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Abstract

The density of aqueous alkali halide salt solutions is studied experiment2®ait5, 303.15,
313.15, 323.15, and 333.15 K at 1 bar for solutions containing all solustéimations of
alkali cations (LT, Na", K", Rb", Cs") with halide anions (F, CI~, Br~, |I7) at salt concen-
trations up to 0.05 mol/mol. The temperature dependence of the density of thmlgtec
solutions is also determined by molecular simulation in the same temperature andscompo
tion range. The force fields of the ions are taken from previous woduofyroup [J. Chem.
Phys. 136, 084501 (2012), J. Chem. Phys40, 044504 (2014)] and consist of one Lennard-
Jones (LJ) site and a point charge. Water is modeled with the SPC/E fdcceAieery good
agreement between the predictions from molecular simulation and the exp&iirdata of
the reduced density is found. In addition, the temperature dependetive i@dial distribu-
tion function of water around the ions, the hydration number and the resdane of water

molecules in the first hydration shell, the self-diffusion coefficient of tims iand the electric
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conductivity is systematically studied by molecular simulation and compared toimqgreal

literature data where available.

Keywords: aqueous electrolyte solutions, alkali halidéssdensity measurements, molecular

simulation

1. Introduction

Aqueous electrolyte solutions are of special importancmamy natural and technical processes.
One of the most fundamental thermodynamic properties oélierolyte solutions is the density.
In the temperature range studied in the present work (2933B3.15 K) plenty of experimental
density data for various aqueous alkali halide salt sahstiare listed in databasés.However, to
the best of our knowledge there is a lack of density data fes Bmmon electrolyte solutions,
e.g. rubidium and cesium halide salt solutions for tempeestabove 293.15 K. Density data for
cesium halide salt solutions are generally only availabla harrow concentration range for tem-
peratures above 313.15 K. For the rubidium halide salt mwiatno density data are available at
333.15 K. In case of rubidium and cesium fluoride salt sohgiexperimental data are entirely
missing above 293.15 K.

Several correlation methotlexist for the temperature dependence of the density ofrelgt so-
lutions. They have many adjustable parameters that are fittexperimental data and should only
be used in the temperature and composition range of theawataich they were fitted. There are
only very few estimation methods for the density of elegtt®@lsolution as a function of tempera-
ture and composition in the literatufeThese methods predict the density of the solution from
the density of the pure solid salt and are known to yield ratccurate results.

Molecular simulations of electrolyte solutions with clasé force fields go far beyond these meth-
ods. In addition to the estimation of thermodynamic prapsrat arbitrary conditions, these sim-
ulations also provide a detailed insight into the structmed the processes in the solution at the

molecular level. However, this requires accurate forcedidoth for the ions and the solvent. The



density, which is closely related to intermolecular dists) is vital for the validation of any kind
of force fields. The prediction of the density of aqueouslahaide salt solution as a function of
temperature by molecular simulation is influenced by theiesmy both of the ion force field and
the water model.

In recent years, many different force fields for the alkatia@s and the halide anions have been
developed-?? Different parameterization strategies with differentemttives were applied. The
ion force fields were adjusted, e.g. to free energy daté&?!activity dat&%22 as well as data of
the density of the solution®. The strategies and the capability of the resulting ion fdields are
discussed in more detail by Reiser efahnd Moucka et at* In recent work of our group, ion
force fields for all alkali cations and halide anions weredalieped. They were adjusted to data of
the density of the solutions, the self-diffusion coeffitiefthe ions in solution and the position of
the first maximum of the radial distribution function of watgound the ion$32> These ion force
fields consist of one Lennard-Jones (LJ) site and a conceptint charge with the magnitude of
+1e. The LJ size parameters were adjusted in a global fit to retldessities of all aqueous alkali
halide salt solutions at 293.15 K and 1 bar, whereas the Ldygmmrameter, which has only a
minor influence on the densify,was adjusted to the self-diffusion coefficient of the ionsa
lution in combination with the position of the first maximurhtbe radial distribution function of
water around the ions at 293.15 K and 298.15 K, respectiaglg,1 bar. The reduced density of
the solutiony'is defined as

p=L, (1)

wherep is the density of the solution angly is the density of pure water at the same tempera-
ture and pressure. The reduced density was consideredegiobjrather than the density of the
solution p to reduce the influence of the water modelThe resulting force fields for the alkali
cations and halide anions reproduce the experimental eeddensity of all soluble alkali halide
salts solution over a wide composition range at 293.15 K apak ivell 2> Moucka et al?* recently
showed that, when the SPC/E force f#li used for water, the force fields for the sodium cation

and the chloride anion from Deublein et?aland the force fields of Smith and Dalggive the
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best results for the density of relatively dilute aqueou£Nsolutions at 293.15K and 1 bar in
comparison to other SPC/E compatible ion force fields fronlitamture. Using the SPC/E water
model in combination with these ion force fields, the simuolaresults show a good agreement
with the experimental self-diffusion coefficient data oé tlons, the electric conductivity, the hy-
dration dynamics of water molecules around the ions and nkteapy of hydration at 293.15 K
and 298.15 K, respectively, and 1 7ar.

The temperature dependence of thermodynamic propertieledfolyte solutions in the temper-
ature range from 293.15 to 333.15 K was investigated in orfgwastudies in the literature by
molecular simulatiorf/=31 To the best of our knowledge, the temperature dependenée afen-
sity of electrolyte solutions was not yet studied by molacgimulation. Therefore, in the present
work the temperature dependence of aqueous alkali halltdsadations was studied comprehen-
sively by molecular simulation with the force fields deveddpn previous work of our groug?2°
However, for such a comparison the experimental density fitatn the literature had to be ex-
tended.

In the present study, density measurements of the aquestisodyte solutions of all soluble alkali
halide salts were conducted (LiF is insoluble in water). $apthe existing literature data are
filled and a systematic comprehensive data set on densfteswdions is provided. The density
measurements were conducted for ion mole fractions ef0.01, 0.03 and 0.05 mol/mol at tem-
peratures of 293.15, 303.15, 313.15, 323.15, and 333.15kKaughout this study all properties
were investigated at 1 bar. The composition is given in tesfitee ion mole fractiorn;, which is
defined as

n;

(2)

Ti= o ——,
2-n; +nw

wheren; is the mole number of each ion type ang: the mole number of water molecules in

the electrolyte solution. For the 1:1 salt studied herejdhemole fraction of the anions and the

cations isr; each. The ion mole fraction is related to the overall saltariciction

ns

3)

xrs =
ng + Nw
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by

(4)

as the mole number of salt in the solutieg = n;, regarding the salt as a single component.
Molecular simulations at the same temperature, pressute@mposition as in the experiments
were carried out to determine the density of the electraptations. The accuracy of the predic-
tions from molecular simulation for the reduced densitynaf $olutions was assessed on the basis
of the present experimental data. The simulation resuttdfaexperimental data are discussed in-
dividually for the different alkali halide salt solutionBurthermore, the temperature dependence of
structural, dynamic and transport properties of the edddt solutions was determined by molec-
ular simulation. Water was modeled in this study with the $P@6del2¢ which is one of the most
commonly applied water force fields. It is widely used in emical research, and most force
fields for biomolecules, like AMBER? CHARMM 32 and GROMOS* are based on SPC/E. Be-
cause the main component in the investigated electrolytgisos is water, the simulation results
are highly influenced by the accuracy of the SPC/E model. Timpéeature dependence of the
density of pure liquid water at 1 bar is shown in Figure 1. TREH model reproduces the exper-
imental density of water well only at temperatures of aroRf8.15 K. Both with decreasing and
increasing temperature, increasing deviations are obdeta the temperature range studied in the
present work, the largest deviation is 0.7 % (at 333.15 K)Fajure 1.

