaryatifethe orientation of the
solvent molecules in the solvation shell around the ionscivts apparently well

predicted in the present molecular simulations of ethared&ctrolyte solutions.
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The simulation results of the position of the first maximunyaf, (), g;-cua2(r)
andg;_cus(r) are compared to each other in Figure 8. The LJ size paranadters
the lithium and sodium cation are almost identical;(= 1.88A, on, = 1.89A)
and hence the positions,, ; in the RDF of the oxygen atom, the methylene and
the methyl group of ethanol around the two cations are foamathe same within
their statistical uncertainties. According to Figure & gosition of the first max-
imum increases foy;_o(r), gi-cu2(r) andg;_cus(r) with increasing size of the
ions. In case of the anions a linear increase can be obseitledientical slopes
for the RDF of the different sites.

Especially remarkable is the change in the order of the fiestima of the methy-
lene and the methyl group around the cations and anionsjgird-8. While the
methyl group of the ethanol molecule is closer to the cattbas the methylene
group, this order is found to be obverse around the aniongrigures 7 and 8.
Furthermore, the distance between thg, ; data ofg;_cus(r) andg;_cu2(r) is
significantly larger around the anions than around the patidoth effects can
be attributed to the angled shape of the ethanol moleculeFigure 2) and the
different orientation of the hydroxyl group around the ogipely charged ions.
For illustration purposes, the typical orientation of thieamol molecules around
a cation and anion, respectively, is shown in Figure 9. I adghe cations, the
negatively charged hydrogen atom of the hydroxyl group andase of the an-
ions, the positively charged oxygen atom points towardsathecf. Figure 9. The
particular behaviour of,,.. ; is additionally increased by the electrostatic repul-
sion of the positively charged methylene group around natend its attraction

around anions, respectively.
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4.4. Solvation number

The solvation numbet;_o of ethanol molecules in the first solvation shell around
the alkali cations and halide anions was determined at 238.The calculation

of n,_o is based on the RDF;_o(r) from Section 4.3.

The simulation results of,_o around the different ions in ethanolic solutions are
shown in Figure 10 and listed in Table 8. In case of the alkafions, an in-
crease of the solvation number with increasing ion size usidoas a bigger ion
surface provides more space for the attachment of the dtharecules. How-
ever, around the alkali aniong_q slightly decreases with the size of the ions
from CI- to |-, cf. Figure 10 and Table 8. In this case, the influence of thgdoi
ion surface om;_¢ is suppressed by the effect, that with increasing ion siee th
electrostatic attraction of the ion on the solvent molecdereases. Hence, an at-
tachment of ethanol molecules in the solvation shell ardhedons is less likely
to occur. This behaviour was also observed in electrolyiigisos with a different
alcoholic solvent, i.e. in systematic simulation studiethe solvation number in
methanolic alkali halide salt solutions published by Chowdhnd Chandra [58]
and by Reiser et al. [4]. The present results are in very googkagent with the
simulation data forn;_o andny._o in ethanolic electrolyte solutions published

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

4.5. Solvation dynamics

The residence time_g of ethanol molecules in the first solvation shell around the
alkali cations and halide anions was determined at 298.1% KID simulation.
The simulation results of,_o were determined under the same conditions in the
same ethanolic electrolyte solutions as the RDF in Secti®n 4.

The residence timey_o of an ethanol molecule around a neighboring molecule

13



in pure liquid ethanol was determined by MD simulation at $hene conditions
and was found to bey_o= 2.4 ps. This time span was set to the period of short
time unpairing, which is fully accounted to the calculatafr;_o during the sim-
ulation (cf. Section 3).

The simulation results of the residence timey of ethanol around the differ-
ent ions are listed in Table 8. Around the alkali cations, lastantial decrease
of the residence time with increasing size of the ions is ntesk cf. Table 8.
With increasing size, the electrostatic interaction betw#he ion and the solvent
molecules decreases and hence the ethanol molecules adiketyrto leave the
first solvation shell around the ions. In case of the halideres) the electrostatic
attraction between ions and ethanol molecules in the sotvahell is weak in
comparison to the significant smaller alkali cations. Hernhe observed resi-
dence timer;_o of ethanol molecules around the halide anions is only diight

above the residence timg_o in pure liquid ethanol.

4.6. Self-diffusion coefficient

The self-diffusion coefficienD; of the alkali cations and halide anions was deter-
mined by MD simulation at 298.15 K and low salinity;£ 0.001 mol/mol).

