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Abstract

The density of methanolic alkali halide salt solutions is studied experimentall9&12 K,
308.15 K and 318.15 K at 1 bar for solutions containing all soluble combiratbralkali
cations (Li", Na", K*, Rb*, Cs) with halide anions (F, CI~, Br~, I7) at concentrations up
to 0.05 mol/mol or 90 % of the solubility limit. The density of the electrolyte solutions is
also determined by molecular simulation in the same temperature and compositienThag
used force fields of the ions were adjusted in previous work to propeitegueous solutions
and the solvent methanol to pure component properties. The force dields the Lennard-
Jones (LJ) plus point charge type in case of the ions and of the LJ ptiisl gharges type in
case of the solvent. For the present molecular simulations, no furthetragjusof the force
fields is carried out. The mixed interactions between the ions and methanuiegiieted by
the Lorentz-Berthelot combining rules. The predictions of the reducasityeby molecular
simulation are found to be in very good agreement with the experimental datidneFmore,
the radial distribution function of methanol around the ions, the solvation eurabd the

residence time of methanol molecules in the first solvation shell, the selfidiffesefficient
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of the ions and the electric conductivity is systematically studied by molecular simuéatih

compared to experimental literature data where available.

Keywords: methanolic electrolyte solutions, alkali halghlts, density measurements, molec-

ular simulation

1. Introduction

Methanolic electrolyte solutions play an important roleriany industrial applications, especially
in the field of the electrochemistdy? Their thermodynamic properties can be described by phe-
nomenological modeld.However, these models have many adjustable parani¢tarsl are lim-
ited to the range of the experimental data they were adjustelth addition it is known that such
phenomenological models are not transferable to otheestdy >

Molecular simulations with classical force fields go far begt these methods. The thermodynamic
properties of different combinations of salts with solgecén be estimated at arbitrary conditions.
Furthermore, these simulations also provide a detailaghhgto the structure and the processes
in the solution on the molecular level. However, this regsi@ccurate force fields both for the ions
and the solvents. The density, which is closely related @aritermolecular distances, is vital for
the validation of any kind of force field. The prediction oétmodynamic properties of methanolic
alkali halide salt solutions by molecular simulation isurgihced by the accuracy of the used force
fields both of the ions and methanol.

In the recent years, many different force fields for the al&ations and halide anions have been
developed®-19 Although different parameterization strategies with eliéint objectives were ap-
plied, these force fields have in common that they were asfjui data of aqueous electrolyte
solutions, e.g. to the free enerd$16:18the activity!/-19as well as the density of the solutiohs.
The strategies and the capabilities of the resulting foeddgiin aqueous electrolyte solutions are
discussed in more detail by Reiser et&hnd Moucka et af! In recent work of our group, force

fields for all alkali cations and halide anions were devetbf#?2 These ion force fields consist



of one Lennard-Jones (LJ) site and a concentric point chaitipethe magnitude ot1 e. The LJ
size parameters were adjusted in a global fit to reduced ttesf all aqueous alkali halide salt
solutions at 293.15 K and 1 bar. The LJ energy parameter,halfas only a minor influence on
the density?2 was adjusted to the self-diffusion coefficient of the ionadgueous solution in com-
bination with the position of the first maximum of the radi@tdbution function (RDF) of water
around the ions at 293.15 K and 298.15 K, respectively, anar1The reduced density, which is
defined as the density of the electrolyte solution dividedh®ydensity of the pure solvent, was
considered as an objective for the optimization rather tharabsolute value of the density of the
electrolyte solution. In this way, the influence of the watevdel on the simulation results was
eliminated to a large exted? and the ion models that were obtained can successfully bbioeoh
with different water model32 The resulting force fields for the alkali cations and halidéas
describe well the experimental reduced density of all delatkali halide salts in agueous solution
over a wide composition and temperature rafgelsing the SPC/E water model in combination
with our ion force fields, the simulation results show a gogeament with the experimental self-
diffusion coefficient of the ions, the hydration dynamicsaafter molecules around the ions and
the enthalpy of hydration at 293.15 K and 298.15 K, respelyt? as well as with the electric
conductivity over a wide temperature rantfe.

One of the most accurate methanol modélsom the literatur@>-28is the model of Schnabel
et al28 This model consists of two LJ sites and three partial chaageswas obtained by read-
justing the methanol model of van Leeuwen and $htio vapor-liquid equilibrium data of pure
methanol?® namely the saturated liquid density, the vapor pressurdlrandnthalpy of vaporiza-
tion. This model is known to accurately describe the derdfiggure methanot® The temperature
dependence of the density of pure liquid methanol at 1 bahasve in Figure 1. The present
simulation results are in very good agreement with expertaledata (which were taken for test
purposes from the present work and agree well with otherighesd datd®) over the entire investi-
gated temperature range. The liquid density of methanallisslightly overestimated by the force

field with a deviation of around 0.1 %, cf. Figure 1. Althoudje tsame methanol force field was



used, the present simulation results of the density of pwethamol slightly differ from the data
published by Guevara-Carrion et 8%.which can be attributed to the different applied long-range
correction methods.

The thermodynamic properties of methanolic alkali halidk solutions have been investigated in
many simulation studies in the literatu¥&;#6 both by molecular simulation with classical force
fields 31-35.37-39.41.44-4py Car-Parrinello molecular dynamics simulatié®$2-43and by statisti-
cal perturbation theory® In the molecular simulation studies, the thermodynamigertes of
the methanolic electrolyte solutions were predicted, literature models were used, which were
adjusted to properties of aqueous solutions in case of the (e.g. from Smith and DaA#)
and to pure component properties in case of methanol (eoga Faughney et &%), and no bi-
nary interaction parameters between the ions and the delwame adjusted to the properties of the
methanolic electrolyte solutions. Only Marx et3&ldeveloped pair potentials for the ion-methanol
and ion-ion interactions, which were derived fraiminitio calculations32 In the literature studies
both structural properties, e.g. the position of the firskimam in the radial distribution function
of methanol around the iorfd;34.36-46and transport properties, e.g. the self-diffusion coefiti
of the ions in methanolic electrolyte solutici3s41.45.46yere investigated. However, to the best
of our knowledge, the density of methanolic electrolyteuiohs has not yet been studied by
molecular simulation. Therefore, in the present work thesitg of methanolic alkali halide salt
solutions is studied comprehensively by molecular sinnatith the force fields for the ior8:22
and methan@®P developed in previous work of our group.

For such a comparison, plenty of experimental density datadrious methanolic alkali halide
salt solutions are available in the literatre®’In Table 1, these publications are sorted according
to the investigated alkali halide salts and temperaturdse Survey shows that for many alkali
halide salt solutions, there is a lack of experimental dgmkta in the literature in the temperature
(298.15 K - 313.15 K) and concentration (up to 0.05 mol/md@®@£% of the solubility limit) range
studied in the present work. At 298.15 K experimental dgnditta are available from infinite

dilution up to 90 % of the solubility limit for all alkali hatie salt solutions except for sodium and



rubidium bromide as well as rubidium iodide solutions. Fame alkali halide salt solutions small
deviations can be observed between the data published fieyetiit authors. In other cases, data
are only available from a single author (cf. Table 1). At tiwe Dther investigated temperatures,
i.e. 308.15 K and 318.15 K, experimental density data arepbetely missing for several alkali
halide salt solutions, cf. Table 1. In addition, the avd#édiierature data sets generally cover a
very narrow concentration range. Solely the experimergabdy data of methanolic Kl salt solu-
tions published by Briscoe and Rinehférfat 308.15 K and 318.15 K) and Gonzalez ef4(at
308.15 K) cover the entire concentration range studiedigwtiork. Hence, for the validation of
the employed force field, the experimental density data ftleenliterature had to be verified and
extended.