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

presented and discussed. Section 5 concludes this work.

2. Experimental

Deionized water (produced by an Elix Essential ®f Merck Millipore) was degassed by boiling

before it was used for the preparation of the electrolytetsmis and the calibration of the den-



simeter. The reagent grade alkali halide salts were dri@8&K in an oven for at least 24 h. The
purity and the suppliers of the alkali halide salts are showFable 1. Samples of about 10 ml of
electrolyte solutions with ion mole fractions of = 0.01, 0.03, and 0.05 mol/mol were prepared
gravimetrically (AE240, Mettler-Toledo). Considering tresolution of the balance and the error
by determining the concentrations gravimetrically, therall relative error inz; is estimated by
error propagation to be belowd.1% for the investigated concentrations. The stronglybscppic
salts (Lil, KF and CsF) were dried in a vacuum oven for 48 h analea in a glove box in dry
nitrogen atmosphere.

The density of the solution was determined with a vibratirgetdensimeter (DMA 4500M, Anton
Paar). The densimeter was initially calibrated with air dedassed, deionized liquid water. The
measurements were carried out at temperatures of 293.233,53®13.15, 323.15, and 333.15 K.
Based on the resolution of the densimeter and results fromepg®gition of experiments at the same
conditions, the accuracy of the density measurements waslfto be better than0.0001 g/cr.

The accuracy of the temperature measurements are repoteddetter thar0.1 K.

3. Molecular simulation

In this study, rigid, non-polarizable force fields of the lyjpé¢ with one (ions) and three (water)
superimposed point charges were used. For the unlike Lingdeas, the Lorentz-Berthef5t®®
combining rules were employed. This choice was discusseetail by Reiser et 82 An elaborate
discussion of the available combining rules and their tegcal background is given by Schnabel
etal3’

The LJ parameters of the alkali cations and halide anions veden from preceding work of our
group?32°The LJ size parameters of the ion force fields are listed ineTab For the LJ energy
parameter of the different ion force fields a unique valug Bfs = 200 K is used as recommended

by Reiser et af® Water was model in this study with the SPCfEorce field.



In the present study, the temperature dependence of theéydassvell as structural and dynamic
properties of agqueous electrolyte solutions were detexdhioy molecular simulation. The investi-
gated structural and dynamic properties are: the raditltoligion function (RDF)y;_o () of water
around the ion, the hydration numbet;_o and the residence time_o of water molecules in the
first hydration shell around the ion, the self-diffusion fficéent D; of the ions and the electric
conductivityo of the solution. The methods for the determinatiorof (), n;_o3° andr;_o4°
are formally introduced in the literature. In the calcuwatiand evaluation of these properties the
position of the water molecules is represented by the posif the oxygen atom.

Following a proposal by Impey et al.for the calculation of the residence timgo, unpairing of
an ion and a water molecule was assumed if their separastediéonger than the residence time
To_o Of a water molecule around a neighboring molecule in a pulie water simulation at the
same conditions. However, a short-time pairing of two p&si7;_o < 70_o was fully accounted
for in the calculatiorr;_o.

The self-diffusion coefficient of the ions and the electoaductivity of the agueous solutions were
determined via equilibrium molecular dynamics (MD) sintidas by means of the Green-Kubo
formalism 142 This formalism establishes a direct relationship betwegarsport coefficient and
the time integral of the autocorrelation function of theresponding flux within a fluid. The
Green-Kubo expression for the self-diffusion coefficiéntis based on the individual ion velocity
autocorrelation functiot? and the electric conductivity is related to the autocorrelation function
of the electric current fluxj(¢). The electric current autocorrelation function may be deco
posed“ into an autocorrelation functiofi(¢) and a crosscorrelation functiai(¢) that quantifies
the deviation from ideal Nernst-Einstein behavidf4 The meaning of the termg(¢) andA(¢) is
described in detail by Reiser et &l.

In this work, an extended version of the molecular simurapoogramms24°> was used. Technical

details are given in the Appendix: Simulation details.



4. Results and discussion

4.1 Experimental data

The experimental data of the density of agueous alkali bBatolutions as well as that of pure
liquid water determined in the present work is given in Tehl& he present experimental data at
293.15 K are in excellent agreement with literature #&taver the entire investigated composition
range. The deviations are always below 0.1 % except for NaBm\al where the deviations for
some data points are up to 0.13 % and 0.18 %, respectivelyagiteement with the literature data
is also good for temperatures above 298.15 K. Where comeisspossible, the deviations are
below 0.1 %. Exemplarily, the present experimental derdata of all investigated alkali bromide
salt solutions are compared to literature datan Figure 2.

The densityp of all studied electrolyte solutions increases linearlyadanction of the ion mole
fractionx; at a given temperature in the concentration range studidteipresent work (cf. Fig-

ure 2 and Table 3). The corresponding data of the stopler over x; with

pP=pwta-z; (5)

at 293.15 and 333.15 K are listed in Table 4. For all lithiuodism and potassium halide salts the
standard deviation of the correlation for the density ofdqeeous electrolyte solutions (Eq. (5))
is better than:0.001 g/cm and for the rubidium and cesium halide salts better tHa003 g/cm.
Exceptional cases are the solutions of Kl with a standardatien of +0.003 g/cm, of Rbl with
+0.004 g/cm and of Csl with+0.006 g/cm. The slopea is individual for the different alkali
halide solutions but, in the investigated temperature@aabmnost independent on the temperature
(cf. Table 4). The density of the electrolyte solutions éases with increasing temperature. This
decrease is for all alkali halide salt solutions at all itiggged concentrations nearly identical to
the decrease of the density of pure liquid water with inareptemperature. Hence, the reduced

densityp of the electrolyte solutions is almost independent on thgerature. A discussion of the
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overall partial molar volume of the electrolyte solutiossgiven in the Appendix: Partial molar

volume.

4.2 Comparison of simulation results and experimental data

The simulation results of the denspyf the alkali halide salt solutions as well as pure liquidevat
are listed in Table 5.

In the present simulation study, the prediction of the terafee independence of the slapef p
overz; and consequently of the reduced dengityy the ion force fields is investigated in particu-
lar. The simulation results of the slopare compared to experimental data at 293.15 and 333.15 K
in Figure 3. The independence of the experimental dataasf the temperature is predicted well
by the molecular simulations. The discontinuous incredsevaith increasing coordination num-
ber of the ions (e.g. identical slopesfor sodium and potassium halide salt solutions) can be
attributed to a superposition of the increasing ion size,iticreasing ion mass and the influence
of the ion on the structure of the surrounding hydrogen hamaietwork of the water molecules.
The discussion of the effect of structure making and bregpkiyions in agueous solution is be-
yond the scope of this work and can be found in the literateug, in Mahler and Perssoff. The
comparison between simulation results and experimental afathe reduced densify of alkali
fluoride and chloride salt solutions is shown in Figure 4, fordalkali bromide and iodide salt
solutions in Figure 5. Analogous to the experimental ddta,simulation results g at 293.15
and 333.15 K are found to be almost identical in all casesurég3, 4 and 5 also reveal that the
modification by Reiser et &€ of the LJ energy parameterof the ion force fields from Deublein

et al?® has no significant influence on the reduced solution denEitg.dependence of the simula-
tion results of the reduced densjiypf the different alkali halide salt solutions on the concatibn

and the comparison to experimental data at 293.15 K wass#isdypreviously by Deublein et &.