The simulation results of the self-diffusion coefficienttbé investigated ions in
ethanolic solution are shown in Figure 11 and listed in T&bl&n ion propagates
together with its solvation shell through the electrolytdution, and hence the
ion motion is dominated by the effective radius of this idhaaol complex [6].
The formation of this complex is more pronounced the strotige electrostatic
interaction within the solvation shell [6]. In case of th&adi cations, the self-
diffusion coefficient of Lt and Na, which have almost the same size, and the

considerably larger Kare identical within their statistical simulation uncenta
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ties, cf. Figure 11 and Table 8. The underlying identica¢etie radius of the
different ion-ethanol complexes can be attributed to themensation of the in-
fluence of the decrease of the electrostatic attractiondrstivation shell by the
increase of the ion diameter itself with increasing sizehefse cations. In case of
the anions, a small increase of the self-diffusion coefficigith increasing size
of the ions can be observed, cf. Figure 11 and Table 8. It idateéd to less
pronounced ion-ethanol complexes due to decreasing edtatic interaction be-
tween the anions and the ethanol molecules with increasmgize. There is only
a slight relative increase of the ion diameter from ©l - and hence the influence

of the ion diameter on the ion-ethanol complex around theremis weak.

4.7. Electric conductivity

The electric conductivity of ethanolic sodium bromide and iodide salt solutions
was determined at various concentrations at 298.15 K. Tépmesafic alkali halide
salts were chosen because sufficient experimental dataaitalde in the litera-
ture [59, 60].

The electric conductivity of the ethanolic NaBr and Nal salusons is shown
in Figure 12. The predictions from molecular simulatioridal the trend of the
experiments [59], i.e. the changes of the absolute value lmécome smaller at
higher concentrations. At low salinity, the electric coatiity of the ethanolic
electrolyte solutions is well predicted by molecular siatidn. With increasing
concentration, an increasing mismatch between the simanlegsults otr and the
experimental data is observed. However, the deviationthaneghout below the

statistical uncertainties of the molecular simulation.
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5. Conclusions

The density of all soluble ethanolic alkali halide salt $ins was determined at
concentrations up to 0.05 mol/mol or 90 % of the solubilityitiin a temperature
range from 298.15 to 328.15 K at 1 bar both by experiment anideutar simula-
tion. Furthermore, the radial distribution function of teghanol sites around the
ions, the solvation number and the residence time of ethrantgcules in the first
solvation shell around the ions, the self-diffusion coedfit of the ions and the
electric conductivity of ethanolic electrolyte solutiomsre determined by molec-
ular simulation. The molecular force fields of the ions arttbabl were taken
from previous work of our group and were not adjusted to prigeeof ethanolic
alkali halide salt solutions.

The present experimental data of the density of ethandi@lidhalide salt solu-
tions are in excellent agreement with data from the litegatrior to this work,
there was a lack of experimental density data both for LiBr kihd@olutions at
298.15 K. In case of the three other investigated tempearsturamely 308.15,
318.15 and 328.15 K, experimental density data of ethaatkali halide salt so-
lutions were entirely missing in the literature. It is fouticat there is a linear
relation between the density of the solutipmnd the ion mole fraction;. The
predictions of the slopesof that relation for the different salts and of the reduced
densityp of the solutions are in good agreement with the experimelatizl. There
is almost no influence of the temperature on the reduced tgearsil the slope,
which is well predicted by the molecular simulation. Thedacéon of these prop-
erties with ion force fields adjusted in aqueous solutiorieasible, as there is the
same group of the solvent molecules in the same distance dfirdct surrounding

of the ions in both aqueous and ethanolic alkali halide swmist(primary effect).
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Furthermore, the orientation of the ethanol moleculesearsthivation shell around
the ions (secondary effect) is predicted correctly by théemdar simulation.

In the RDF of the ethanol sites around the ions, the positiotheffirst maxi-
MUM 7. 1 fOr the hydroxyl groupy;_o () was found to be closer to both cations
and anions than for the methylege cy»(r) and the methyl groug;_cus(r).
A remarkable finding is the different order of the first maxiofay;_cu»(r) and
gi-cus(r) around cations and anions. The methylene group of the dttrantecule
is around cations closer to the ion than the methyl groupc¢his obverse around
the anions. This change in the ordergf.; around the oppositely charged ions
can be attributed to the angled shape of the ethanol molethdedifferent ori-
entation of the hydroxyl group around the ions and the ictéva between the
charge and the methylene group. Unfortunately, experiahet#ta of the RDF
of the ethanol sites around the alkali cations and halidersnare missing in the
literature. It will be interesting to compare the presemeidctions to experimental
data when such data will hopefully become available in theréu

The decline of the electrostatic interaction between tineaiod the solvent is the
reason for the decrease of the residence timg¢of ethanol molecules in the first
solvation shell with increasing size of the cations. In aadbe anions, where the
electrostatic attraction between ions and surroundingrethmolecules is weaker,
Ti—o IS only slightly longer tharmo_o in pure liquid ethanol.