For the present study, density measurements of the metbabettrolyte solutions of all soluble
alkali halide salts were conducted (LiF, NaF and RbF are uidelin methanol). On this basis,
gaps in the existing literature data are filled and a systematnprehensive data set on densities
of methanolic alkali halide salt solutions is provided. Tensity measurements were conducted
at concentrations up to 0.05 mol/mol or 90 % of the solubllityit at temperatures of 298.15 K,
308.15 K and 318.15 K. Throughout this study all propertiesaninvestigated at 1 bar and the
composition is given in terms of the ion mole fractinwhich is defined as

_ n;
21N +NVeOH

X; (1)
wheren; is the mole number of each ion type amgkon the mole number of methanol molecules
in the electrolyte solution. For the 1:1 salt studied hene,ibn mole fraction of the anions and
the cations is¢ each. Some other studies quantify the salinity in terms efstidt mole fraction,
regarding the salt as a single component. The ion mole éraxgtis related to the overall salt mole
fractionxs

n
Ns + NpveoH



by
Xs=— (3

as the mole number of salt in the solutionnis= n; here. Molecular simulations of methanolic
electrolyte solutions were carried out at the same tempergpressure and composition as in the
experiments with the force fields of the iddg2and methanaP developed in previous work of our
group. The present simulation results are predictions astecaction parameters were adjusted
to the properties of the methanolic electrolyte solutioffe predictive capacity of the present

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

~ P
P PMeOH

(4)

wherepueon is the density of pure methanol at the same temperature asdyre as the density
of the solutionp. It is used as reference property to minimize the influencid@funcertainty in
the methanol model on the simulation results, althougheimar is rather small, cf. Figure 1. In
case of experimental densitigs the density of pure methanol is taken from the present exper
mental data and in case of simulation results for the denpsitlye solutionspmeon is determined

in pure methanol simulations. The simulation results aedcettperimental data g are discussed
individually for the different alkali halide salt solutisn Furthermore, structural, dynamic and
transport properties of the methanolic electrolyte sohgiwere predicted by molecular simula-
tion at 298.15 K and compared to experimental literatura ddttere available.

In Section 2, the experiments are described. The employed feelds and the simulation meth-
ods are introduced in Section 3. In Section 4, the experiahelatta and the simulation results are

presented and discussed. Section 5 summarizes the ma&mstatfrom the present work.



2. Experimental Methods

The methanolic alkali halide salt solutions were prepanexiglove box in a water-free atmosphere.
Dry air (provided by the ecodry KA-MT 2 system of Parker Hdim)iwas continuously blown
through the glove box. Additionally, the atmosphere in tb& fwas dried with phosphorus pen-
toxide (ROs). For the preparation of the electrolyte solution, ultya50 ppm water) methanol
(Rotidry, Roth) with a purity 0£99.9 % was used. The purity and the supplier of the alkaldeali
salts are shown in Table 2. The reagent grade alkali halite ware dried at 353 K in a vacuum
oven for 48 h before for each salt different samples of ab@umPof desired concentratioxswere
prepared gravimetrically (AE240, Mettler-Toledo). Thecartainty ofx;, which was estimated by
error propagation considering the resolution of the badaarad the error by determining the con-
centrations gravimetrically, was found to be for all sarsfgdelow+0.00001 mol/mol. Information
of the solubility limit of alkali halide salts in methanol &vailable in the literatur&€8-7Here, the
data of Pavlopoulos and Strehlé(for LiCl, LiBr, Lil, rubidium and cesium halide salts) and
Harner et al’2 (for LiF, sodium and potassium halide salts) were used aswhek covers in each
case a wide range of alkali halide salts and their data pravée reliable during the present ex-
periments.

The density of the electrolyte solutions was determineth &ivibrating tube densimeter (DMA
4500M, Anton Paar). Based on the resolution of the densinagtéiresults from the repetition
of experiments at the same conditions, the uncertaintyetidnsity measurements was found to
be better than:0.0001 g/cd. The uncertainty of the temperature measurements is expoot
be better thar-0.1 K. The densimeter was initially calibrated with air aredashized liquid water

(produced by the Elix Essentia?® of Merck Millipore), which was degased before use by boiling



3. Molecular simulation

In this study, rigid, non-polarizable force fields of the idns) and united-atom LJ (MeOH) type
with superimposed point charges were used. The force fieldaéthanot® and the alkali cations
and halide anior®-22were taken from previous work of our group. The methanol rhisdeom-
posed of two united-atom LJ sites accounting for repulsimh @spersion of the methyl and the
hydroxyl group as well as three point charges. These aréddéa the center of the methyl group
and at the position of the oxygen and hydrogen atom of thedxytlgroup to model both polarity
and hydrogen bonding. The geometry of the methanol force igallustrated in Figure 2 and the
parameters are listed in Table 3. The ion force fields cows$ishe LJ site with a superimposed
point charge ot1 e in the center of mass. Their LJ parameters are listed ile Bab

The potential energyij between two moleculésandj consisting oNs; andNs j interaction sites

-3 e (22) - (22) ) R Y e | ©

a-1b-1 I'ab lab = =1 470N m

is given by

wherea andb is the site index of molecule and j, respectively. ry, represents the distance
between the interaction sitasandb. g, andey, are the LJ size and energy parametgrandgm
are the charges of the solute or the solvent particles tleataa distance,, andeg is the vacuum
permittivity. The indiced andm enumerate the point charges, while the total number of esarg
of siteais Nc o. Note that Eq. (5) is given in a form that includes all int¢i@as, i.e. solvent-
solvent, ion-solvent and ion-ion. In mixtures of polar ardhiged molecules, the electrostatic
contribution to the unlike interaction is fully determinég the laws of electrostatics. For the

unlike LJ parameters, the Lorentz-Berth&fs#! combining rules were employed

3 Oaa+ Opp

Uab—T ) (6)
Eab = \/€aalhb - (7)



No interaction parameters between the ions and the solenetadjusted to properties of methano-
lic electrolyte solutions. Hence, the simulation resulissented in this study are throughout pre-
dictions.

In the present study, the radial distribution functgyno(r) of the hydroxyl andy;_cns(r) of the
methyl group around the ianthe solvation numbet;_o and the residence timg_o of methanol
molecules in the first solvation shell around the ion, thedifflusion coefficientD; of the ions and
the electric conductivity of the solution were determined by molecular simulationg8.25 K.
The methods for the calculation of the RBFn;_o 83 andt,_o®* are well-known and established.
For the determination afi_o(r) the position of the hydroxyl group and for_o andt;_o the posi-
tion of the methanol molecule is represented by the posdfdhe oxygen atom, which is widely
applied in simulation studies in the literature, e.g. by Ctiburi and Chandré?

