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Abstract

New Lennard-Jones plus point charge models are developed for alledith cations. The
cation parameters are adjusted to the reduced liquid solution density ofiscgi&aline-earth
halide salt solutions at a temperature of 293.15 K and a pressure of Thigrstrategy is
analogous to the one that was recently used for developing models ftiraadklehalide ions
so that both model families are compatible. The force fields yield the reduaed §glution
density of aqueous alkaline-earth halide solutions in good agreement pighieental data
over a wide range of salinity. Structural microscopic properties, i.e. Irdidtaibution function
and hydration number, are predicted in a good agreement with experinagntajuantum
chemical data. The same holds for dynamic properties, namely hydrati@amilys) self-
diffusion coefficient and electric conductivity. Finally, the enthalpy dditation of the salts in

agueous solution was favourably assessed.

1. Introduction

Aqueous electrolyte solutions play an important role in ynaatural processes and industrial
applications. Their thermodynamic properties are doreithdtty the strong electrostatic interac-
tions between the ions and the solvent molecules. In teahapplications, however, not only the
charges and ionic strengths are relevant, but the indiVicktare of the different ions is important
as well. Thus most electrolyte solutions are outside of gggnne which can be described with the
approach by Debye and Hiickef. Therefore, different empirical extensions of the Debyeskl
limiting law have been suggestéd’ which consider the non-electrostatic interactions betvihe
ions. These models introduce a large number of adjustaloéeneders so that they often serve as
correlation tools only. Molecular simulations of elecytel solutions go far beyond these models.
They allow for detailed insights into the properties of élelyte solutions and for predictions of
their properties. The prerequisite are accurate molefoilee fields. The goal of the present study
is the development of such models for alkaline-earth cation

Force fields for alkaline-earth cations have been develsjmeg the 1980s by different groups and



have been used in various types of studi€sThe most common model type is a Lennard-Jones
(LJ) sphere with the unit charge of magnitug@e in its center. These models, hence, only differ
with respect to their LJ parameters. lon models for magme¥land calciunt! were developed
from ab initio calculations and were evaluated regardimgy thbility to predict structural properties
of solutions. Guardia et df extended the analysis to the potential of mean force, whiled§han

et al'® studied some of the these models with respect to transpopepties. Aqvist* derived
force fields for alkaline-earth cations based on the fre@ggnperturbation theory. These force
fields were further improved under the label ff9%nd are part of the AMBER package.
Spangberg et al’ developed two different molecular models for magnesiurmfat initio calcu-
lations: one model explicitly considers three-body intéicns, the other one explicitly considers
polarization effects. For aqueous MgGolutions, both models describe the first hydration shell
around the ions in good agreement with experimental datée whly the three-body model yields

a reliable solvation enthalpy of the saltJiao et al'® developed force fields for magnesium and
calcium from ab initio calculations using a polarizablegydtal. For chloride solutions, these mod-
els reproduce the solvation free energy in good agreeméntexperimental data. For an aqueous
CacCb solution, the self-diffusion coefficient of the cation wdscawell predicted, while for the
magnesium model, it was significantly underpredicttdlegyes et aft® developed a simple LJ
based model for calcium in aqueous Cagblutions that yields the structural properties in good
agreement with experimental values. Gavryushov éf alblished effective ion potentials for all
alkaline-earth chloride salts, neglecting the long rangmetributions of the electrostatic interac-
tions between the ions. These models were used for the attmubf thermodynamic properties,
e.g. the activity coefficient® describing the solvent implicitly.

This short literature survey shows that significant effoasvspent on the development of force
fields for some alkaline-earth cations, however, a comprafie approach is still lacking.

In the present work, a set of molecular models for all nonagadiive alkaline-earth cations, i.e.
Be?t, Mg?t, c&*, St and B&", was developed for aqueous solutions. The models follow

the classical approach, i.e. they describe the ions by orsphdre with one superimposed point



charge with a magnitude ef2e. This simple model type is supported by all common moéacul
simulation codeg122

The LJ model parameters were adjusted to experimental dateeaseduced liquid solution density
of aqueous alkaline-earth halide solutions. This appreghused in preceding work for devel-
oping a set of molecular models for alkali and halide i8Ag-hroughout the present study, the
halide ion models were taken from that watkwhile water was described by the SPC/E motfel.
However, the results from our previous stdéguggest that the simulation results for the reduced
liquid solution density do not strongly depend on the chatéhe water model and hence, the
ion models presented here should also be applicable in catin with other water models. Sec-
tion 2 introduces the parameterization method, while inti8e@, details on the simulations of the
studied properties are given. In Section 4, simulationltesue shown for the density, structural,

dynamic and caloric properties, while Section 5 conclutlesnork.

2. Force field development

The force field type employed in this study was the standard2-6 potential plus coulombic
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whereuj is the potential energy between the partiglesd j with a distancei; between their LJ
sites.gjj andgjj are the LJ parameters for size and energy, respectijeiyndgn, are the charges
of the solute or the solvent molecules that are at a distgpc@nde is the vacuum permittivity.
The indiced andm count the point charges, while the total number of chargesaléculei is
denoted byNc;. Note that Eq. (1) is given in a form that includes the intéoas with water.
Throughout the present simulations, the Lorentz-Berthadotbining rule$®2 were applied for
the unlike LJ interactions. Technical details of the empbbgimulation methods are given in the
Appendix. Note here that the employed simple force field dmtsapture the physical effects of

polarization. This effect, however, is included in the ®feld by the parameterization strategy



that was used for the force field development and which isthtced in detail the last part of this
section.