The increase of the self-diffusion coefficiedds with increasing size of the ions
can be attributed to the decreasing effective radius of dheethanol complex,
which typically dominates the mobility of the ion in the sttun. However, with
increasing size of the ion the effective radius of the idmabl complex is in-

creasingly influenced by the ion diameter itself. These epppeffects are the
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reason for similar values fob; in case of different alkali cations in ethanolic
electrolyte solutions. The predictions from molecular @imtion of the electric
conductivityo of ethanolic NaBr and Nal salt solutions are found to be in good
agreement with experimental data from the literature.

The present study of ethanolic electrolyte solutions gaimss our previous work
on aqueous and methanolic electrolyte solutions. Theyesighat the present
methodology should also yield good results for electrolgtéutions of alkali

halide salts in other alcohols.
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Appendix: Simulation details

All simulations of this study were carried out with the simtithn progranms2 [57].
In m, thermophysical properties can be determined for rigitecdar models
using Monte-Carlo (MC) or molecular dynamics (MD) simulattenhniques. For
all simulations, the LJ interaction partners are deterchiioe every time step and

MC loop, respectively. Interaction energies between mdéscand/or ions are
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determined explicitly for distances smaller than the déitadiusr.. The thermo-
stat incorporated ims2 is velocity scaling. The pressure is kept constant using
Andersens barostat in MD, and random volume changes eedl@aticording to
Metropolis acceptance criterion in MC, respectively. Theidation uncertainties
were estimated with the block average method by Flyvbergratdrsen [61].
The liquid density of ethanolic alkali halide solutions wédetermined with the
MC technique in the isothermal-isobariy/ (1) ensemble at a constant pressure
of 1 bar for different temperatures and compositions. Ddpgnon the compo-
sition, the simulation volume contained 2 to 50 cations. Wwecule number
in the simulations was set at leastd= 1000 and increased up t&y = 1111. A
physically reasonable configuration was obtained &fteéo equilibration loops in
the canonical ensemblé&/(/'T"), followed by80, 000 relaxation loops in theéVpT
ensemble. Thermodynamic averages were obtained by saniin000 loops.
Each loop consisted a¥xpr/3 steps, wheréVypr indicates the total number of
mechanical degrees of freedom of the system. Electrostaticrange contribu-
tions were considered by Ewald summation [62] with a reatepaonvergence
parameter = 5.6. The real space cut-off radius was equal to the LJ cut-oftisad
of 21 A.

For the calculation of structural and dynamic propertieshef ethanolic elec-
trolyte solutions, MD simulations were carried out. In atfgtep, the density of
the ethanolic alkali halide solution was determined by\g#¥" simulation at the
desired temperature, pressure and composition. Subdggquba self-diffusion
coefficient, the radial distribution function and the reside time were calculated
in the NV'T ensemble at the same temperature and composition with tisityle

resulting from the first step. In these MD simulations, Nevwdequations of mo-
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tion were solved with a Gear predictor-corrector schemetbfdirder with a time
step of 1.2 fs. The long-range interactions were considbyeBwald summa-
tion [62].

The self-diffusion coefficient of the ions [63] and the etectonductivity of the
solution [64] were calculated with the Green-Kubo formali€5, 66]. For simu-
lations in theNpT ensemble, a physically reasonable configuration was attain
by 10,000 time steps in théVV/T ensemble and00, 000 time steps in théVpT
ensemble, followed by a production run 080, 000 time steps. Inthé&V VT en-
semble, the equilibration was carried out o¥80, 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 samplingginof the velocity
and the electric current autocorrelation functions wasted4 ps and the sep-
aration between the origins of two autocorrelation funwdiovas 0.1 ps. Within
this time span, all correlation functions decayed to leas th/e of their normal-
ized value. The MD unit cell with periodic boundary conditsocontained 5000
molecules. This relative high number of molecules was usee to minimize the
influence of the finite size effect on the simulation resultsing the Green-Kubo
formalism [65, 66] for the calculation of transport propestof aqueous systems,
Guevara-Carrion et al. [27] showed that the finite site effatirates with increas-
ing number of molecules. No significant differences wereeoled above 2048
molecules [27]. For the calculation of the self-diffusiomeficient, the simula-
tion volume contained 4990 ethanol molecules, 5 alkali iand 5 halide ions.
The electric conductivity was determined for different gmsitions. Hence, the
number of ions in the simulation volume varied from 7 to 14BeTeal space and