Following a proposal by Impey et &% unpairing of an ion and a methanol molecule was defined to
occur if their separation lasted longer than the residentety_o of a methanol molecule around
a neighboring molecule in a pure bulk methanol simulatiothatsame conditions. However, for
short-time pairing of two particles no such restrictionse® The period of short-time pairing is
used without further modifications for the calculation cf #gnsemble average of o.

The self-diffusion coefficient of the ions and the electramductivity of the methanol solutions
were determined via equilibrium molecular dynamics (MDhslations by means of the Green-
Kubo formalism&6.87 This formalism establishes a direct relationship betwetarsport coeffi-
cient and the time integral of the autocorrelation functbthe corresponding flux within a fluid.
The Green-Kubo expression for the self-diffusion coeffitiB; is based on the individual ion
velocity autocorrelation functict® and the electric conductivity is related to the time autocorre-
lation function of the electric current flui(t).82

For all simulations carried out in this work, the simulatiprogramms29° was used. Technical

details are given in the Appendix: Simulation details.



4. Results and discussion

4.1 Experimental data

The experimental density data are listed in Footnote fohamatlic alkali halide salt solutions as
well as for pure liquid methanol.

In Figure 3 and Figure 4 the present experimental density afahe methanolic electrolyte solu-
tions are compared to literature data at 298.15 K (cf. Tapla/&r the entire investigated compo-
sition range. Only data sets which cover exclusively velytdisolutions, e.g. the data published
by Takenaka et aP?-61are not shown and considered in the following discussion.

The present experimental data are in excellent agreeménttve literature data over the entire in-
vestigated composition range, cf. Figure 3 and Figure 4.dBv&tions are generally below 0.1 %.
For NaBr, Nal, KCI, KBr, RbBr, Rbl, CsF, CsCl and CsBr salt solutions theeoled deviations
are even below 0.05 %. An exceptional case is Lil where diewiatup to 0.17% from the data of
Renz6 were found at the highest investigated concentration. $e cd LiBr, the deviations from
the data of Pasztor et &b.are 0.3% at the highest concentration whereas the devifitomthe
remaining literature daf&->8.63is below 0.1 %. The deviations from the data of Gonzalez &t al.
in case of Kl increase up to 1.16 % at the highest concentrafiocording to Figure 3, these data
possess an increasing mismatch both to the present expgaindata and the remaining literature
data?7-50.52,53,58,61.63 he deviation between these other data and the presenireepéal data is
below 0.1 %. Furthermore a deviation up to 0.13% from the d&¥&lerblarP* were found in case
of CsCl. However, the present experimental data for metha@sCl salt solutions are in excellent
agreement with the data of Kawaizumi and Zzh@leviations below 0.05 %).

For the two other studied temperatures (308.15 K and 318)16nky scarce data are available
(cf. Table 1) and hence the comparison between the prespeatisental and literature data is not
shown graphically. The deviation between present experiahand literature data is for all alkali

halide salt solutions at both temperatures below 0.05 %. x&e@ional case is Kl at 308.15 K
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where the deviation from the data of Gonzalez éi*dhcreases up to 1.63 % at the highest con-
centration, whereas the deviation from the data of FiguaskiNipprascf? and Briscoe and Rine-
hart*9is below 0.1 % and 0.05 %, respectively.

The density of the electrolyte solutiomsincreases linearly with the ion mole fractionfor a
given temperature in the concentration range studied gwioirk, cf. Figure 3 and Figure 4 and

Footnote . The corresponding data of the slajgd p overx; with

P = PMeOH+ a-X; (8)

at 298.15 K and 318.15 K are listed in Table 6. For all lithiumal sodium halide salts, the standard
deviationAp of the correlation for the density of the methanolic eldgtesolutions, cf. Eq. (8),

is smaller than:0.001 g/cm. For the potassium, rubidium and cesium halidesis even smaller
than +0.0002 g/crd. The slopea is individual for the different alkali halide salts and israist
independent on the temperature (cf. Table 6). Hence, thpeeature dependence of the density
of the methanolic electrolyte solutions studied here iy algtermined by the temperature depen-
dence of pure methanol, cf. Footnote . Hence, the reducesitgdgnof the electrolyte solution is

also almost independent on the temperature.

4.2 Comparison of simulation results to experimental data

The simulation results of the densjtyof the methanolic alkali halide salt solutions as well as of
pure liquid methanol are listed in Table 7.

In Figure 5 and Figure 6, the simulation results of the redwEnsityp at 298.15 K and 318.15 K
are compared to the present experimental data. At 298.1aksimulation results are in excellent
agreement with the experimental data over the entire iigagst concentration range. The devia-
tions are throughout below 0.4 %, except for LiCl and LiBr saluions where the deviations are

up to 1 % at the highest investigated concentration, cf.f€igu The simulation results f@r are
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found to be almost temperature-independent, which is sterdi with the experimental data, cf.
Figure 5 and Figure 6.

The simulation results of the density of the electrolyteusohs p increase, at a given tempera-
ture, linearly with the ion mole fractior. The slopea of the different alkali halide salt solutions
determined from the simulation results pfare compared to experimental data at 298.15 K and
318.15 K in Figure 7. Analogous to the experimental data,ptteelictions ofa from molecular
simulation are found to be almost independent on the tertyreraThe discontinuous decrease
of a with increasing atomic number of the ions (e.g. identicapska for sodium and potassium
halide salt solutions) can be attributed to a superposidfdhe increasing ion size and mass and
the influence of the ion on the hydrogen bonding network oftimeounding methanol molecules.
The discussion of the effect of the ions on the solvent hyeindgonds is beyond the scope of this

study.

4.3 Structural properties

The RDF of the oxygen atomg_o(r) and the methyl groug;_cns(r) of methanol around the
alkali cations and halide anions in methanolic solution determined by molecular simulation
at 298.15 K and low salinityx = 0.002 mol/mol). Hence, the results @f o(r) andgi_cus(r)
around the single ions are almost independent on the caoomt@rthe solution. The RDF of the
oxygen atom and the methyl group of methanol around the i@sdetermined for LiCl, NaBr,
KF, Rbl and CsCl salt solutions.

The simulation results of the RDdr_o(r) andg;_cns(r) are listed in Table 8 and are shown exem-
plarily for the cesium cation and the fluoride anion in Fig8reBoth for the cation and the anion,
the position of the first maximummnax1 Of gi—o(r) is closer to the ion than aj_cH3(r). Hence,

in both cases the hydroxyl group of the methanol moleculatpdowards the ion and the methyl
group generally faces into the opposite direction. Thismation was also observed in simulation

studies in the literaturé}-33.44The comparison between the position of the first maxinmgx1
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in the RDFg;_o(r) of the oxygen atom of the methanol molecule and of the SPC/Enmabdel
(published by Reiser et &P) around the ions reveals thafax1 for the different ions is identical
in agueous and methanolic electrolyte solutions. This Wss@served both in simulation stud-
ies?46 and from the comparison of experimentplo(r) data®! The good agreement between
the experimental data and the predictions from molecufauksition of the reduced density of the
alkali halide salt solutions (cf. Section 4.2) can be digeattributed to the identical values of
'max1 for gi—o(r) in agqueous and methanolic solutions. The density is styanfluenced by the
microscopic structure, which is identical in the surroungdof the ion in aqueous and methanolic
salt solutions. Hence, the ion models adjusted in aquedus®@opossess the capability to predict
well the density of methanolic alkali halide salt solutions