The solvent water was modeled by the rigid, non-polarizébtee field SPC/E* which con-
sists of one LJ sphere and three point charges. It is widedyg isr molecular simulations of
biomolecules, often in combination with the GROMOS forcédfi# The SPC/E water model
yields a decent agreement with the experimental liquid illeagpure water at ambient conditions
of T =29315 K andp = 1 bar?3

The ions were modeled by one LJ sphere with one point chargeghitude+2 e in their center.
The halide anion force fields are of the same type and were tfagm preceding work?3 For the
molar mass of all particles, the experimental values weed.usor parameterization, the cation LJ
size parameteo; was adjusted to reproduce the reduced liquid solution tepsbver salinityx
at the temperaturé = 29315 K and the pressune= 1 bar. Herep is defined by the density of
the electrolyte solutiop and the density of the pure solvent waggy at the same temperatufe

and pressur@
5= P
P= po

2)
These data were taken from the literature and were typioatigsured by vibrating tube densimeter
or hydrometer. It was shown recertfythat the reduced densify depends only very weakly on
the LJ energy parameter. Following the same approach heresation LJ energy parametgy
was set tosc/kg = 200 K for all models. This choice yields reasonable valuegtie osmotic
coefficient of various alkali halide solutior§.

The dependence @ on x was approximated by a first order Taylor expansion arouncptire

water & = 0) state point

P =P(x=0)+ X+0?=14+mx+0?, (3)
x=0

The short notatioim stands for the derivative g with respect to the salinity, i.e. the mass

fraction of the salt in solution, at infinite dilution ar@? contains all higher order terms of the



expansion. The quantity is well accessible from experimental solution density dgtaimple
derivation. Plots of the these data show an almost lineaabehof p(x) up to high salinities,
cf. Figure 1. The mass fraction was used in the present wospéaify the salinity rather than
other common measures like molality or ion strength as tieali range turns out to be particularly
large when the mass fraction is used. Other advantagessofdite field parameterization with
respect to the referengewere discussed in more detail befétend are not repeated here.

For the present parameterization, the cation LJ size pdearog was systematically varied be-
tween 1.5 and 4.5 A with increments of 0.5 A and regressedyusipolynomial function. By
molecular simulation with varying low salinity, the incseaof the reduced density with increasing
salinity in aqueous alkaline-earth solutions was deteechimhe parametes; for the cations was
subsequently adjusted to the derivatia®f five solutions, namely Begl(the only water soluble
beryllium salt), MgBp, CaBk, SrBr, and BaBp. Fluoride salts were not considered, since they are
not soluble in water. Bromide salts were selected for thestfjent, since the employed bromide
anion model was found to be very accurate for aqueous alkaihidle solutions’®> Mathemati-
cally, the adjustment leads to a single solution for all fietians. Although the ion force fields
only contain experimental information on the five solutiomsntioned above, they show good pre-
dictive capabilities with respect to other salt combinasi@ontaining alkaline-earth cations and
halide anions, cf. Section 4. Note that a different paraneztion strategy, a global fit of all ion

parameters, was also feasible, but was not performed Hef@ection 4.

3. Structural, dynamic and caloric properties

The electrolyte solutions were analyzed regarding stratforoperties of the solution, i.e. the
radial distribution function (RDFY;_o(r) of water around the catioh?® the hydration number
ni_o3° as well as the potential of mean foreg_o2° between cation and water. To study the
dynamics in the liquid, the residence tinig, the self-diffusion coefficienD; and the electric

conductivity o of aqueous alkaline-earth solutions were evaluated. litiaddthe enthalpy of



hydration for the ions in solution was determined. Throughibese analyses, the position of
water molecules was represented by the position of the oxgie O.

The RDFg;_o(r) of water around the ionindicates the structure that the ion imposes onto the
solution. This quantity is well known from the literatéfeand is not further discussed here. The
hydration numben;_o quantifies the number of solvent molecules within a givetadise around

the ioni. It is defined by
I'min
Ni_o = 47TPO/O r?gi_o(r)dr 4)

wherepo is the number density of water angi, is the distance up to which the hydration number
is calculated. To determine the hydration number withinfttet shell around the ion, the value
I'min,1 Was chosen to be the distance of the first minimum of the RDF.

The residence timep defines the average time span that a water molecule remdinis &igiven

distancei_o around an ion. It is related to the following autocorrelation functibh

1 o Ni—0

To= E o kgl Ok(1)Ok(0)dt , 5)

where® is the Heavyside step function which yields unity, if a wateslecule is paired with an
ion, andt is the time. In this study, the residence time of water in th& fiydration shell was
determined. A water molecule and an ion were considerediesdpavhen their mutual distance
ri—_o was lower than the distance of the first RDF minimum, fieo < Imin1. Following a pro-
posal by Impey et al®! unpairing was assumed when the separatjog > I'min,1 lasts more than
2 ps. However, a short-time pairing of two particles wigh< 2 ps was fully accounted for in the
calculation oftp.

The dynamics of water molecules leaving the first hydratiosllsvas also characterized by the
rate coefficienk, which is simply the inverse of the residence tikne 1/10.

The potential of mean foros;_o between the ionand water can be derived from the orientation-



ally averaged ion-water RDF By32:33

Wi_o(r) = —kgTIngi_o(r), (6)

wherekg is the Boltzmann constant. The energy difference betweeffirgteminimum of the

potential of mean force and its first maximum, where the itemsstate is located, is the energy
barrier that a water molecule has to overcome in order tceltae first hydration shell of the ion.
Using transition state theory, the maximum rate coefficknfor water molecules leaving this

shell can be determined according1d?

o [keT _exp—pwelo(r))
211 5" exp(—Buflo(r))dr

(7)

wherep = mmo/(m +mo) is the reduced mass of the ion-water pair avll is the effective
potential of mean force between ion and solvent. The distehts set to the distance of the first
maximum of the potential of mean force, since the hydratigmagnics in the first hydration shell
around the cation was targeted in this work. The effectitemital of mean force is linked t;_o
by an additional term that accounts for the increase of therpial of mean force with increasing

volume, and hence according t33:32
r
weflo(r) =Wio(r) —2keTIn— . (8)

The maximum rate coefficield from transition state theory is related to the rate coeffidkeby
the transmission coefficient