4.3 Structural properties

The temperature dependence of the Rk () of water around the alkali cations and halide
anions in aqueous solution was determined by molecularlatran in the temperature range from
293.15 to 333.15 K. The simulations were conducted at an iole fraction ofz; = 0.01 mol/moal,

i.e. at low salinity. Hence, the results @f o(r) around the single ions are almost independent
on the chosen counterion in solution. The RDF of water arobaddns was determined for LiCl,
NaBr, KF, Rbl and CsCl salt solutions.

The temperature dependence of the RDF of water around thendhe temperature range from
293.15 to 333.15 K is listed in numerical form in Table 6 andhswn exemplarily for iodide in
Figure 6. The stronger thermal motions of the water molecwiéh increasing temperature lead to
a slight decline of the structuring in the hydration shelkeride, the RDFg;_o () slightly decreases

at the first and second maximum and increases at the first mmith At the same time, the dis-
tances of the first minimum and second maximum slightly iaseewith increasing temperature,
cf. Figure 6 and Table 6. However, the position of the first maxn r,,,. ; is independent on
temperaturé’-28 for all ions in the investigated temperature range, cf. @&l These facts were
also observed in simulation studies in the literattir@? The temperature dependence of the RDF
varies for the different ions and is individually discus$edthe cations and anions in the follow-
ing. The dependence g@f_o(r) on the size and the sign of the ions at 293.15 K was discussed
earlier by Reiser et a3

Alkali cations: In case of Lt and N&, the distance,,;, ; is constant in the investigated temperature
range, whereas,,.. » is slightly shifted to larger distances. For KRb* and Cs the temperature
induced shift of bothr,,;, 1 andry,.x1 iNcreases with increasing ion size, cf. Table 6. Larger ions
possess a weaker bonded hydration $heihd hence the influence of the accelerated thermal mo-
tions on the positions of the first minimum and second maximfithe RDF is more pronounced.
For g(rmax.1) @ndg(rmax 2) @ decline of the temperature dependence with increasingjzeris ob-
served, cf. Table 6. In comparison to small cations, thentait@on of the water molecules around

larger cations is less directed and lower values of the maxafw;_o(r) are found?® Hence, the
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influence of accelerated thermal motions of the water mé¢scaround cations on the maxima of
the RDF is more pronounced for smaller ions. The influence eftémperature 09(rmin1) IS
very low for all cations. In case of Liand N&, this can be attributed to the highly structured first
hydration shell withg(r.,in1) ~ O, whereas the weaker structure of the water molecules droun
ions with less pronounced extremesgafy () is the reason for the weak temperature dependence
of g(rmin1) in case of larger cations.

Halide anions: The highly structured and strongly bonded hydration strellind the anions leads
to a small shift of the position,i,1 (> 0.06A) within the investigated temperature range as well
as to the temperature independence,f, » for all anions, cf. Table 6. The influence of the tem-
perature on the extremal valuesgfo () around F is, although the ions possess almost the same
size, significantly more pronounced than around the cesatrorg cf. Table 6. This is attributed

to the more structured and stronger bonded hydration stolha the fluoride anioR® A weaker
influence of the temperature @irmax.1), 9(7min,1), @aNAg(rmax,2) With increasing anion size was
observed (cf. Table 6), which can be attributed to the irsinggly weaker structure of the water

molecules around the anions.

4.4 Hydration number

The temperature dependence of the hydration numherin the first hydration shell around the
ions was evaluated in the temperature range from 293.153d 3X. The basis of the calculations
of n;,_o are the RDFy,;_o(r) from the previous section. Hence, the results of, are almost inde-
pendent on the counterion in the solution.

The hydration number,;_g in the first hydration shell around the different cations angns is
shown in Table 7. The dependence of the hydration numbereuditferent ions was discussed
earlier by Deublein et & In case of all ions, the simulation resultsaf o are independent on
the temperature. The effects of the temperaturey,om(r) in the first hydration shell, i.e. the

reduction ofg(rm.x,1) and the increase af(r..;i, 1) With increasing temperature (cf. Section 4.3),
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cancel out in the calculation of;,_o. Hence, even though the mobility of the water molecules in
the first hydration shell increases with increasing tenmpeeaheir total number is constant. This
finding is consistent with the results from the simulatiomdéts on the temperature dependence
of n,_o from Reddy and Berkowi® and Zavitsas® There, a reduction of,_o with increasing

temperature was observed only in a considerably wider tesityre range.

4.5 Hydration dynamics

The temperature dependence of the residence timeof water molecules around the ions was
determined by MD simulation in the temperature range fror®.29 to 333.15 K. The residence
time was sampled for the same aqueous electrolyte solwiothsinder the same conditions as the
RDF g,_o(r), c.f. Section 4.3. Again, the resultsgf are almost independent on the counterion
in the electrolyte solution.

The residence time of water moleculesy around the different cations and anions as well as in
pure liquid waterro_o at different temperatures is shown in Figures 7 and 8, réispéc and is
listed in numerical form in Table 8. The present simulatiesults ofr;_o are similar to data
published by Egorov et &° For a given temperature, the residence timg around each ion is
longer thanro_o, which is attributed to the stronger electrostatic attoacbetween the ion and
the surrounding water molecules. The dependence of theéergse time on the size and the sign
of the ions at 293.15 K was discussed earlier by Reiser ¥t al.

Accelerated thermal motion of the molecules with incregdemperature leads to shorter resi-
dence times both forg_o andr;_o. The decline of the residence time with increasing tempegat

is almost linear in the investigated temperature range.sénge trend was also observed for

in the simulation study by Egorov et &l.However, the slope of the residence time over the tem-
perature is individual for the different ions as well as fare liquid water, cf. Figures 7 and 8
and Table 8. In case of the alkali cations and the halide anithe largest decline of the resi-

dence time over the temperature was foundrf@ro and_o, respectively. With increasing size
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of both cations and anions, and hence decreasing elecicastzaction between the ions and the
surrounding water molecules, the decline,of, over the temperature decreases. Thus, the temper-
ature dependence of the residence time is more pronouncsttdoger bonded hydration shells.
However, the absolute values of the residence time, andr_g are significantly longer than for
other cations and anions, respectively, even at the highesstigated temperature 333.15 K. The

lowest dependence on the temperature was observed inubisfsr 7o_o.

4.6 Self-diffusion coefficient

The temperature dependence of the self-diffusion coefficépure liquid watetDy as well as of
the alkali cations and halide anions in aqueous solutionimeastigated in the temperature range
from 293.15 to 333.15 K. The ion self-diffusion coefficiebt was determined at low salinity
(z; = 0.009 mol/mol). Hence, the influence of correlated motions betwas@on and cation in the
solution is low andD; is almost independent on the counterion type.