The position of the first maximumpyax1 in the RDFgi_o(r) andgi_cnz(r) is shown in Figure 9.
The simulation results are in good agreement with the experial data from the literatu?é®3
where available. The deviations are both dpro(r) andg;_cns(r) generally below 13 %, except
for gLi_cn3 where deviations up to 20% were observed. The size parasnaftéine Li- and Na
models are almost identicabi(j=1.88 A, ona=1.89 A) and hence the same position of the first
maximumrmax1 in the RDF of the oxygen atom and the methyl group around bats, icespec-
tively, was found. The positionyay1 increases both fog_o(r) andgi_cqs(r) in linear fashion
with increasing size of the ions. The slope of the increaselimth cases identical for the cations
and the anions and, furthermore, almost identicalgfop(r) andgi_cys(r). Comparing the po-
sition of the first maximum around the cesium anion and thg skightly larger fluoride anion, a
decrease ofmax1 is observed both in the RDg_o(r) andgi_cns(r), cf. Figure 9. This decrease
can be attributed to the different orientations of the methanolecules around the ions.

gi-o(r): In case of the positively charged cesium ion, the negaticblrged oxygen atom of
the methanol molecules points towards the cation and thigiy@bg charged hydrogen atom of
the hydroxyl group and the methyl group face into the oppoditection32:33.44Because these
equally charged parts of neighboring methanol moleculss e a mutual repulsion, the methanol

molecules are not able to form a strongly attached solvatiwl around the cesium cation. In
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comparison, only the hydrogen atom of the hydroxyl groumzoiowards the negatively charged
fluoride ion32:33.44The methyl group, which is turning away from the ion, is attea by the oxy-
gen atom of a neighboring methanol molecule. Hence, theanetimolecules constitute a more
firmly attached solvation shell around the fluoride anionalihs closer to the ion.

0i-cH3(r): Besides the above described effect of the charges on thean@tmolecules in the
solvation shell, the position ofhax1 Of gi_cHa(r) is also influenced by a further aspect. In case
of the cesium cation, the positively charged methyl groughefmethanol molecules is forced by
electrostatic repulsion to face away from the equally cbdiign in the solvation shell. In contrast,
the methyl group is attracted by the charge of the fluorideraand is, hence, significantly closer

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

4.4 Solvation number

The solvation numbem;_o of methanol molecules in the first solvation shell arounditims was
evaluated at 298.15 K. The basis of the calculation of theasioin number is the RDEB;_o(r)
from the previous section. Hence, the results;of are almost independent on the counterion in
the solution.

The simulation results afi_g around the different alkali cations and halide anions inhaeblic
solutions are shown in Figure 10 and are listed in Table 9.tk®mlkali cations, an increase of
the simulation results af,_g is observed, whereas for the halide anions a decrease witsising
size of the ions is observed. The same contrast was alsovelasey Chowdhuri and Chandtha

in their systematic simulation study of the solvation numds@und all alkali cations and halide
anions. For all ions, the present simulation results;of are in good agreement with the data
published by Chowdhuri and Chandtaand with other simulation data from the literature, i.e. of
ni_o around Na,3233,36,38.43,44 + 364350 CI,31-33.38,40,44

The comparison between the simulation results and expatahdata from the literaturg?93
where available, reveals, that o is well predicted around all ions by molecular simulatioh, ¢

Figure 10. The deviations are below 11 % except for the solwatumber around the iodide anion
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where a deviation from the experimental data of 35 % is oleskridAowever, the decreasemio
with increasing size of the anions, which was observed iukition studies, can not be observed

in the experimental studies, cf. Figure 10.

4.5 Solvation dynamics

The residence timg_p of the methanol molecules around the ions was determinedDsikhu-
lation at 298.15 K. The residence time was sampled in the saetkanolic electrolyte solutions
and under the same conditions as the RDF, cf. Section 4.3.&;léme results of;_o are almost
independent on the counterion in the electrolyte solution.

For the simulation oft;_p, the residence time of a methanol molecule around a neigigor
molecule in pure bulk methanab_o was required (cf. Section 3). It was determined by MD
simulation at the same conditions and was found tadye, = 1.7 ps. This period of short time
unpairing of ion and methanol molecule, which is fully acetad to the calculation of;_q, is
consistent with the findings of Hawlicka and Rybicki.

The simulation results of the residence timey of methanol around the different ions are listed
in numerical form in Table 9. The residence timgsy decrease with increasing size both of the
cations and the anions, cf. Table 9. With increasing sizé@idn the electrostatic interaction be-
tween the ions and the methanol molecules decreases anel thenmethanol molecules are more
likely to leave the solvation shell. Because of the differ@mentations of the methanol molecules
around the cations and the anions (cf. Section 4.3), theanetimolecules form a more strongly
bonded solvation shell around the fluoride anion than ardbadccesium cation, although these
ions have almost the same size. Hence, the residenceatimgas significantly larger themcs o,

cf. Table 9. In the literature, a systematic study of thedesce timeg;_o of methanol around all
alkali cations and halide anions is missing. In simulatiwis,7;,_o was determined in methano-
lic NaClI33:35and LiCI*6 salt solutions. The present simulation results\gf o are in between the

data reported by Hawlicka and Swiatla-Wojétkand Sese at & However, the present simulation

15



results oftc_o are below the data published by Kumar et“8lHawlicka and Swiatla-Wojcik®
and Sese at & The same was also observed fpr_g in comparison to the data reported by Ku-

mar et al46

4.6 Self-diffusion coefficient

The self-diffusion coefficienD; of all alkali cations and halide anions in methanolic santwas
determined at 298.15 K and low salinitg € 0.001 mol/mol). Hence, the influence of correlated
motion between anion and cation in the solution is low By almost independent on the coun-
terion type in the solution.

The self-diffusion coefficients of the alkali cations andide anions in methanolic solution are
shown in Figure 11 and are listed in Table 9. The overall ages between experimental d&ta
and the predictions from molecular simulation is good. Tigiést deviation of 15 % is found in
case ofD,. In the present simulations, the self-diffusion coeffitsdd; increase with increasing
size both of the cations and the anions. The same qualitagind was also observed by Chowdhuri
and Chandré! in their systematic study dd; of all alkali cations and halide anions. However, a
mismatch is found for the bigger halide anions, i.e- Bnd I-. In the experimental da?4 and the
simulation study of Chowdhuri and Chandfathe self-diffusion coefficient of the halide anions
increases continuously froDg up toD;. In case of the present simulation this trend is only ob-
served from F to CI~. The self-diffusion coefficientBg; andD, are found to be almost identical
to D¢.

The dependence @; on the size of the ion is directly linked to the formation ohimethanol
complexes that typically dominates the ion motion withia folution20 With increasing size of
the ion, the influence of the charge on surrounding methant#enles decreases and the formation
of the ion-methanol complex is less pronounced. Hence,fteete radius of the ion-methanol
complex decreases and the ion mobility increases. The aidsopabetween the self-diffusion

coefficients of Cs and F, which have almost the same size, reveals Byaand hence the ion
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mobility is higher in case of the alkali cation. This can beilatited to the different orientation
of the methanol molecules in the solvation shell around tiy@ositely charged ions. For Fthe
methanol molecules in the solvation shell are stronglycagd to the ion which leads to a bigger
effective radius of the ion-methanol complex and hence dlesmself-diffusion coefficient (see
Section 4.3 for a discussion of the orientation of the mathamlecules around the cations and

the anions).