LJ cut-off radius was set to 34
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The radial distribution function and the residence timeangatermined by molec-
ular simulation of systems containing 2 cations, 2 anionks®6 ethanol molecules.
For simulations in théVpT ensemble, the system was equilibrated oMEN00
time steps in theVV'T" ensemble and00, 000 time steps in theVpT ensemble,
followed by a production run over, 000,000 time steps. The resulting density
was used in a subseque¥il’T" ensemble simulation for the determination of the
RDF of ethanol around the ions. The RDF was sampled up to a traditis of

21 A with 704 bins. The results for the position of the first mirim of the RDF
were used in a secoldV'T" ensemble simulation with the same density for the
determination of the residence time of ethanol moleculesrad the ions. In both
NVT simulations, the system was equilibrated oM, 000 time steps, followed
by a production run of , 000, 000 time steps.

The same process was applied for the calculation of the gheael properties,

i.e. the residence time of ethanol molecules around eadr.oth
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Figure 1. Density of pure liquid ethanol as a function of temgture at 1 bar.
Simulation results from the present work) are compared to present experi-
mental data4). The line indicates a correlation of experimental datanfiihe
literature [30].

Figure 2: Geometry of the ethanol model by Schnabel et a]: [25ndicates the
model interaction site.
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Figure 3: Density of ethanolic lithium chloride, lithium @sodium bromide and
lithium, sodium and potassium iodide salt solutions as atfon of the ion mole
fraction at 298.15 K and 1 bar. Present experimental ¢at@é compared to data
from the literature: Kawaizumi and Zana [@), Vosburgh et al. [8}f), 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 ethanai)(and ethanolic sodium iodide salt solutions
as a function of temperature at ion mole fractions.of 0.01 (wv), 0.02 ), 0.03
(a), 0.04 @) and 0.05 mol/molg) and 1 bar. The symbols represent the present
experimental data and the lines are guides for the eye.

24



118 1 Lici 1181 1) NaBr
. 1.03
2
1.12 112 °
Q 1.02
o6 1.06 - 1.01
........ .
.00 0 1.00
A8 1 Ligr 1181 Nal KI
) 1.03
(o]
1.12 1.12
X 1.02
Pl .
1.06 1.06 101
1.00 1.00 1.00
0.01 0.03 0.05 0.01 0.03 0.05 0.001 0.004 0.007 0.010
X,/ mol mol” X,/ mol mol” X,/ mol mol”

Figure 5. Reduced density of ethanolic lithium chloridehilim and sodium bro-
mide and lithium, sodium and potassium iodide salt soltias a function of the
ion mole fraction at 1 bar. Present simulation data (sym)l@ks compared to cor-
relations of the present experimental data (lines): 298.15 —) and 328.15 K

(x, --). For several solutions the lines and symbols of the diffetemperatures
lie upon each other.
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Figure 6: Slope of the density of ethanolic alkali halidd salutions over the ion
mole fraction (cf. Eq. 5) at 1 bar. Present simulation dagen{®ls) are compared
to present experimental data (lines): 298.15K-) and 328.15 K, ---). For
several solutions the lines and symbols of the differenpinatures lie upon each
other.
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Figure 7: Radial distribution function of the oxygen atom (—je methylene

(- - -) and the methyl group (- - -) of ethanol aroundN#p) and Ct (bottom)

in ethanolic solution £;=0.002 mol/mol) at 298.15 K and 1 bar. The LJ size
parameters arex,=1.89A, ando=4.41A.
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Figure 8: Position of the first maximum of the radial disttiba function of the

oxygen atom ), the methylene4) and the methyl groups) of ethanol around
the alkali cations and halide anions in ethanolic solutio@.002 mol/mol) at