K=—. (9)

In addition to hydration dynamics, the self-diffusion do@ént of the ions and the electric con-
ductivity of the aqueous solutions were determined via ldgiim molecular dynamics (MD)
simulations by means of the Green-Kubo formali¥hT.his formalism offers a direct relationship

between transport coefficients and the time integral of titearrelation function of the corre-
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sponding fluxes within a fluid. Hence, the Green-Kubo expoedsr the self-diffusion coefficient
D; is based on the individual ion velocity autocorrelationdtion3*

Di= o [ (W) w(0)et (10)

3Ni Jo

wherev(t) is the center of mass velocity vector of ikof species at some time. Eq. (10) is an
average over al\; ions.
The electric conductivityo is related to the time autocorrelation function of the eleaturrent
flux j(t) and is given by®

o= gyt [ (0 i), (1)

whereV is the volume. The electric current flux is defined by the ceagggf ion k and its velocity

vectorvy according to
Nion

0= aewd), (12)

K=1
whereNqn is the number of ions in solution. Note that all ions in saos have to be considered,
but not the water molecules. For better statisticsyas sampled over all three independent spatial

elements ofj(t). The electric current time autocorrelation function maydeeomposed into the

sunmp®

Nion Nion Nion
(I0-§(0) =20 +80) = 3 (WO WO)+ 3 5 (G W) wi(0). (1)

=1 =1n=1

n=£k

whereZ(t) is an autocorrelation function ai{t) a crosscorrelation function that quantifies the
deviations from the ideal Nernst-Einstein behavi®f®

The first termZ(t) describes the mobility of the ions due to their self-difusin solution. Mathe-
matically, it is simply the sum of the self-diffusion coeféats of all ion types in solution weighted
by their charges. The second tet(t) describes the correlated motion of the ions in solution.

Correlated motions of ion pairs of opposite charges in smutower the electric conductivity



(A(t) < 0), while correlated motions of ion pairs with the same chaglarges (A(t) > 0). The
magnitude of the electric conductivity is highly dependamsolution salinityx and increases with
higherx for low and medium salinities.

In addition, the enthalpy of hydration of the ioAb, g was investigated. It is defined as the dif-
ference between the enthalpy of the ions dissolved in theagisolution at infinite dilution and
the enthalpy of the salt in an artificial ideal gas referenates Using molecular simulatioAhnyg

is derived from the enthalpyl of the aqueous electrolyte solution and the enth&lgyof the pure

solvent divided by the amount of salt in soluting3’

H—Ho

Ahpyg = —RT, (14)

whereR is the ideal gas constant. The enthalpy of hydration wagmigted for all alkaline-earth

halide salts individually.

4. Results and discussion

Model parameters

The LJ size parameter values of the alkaline-earth cati@tsrishined in the present work are
presented in Table 1. The order of the LJ size parameter écadtions is consistent with their
order in the periodic table of elements, i.e.?Be< Mg?t < C&* < S+ < B&t. Note that the

ionic radii of the ions differ slightly from experimentallyetermined ionic radii reported in the

literature 38 Similar observations were already reported for alkalidelbns as well.

Reduced liquid solution density

The present ion models were parameterized to reduced kglidion density data of five alkaline-
earth halide salts (Be&lMgBry, CaBp, SrBr, and BaByp) at low salinity. This data was thus

matched within the experimental accuracy, cf. Figure 1. i§hér salinity as well as for all re-
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maining eight electrolyte solutions, the present simatatiesults forp are predictive. Note that
neither the alkaline-earth fluoride salts nor the beryllibatide salts are soluble in water, except
for BeCh. For reference, Table 1 also contains the halide anion peteas?>

For the alkaline-earth chloride salts in aqueous solutimmreduced liquid solution density is well
predicted at low salinity. The deviations to experimengaluced solution density data are less than
1%. For higher salinity, the present force fields underestnthe experimental data.

For the alkaline-earth bromide salts in aqueous solutlem agreement with experimental d#ta
is excellent throughout the entire salinity range, cf. F&gl. This is not surprising for low salinity,
since most of the ion parameters were adjusted to this propEiowever, also at high salinity,
where the experimental data shows a significantly nonlibebavior, the agreement between sim-
ulation and experiment is very good.

With respect to the alkaline-earth iodide salts in aquealstisn, similar results were obtained
for the reduced liquid solution density. The deviationsamen the simulation data and exper-
imental values are below 1% over the entire salinity ranfeFigure 1. Again, this has to be
seen in the light of the fact that the alkaline-earth iodidissshow a nonlinear increase of the
solution density with increasing salinity, which the pnetstorce fields are able to predict. Note
that the good agreement for the aqueous alkaline-earthideoamd iodide solutions are due to
the parameterization strategy of only using alkalinekebromide salts for the parameter adjust-
ment. A global fit of the model parameters to all alkalinetie&elide salts was possible and would
have yielded better results for alkaline-earth chloridéessadowever, this improvement for these
salts results in significantly higher deviations for the a@mmng salts. Since the deviations of the
alkaline-earth chloride salts could not solely be mappdbda@ation model parameters, that global

parameterization strategy was not followed.

Hydration properties

After parameterization, all aqueous alkaline-earth sohst were analyzed regarding structural

and dynamic solution properties. The investigated stratuata are the RDE;_o(r)?° of wa-
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ter around the ion and the hydration numbet_o.%° In addition, the potential of mean force
wi_o(r) 32 between catiom and water was determined. Furthermore, an analysis wifrecto
the net charg&); around the cations was performed. However, these resuitsiodittle infor-
mation, since for all cations, the net charge had not dectyadconstant value within the cubic
simulation volume with an edge length f13 A that were used in the present study. Although
charge compensation within the boundaries of the simulatadume is desirable, the simulation
error induced by this mismatch should not be important giver periodic boundary conditions
were employed.