4.7 Electric conductivity

The electric conductivityg of methanolic lithium, sodium and potassium chloride, biderand
iodide salt solutions were calculated at various ion moéetfons at 298.15 K (except LiBr at
293.15 K). These specific salts were chosen because sufsiperimental data were available in
the literature?>-190The concentration range of the literature data prescribeswestigated con-
centrations of the alkali halide salt solutions. The avmlity of experimental literature da#a is
also the reason for the slightly different temperature seoaf the LiBr salt solutions.

The electric conductivity of the different methanolic dikzalide salt solutions is shown in Fig-
ure 12. The predictions from molecular simulations are iadjagreement with the experimental
data?>-100The deviations are generally below 15 %, for KCI and Lil salutons even below
10 %. An exceptional case are the simulation results for thealt solutions, where deviations
from the experimental data of about 27 % are found over thigeemvestigated concentration

range .

5. Conclusions

The density of all methanolic alkali halide salt solutionasaetermined both by experiment and

molecular simulation from 298.15 K to 318.15 K at 1 bar in acantration range up to 0.05 mol/-
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mol or 90 % of the solubility limit. Furthermore, the radiasttibution function of the methanol
sites around the ions, the solvation number and residemzedf methanol molecules in the first
solvation shell around the ions, the self-diffusion coéfit of the ions and the electric conduc-
tivity was investigated by molecular simulation. The malec models for the simulations were
taken from previous work of our group and were therein adpligt case of the alkali cations and
halide anions to properties of aqueous solutions and inafktde solvent methanol to pure com-
ponent properties. The simulation results in this work hreughout predictions as no interaction
parameters between the ions and the solvent were adjuspedgerties of methanolic electrolyte
solutions.

The density measurement results of the methanolic alkélildaalt solutions are in excellent
agreement with data from the literature. Prior to this wdnkre was a lack of experimental data in
the concentration range considered in this study for sodindrubidium bromide as well as rubid-
ium iodide solutions at 298.15 K and for all alkali halidetsadlutions at 308.15 K and 318.15 K
except for KI salt solutions. The predictions from molecwdanulation of the slopea and the
reduced densitp are in good agreement with the experimental data for alllidtiedide salt solu-
tions. The experimental data afandp are found to be almost independent on the temperature,
which is predicted correctly by the molecular simulation.

The simulation results of the position of the first maximumay, in the RDF of the hydroxyl
groupgi_o(r) and the methyl groug;_cn3(r) of the methanol molecule as well as of the number
of methanol molecules in the first solvation shell aroundidimen;_o are found to be generally in
good agreement with experimental data from the literatasear as such data are available. The
differences in the positiongnax1 around C$ and F, which have almost the same size, can be at-
tributed to the different orientations of the methanol ncales around the cations and the anions.
The residence time of methanol molecules in the first sawathell around the ions_p decreases
with increasing size of the ions as the electrostatic d@ttradetween ion and solvent decreases.
Hence, the molecules in the hydration shell are weaker wbn@lke different orientations of the

methanol molecules lead in case of the fluoride anion to ag&obonded solvation shell with a
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smaller value off;_p in comparison to the cesium cation.

The predictions from molecular simulation of the self-dgion coefficient®; of the alkali cations
and halide anions and of the electric conductiatyof numerous alkali halide salt solutions are
in good agreement with experimental literature data, wia@eelable. The increase &); with
increasing size of the ions can be attributed to the decrgadfective radius of the ion-methanol
complex, which typically dominates the mobility of the ionthe solution.

The present study of methanolic electrolyte solutions gaizes our previous work on aqueous
electrolyte solutiong3 On this basis, the thermodynamic properties and their sitiou results

can easily be compared for aqueous and methanolic alkadiehsdlt solutions.
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Appendix: Simulation details

All simulations of this study were carried out with the simibn progranms2.90 In ms2, ther-
mophysical properties can be determined for rigid molecoiadels using Monte-Carlo (MC)
or molecular dynamics (MD) simulation techniques. For atiidations, the LJ interaction part-
ners are determined for every time step and MC loop, reyadgtilnteraction energies between
molecules and/or ions are determined explicitly for disesmaller than the cut-off radiog
The thermostat incorporatedins2 is velocity scaling. The pressure is kept constant usindefn

sen's barostat in MD, and random volume changes evaluatentdiog to Metropolis acceptance
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criterion in MC, respectively. The simulation uncertaistigere estimated with the block average
method by Flyvberg and Petersé&t.

The liquid density of methanolic alkali halide solutionssadetermined with the MC technique
in the isothermal-isobarid\(pT) ensemble at a constant pressure of 1 bar for different teanpe
tures and compositions. Depending on the composition,ithelation volume contained 2 to 50
cations. The molecule number in the simulations was setat teN = 1000 and increased up to
N = 1364. A physically reasonable configuration was obtainéer &000 equilibration loops in
the canone ensembl&l\ T), followed by 80000 relaxation loops in thBlpT ensemble. Ther-
modynamic averages were obtained by sampling 322 loops. Each loop consisted Mpr/3
steps, wherd\\pr indicates the total number of mechanical degrees of freedbthe system.
Electrostatic long range contributions were considere&wgld summatio#’? with a real space
convergence parameter=5.6. The real space cut-off radius was equal to the LJ cut-dftisaof
19 A.

For the calculation of structural and dynamic propertieshef methanolic electrolyte solutions,
MD simulations were carried out. In a first step, the densitthe methanolic alkali halide solu-
tion was determined by adpT simulation at the desired temperature, pressure and cotopos
Subsequently, the self-diffusion coefficient, the radiatrtbution function and the residence time
were calculated in thBIVT ensemble at the same temperature and composition with tistygle
resulting from the first step. In these MD simulations, Newdceequations of motion were solved
with a Gear predictor-corrector scheme of fifth order withnaetstep of 1.2 fs. The long-range
interactions were considered by Ewald summatigh.

The self-diffusion coefficient of the io88 and the electric conductivity of the soluti&twere cal-
culated with the Green-Kubo formalis®§:87 For simulations in thé&\pT ensemble, a physically
reasonable configuration was attained by0DD time steps in theV T ensemble and 10000 time
steps in theNpT ensemble, followed by a production run over 8000 time steps. In thBIVT
ensemble, the equilibration was carried out over, 080 time steps, followed by a production run

of 6,000,000 time steps for the calculation of the self-diffusionfiogent and the electric conduc-

20



tivity. The sampling length of the velocity and the electiarent autocorrelation functions was
set to 14 ps and the separation between the origins of twaauwedation functions was 0.15 ps.
Within this time span, all correlation functions decayedess than 1/e of their normalized value.
The MD unit cell with periodic boundary conditions contadr@000 molecules. This relative high
number of molecules was used here to minimize the influentdeedinite size effect on the simu-
lation results. Using the Green-Kubo formali&h§” for the calculation of transport properties of
aqueous systems, Guevara-Carrion éfakhowed that the finite site effect saturates with increas-
ing number of molecules. No significant differences weresolsd above 2048 moleculé$3 For
the calculation of the self-diffusion coefficient, the siation volume contained 4990 methanol
molecules, 5 alkali ions and 5 halide ions. The electric catidity was determined for different
compositions. Hence, the number of ions in the simulatidome varied from 4 to 115. The real
space and LJ cut-off radius was set to 30 A.