Because the ions move through the solution together with thairation shelP? their mobility

is dominated both by the effective radius of this ion-watemplex and the mobility of the sur-
rounding bulk water molecules. Hence, the temperaturerdkgee of the ion mobility is directly
linked to the temperature dependence of the mobility of & tater molecules. The tempera-
ture dependence of the self-diffusion coefficient of pugeill water, which is a measure for the
mobility of the water molecules, is shown in Figure 9 ancelisin numerical form in Table 9. With
increasing temperature, accelerated thermal motionseovlter molecules lead to more molecu-
lar mobility. The predictions from molecular simulationtivihe SPC/E water modlfollow the
qualitative trend measured by experimett$? However, the simulation results overestimate the
self-diffusion coefficient of pure liquid water in the intigmted temperature range. The deviations
decrease with increasing temperature from 18 % at 293.153%oat 333.15 K. This decline of

the deviations with increasing temperature was reportéiaariterature3!->3
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The temperature dependence of the self-diffusion coefiicé the ions in agueous solution in
comparison td of pure liquid water is shown in Figure 10 for the alkali casand in Figure 11
for the halide anions and is listed in numerical form in Ta®leThe self-diffusion coefficient of
the ionsD; increases with increasing temperature. The mobility ofitims is highly influenced
by the mobility of the water molecules, but the temperatwgpethdence is not identical for pure
liquid water and the ions in aqueous solution. Furthermibie{emperature dependence varies for
the different ions. Unfortunately, experimental data fug self-diffusion coefficient of the alkali
cations and halide anions are only available at 298.15 Kimvitle investigated temperature range.
31 A comparison between simulation results and experimerat ke in Figure 9 is hence not
feasible. At 298.15 K, the overall agreement between thelsition results and the experimental
dateb* is excellent?® The dependence dP; on the size and the sign of the ions at 298.15 K was
discussed earlier by Reiser etal.

Alkali cations: From Li* to Rb*, i.e. with increasing ion size, the self-diffusion coetfici D,
becomes more temperature dependent, cf. Figure 10 and 9afleis effect was also observed
for Dy, and Dy in a simulation study by Bastug et & With increasing ion size, the electrostatic
attraction within the ion-water complex and hence the é&ffecadius decrease,.e. the increase
of the mobility at higher temperatures is more pronouncedialler complexes. Hence, the vary-
ing temperature dependencel@fis attributed to the different strength of the ion-water ptenes
and the resultant effective complex radii. An exceptiomesttansition from Rbto Cs'. For larger
ions, the effective radius of the ion-water complex is iastiagly influenced by the ion diameter.
Because of these opposing effects, the effective radiusasess and the self-diffusion coefficient
D, decreases from Rlto Cs'. This can be seen both from experimental 8afar Dy;, and D

as well as from simulation resufs*0.5556at 298.15 K. Because of the smaller effective radius of
the ion-water complex, the self-diffusion coefficieng,, is more temperature dependent thiag,,

cf. Figure 10 and Table 9.

Halide anions. The weakest temperature dependenc®pin case of the halide anions was ob-

served for E. The fluoride anion has the strongest electrostatic aibraetith respect to the water
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molecules in the hydration shell and possesses the larffestive radius of the ion-water com-
plex of all investigated anion®. In case of the other investigated anions, namely, 8 and

|-, the temperature dependencelafis very similar, cf. Figure 11 and Table 9. For these ions,
the strength of the interaction between the ion and the watdecules in the hydration shell is
similar?® and there is only a minor relative increase due to the ion eiamHence, the effective

radius of the ion-water complex of these ions is almost idaht

4.7 Electric conductivity

The temperature dependence of the electric conductivif/aqueous NaCl salt solutions was in-
vestigated for ion mole fractions up 19 = 0.018 mol/mol in the temperature range from 293.15
to 333.15 K. This specific salt was chosen, because suffieigrgrimental dataover the entire
investigated temperature range were available. The &exinductivityo of additional aqueous
alkali halide salt solutions was not in the scope of this gtgdhce the simulation of is exceed-
ingly computing time consuming, cf. Appendix: Simulatiogtalls.

In Figure 12 the simulation results of the electric condutgtic of aqueous NaCl salt solutions at
different temperatures and compositions are comparedaeremental dat&.The electric conduc-
tivity o predicted at 293.15 K is in excellent agreement with the empntal data® The deviations
are below 6 % over the entire concentration range. The depeedofo on the salt concentration
at constant temperature was discussed earlier by ReiseP®The increase of the electric con-
ductivity with increasing temperature is predicted by tirawation, but the deviation between
the experimental dataand the simulation results increase. The maximum deviai@83.15 K

is 17 % for an ion mole fraction of; = 0.018 mol/mol. The electric conductivity of the aqueous
NaCl salt solution is increasingly underestimated withé&asing temperature over the entire inves-
tigated composition range, i.e. from high dilution up to@amimole fraction of:; = 0.018 mol/mol.
This indicates that the deviations from the experimenttd dahigher temperatures are dominated

by an increasing mismatch in the prediction of the mobilitgd dence the self-diffusion coefficient
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of the ions by the present molecular simulations. As disetiss Section 4.6, the temperature
dependence of the ion mobility is directly linked to the tergiure dependence of the mobility
of the surrounding bulk water molecules. The combinatiothefion force fields and the SPC/E
water model, which overestimates the self-diffusion coedffit Dy, leads at 293.15 K to an excel-
lent agreement between simulation results and experinaatafo of NaCl salt solutions up to
x; = 0.018 mol/mol. With increasing temperature, the mismatch of tlagewself-diffusion coef-
ficient Dy due to the SPC/E model decreases, cf. Figure 9. The dependitheeself-diffusion
coefficient of pure bulk water on the temperature is undeneséd by the SPC/E model. Hence,
the mobility of the ions and, accordingly, the electric coaiivity was also increasingly underes-
timated with increasing temperature.

Further information on the temperature dependence of tloeostopic electrolyte solution dy-
namics can be obtained by analyzing the particle trajezdofTherefore, the electric current time
correlation function was separated into its two contrits, i.e. the autocorrelation teri(¢) and

the crosscorrelation terA(¢). This analysis was carried out for an aqueous NaCl salt soluti
with an ion mole fraction of:; =0.018 mol/mol at 293.15 and 333.15 K. The resultsA¢t) and
A(t) for the two temperatures are shown in Figure 13. A more detajeneral discussion af(¢)
andA(t) is given by Reiser et a3

The present analysis reveals thaft), which describes the correlated motion of the ions, is
nearly independent on temperature. At 333.15 K, correlatetions of oppositely charged ions
(A(t) < 0) were observed for short times0.30 ps, whereas the time span of negath\g) at
293.15 K is only slightly shorter<(0.26 ps). Hence, a significant increase of the temperature
does not lead to more correlated motions of oppositely @thigns at this salt concentration. For
longer times, the electric conductivity is dominated byrthability and hence the self-diffusion of
the single ionsZ(t). Unlike the crosscorrelation terth(¢), the autocorrelation terrd (¢) highly
depends on the temperature. The shiftZgt) up to higher values in the time span fromx@ <
0.35 ps and the smoother rise6ft) for ¢ > 0.35 ps with increasing temperature are attributed to

the higher mobility of the sodium cations and chloride asionthe aqueous electrolyte solutions.
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The extremes o¥/(t) and A(t) appear for both temperatures at nearly the same times. These
oscillations are attributed to the permanent thermal tidana of the ions within their hydration
shell. Moreover, because the dependence of the solutioctste on the temperature is weak, cf.

Section 4.3, the same behavior was observed for all extremgé) andA(t).

5. Conclusions

The temperature dependence of the density of all aqueoaB h#lide salt solutions was deter-
mined both by experiment and molecular simulation from 2930 333.15 K at 1 bar at ion mole
fractions up to 0.05 mol/mol. Moreover, the influence of timperature on the radial distribution
function of water around the ions, the hydration number @sitlence time of water molecules in
the first hydration shell around the ions, the self-diffascmefficient of the ions and the electric
conductivity was investigated by molecular simulation.