The analysis of the dynamic properties covered the hydratymamics of the first hydration shell,
i.e. the residence timey during which a water molecule remains within the first hyrashell,
as well as the rate and transmission coefficiénts andk, respectively, which characterize the
dynamics of water molecules leaving the first hydration IshiEhroughout, the water molecules
were represented by their oxygen atom O.

The general trends are individually discussed for eachinfic@arth ion in the following, while
the results are summarized in Table 2 and Table 3. For alttigaged alkaline-earth cations, the
studied properties hardly change with the type of countencsolution and salinity. E.g., for the
cation-water RDF, the positions of the first four extrema, ite2 two maxima and minima, were
found to be constant, which is in good agreement with expamtal data!%41 A typical RDF of
water around the cation Mg in an aqueous MgGlsolution is shown in Figure 2 for two salinities.
The first maximum of the RDF is located close to the ion. The pegafkry high, reaching up to
20, which is roughly a factor of 2.5 higher than the maximurnuea observed for alkali cations of
approximately the same siZé The width of the first peak of the alkaline-earth RDF is smadk, b
ing in the order of 0.3 A for small alkaline-earth ions and A.Br larger ones starting with Ga.
This is roughly half as wide than in case of monovalent catfGhT his indicates a highly ordered
structure around the cation that is caused by the electiostteractions between the cation and
the solvent. Due to the cation charge attraction, all wateleoules in the first hydration shell

are located in the closest vicinity around the cation thatésically possible. As expected, the
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solvent molecules in the first hydration shell are orientechghat the negatively charged oxygen
atom is directed towards the cation. This causes the vetypegk of the RDF. The small width
of the first peak of the RDF can be explained by hindered solvei¢cule motions. The electro-
static attraction inhibits not only translational motiasfswater molecules in form of leaving the
first hydration shell, but also constrains the rotationatiors of the solvent molecules. The first
peak of the RDF is followed by a broad minimum, wheyeo(r) is almost zero. The width of
the minimum corresponds to the width of the first hydratioellshvhere the water molecules are
constrained in their motions and solvent molecules frombill& can hardly penetrate into. For
all alkaline-earth cations, a second hydration shell waeoked which is also quite pronounced,
cf. Figure 2. The peak of the second shell in the RDF reachelsia 882 for MgCb and is slightly
lower for larger cations. After the second peak, the RDF decapidly to unity, showing almost
no indication for the formation of a third hydration shelh&anion-water RDFs were found to be
the same as reported for alkali halide solutions in pregpdiork .23

Beryllium The RDF of beryllium in aqueous BeLsolutions exhibits the first maximum at a
distance of 2.0 A and the first minimum at 2.3 A. These valuesbath by 0.3 A larger than
experimental data for the first maximum from x-ray diffractt! and ab initio calculations per-
formed without counterion$? indicating that the molecular model’s attractive forcessn ion
and solvent are too weak. The second maximum of the RDF wasl fatia distance of 4.2 A,
the second minimum at 4.9 A. These results differ again fronnaio calculations by 0.4 A2
The hydration number for beryllium in the first shell was detmed to be 5-6, which is higher
than the experimental number of 4 water molecules arourfd BeThe residence time exceeds
the total simulation time of 3 ns that was used in the presamkwwhich is in agreement with
earlier MD studies*® This high residence time in the proximity of the®eion is due to the very
strong electrostatic attraction between this cation ardstivent. The energy barrier that a water
molecule needs to overcome for leaving the first hydratial slould not be determined explicitly
due to the lack of trajectories that show leaving water mdésc These results indicate that the

structure around the beryllium cation is very static. Suiced disorder only occurs in the second
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hydration shell and in the bulk solvent.

Magnesium For magnesium cations, the first maximum of the RDF was detechat a distance
of 2.0 A, the first minimum at 2.3 A. This is in agreement wittpeximental data from x-ray
diffraction, which indicate an average ion-water distant@.1 A 4144 as well as in agreement
with ab initio calculations performed without counteripmghich determined the distance to be
2.1 A as well*® The maximum of the second shell was found to be at a distané@d¥ from the
ion, the second minimum at 4.9 A. The first shell hydration henwas almost constant at a value
of 5.3 to 59 water molecules around the cation, independent on caantstpe and salinity. Ex-
perimentally, a hydration number of 6 was obser®8 Regarding the dynamics of the system,
the behavior is similar to the Bé cation. The water residence time could not be determined for
Mg?* within the total simulation time of 3 ns, which is again cailibg the strong electrostatic at-
traction between cation and water molecules. Therefoeadbults for the maximum rate constant
for a water molecule leaving the first hydration shell fromnsition state theorl™ could not be
determined. The energy barrier associated with a wateraul@deaving the first hydration shell
was found to be >8gT.

Calcium For the calcium cation, the first maximum and the first mimmaof the RDF are shifted
to larger distances due to the larger size of Gabeing 2.4 and 3.0 A, respectively. This is in
agreement with experimental data, which locate the firstimam at 2.4 A#! and ab initio calcu-
lations performed without counterions, which determirtegl distance to be 2.5 A~ The second
extrema of the RDF are located at distances of 4.6 and 5.4 Bectisely, which match the ab
initio distance of 4.6 A for the second maximum perfeétiyThe increase of the RDF peak width,
especially of the first one, indicates that the water stmectwound C&" is less ordered than in
the case of smaller alkaline-earth ions. The hydration remfdr calcium in solution with small
anions showed a dependence on salinity, ranging betweed &.&rwater molecules in the first
hydration shell. For large counterions, like bromide andide, the hydration number remained
almost constant between 7.5 and 8. This large hydration ruisbn very good agreement with

experimental work that determined the number of water mudsscin the first hydration shell to be
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8.40 On average, a water molecule remained within the first hiairathell around the cation for
131 ps. To leave the shell, an energy barrier of roughty B had to be overcome, which leads to
a minimum rate coefficient dfr = 0.059 ps . For the present model, the transmission coefficient
was determined to be ~ 0.13.