The radial distribution function and the residence timeengdgtermined by molecular simulation
of systems containing 2 cations, 2 anions and 996 metharlelules. For simulations in tiépT
ensemble, the system was equilibrated ovefQO0 time steps in thBIVT ensemble and 10000
time steps in theNpT ensemble, followed by a production run ovef@0,000 time steps. The
resulting density was used in a subsequvil ensemble simulation for the determination of the
RDF of methanol around the ions. The RDF was sampled up to aftctadius of 19 A with
645 bins. The results for the position of the first minimum leé RDF were used in a second
NVT ensemble simulation with the same density for the determimaf the residence time of
methanol molecules around the ions. In bBT simulations, the system was equilibrated over
100 000 time steps, followed by a production run g0Q0,000 time steps.

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

diffusion coefficient and the residence time of methanolaooles around themselves.
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Figure 1. Density of pure liquid methanol as a function of theperature at 1 bar. Simulation
results from the present work) are compared to present experimental datafhe line indicates
a correlation of experimental data from the literatéfe.
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Figure 2: Geometry of the methanol model by Schnabel e indicates the model interaction
sitei.
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Figure 3: Density of methanolic lithium and sodium halidetgssium fluoride and iodide and
rubidium iodide salt solutions as a function of the ion meéetion at 298.15 K and 1 bar. Present
experimental data-] are compared to data from the literature: Skabiche®4kii), Vosburgh et
al.*’(¥), Kiepe et alf3(o), Pasztor and Cri§8(2), Lankford et al*®(v), RenZ5(</), Jones and
Fornwalt*®(s), Wawer et alf’(+), Figurski and Nipprasd#(<>), Gonzalez et af4(-), Briscoe and
Rinehart9(<), Eliseeva et af>(x), WerblarP* (-) and Kawaizumi and Zarta(o).
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Figure 4: Density of methanolic potassium and rubidium gteand bromide and cesium halide
salt solutions as a function of the ion mole fraction at 298&1and 1 bar. Present experimental
data ¢) are compared to data from the literature: Lankford @), Kawaizumi and Zanz(o),
Vosburgh et alf’(), Kolhapurkar et af8 (x), Pasztor and Cri§§(2), WerblarP45> () and Fig-
urski and Nipprasc#?(<).
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Figure 5: Reduced density of methanolic lithium and sodiutidbapotassium fluoride and iodide
and rubidium iodide salt solutions as a function of the iodenfiaction at 1 bar. Present simulation
data (symbols) are compared to correlations of the presgetrienental data (lines): 298.15 K, (
—) and 318.15 K%, ---). For several solutions the lines and symbols of the differemperatures
lie upon each other.
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Figure 6: Reduced density of methanolic potassium and ruidihloride and bromide and ce-
sium halide salt solutions as a function of the ion mole foarcat 1 bar. Present simulation data
(symbols) are compared to correlations of the present erpatal data (lines): 298.15 k(—)
and 318.15 K, ---). For several solutions the lines and symbols of the diffetemperatures lie
upon each other.
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Figure 7: Slope of the density of methanolic alkali halidi salutions over the ion mole fraction
at 1 bar. Present simulation data (symbols) are comparedesept experimental data (lines):
298.15K ¢, —) and 318.15 K%, ---). For several solutions the lines and symbols of the differe

temperatures lie upon each other.
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Figure 8: Radial distribution function of the oxygen atom (&Ad the methyl group (- - -) of
methanol around CHqtop) and F (bottom) in methanolic solution=0.002 mol/mol) at 298.15 K
and 1 bar.
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Figure 9: Position of the first maximum of the radial disttiba function of the oxygen atom (top)
and the methyl group (bottom) of methanol around the alkaioos e) and halide anionsm()
in methanolic solutionX=0.002 mol/mol) at 298.15 K and 1 bar. Present simulatioa (fted
symbols) are compared to experimental data from the litezafopen symbolsy2-93 For lithium
and sodium, the LJ size parameters are almost identicaltendimulation results are identical
within their statistical uncertainties. Experimentalalate only available for the lithium cation.
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Figure 10: Solvation number of first solvation shell aroumel alkali cationsd) and halide anions
(m) in methanolic solution=0.002 mol/mol) at 298.15 K and 1 bar. Present simulatioa (fdled
symbols) are compared to experimental data from the litezafopen symbolsy223 For lithium
and sodium, the LJ size parameters and the simulation semdtalmost identical. Experimental
data are only available for the lithium cation.
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Figure 11: Self-diffusion coefficient of alkali catione)(@nd halide anionsa)) in methanolic so-

lutions ( = 0.001 mol/mol) at 298.15 K and 1 bar. Present simulatioa @@ted symbols) are

compared to experimental literature data (open symi§éI&pr lithium and sodium, the LJ size
parameters are almost identical. Experimental data ageawalilable for the sodium cation.

18
+C : :

- 151 Rb* ~° Bro
» Na* s *
N i gi &
= 12 o . or |
© 9 L) K+ []
' (]
o * =
= e L
Q 3 |

0

1.5 2.0 25 3.0 35 40 45 5.0
O'I./A

31



Figure 12: Electric conductivity of methanolic lithium,diam and potassium chloride, bromide
and iodide salt solutions as a function of the ion mole faactt 298.15 K (except LiBr at 293.15 K)
and 1 bar. Present simulation das are compared to experimental data from the literature:
Winsor and Col&° (o), Bachhube}© (o), Sears et a?> (2), Foster and Ami¥ (v), Kolthoff and
Chantoof’ (¢) and Goncharov et &8 (+).
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Table 1. Survey of experimental studies from the literatfréhe densityp of methanolic alkali

halide salt solutions at various temperattiirand 1 bar.