The density measurement results of the aqueous alkaliehsdili solutions are in excellent agree-
ment with data from the literature. Prior to this work, thes&s a lack of experimental density data
of rubidium and cesium halide salt solutions for tempeeguabove 293.15 K. The simulation
results of the slope and of the reduced densifyare in good agreement with the experimental
data for all alkali halide salt solutions. The experimemtaia ofa andp are found to be almost
independent on the temperature, which is predicted cdyregtthe simulation results.

The structure of the water molecules in the first hydratiogllsthanges with increasing tempera-
ture, but the hydration number is found to be constant innliestigated temperature range. The
simulation results for the residence time of water molexal®und the ions at different tempera-
tures reveal that the reductionnf ; due to increasing thermal motion of the molecules at higher
temperatures is larger for ions with stronger bonded hyahrahells which generally exhibit longer
absolute residence times.

The temperature dependence of the self-diffusion coefifi@éthe ionsD; determined by molec-
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ular simulation is found to be individual for the ions. Therease ofD; with the temperature

depends on the effective radius of the ion-water complexsilte is affected both by the strength
of the electrostatic interaction between the ion and themmblecules in the hydration shell and
the diameter of the ion. The temperature dependence ofele&rielconductivity of aqueous NaCl

salt solutions was predicted by molecular simulation. Tiheukation results are in good agree-
ment with the experimental data. However, the deviatiombeh the simulation and experiment
increases with increasing temperature. This can be atdbio an increasing underestimation of

the self-diffusion coefficients of Naand Ct by the force fields.
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Appendix: Simulation details

For all simulations of this study, an extended version ofdimeulation progranms24®> was em-

ployed. Inms2, thermophysical properties can be determined for rigidecwdar models using
Monte-Carlo (MC) or molecular dynamics (MD) simulation temjues. For all simulations, the
LJ interaction partners are determined for every time stepMC loop, respectively. Interaction
energies between molecules and/or ions are determinetilypior distances smaller than the
cut-off radiusr.. The simulation uncertainties were estimated with the lblnerage method by

Flyvberg and Peterset.
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The liquid density of aqueous alkali halide solutions wagderined with the MC technique in the
isothermal-isobaric ensemble at a constant pressure of fbibdifferent temperatures and com-
positions. Depending on the composition, the simulatidamwe contained 10, 30, or 50 cations.
The total molecule numbeN = 1000 was constant in all simulations. A physically reasonable
configuration was obtained aftér000 equilibration loops in theéVV'T" ensemble , followed by
80,000 relaxation loops in théVpT ensemble. Thermodynamic averages were obtained by sam-
pling 512,000 loops. Each loop consisted dkpr/3 steps, wher&/ypy indicates the total number
of mechanical degrees of freedom of the system. Electrosteitg range contributions were con-
sidered by Ewald summatiéhwith a real space convergence parameter5.6. The real space
cut-off radius was equal to the LJ cut-off radius ofA5

For the calculation of structural and dynamic propertiethefaqueous electrolyte solutions, MD
simulations were carried out. In a first step, the densityhefaqueous alkali halide solution was
determined by aVpT' simulation at the desired temperature, pressure and catioposSubse-
quently, the self-diffusion coefficient, the electric cowtlvity, the radial distribution function and
the residence time were calculated in thé&7" ensemble at the same temperature and composi-
tion with the density resulting from the first step. In thesB Blmulations, Newton's equations of
motion were solved with a Gear predictor-corrector schefiélo order with a time step of 1.2 fs.
The long-range interactions were considered by Ewald suiome?

The self-diffusion coefficient of the ioA%and the electric conductivity of the solutighwere
calculated with the Green-Kubo formalisth?2 For simulations in theVpT ensemble, a phys-
ically reasonable configuration was attained Iy 000 time steps in theVV/T ensemble and
100,000 time steps in theVpT ensemble, followed by a production run owen, 000 time steps.

In the NV'T ensemble, the equilibration was carried out ou@, 000 time steps, followed by a
production run oR, 400, 000 time steps for the calculation of the self-diffusion coedfic and the
electric conductivity. The sampling length of the veloaiyd the electric current autocorrelation
functions was set to 11 ps and the separation between thasdfjtwo autocorrelation functions

was 0.2 ps. Within the separation time span, all correlafimetions decayed to less than 1/e
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of their normalized value. The MD unit cell with periodic balary conditions contained 4500
molecules. This relative high number of molecules was used to minimize the influence of the
finite size effect on the simulation results. Using the GrKebo formalisnf!-42for the calculation
of transport properties of aqueous systems, Guevara®éshbwed that the finite site effect satu-
rates with increasing number of molecules. No significafiedinces were observed above 2048
molecules?® For the calculation of the self-diffusion coefficient, thealation volume contained
4420 water molecules, 40 alkali ions and 40 halide ions. Téec conductivity was determined
for different compositions. Hence, the number of ions ingimeulation volume varied from 16 to
160. The real space and LJ cut-off radius was set t.25

The radial distribution function and the residence time evdetermined by molecular simula-
tion of systems containing 10 cations, 10 anions and 980rwatdecules. For simulations in
the NpT ensemble, the system was equilibrated awe000 time steps in théVV' T ensemble and
100, 000 time steps in théVpT ensemble, followed by a production run ote®00, 000 time steps.
The RDF of water around the ions was sampled in the subseguéiitensemble simulation up to
a cut-off radius of 1A with 500 bins. The results for the position of the first minim of the RDF
were used in a secon’lV/7" ensemble simulation with the same density for the determoimaf
the residence time of water molecules around the ions. Im N6t7 simulations, the system was
equilibrated oved 00, 000 time steps, followed by a production run ©bf000, 000 time steps.

The same process was applied for the calculation of the pateryroperties, i.e. the self-diffusion

coefficient and the residence time of water molecules artheid neighbors.

Appendix: Partial molar volume

The volumel” of the electrolyte solutions is given by

V =nw-vw +vs-ng , (6)
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whereng andnyy is the number of salt and water molecules, respectivelypaaddvyy the overall
partial molar volume of the salt and of water in the soluti@spectively. The overall partial molar

volume of the saltg in the aqueous solutions is defined as

5= (o) ™
anS T, p,nw
and the molar volume of the solutieris given by
%
= 8
v nsg + Nw ( )

The molar volumes(zg) are accessible from the experimental density data in Tatiy 3escal-
ing to an arbitrary number foty,, which is held constant, a plot &f(ng) can be generated. From
that plot and Eq. (8) the overall partial molar volume of taé 81 the aqueous solutiosny can be
obtained. Here, the dependencelobn ng at constanty is linear in the investigated concen-
tration range and hence the overall partial molar voluméhefalkali halide saltss in aqueous
solution is found to be constant at a given temperature. Kperemental overall partial molar
volume data for the different alkali halide salt solutioms bsted for 293.15 and 333.15 K in Ta-
ble 10. As the properties introduced in Section 4glis almost independent on the temperature in