Strontium The RDF of water around strontium exhibits the first maximamdistance of 2.5 A from
the ion, which is close to the experimentally observed vafitzz6 A*048and is in excellent agree-
ment with ab initio calculations performed without courges.*® The first minimum was observed
at 3.1 A. The locations of the second extrema of the RDF wererained to be 4.7 and 5.4 A,
respectively. The peak is slightly smaller than observedlbinitio calculations® The hydration
number in the first shell of 8t was calculated to bg,_o ~ 8, which is in excellent agreement
with the experimental data at high salinity, being 7.9 t6'8he hydration number showed no
dependence on counterion type and salinity. On averagetex welecule remained in the first
hydration shell of strontium for 105 ps. For an exchange ofaéewmolecule in the first shell,
an energy barrier of roughly KT had to be overcome. The maximum rate of water molecule
replacements in the first shell was determined to be 0.015 pssulting in a transmission coeffi-
cient ofk = 0.63.

Bariumt For barium, the first maximum of the RDF was found at 2.6 A arelfttst minimum
at 3.2 A. These values differ from experimental data by 0.2.838 A.#%-50 Ap initio calculations
performed without counterions suggest a maximum of 28 Ahe following extrema in the RDF
were determined to be at 4.8 and 5.7 A. The hydration numbsr8ymdependent on counterion
type and salinity. The residence time of water moleculekiwthe first shell was 40 ps. Removing
a water molecule from the first shell is associated with amggnkearrier of roughly 5.%gT and

the rate constant was 0.026 Psresulting in a transmission coefficient close to unity.

Self-diffusion coefficient

For all alkaline-earth cations in aqueous chloride sohgjdhe self-diffusion coefficiem; was de-

termined all = 29815 K andp =1 bar. Here, the different electrolyte solutions containastant
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number of cationsxygci2 = 0.03 g9/g,Xcaci2 = 0.04 9/g,Xsrci2 = 0.05 g/g andkgaci2 = 0.07 g/g).
The self-diffusivity is a measure for the ion mobility in gdbn and is therefore highly influenced
by the ion-solvent interactions and hence, the water foatd, fivhich was SPC/# in this study.
Due to the strong ion-solvent attraction, ions do not défussolution as single particles, but to-
gether with the water molecules in their first shell. The vester complex can be described by a
sphere with an effective radius that increases with stroatjeactive forces between ion and water
molecules. Within the complex, ion motion is short-ranged fast, but does not contribute signif-
icantly to the ion self-diffusion coefficieritt A typical velocity autocorrelation function observed
for an aqueous Cagkolution is shown in Figure 3. Here, the motion of the watelatales in the
first hydration shell with respect to the bulk water and theiamoof the ion relative to its hydration
shell contribute to the total motion of the €acation. According to Impey et af’ the oscillations
of the velocity autocorrelation function indicate a fagtestion of the ion within its first hydration
shell.

Overall, the self-diffusion coefficient of the cations aggavell with experimental dat?, cf. Fig-
ure 4 and Table 3. The diffusion coefficient shows only littigpendence on the cation size, which
is in agreement with experimental data. This independesates to the hydration dynamics around
the ions. Smaller cations are supposed to diffuse fasteslitisn, however, the attractive forces
that these ions exert on the water molecules are larger., Sblvent molecules are more attached
to the ion, forming a stable ion-water complex with a largedive radius. For large cations, the
electrostatic attraction between ion and water is less dami However, because of their large
diameter, the effective radius of the hydration sphere iig semilar to the one of small cations so

thatD; does not significantly depend on the alkaline-earth caf@ciges in aqueous solutions.

Electric conductivity

The electric conductivityy was determined for aqueous Mg@nd BaC} solutions for varying
salinity at ambient conditions to study the cation size deleace ofo. These two salts were cho-

sen, because sufficient experimental data is available agrsement with experimental d&fe3
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is excellent, cf. Figure 5. For salinities of up to 0.09 g/g kgCl, and 0.18 g/g for BaG| the
deviations are below 13 %. The calculationcoby molecular simulation gives further insight into
the dynamics of the ions in solution. By separating the dtectnductivity into the two terms
according Eq. (13), the contribution of the correlated iostions was determined. This analysis
was performed for aqueous MgCAnd BaCj} solutions containing a constant number of cations
(Xmgci2 = 0.09 g/g andkgaci2 = 0.18 g/g). The results of this analysis are discussed belovaeand
shown in Figure 6 and Figure 7.

Magnesium For very short timest(< 0.01 ps), the crosscorrelatidk(t) is positive. This is due
to the random motions of the cation within its first hydraterell, which are dominated by the
interactions of the cation with its nearest water molecoldy. These motions are superimposed
by the correlated motions of the cation with the anion dudé&irtelectrostatic attraction. For the
chloride anion, the correlated motions are fully develoged show a characteristic behavior that
is dominated by the electrostatic repulsion. Henbg) is positive. For longer times, the cage
motions of M@ are superimposed by the characteristic long time motiohefdn grouped with
its hydration shellA(t) is negative in this case, indicating the expected corrélaitetions of anion
and cation. The rapid motions of Mg within its hydration shell lead to oscillations Aft) over
time that are depicted in Figure 6 and that can also be see(ifjpr Within 0.8 ps, Mg+ shows
eight changes in direction due to the interactions with yration shell.