T/K
salt 298.15 308.15 | 318.15
LiC| |47,51,53,54,57,59,63 |59 59
LiBr [51,53,56-58,63 57
Lil 56,57 57
NaC]| [52-54,58,59,65 59 59
NaBr |52:53,58,60,67 60,67 60
Nal [47.52,58,61,62 61,62 61
KF 52,563,58
KC| [47.4852,58,59 59 59
KBr [52,53,58,60,66 60 60
K| 47-50,52,53,58,61,62,649,61,62,64|49,61
RbCI [52
RbBr |58
RDbl [58:62 62
CsfF [°3.58
CsCl [5254
CsBr (5458
Csl| [52,55,62 62
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Table 2: Purity and supplier of the alkali halide salts.

salt | purity supplier
LICl | >99 % Merck
LiBr | >99.999 % Roth

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

KF >99 % Merck
KClI | >99.5% Merck
KBr | >99.5% Merck

Kl >99 % Fluka
RbCI | >99.8 % Aldrich
RbBr | >99.7 % Aldrich
Rbl | >99.8% AlfaAesar
CsF | >99.9% Aldrich
CsCl | >99.999 % Roth
CsBr | >99.5% Fluka

Csl >99.999 % Aldrich

Table 3: LJ size parameter, LJ energy parameter, point chargeg and geometry parametehns
andy of the methanol force field, cf. Figure 2. The parameters waken from previous work®

site | Oaa/ A €aa/ks /K  dale
Schz | 3.7543  120.592 +0.24746
Son | 3.0300 87.879 -0.67874
SH 0 0 +0.43128
hy/ A hy / A yl°
1.4246 0.9451 108.53
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Table 4: LJ size parameter of alkali and halide ions. The LJ energy parametég is 200 K
throughout. The parameters were taken from previous WoFk.

ion olA
Li+* 1.88
Na* 1.89
K+ 2.77
Rb* 3.26
Cs' 3.58
F 3.66
Cl- 4.41
Br- 4.54
I~ 4,78

Table 5: Experimental data of the densityof methanolic alkali halide salt solutions and of pure
methanol at various temperatufeand 1 bar. The uncertainty in both the ion mole fractypand
the overall salt mole fractiorg is estimated to be better thai©.00001 mol/mol. The uncertain-
ties of the density and temperature measurements are fourel hetter thar0.0001 g/cr and
+0.1 K, respectively.

T/K 298.15 | 308.15 | 318.15 T/K 298.15 | 308.15 | 318.15
salt x;/mol mol T Xg/mol mol T plyg cmi S salt x;/mol mol T Xg/mol mol T plg cmi 3
LiCl 0.0100 0.01010 0.7970 | 0.7879 | 0.7787 KBr 0.0012 0.00120 0.7898 | 0.7803 | 0.7708
0.0200 0.02041 0.8073 | 0.7984 | 0.7895 0.0024 0.00241 0.7929 | 0.7835 | 0.7740
0.0300 0.03093 0.8179 | 0.8093 | 0.8006 0.0036 0.00361 0.7960 | 0.7866 | 0.7771
0.0400 0.04167 0.8280 0.8197 0.8112 0.0048 0.00482 0.7991 0.7897 0.7802
0.0500 0.05263 0.8388 0.8306 0.8224 Kl 0.0054 0.00543 0.8062 0.7967 0.7871
LiBr 0.0100 0.01010 0.8072 0.7979 0.7886 0.0108 0.01092 0.8258 0.8163 0.8067
0.0200 0.02041 0.8279 0.8188 0.8096 0.0162 0.01647 0.8450 0.8355 0.8258
0.0300 0.03093 0.8490 0.8400 0.8311 0.0216 0.02208 0.8646 0.8550 0.8453
0.0400 0.04167 0.8707 | 0.8619 | 0.8531 0.0270 0.02775 0.8839 | 0.8744 | 0.8645
0.0500 0.05263 0.8925 | 0.8839 | 0.8751 RbCI 0.0010 0.00100 0.7893 | 0.7799 | 0.7703
Lil 0.0100 0.01010 0.8168 | 0.8075 | 0.7980 0.0020 0.00200 0.7921 | 0.7826 | 0.7731
0.0200 0.02041 0.8472 | 0.8379 | 0.8286 0.0030 0.00301 0.7946 | 0.7853 | 0.7757
0.0300 0.03093 0.8785 | 0.8694 | 0.8601 RbBr 0.0011 0.00110 0.7906 | 0.7812 | 0.7717
0.0400 0.04167 0.9097 | 0.9005 | 0.8914 0.0022 0.00220 0.7947 | 0.7853 | 0.7757
0.0500 0.05263 0.9425 | 0.9334 | 0.9243 0.0033 0.00331 0.7987 | 0.7893 | 0.7797
NaClI 0.0017 0.00170 0.7891 | 0.7797 | 0.7701 0.0044 0.00442 0.8027 | 0.7933 | 0.7837
0.0034 0.00341 0.7914 | 0.7821 | 0.7726 RbI 0.0026 0.00261 0.7987 | 0.7892 | 0.7796
0.0051 0.00513 0.7940 | 0.7846 | 0.7752 0.0052 0.00523 0.8107 | 0.8012 | 0.7916
0.0068 0.00685 0.7964 | 0.7871 | 0.7777 0.0078 0.00786 0.8227 | 0.8135 | 0.8038
NaBr 0.0080 0.00806 0.8060 | 0.7966 | 0.7871 0.0104 0.01051 0.8348 | 0.8251 | 0.8154
0.0160 0.01626 0.8255 0.8162 0.8067 0.0130 0.01317 0.8467 0.8371 0.8273
0.0240 0.02459 0.8449 0.8356 0.8261 CsF 0.0011 0.00110 0.7906 0.7812 0.7716
0.0320 0.03306 0.8649 0.8556 0.8461 0.0022 0.00220 0.7946 0.7852 0.7756
0.0400 0.04167 0.8850 0.8757 0.8663 0.0033 0.00331 0.7986 0.7892 0.7796
Nal 0.0100 0.01010 0.8203 | 0.8108 | 0.8012 CsClI 0.0012 0.00120 0.7910 | 0.7816 | 0.7720
0.0200 0.02041 0.8546 | 0.8451 | 0.8355 0.0024 0.00241 0.7956 | 0.7862 | 0.7766
0.0300 0.03093 0.8897 0.8801 0.8705 0.0036 0.00361 0.8001 0.7906 0.7810
0.0400 0.04167 0.9246 0.9149 0.9051 0.0048 0.00482 0.8045 0.7950 0.7854
0.0500 0.05263 0.9604 0.9506 0.9407 CsBr 0.0010 0.00100 0.7913 0.7818 0.7722
KF 0.0022 0.00220 0.7900 0.7806 0.7711 0.0020 0.00200 0.7961 0.7866 0.7770
0.0044 0.00442 0.7933 0.7840 0.7745 0.0030 0.00301 0.8008 0.7913 0.7817
0.0066 0.00664 0.7966 0.7873 0.7778 Csl 0.0010 0.00100 0.7923 0.7829 0.7733
0.0088 0.00888 0.7998 | 0.7905 | 0.7811 0.0020 0.00200 0.7980 | 0.7885 | 0.7789
0.0110 0.01112 0.8030 | 0.7938 | 0.7843 0.0030 0.00301 0.8037 | 0.7942 | 0.7846
KCI 0.0007 0.00070 0.7877 | 0.7783 | 0.7687 0.0040 0.00402 0.8094 | 0.7998 | 0.7902
0.0014 0.00140 0.7889 | 0.7795 | 0.7699 | MeOH 0.7865 | 0.7771 | 0.7675
0.0021 0.00210 0.7900 | 0.7806 | 0.7711

The composition is given in terms both of the ion mole fractipand the overall salt mole fractiog. The ion mole fractiorx; is defined as; = nj/(2-nj + nyeon), Wheren; is the mole
number of each ion type amg;eon the mole number of methanol molecules in the electrolytetimi. For the 1:1 salt studied here, the ion mole fractiothefanions and the cationsxseach.
Regarding the salt as a single component, the salinity carbelgjuantified in terms the overall salt mole fractign It is defined axs = ng/(ns + Npweon), Whereng is the mole number of salt
in the solution. The ion mole fractiog is related to the overall salt mole fractiag by xs = x; /(1 —x; ) as the mole number of salt in the solutiomis= n; here.
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Table 6: Slope of the densityp of methanolic alkali halide salt solutions over the ion moéetionx; at various temperatureand 1 bar.
For all lithium and sodium halide salts, the standard dexiakp of the correlation for the density of the methanolic eldgtesolutions,
cf. Eq. (8), is smaller tham0.001 g/cm. For the potassium, rubidium and cesium halidpsis even smaller tham0.0002 g/cr.