the investigated temperature range.
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Figure 1: Density of pure liquid water as a function of tengpere at 1 bar. Results of simulations
from the present work with the SPC/E motfe{s) are compared to experimental data from the
present workq). The line indicates a correlation of experimental dataftbe literature®®
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Figure 2: Density of aqueous lithium, sodium, potassiurbjdwm and cesium bromide salt so-
lutions as a function of the ion mole fraction at 1 bar. Préesxperimental data (symbols) are
compared to correlations of literature dafglines): 293.15 K f, —) and 333.15 K, - - -).
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Figure 3: Slope of the density of aqueous alkali halide s@liteons over the ion mole fraction
at 1 bar. Present simulation data (symbols) are comparedegept experimental data (lines):
293.15 K ¢, —) and 333.15 K%, ---). For several solutions the lines and symbols of the differe
temperatures lie upon each other.
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Figure 4: Reduced density of aqueous alkali fluoride and wléaalt solutions as a function of
the ion mole fraction at 1 bar. Present simulation data (®fg)lare compared to correlations of
the present experimental data (lines): 293.1% k) and 333.15 K%, ---). For several solutions
the lines and symbols of the different temperatures lie wgawh other. LiF is only soluble in trace
amounts and hence no data are shown here.
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Figure 5: Reduced density of aqueous alkali bromide and éoslidt solutions as a function of the
ion mole fraction at 1 bar. Present simulation data (symkarks compared to correlations of the
present experimental data (lines): 293.15K-) and 333.15 KX, ---). For several solutions the

lines and symbols of the different temperatures lie upom edaer.
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Figure 6: Radial distribution function of SPC/E wa¥earound t for 293.15 K (- - -) and 333.15K
(—) at 1 bar. The position of water was represented by thdipof the oxygen atom.
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Figure 7: Residence time of SPC/E wafearound alkali cations o), Nat(2), K*(0), Rb*(v),
Csf(¢) in aqueous solution{ = 0.01 mol/mol) and its residence time around another neighboring
molecule for pure liquid waterx) as a function of the temperature at 1 bar.
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Figure 8: Residence time of SPC/E wafearound alkali anions Ho), Cl-(v), Br-(e), I-(2) in
aqueous solutionz{, = 0.01 mol/mol) and its residence time around another neighbarnobecule
for pure liquid water %) as a function of the temperature at 1 bar.
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Figure 9: Self-diffusion coefficient of pure liquid water asfunction of temperature at 1 bar.
Present simulation results with SPC/E wéatdm) are compared to experimental datg {"->2
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Figure 10: Self-diffusion coefficient of alkali cations*{(), Na“(Aa), K*(0), Rbt*(v), Cs () in
aqueous solutionz{ = 0.009 mol/mol) and of pure liquid SPC/E wa#ér(x) as a function of
temperature at 1 bar. The statistical simulation uncdrésf the self-diffusion coefficients of the
alkali cations are below0.9 - 10-1° and of water belowt0.3 - 10-19 m?s!,
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Figure 11: Self-diffusion coefficient of halide anions(&), Cl-(v), Br=(e), I-(2) in aqueous
solution ¢; = 0.009 mol/mol) and of pure liquid SPC/E wat#r(x) as a function of the temperature
at 1 bar. The statistical simulation uncertainties of thie-diéfusion coefficients of the halide
anions are below0.6 - 10-'° and of water below0.3 - 10-1° m?s-1.
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Figure 12: Electric conductivity of aqueous NaCl salt san$ as a function of the ion mole
fraction at 1 bar. Simulation resultm) are compared to experimental dafa). The statistical
simulation uncertainties of the electric conductivities found to be about8% for all investigated
concentrations at all temperatures.
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Figure 13: Electric current time correlation function oethAqueous NaCl salt solution;( =
0.018 mol/mol) separated into its autocorrelation functiéf¢) (top) and crosscorrelation func-
tion A(¢) (bottom) at 293.15 K (- - -) and 333.15 K (—) at 1 bar .
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Table 1: Purity and supplier of the alkali halide salts

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

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

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

Kl >99 % Fluka
RbF | >99.8% Aldrich
RbCI | >99.8% Aldrich
RbBr | >99.7 % Aldrich
Rbl | >99.8% AlfaAesar
CsF | >299.9% Aldrich
CsCl | >99.999 % Roth
CsBr | >99.5% Fluka

Csl >99.999 % Aldrich
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Table 2: LJ size parameterand LJ energy parametefor alkali and halide ions. The parameters
were taken from preceding worR:25

lon ol A ¢c/kglK
Li+ 1.88 200
Na* 1.89 200
K+ 2.77 200
Rb* 3.26 200
Cst 3.58 200

F 3.66 200
Cl- 4.41 200
Br- 4.54 200
I~ 4.78 200
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Table 3: Experimental data of the densitpf aqueous alkali halide salt solutions at 1 bar. The oveeddltive error inx; is estimated
to be below+0.1%. The accuracy of the density and temperature measotsm@e found to be better thaf.0001 g/crh and+0.1 K,

respectively.
TIK 293.15 303.15 313.15 323.15 333.15

zi/molmof" | 0.01 | 0.03 | 0.05 | 001 | 003 | 0.05 | 0.01 | 0.03 | 0.05 | 001 | 003 | 0.05 | 0.01 | 0.03 | 0.05
Salt plgcn3 plgcn? plgen plgcn? plgcnr?
LiCl 1.0123| 1.0385| 1.0641| 1.0097| 1.0357| 1.0612| 1.0062| 1.0323| 1.0579| 1.0021| 1.0283| 1.0540| 0.9974| 1.0238| 1.0498
LiBr 1.0335| 1.1018| 1.1715| 1.0302| 1.0980| 1.1680| 1.0263| 1.0939| 1.1639| 1.0220| 1.0894| 1.1593| 1.0172| 1.0846| 1.1543
Lil 1.0533| 1.1608| 1.2681| 1.0498| 1.1563| 1.2627| 1.0457| 1.1510| 1.2572| 1.0412| 1.1461| 1.2514| 1.0362| 1.1407| 1.2455
NaF 1.0227 — - 1.0197 - — 1.0160 — - 1.0115 - — 1.0065 — —
NacCl 1.0213| 1.0662| 1.1108| 1.0183| 1.0624| 1.1062| 1.0145| 1.0580| 1.1016| 1.0101| 1.0524| 1.0964| 1.0051| 1.0476| 1.0909
NaBr 1.0436| 1.1295| 1.2171| 1.0400| 1.1252| 1.2118| 1.0358| 1.1204| 1.2062| 1.0311| 1.1151| 1.2002| 1.0260| 1.1094| 1.1940
Nal 1.0617| 1.1867| 1.3095| 1.0584| 1.1818| 1.3032| 1.0542| 1.1763| 1.2965| 1.0495| 1.1691| 1.2895| 1.0441| 1.1634| 1.2822
KF 1.0257| 1.0805| 1.1355| 1.0228| 1.0770| 1.1307| 1.0192| 1.0729| 1.1265| 1.0148| 1.0684| 1.1219| 1.0100| 1.0635| 1.1169
KCI 1.0243| 1.0748| 1.1236| 1.0214| 1.0712| 1.1196| 1.0177| 1.0670| 1.1151| 1.0133| 1.0624| 1.1102| 1.0084| 1.0572| 1.1049
KBr 1.0457| 1.1377| 1.2274| 1.0426| 1.1337| 1.2226| 1.0387| 1.1291| 1.2174| 1.0342| 1.1239| 1.2117| 1.0292| 1.1184| 1.2057
Kl 1.0652| 1.1940| 1.3179| 1.0619| 1.1893| 1.3121| 1.0579| 1.1841| 1.3060| 1.0532| 1.1784| 1.2993| 1.0479| 1.1723| 1.2924
RbF 1.0487| 1.1506| 1.2503| 1.0457| 1.1465| 1.2461| 1.0420| 1.1419| 1.2414| 1.0376| 1.1370| 1.2362| 1.0326| 1.1316| 1.2306
RbCI 1.0483| 1.1442| 1.2379| 1.0448| 1.1398| 1.2328| 1.0407| 1.1350| 1.2275| 1.0361| 1.1300| 1.2220| 1.0312| 1.1247| 1.2163
RbBr 1.0686| 1.2046| 1.3369| 1.0650| 1.1997| 1.3310| 1.0607| 1.1945| 1.3249| 1.0560| 1.1889| 1.3186| 1.0509| 1.1829| 1.3122
Rbl 1.0881| 1.2597| 1.4232| 1.0842| 1.2542| 1.4163| 1.0798| 1.2484| 1.4092| 1.0749| 1.2423| 1.4020| 1.0696| 1.2359| 1.3946
CsF 1.0709| 1.2101| 1.3499| 1.0680| 1.2062| 1.3454| 1.0643| 1.2017| 1.3404| 1.0599| 1.1966| 1.3349| 1.0530| 1.1909| 1.3291
CsCl 1.0699| 1.2083| 1.3426| 1.0663| 1.2036| 1.3370| 1.0621| 1.1986| 1.3312| 1.0575| 1.1932| 1.3252| 1.0524| 1.1877| 1.3191
CsBr 1.0905| 1.2679| 1.4388| 1.0867| 1.2628| 1.4326| 1.0823| 1.2573| 1.4260| 1.0776| 1.2515| 1.4193| 1.0724| 1.2455| 1.4124
Csl 1.1095| 1.3207| 1.5194| 1.1056| 1.3149| 1.5121| 1.1010| 1.3089| 1.5045| 1.0960| 1.3025| 1.4969| 1.0906| 1.2959| 1.4891
Water 0.9982 0.9957 0.9922 0.9881 0.9832
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Table 4: Slope: of the densityp of aqueous alkali halide solutions over the ion mole fractipat 1 bar. For all lithium, sodium and
potassium halide salts the standard deviation of the aiioel for the density of the aqueous electrolyte soluti@ts (5)) is better than
+0.001 g/cm and for the rubidium and cesium halide salts better th@®03 g/cm. Exceptional cases are the solutions of Kl with a
standard deviation af0.003 g/cm, of Rbl with +0.004 g/cm and of Csl with+0.006 g/cm.