Barium In agueous BaGlsolutions, the oscillations &f(t) andA(t) are less pronounced, cf. Fig-
ure 7, since the motions of larger cations within their fingifation shell are less rapid. Looking
at the motions of the anions and the cations in detail, catedl motions of oppositely charged
ions (A(t) < 0) were observed only for short timets< 0.44 ps). At longer timesA(t) is posi-
tive, which indicates correlated motions of ions of the saim&ge. The strong attractive forces
between oppositely charged ions lead to a frequent exclafrige interaction partners in terms of
correlated motions. HencA(t) is dominated for longer times by correlated motions of iofihe
same charge, which is attributed to electrostatic repualsio

Comparing the behavior of the ions, correlated motions ofosjiply charged ions/(t) < 0)
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were observed in both of the studied aqueous alkaline-ehttride solutions. For MgG| the
absolute value of\(t) is significantly smaller than in case of BaClCorrelated motions of ions
highly depend on the ability of the anions to replace watelecwdes in the hydration shell of the
alkaline-earth cations. For both cations, no chloride iwwage observed in the first hydration shell.
In this case, the correlated motions of the ions were caugédtéractions between ions that are
separated by one or more water molecules. FofMghe strong attraction between cation and
water molecules in the second hydration shell inhibits @inanus exchange of water molecules.
Hence, the chloride anion is not able to replace water mt#sdn the second hydration shell and
therefore, correlated motions are unlikely to occur. Intcast, there is more exchange of water

molecules around the Ba cation and thus correlated motions are more pronounced.

Enthalpy of hydration

The enthalpy of hydration of alkaline-earth salts in agqeesnlutions was determined. The results
were obtained from molecular simulation at low salinity (@#ions, 20 anions and 970 water
molecules) al =29815 K andp = 1 bar and are summarized in Table 2. The agreement between
data from simulation and experimetftis good for all salts, except for Be£lwhere also some
deviations for the structural properties were found. Far thmaining salts, the deviations are
below 10%, which is roughly the accuracy of the experimed#ah3® The deviations decrease
with increasing ion size, which is not surprising, becaasétfese solutions also a better agreement
with respect to the reduced solution density and other tbhdymamic and structural data was
achieved. The ion force fields also correctly predict thelitpitve trend that the enthalpy of

hydration decreases with increasing ion size.

5. Conclusions

Molecular models for the alkaline-earth ions based on thagdproach with a superimposed point

charge were developed. The force fields were parametergied experimental data on the re-
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duced liquid solution density of five electrolyte solutipnginly containing the bromide anion at
low salinity. These density data were reproduced exactly.

The present force fields can be applied in any mutual combmdor the alkaline-earth halide
salts. This was shown by predictive calculations using #diced liquid solution density as a
reference. The present simulations showed an excelleaeagmt with experimental data for all
studied aqueous electrolyte solutions at low salinity. iyhhsalinity, the present force fields were
also found to be very accurate for alkaline-earth bromides iadides, while for alkaline-earth
chloride solutions the deviations from experimental digrdata were more significant.

The force fields were also investigated with respect to siratand dynamic properties. For the
RDF and the hydration number, a very good agreement was famallfelectrolyte solutions,
except for BeC. In this case, the attractive forces between the solventtenmn model seem to
be too strong and hence the ordering around the cation wagredected. For all cations, the RDF
clearly indicated two hydration shells that are stronglyedeped. In the first shell, a very stable
structure around the cations was observed. The oxygen aibting surrounding water molecules
are oriented towards the cation and their rotational msteme hindered by the strong electrostatic
attraction with the cation. The second shell is located 4Ad®m the cation. There, the influence
of the cation onto the solution is weaker, however, it i3 significant.

Calculations of the potential of mean force suggest thatxbbange of water molecules from the
first to the second shell is hindered by a large energy bailrfes barrier decreases with increasing
cation size and ranges betweert kg T and > 8kgT. The height of the energy barrier correlates
with the hydration dynamics, i.e. the residence time of watelecules in the first hydration shell
increases with a higher energy barrier, while the rate aoefft decreases.

The cation mobility in solution was studied by means of thié-diéusion coefficient. For all
alkaline-earth cations in aqueous halide solutions, tifedgéusion coefficient is in good agree-
ment with the experimental data. The deviations from expenital data are less than 15%. The
self-diffusion coefficient of the cations showed hardly a@ependence on the ion size, which is in

agreement with experimental observations.
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The electric conductivity was determined for aqueous Mg&ld BaC} solutions over a wide
range of salinity. The agreement with experimental dataéekent. For both solutions, the influ-
ence of the cation size on the auto- and the crosscorrelaiotnibution to the electric conductivity
was investigated. This analysis showed the ion size depeedaf the electric conductivity. For
small cations, the ion motions tend to be highly correlatétth Whe counterion. This behavior,
however, is superimposed by short range ion motions witesr ffirst hydration shell, especially
at short times. For large cations, the correlated motioasiamilar for short times, but are different
for long times. This is attributed to the short lifetime ofr@ated motions of oppositely charged
ions and the long term electrostatic repulsion of evenlygdadions.

The solution was further studied with respect to the enthalphydration. This quantity was
predicted for all alkaline-earth halide solutions and allsows a very good agreement with exper-

imental data, being mostly within the combined error bars.
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Appendix

The present simulation study was performed with an extengesion ofms2.% For the static
properties, the classical Monte-Carlo (MC) method was engaoyn MC, all simulations were
performed in the isothermal-isobaribl pT) ensemble at 2935 K and 1 bar. Electrostatic long

range contributions were considered by Ewald summatiwith a real space convergence param-
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eterk = 5.6. The ions and the solvent molecules were initially placetb @ face-centered cubic
lattice in random order. A physically reasonable configaratvas obtained by,®00 equilibration
loops in the canonical ensemble, followed by @00 relaxation loops in the pT ensemble. Ther-
modynamic averages were obtained over,B00 loops. Each loop consisted Mfipr/3 steps,
whereNypr indicates the total number of mechanical degrees of freeafdire system. Configu-
rations of the system were saved every 500 loops, which wse&éd for the calculation of the RDF
via post-processing. For the calculation of dynamic progeof the agueous electrolyte solutions,
MD simulations were performed. The self-diffusion coe#id of the ions and the electric con-
ductivity of the solution were calculated with the Greenbi§uformalism343° First, the density
of the electrolyte solution was determined bN®T simulation at the desired temperature and
pressure. Subsequently, the self-diffusion coefficierd sampled in the canonidl{ T) ensemble
at the temperature and the density resulting from the fiegt Sthe sampling length of the velocity
and the electric current correlation functions was set tpsland the separation between the origin
of two autocorrelation functions was 0.06 ps. Within thradispan, all autocorrelation functions
decayed to less than 1/e of their normalized value.