298.15 K and 1 bar. For lithium and sodium, the LJ size paramseire almost
identical and the simulation results are identical wittiait statistical uncertain-
ties.
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@®
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Figure 9: Screenshot of the molecular simulation of ethandhCl salt solution
at 298.15 K and 1 bar. All molecules are faded out except ofsmagum cation
(green) (a) and chloride anion (orange) (b), respectieig,one ethanol molecule
of the corresponding solvation shell. The hydroxyl grouphef ethanol molecule
consists of the white hydrogen and the blue oxygen atom. Téghylene and
methyl group are represented by the purple and red sphepeatvely.
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Figure 10: Solvation number of the first solvation shell amdthe alkali cations
(¢) and halide anionsa) in ethanolic solution;=0.002 mol/mol) at 298.15 K
and 1 bar. For lithium and sodium, the LJ size parameters laadimulation
results are almost identical.
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Figure 11: Self-diffusion coefficient of alkali catione) @nd halide anionsa in
ethanolic solutionsa; = 0.001 mol/mol) at 298.15 K and 1 bar. For lithium and
sodium, the LJ size parameters and the simulation res@tslarost identical.
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Figure 12: Electric conductivity of ethanolic sodium brai@iand iodide salt so-
lutions as a function of the ion mole fraction at 298.15 K arfzhi. Present sim-
ulation data ¢) are compared to experimental data from the literatureitiNéket
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

Lil >99 % AlfaAesar
NaBr | > 99 % Merck
Nal | >99.5% Roth

Kl > 99 % Fluka
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Table 2: LJ size parametet LJ energy parametet, point charge and geometry
parameters of the ethanol force field, cf. Figure 2. The patara were taken

from previous work [25].

Site | o/A ¢/kg/K qle
Scns | 3.6072  120.15 0
Scre | 3.4612  80.291  +0.25560
Son | 3.1496 85.053 -0.69711
Sk 0 0 +0.44151
hilA  hylA hs | A
1.98429 1.71581 0.95053
e Yol °
90.950 106.368

Table 3: LJ size parameterof alkali and halide ions. The LJ energy parameter
e/kg is 200 K throughout. The parameters were taken from prewiauk [5, 6].

lon ol A
Li* 1.88
Nat 1.89
K+ 2.77
Rb* 3.26
Cs 3.58
F 3.66
Cl- 4.41
Br- 4.54
|- 4,78
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Table 4: Experimental data of the densitgf ethanolic alkali halide salt solutions
and pure ethanol at 1 bar. The uncertaintyrjns estimated to be better than
+0.00001 mol/mol. The uncertainty of the density and tempeeameasurements
is found to be better than0.0001 g/crh and+0.1 K, respectively.

T/K 298.15[ 308.15] 318.15] 328.15
salt | z; / mol mol! plgcm?
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
Lil 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
Nal 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: Slope: of the densityp of ethanolic alkali halide salt solutions over the
ion mole fractionr; at 1 bar. The standard deviatidyp of the correlation for the
density of ethanolic electrolyte solutions (Eg. (5)) is &lrstudied alkali halide
salts below+0.001 g/cm.

T/K 298.15\ 328.15 298.15\ 328.15 298.15\ 328.15
Salt algcnrs Salt algcnrs Salt algcnrs

LiCl 0.74 0.79
LiBr 1.49 1.52 | NaBr| 1.60 1.62
Lil 2.19 2.20 | Nal 2.33 2.32 | Kl 2.47 2.47

Table 6: Molecular simulation data of the densitpf ethanolic alkali halide salt
solutions and pure ethanol at 1 bar. The statistical unioéiga of the densities
are throughout below0.0003 g/cr.

TIK 298.15| 308.15] 318.15] 328.15
salt | x; / mol mol! plgcn?
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
Lil 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
Nal 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

Kil 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 atom_o(r), the methyleney;,_cu2(r) and the
methyl groupy;_cus(r) of ethanol around the alkali and halide ians ethanolic
solutions {; =0.002 mol/mol) at the first maximumy,., 1, first minimumor,;, |
and second maximum,. » at 1 bar.

T'max,1 / A g(rmax,l )

lon | -O | ¢-CH2 | +-CH3| O | -CH2 | ¢-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

T'min,1 / A g(rmin,l)
lon | +-O |+-CH2| +-CH3| {-O | -CH2 | -CH3
Lit | 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

T'max,2 /A g(rmax,Q)
lon | +-O |+-CH2|+-CH3| i-O | -CH2| -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+ 14809 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
|- | 5437 6.572| 8.125| 1.478 | 0.846 | 0.964

37



Table 8: Solvation number;_o and residence time_g of ethanol molecules in
the first solvation shell around the alkali and halide ioms ethanolic solutions
(z; = 0.002 mol/mol) and their self-diffusion coefficier®; in ethanolic solutions
(z; = 0.001 mol/mol) at 298.15 K and 1 bar. The number in parenthesesates
the statistical simulation uncertainty in the last digit.

lon | n,.0 | Tio/ps| D; /10710 m?s!
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)
CF [542)] 272 5.3 (2)
Br- [ 5.2(2)| 4.3(3) 5.5(2)
- | 5.0()| 2.8(2 6.1 (2)
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