T/K 293.15\ 333.15 293.15\ 333.15 293.15\ 333.15 293.15\ 333.15 293.15\ 333.15
Salt algcnrs Salt algcms3 Salt algcns Salt algcnrs Salt algcnrs
NaF 2.45 2.34 | KF 2.75 2.68 | RbF 5.05 495 | CsF 7.05 6.93
LiCl 1.33 1.34 | NaCl | 2.26 2.15 | KCl | 2.52 252 | RbCl| 4.82 4.68 | CsCl| 6.93 6.74
LiBr 3.46 3.41 | NaBr| 4.38 422 | KBr | 4.61 447 | RbBr| 6.81 6.61 | CsBr| 8.87 8.63
Lil 541 5.26 | Nal 6.24 5.99 | KI 6.41 6.22 | RbI 8.57 8.29 | Csl 10.53 | 10.21
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Table 5: Molecular simulation data for the densityf aqueous alkali halide salt solutions at 1 bar. The stedilstimulation uncertainties
of the densities are throughout bele®w.0005 g/cr.

TIK 293.15 303.15 313.15 323.15 333.15
zi/molmof " | 0.01 | 0.03 | 0.05 | 0.01 | 0.03 | 0.05 | 0.01 | 0.03 | 0.05 | 0.01 | 0.03 | 0.05 | 0.01 | 0.03 | 0.05
Salt plgcns plgcn? plgenm? plgcn? plgcn?
LiCl 1.0103| 1.0316| 1.0479| 1.0052| 1.0247| 1.0418| 0.9995| 1.0190| 1.0346| 0.9932| 1.0122| 1.0294| 0.9870| 1.0058| 1.0232
LiBr 1.0317| 1.0971| 1.1599| 1.0275| 1.0910| 1.1520| 1.0205| 1.0837| 1.1460| 1.0128| 1.0775| 1.1376| 1.0073| 1.0705| 1.1317
Lil 1.0516| 1.1568| 1.2576| 1.0466| 1.1500| 1.2490| 1.0417| 1.1430| 1.2431| 1.0341| 1.1358| 1.2334| 1.0268| 1.1286| 1.2259
NaF 1.0254 - - 1.0207 - - 1.0142 - - 1.0085 - — 1.0002 — —
NacCl 1.0193| 1.0589| 1.0938| 1.0142| 1.0518| 1.0875| 1.0084| 1.0460| 1.0799| 1.0020| 1.0390| 1.0745| 0.9957| 1.0325| 1.0680
NaBr 1.0406| 1.1241| 1.2052| 1.0364| 1.1179| 1.1970| 1.0293| 1.1105| 1.1907| 1.0216| 1.1041| 1.1820| 1.0160| 1.0969| 1.1759
Nal 1.0605| 1.1834| 1.3017| 1.0555| 1.1764 | 1.2928| 1.0505| 1.1693| 1.2866| 1.0428| 1.1619| 1.2767| 1.0355| 1.1545| 1.2688
KF 1.0282| 1.0808| 1.1295| 1.0222| 1.0752| 1.1228| 1.0164| 1.0709| 1.1169| 1.0109| 1.0633| 1.1111| 1.0031| 1.0563| 1.1048
KCI 1.0209| 1.0609| 1.1015| 1.0174| 1.0560| 1.0956| 1.0112| 1.0513| 1.0891| 1.0036| 1.0456| 1.0829| 0.9971| 1.0394| 1.0763
KBr 1.0431| 1.1270| 1.2088| 1.0375| 1.1196| 1.2025| 1.0320| 1.1158| 1.1953| 1.0263| 1.1091| 1.1900| 1.0180| 1.1013| 1.1812
Kl 1.0628| 1.1867| 1.3014| 1.0593| 1.1809| 1.2964| 1.0516| 1.1732| 1.2893| 1.0449| 1.1676| 1.2813| 1.0381| 1.1582| 1.2744
RbF 1.0488| 1.1441| 1.2402| 1.0447| 1.1372| 1.2345| 1.0371| 1.1334| 1.2261| 1.0323| 1.1264| 1.2173| 1.0234| 1.1192| 1.2115
RbCI 1.0432| 1.1220| 1.2000| 1.0354| 1.1167| 1.1943| 1.0321| 1.1123| 1.1861| 1.0254| 1.1055| 1.1812| 1.0172| 1.0979| 1.1740
RbBr 1.0644| 1.1858| 1.3029| 1.0591| 1.1799| 1.2952| 1.0531| 1.1750| 1.2895| 1.0470| 1.1676| 1.2823| 1.0386| 1.1600| 1.2750
Rbl 1.0836| 1.2434| 1.3912| 1.0789| 1.2372| 1.3861| 1.0723| 1.2301| 1.3801| 1.0648| 1.2235| 1.3710| 1.0590| 1.2150| 1.3633
CsF 1.0727| 1.2153| 1.3484| 1.0644| 1.2042| 1.3432| 1.0605| 1.2014| 1.3372| 1.0527| 1.1918| 1.3298| 1.0459| 1.1847| 1.3219
CsCl 1.0643| 1.1883| 1.3038| 1.0598| 1.1814| 1.2988| 1.0542| 1.1764| 1.2909| 1.0464| 1.1689| 1.2834| 1.0398| 1.1610| 1.2749
CsBr 1.0862| 1.2499| 1.4035| 1.0805| 1.2437| 1.3964| 1.0751| 1.2365| 1.3904| 1.0688| 1.2296| 1.3830| 1.0605| 1.2220| 1.3748
Csl 1.1059| 1.3036| 1.4921| 1.0987| 1.2992| 1.4830| 1.0934| 1.2913| 1.4746| 1.0873| 1.2842| 1.4662| 1.0793| 1.2764| 1.4571
Water 0.9999 0.9952 0.9886 0.9825 0.9760




Table 6: RDFg; o(r) of water around the alkali and halide iorisin aqueous solutions
(z; =0.01 mol/mol) at the first maximumy,,, 1, first minimumr,,,;, ; and second maximumy,,.y -
at 1 bar.