For all simulations in theN pT ensemble, a physically reasonable configuration was attdy
10,000 steps in th&V T ensemble and 10000 steps in th& pT ensemble, followed by a pro-
duction run over 5000 time steps. For simulations in tN&/ T ensemble, the equilibration was
performed over 10@00 steps, followed by a production run of800 000 and 2400,000 time
steps for the determination of the self-diffusion coefintiand the electric conductivity, respec-
tively. Newton's equations of motion were solved with a Geadictor-corrector scheme of fifth
order with a time step of 1.2 ps. The MD unit cell with periolisundary conditions contained
4500 molecules. For the calculation of the self-diffusioefficient, the simulation volume con-
tained 4419 water molecules, 27 alkaline-earth ions andhtide ions. The electric conductivity
was determined for different salinities. Hence, the nunadbeilkaline-earth ions in the simulation
volume varied from 4 to 81. The electrostatic long rangewouations were considered in the same

way as in case of the MC simulations.
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Table 1: Lennard-Jones size parameterog for alkaline-earth cations determined in the
present work and for halide anions taken from preceding worlké® that were used here. The
LJ energy parameter wase/kg = 200K for all ions.

lon olA qle
Be?t 1.69 +2
Mg2* 1.77  +2
(of:an 258 +2

St 269 +2
Ba+ 3.12 +2
F- 366 -1
Cl- 441 -1
Br- 454 -1
|- 478 -1
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Table 2: Properties of aqueous electrolyte solutions at = 29315 K and p = 1 bar deter-

mined by present molecular simulations: distances of the 8t rmax; and second maximum
'max2 as well as firstrmin 1 and second minimumr i » of the ion-water RDF. The hydration
numbersn,_o are given for varying salinity in terms of the molality xX™). The enthalpy of hy-
dration Ahﬁ;(g' is given at infinite dilution and compared to experimental dda. 38 The number
in parenthesis indicates the statistical uncertainty in tke last digit. The experimental mean
distances between the ions and the oxygen atom of water in tHest hydration shell are:

(B 1 75A (M o1 A (C# _24A rSP _26Aand BE —29A. 40

max 1 ' ITmaxl T ' Tmaxl T ' Tmaxl max1l —

Salt M'maxl 'minl Imax2 Tmin2 Ni—o (M) ni_o(BM) —Ahpy —AhE;(g'
A A A A - - kJmol~t kJmol?
BeCb 2.0 2.3 4.2 4.9 6.5 5.4 2461(1) 3256
MgCl, | 2.0 2.3 4.2 4.9 5.9 5.3 2462(1) 2683
MgBr, | 2.0 2.3 4.2 4.9 5.8 5.4 2430(1) 2615
Mgl» 2.0 2.3 4.2 4.9 5.9 5.3 2378(1) 2531
CaCb 2.4 3.0 4.6 5.4 7.8 6.9 2147(1) 2339
CaBp 2.4 3.0 4.6 5.4 7.9 7.4 2117(1) 2271
Cab 2.4 3.0 4.6 5.4 7.8 7.5 2066(1) 2187
SrCh 2.5 3.1 4.7 5.5 7.9 7.6 2111(1) 2205
SrBr, 2.5 3.1 4.7 55 8.0 7.3 2084(1) 2137
Srl, 2.5 3.1 4.7 55 8.0 7.9 2031(1) 2053
BaCb 2.6 3.2 4.8 5.7 8.4 7.8 1972(1) 2067
BaBr, 2.6 3.2 4.8 5.7 8.3 7.7 1940(1) 1999
Bal, 2.6 3.2 4.8 5.7 8.4 8.2 1891(1) 1915

Table 3: Properties of aqueous electrolyte solutions &t =298 15K and p = 1 bar determined
by present molecular simulations: rate coefficient, maximum rate coefficient determined
by transition state theory kT, transmission coefficientk and self-diffusion coefficientD;. The
number in parenthesis indicates the statistical uncertaity in the last digit.

loni | k/pst kT/ps? «k Dij/10%m?s?
Bet | <0.0003  0.000 - -

Mg?t | <0.0003  0.000 - 6.5(6)
c&t | 0.0076 0.059 0.13 7.7(3)
SPt | 0.0095 0.015 0.63 7.2(2)
Ba?t | 0.0249 0.026  0.95 7.9(2)

32



References

(1) Debye, P.; Huckel, ERPhysikalische Zeitschrit923 24, 185-206.

(2) Debye, P.; Huckel, ERPhysikalische Zeitschrit923 24, 185-206.

(3) Chen, C. C.; Britt, H. I.; Boston, J. F.; Evans, L.AChE Journall982 28, 588-596.
(4) Chen, C. C.; Evans, L. RIChE Journall986 32, 444-454.

(5) Pitzer, K. SJournal of Physical ChemistrdQ73 77, 268-277.

(6) Pitzer, K. S.; Mayorga, Glournal of Physical ChemistrdQ73 77, 2300-2308.

(7) Pitzer, K. S.; Mayorga, Glournal of Solution ChemistrdQ74 3, 539-546.

(8) Sambriski, E. J.; Schwartz, D. C.; de Pablo, Prbceedings of the National Academy of
Sciences of the United States of Ame2689 106, 18125-18130.

(9) Shi, W.; Inamdar, M. V.; Sastry, A. M.; Lastoskie, C. Nburnal of Physical Chemistry C
2007, 111, 15642-15652.

(10) Dietz, W.; Riede, W. O.; Heinzinger, Reitschrift Naturforschung Section1®82 37, 1038—
1048.