T/K 298.15\ 318.15 298.15\ 318.15 298.15\ 318.15 298.15\ 318.15 298.15\ 318.15
salt al/gcnrs Salt al/gcnrs3 Salt algcnr3 Salt algcnrs Salt algcnrs
KF 151 1.55 CsF 3.67 3.69

LiCl 1.04 1.10 | NaCl| 1.46 1.51 | KCl | 1.67 1.73 | RbCl| 2.73 2.77 | CsCl| 3.75 3.76
LiBr 2.10 2.14 | NaBr| 2.45 246 | KBr | 2.64 2.67 | RbBr| 3.70 3.71 | CsBr| 4.76 4.76
Lil 3.09 3.11 | Nal 3.46 3.45 | Kl 3.61 3.60 | RbI 4.64 4.62 | Csl 5.72 5.50




Table 7: Molecular simulation data of the dengatypf methanolic alkali halide salt solutions over
the ion mole fractiorx; and of pure methanol at various temperatilirand 1 bar. The statistical
uncertainties of the densities are throughout bel®0003 g/cr.

T/K 298.15] 308.15] 318.15
salt | x / mol mol? plgenrs
LiCl 0.0100 0.7984| 0.7892| 0.7798

0.0300 0.8164| 0.8074| 0.7998
0.0500 0.8310| 0.8244| 0.8156
LiBr 0.0100 0.8085| 0.7989| 0.7889
0.0300 0.8500| 0.8409| 0.8296
0.0500 0.8851| 0.8784| 0.8678
Lil 0.0100 0.8195| 0.8092| 0.7991
0.0300 0.8798| 0.8701| 0.8604
0.0500 0.9402| 0.9320| 0.9228

NaCl 0.0034 0.7924| 0.7830| 0.7735
0.0068 0.7972| 0.7883| 0.7791
NaBr 0.0080 0.8080| 0.7988| 0.7888

0.0240 0.8481| 0.8364| 0.8279
0.0400 0.8852| 0.8767| 0.8682
Nal 0.0100 0.8235| 0.8131| 0.8030
0.0300 0.8922| 0.8824| 0.8725
0.0500 0.9614| 0.9530| 0.9436
KF 0.0022 0.7918| 0.7825| 0.7717
0.0066 0.7981| 0.7891| 0.7780
0.0110 0.8054| 0.7974| 0.7858

KCI 0.0021 0.7915| 0.7819| 0.7720
KBr 0.0024 0.7936| 0.7845| 0.7742
0.0048 0.7999| 0.7906| 0.7807

Kl 0.0054 0.8065| 0.7970| 0.7877

0.0162 0.8451| 0.8360| 0.8257
0.0270 0.8817| 0.8724| 0.8618
RbCl 0.0030 0.7953| 0.7854| 0.7760
RbBr 0.0022 0.7954| 0.7855| 0.7763
0.0044 0.8029| 0.7938| 0.7842
Rbl 0.0026 0.7992| 0.7901| 0.7804
0.0078 0.8217| 0.8119| 0.8037
0.0130 0.8440| 0.8355| 0.8254

CsF 0.0033 0.8003| 0.7902| 0.7808
CsCl 0.0024 0.7961| 0.7860| 0.7771
0.0048 0.8044| 0.7947| 0.7847

CsBr 0.0030 0.8006| 0.7913| 0.7815
Csl 0.0020 0.7985| 0.7891| 0.7791
0.0040 0.8090| 0.8001| 0.7900

MeOH 0.7872| 0.7778| 0.7682
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Table 8: RDF of the oxygen atog_o(r) and methyl groum;_cns(r) of methanol around the
alkali and halide ions in methanolic solutionsx( =0.002 mol/mol) at the first maximumpax1,
first minimumr yin 1 and second maximumyax2 at 298.15 K and 1 bar.

I’maxl/A 9(rmax1)

ion i-O |[i-CH3| i-O |i-CH3
Li+ | 2.212| 3.258 | 21.77| 5.848
Nat | 2.212| 3.258 | 21.59| 5.589
K+ | 2.630| 3.587 | 13.69| 4.098
Rb* | 2.899| 3.766 | 9.827 | 3.492
Cs" | 3.049| 3.976 | 7.639| 2.963
F- | 3.019| 3.736 | 10.03| 5.431
Cl- | 3.408| 4.095 | 5.863| 4.117
Br- | 3.467| 4.185| 5.206| 3.893
- 3.617| 4.304 | 4.190| 3.620

Mmin,1 / A 9(rmin,1)

ion i-O |i-CH3 | i-O |i-CH3
Li+ | 3.258| 4.005| 0.049| 0.135
Na® | 3.168| 3.976 | 0.047| 0.141
K+ | 3.527| 4.394 | 0.159| 0.391
Rb* | 3.886| 4.693 | 0.353| 0.581
Cs" | 4.095| 5.082 | 0.520| 0.664
F- | 3.766| 4.633| 0.239| 0.528
Cl- | 4.215| 5.351 | 0.314| 0.651
Br- | 4.304| 5.500 | 0.410| 0.666
- 4.394| 5.799 | 0.349| 0.671

Mmax2 / A 9(rmax2)

ion i-O |i-CH3| i-O [i-CH3
Li* | 4.394| 5.410| 1.605| 1.234
Nat | 4.424| 5.410| 1.497| 1.186
K+ | 4.842| 5.679| 1.259| 1.072
Rb* | 5.171| 6.158 | 1.124| 1.008
Cst | 5.171| 7.652| 0.957| 1.182
F 5.171| 6.188 | 1.178| 1.026
Cl- | 5500 7.861 | 1.087| 1.201
Br— | 5.440| 7.921 | 1.068| 1.187
|- | 5.530| 8.011| 1.155| 1.200
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Table 9: Solvation numbe_p and residence time_g of methanol molecules in the first solvation
shell around the alkali and halide ion& methanolic solutions( = 0.002 mol/mol) and their self-
diffusion coefficientD; in methanolic solutionsx( = 0.001 mol/mol) at 298.15 K and 1 bar. The
number in parentheses indicates the statistical simulat@ertainty in the last digit.

ion | ni_o | Ti_o/ps| Dj/1010m2s1
Li* | 55(2)| 66 (3) 8.3 (3)
Na* | 5.3(2)| 68(3) 9.8 (4)
K+ [ 6.0(2)| 13(1) 11.2 (3)
Rb" | 6.6 (2)| 6.6 (4) 12.8 (4)
Cs | 6.9(2)| 4.6(3) 13.2 (3)
F 16.1(2)] 10(Q) 9.4 (4)
Cl- |55(2)| 3.7(3) 12.2 (3)
Br- | 5.8(2)| 4.6(3) 12.6 (3)
I- | 52(@2) 2.8() 12.6 (3)
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