T/K 293.15‘ 313.15‘ 333.15 293.15‘ 313.15‘ 333.15
lon T'max, 1 /A g(rmax,l)
Lit 2232 | 2.232 | 2.232 | 9.729 | 9.436 | 9.285
Na" | 2.232 | 2.232 | 2.232 | 9.758 | 9.515 | 9.318
K+ 2.684 | 2.684 | 2.684 | 5273 | 5.161 | 4.995
Rb* | 2.956 | 2.956 | 2.956 | 3.948 | 3.867 | 3.786
Cs" | 3.137 | 3.137 | 3.137 | 3.326 | 3.233 | 3.198
F 3.016 | 3.016 | 3.016 | 4.896 | 4.727 | 4.556
Cl- | 3.408 | 3.408 | 3.408 | 3.227 | 3.088 | 3.006
Br- | 3.499 | 3.499 | 3.499 | 3.076 | 2.968 | 2.878
I~ 3.619 | 3.619 | 3.619 | 2.640 | 2.592 | 2.492

lon T'min,1 / A g(rmin,l)
Li+ | 3.076 | 3.076 | 3.107 | 0.072 | 0.086 | 0.105
Na+ | 3.076 | 3.076 | 3.076 | 0.072 | 0.087 | 0.103
K+ 3.468 | 3.468 | 3.529 | 0.418 | 0.437 | 0.454
Rb* | 3.830 | 3.861 | 3.861 | 0.631 | 0.644 | 0.652
Cs* | 4.011 | 4.102 | 4132 | 0.767 | 0.757 | 0.766
F 3.649 | 3.680 | 3.710 | 0.365 | 0.408 | 0.461
Cl- | 4.041 | 4.041 | 4.102 | 0.590 | 0.650 | 0.691
Br- | 4102 | 4222 | 4.162 | 0.648 | 0.698 | 0.732
I~ 4.222 | 4.283 | 4.283 | 0.757 | 0.791 | 0.832

lon Tmax.2 /A 9(Tmax.2)
Li+ 4403 | 4403 | 4.434 | 1.535 | 1.496 | 1.455
Na* 4373 | 4403 | 4.403 | 1.542 | 4.403 | 1.471
K+ 4765 | 4.765 | 4.826 | 1.206 | 1.199 | 1.169
Rb* 4976 | 5.037 | 5.097 | 1.072 | 1.067 | 1.061
Cs' 5.218 | 5.308 | 5.459 | 1.004 | 0.996 | 0.995
F 4795 | 4856 | 4.856 | 1.301 | 1.262 | 1.223
Cl- 5.097 | 5.097 | 5.097 | 1.214 | 1.167 | 1.136
Br- 5.157 | 5.157 | 5.157 | 1.203 | 1.177 | 1.142
- 5.218 | 5.188 | 5.218 | 1.176 | 1.146 | 1.116
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Table 7: Hydration numben;_o in the first hydration shell around the alkali and halide ions
i in aqueous solutionsz{ =0.01 mol/mol) at 1 bar. The statistical simulation uncertaiwas
throughout+0.2.

T /K [ 293.15] 313.15] 333.15
lon ni—o

Li 55 | 53 | 53
Na- | 54 | 53 | 53
K* 6.4 | 63 | 63
Rbr | 73 | 72 | 74
Cst 79 | 82 | 82

F 6.9 6.9 6.8
Cl- 6.9 7.2 7.1
Br- 7.6 7.5 7.7

I~ 7.5 7.5 7.6

Table 8: Residence time of water molecules in the first hyodinasihell around iong (7;_¢) in
agueous electrolyte solutions;£0.01 mol/mol) and around neighboring water molecules irepu
liquid water ¢o_o) at 1 bar.

T /K [293.15| 303.15| 313.15] 323.15] 333.15
lon Ti—o I pS

Li+ 9.05 | 827 | 754 | 6.99 | 650
Na* | 6.45 | 591 | 542 | 497 | 4.62
K* 210 | 201 | 191 | 1.80 | 1.75
Rb* | 1.40 | 1.36 | 1.31 | 1.28 | 1.25
Cst | 116 | 113 | 110 | 1.09 | 1.06

F- 2.02 1.84 1.71 1.54 1.47
Cl- 1.19 1.10 1.03 0.99 0.93
Br- 1.16 1.08 1.02 0.96 0.91
I~ 0.99 0.95 0.90 0.86 0.82
O 0.55 0.53 0.51 0.48 0.46
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Table 9: Self-diffusion coefficienD; of the alkali cations and halide anion aqueous solution
(x; = 0.009 mol/mol) andDy; of pure liquid SPC/E watéf at 1 bar. The number in parentheses
indicates the statistical simulation uncertainty in thet @igit.

T/K 293.15\ 303.15\ 313.15\ 323.15\ 333.15
lon D; /10719 m?s!

Li+ 9.1(6) | 10.9(7)| 13.6(7)| 16.1(9)| 19.1(9)
Na® | 9.1(2) | 11.6(2)| 14.3(3)| 17.1(4) | 20.4(4)
K+ 15.4(3)| 18.6(4) | 22.5(4)| 25.6(5)| 30.2(6)
Rb- | 17.1(3)| 20.6(4)| 25.3(4)| 29.9(5) | 34.1(7)
Cs 17.2(3)| 20.0(3)| 24.4(4)| 27.8(4)| 32.6(4)
F 11.9(3)| 14.1(3)| 17.1(4)| 20.4(4)| 24.6(4)
Cl- 14.8(3)| 18.0(3)| 21.7(4)| 25.7(4)| 30.1(5)
Br- 15.5(3)| 18.2(4)| 23.0(4)| 26.3(4)| 31.1(5)
|- 15.6(3) | 19.6(4) | 23.1(4)| 26.8(4)| 31.5(5)
Water | 23.7(1) | 29.3(1)| 35.0(2)| 41.6(2)| 48.6(3)
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Table 10: Overall partial molar volume of the alkali haliddtsvg in aqueous solution at 1 bar. The standard deviation of thene of
the electrolyte solution (Eq. (6)) is for alkali halide sattiroughout below0.1%.

T/K 293.15\ 333.15 293.15\ 333.15 293.15\ 333.15 293.15\ 333.15 293.15\ 333.15
Salt | vg/cmP mol! | Salt | vg/cm®mol! | Salt | vg/cm? mol-! | Salt vs /cmP mol! | Salt | wvg/cm? mol!
NaF 1.0 1.3 KF 13.9 13.6 | RbF 19.3 19.8 | CsF 29.8 29.6
LiCl 20.3 20.1 | NaCl| 20.3 21.5 | KCI 30.7 31.6 | RbCl| 35.7 36.8 | CsCl| 429 44.1
LiBr 26.6 26.6 | NaBr| 27.2 28.6 | KBr | 37.0 38.4 | RbBr| 42.2 43.8 | CsBr| 49.2 50.9
Lil 36.9 38.2 | Nal 37.7 40.3 | Kl 47.8 50.0 | RbI 53.0 55.4 | Csl 60.3 62.8
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