(11) Probst, M. M.; Radnai, T.; Heinzinger, K.; Bopp, P.; RodelvB.Journal of Physical Chem-
istry 1985 89, 753-759.

(12) Guardia, E.; Robinson, A.; Padro, J. Phe Journal of Chemical Physid®993 99, 4229—
4230.

(13) Koneshan, S.; Rasaiah, J. C.; Lynden-Bell, R. M.; Lee, Sodtnal of Physical Chemistry
B 1998 102 4193-4204.

(14) Aqvist, J.Journal of Physical Chemistry99Q 94, 8021-8024.

33



(15) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, KI.; Ferguson, D. M,;
Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Koliman, P.Jaurnal of the American Chemical
Societyl995 117, 5179-5197.

(16) Ponder, J. W.; Case, D. Rrotein Simulation2003 66, 27-85.

(17) Spangberg, D.; Hermansson, e Journal of Chemical Physi@904 120, 4829-4843.

(18) Jiao, D.; King, C.; Grossfield, A.; Darden, T. A.; Ren, PJdurnal of Physical Chemistry B
2006 110 18553-18559.

(19) Megyes, T.; Bako, I.; Balint, S.; Grosz, T.; RadnaiJdurnal of Molecular Liquid2006
129 63-74.

(20) Gavryushov, S.; Linse, Bournal of Physical Chemistry B006 110, 10878-10887.
(21) Towhee, http://www.towhee.sourceforge.org. 2008.

(22) Hess, B.; Kutzner, C.; van der Spoel, D.; LindahlJ&urnal of Chemical Theory and Com-
putation2008 4, 435—-447.

(23) Deublein, S.; Vrabec, J.; Hasse, Hhe Journal of Chemical Physi@912 accepted

(24) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, Journal of Physical Chemistr§987 91,
6269-6271.

(25) Lorentz, HAnnalen der Physik881 248 127-136.
(26) Berthelot, DComptes Rendues de I'’Academie des Scieh@@8d 126 1703—-1706.

(27) Christen, M.; Hunenberger, P. H.; Bakowies, D.; Baron, R.rgBWR.; Geerke, D. P;
Heinz, T. N.; Kastenholz, M. A.; Krautler, V.; Oostenbrink,; Peter, C.; Trzesniak, D.;
Van Gunsteren, W. Hournal of Computational Chemist8005 26, 1719-1751.

(28) Deublein, S.; Reiser, S.; Vrabec, J.; Hassanhreparation2012

34



(29) Allen, M.; Tildesley, D.Computer Simulation of Liquigi€larendon Press: Oxford, 1987.
(30) Robinson, R. A.; Stokes, R. Blectrolyte Solutions2nd ed.; Butterworth: London, 1955.

(31) Impey, R. W.; Madden, P. A.; McDonald, I. Rournal of Physical Chemistr§983 87,
5071-5083.

(32) Ciccotti, G.; Ferrario, M.; Hynes, J. T.; Kapral, Rhe Journal of Chemical Physid99Q
93, 7137-7147.

(33) Rey, R.; Hynes, J. Tournal of Physical Chemistr§996 100 5611-5615.

(34) Gubbins, KStatistical Mechanics Vol.;The Chemical Society Burlington House: London,
1972.

(35) Hansen, J. P.; McDonald, Theory of Simple Liquid#Academic Press: Amsterdam, 1986.
(36) Del Popolo, M. G.; Voth, G. Alournal of Physical Chemistry B004 108 1744-1752.
(37) Chandrasekhar, J.; Jorgensen, WI'he Journal of Chemical Physid@®82 77, 5080-5089.
(38) Riedel, EAllgemeine und Anorganische Chenti@th ed.; Gruyter: Berlin, 2010.

(39) Weast, RHandbook of Chemistry and Physié&8th ed.; CRC Press: Boca Raton, 1987.
(40) Marcus, YChemical Review$988 88, 1475-1498.

(41) Ohtaki, H.; Radnai, TChemical Review$993 93, 1157-1204.

(42) Azam, S. S.; Hofer, T. S.; Bhattacharjee, A.; Lim, L. H; Nribil, A. B.; Randolf, B. R;
Rode, B. M.Journal of Physical Chemistry B0O09 113 9289-9295.

(43) Masia, M.; Rey, RThe Journal of Chemical Physi@905 122 094502.

(44) Caminiti, R.; Licheri, G.; Piccaluga, G.; Pinna, Idurnal of Applied Crystallograph¥979
12, 34-38.

35



(45) Tongraar, A.; Rode, B. MChemical Physics LettefZ)05 409, 304—-309.
(46) Smirnov, P. R.; Trostin, V. NRussian Journal of General Chemis908 78, 1643—-1649.
(47) Schwenk, C. F.; Rode, B. NPure and Applied Chemisti3004 76, 37—-47.

(48) Caminiti, R.; Musinu, A.; Paschina, G.; Pinna,Jéurnal of Applied Crystallograph$982
15, 482-487.

(49) Hofer, T. S.; Randolf, B. R.; Rode, B. Mournal of Physical Chemistry B00g 110 20409—
20417.

(50) Persson, |.; Sandstroem, M.; Yokoyama, H.; Chaudhrgétschrift Naturforschung Section
A 1995 50, 21-37.

(51) Hofer, T. S.; Rode, B. M.; Randolf, B. Rhemical Physic2005 312 81-88.
(52) Mills, R.; Lobo, V.Self-diffusion in electrolyte solution&lsevier: New York, 1989.
(53) Than, A.; Amis, EJournal of Inorganic and Nulcear Chemisti69 31, 1685-1695.

(54) Deublein, S.; Eckl, B.; Stoll, J.; Lishchuk, S.; Guev&arrion, G.; Glass, C.; Merker, T.;
Bernreuther, M.; Hasse, H.; VrabecCbmputer Physics Communicatio?@11, 182, 2350—
2367.

(55) Ewald, P. PAnnalen der Physik921, 64, 253-287.

36



