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Abstract 

Classical molecular dynamics simulations of several aqueous alkali halide salt solutions have 

been used to determine the effect of electrolytes on the structure of water and the hydration properties 

of calcium ions. Compared with the simulations of Ca2+ ions in pure liquid water, the frequency of 

water exchange in the first hydration shell of calcium, which is a fundamental process in controlling 

the reactivity of calcium(II) aqua-ions, is drastically reduced in the presence of other electrolytes in 

solution. The strong stabilization of the hydration shell of Ca2+ occurs not only when the halide anions 

are directly coordinated to calcium, but also when the alkali and halide ions are placed at or outside the 

second coordination shell of Ca2+, suggesting that the reactivity of the first solvation shell of the 

calcium ion can be influenced by the specific affinity of other ions in solution for the water molecules 

coordinated to Ca2+. Analysis of the hydrogen-bonded structure of water in the vicinity of the calcium 

ion shows that the average number of hydrogen bonds per water molecules, which is 1.8 in pure liquid 

water, decreases as the concentration of alkali-halide salts in solution increases, and that the temporal 

fluctuations of hydrogen bonds are significantly larger than those obtained for Ca2+ in pure liquid 

water. This effect has been explained in terms of the dynamics of reorganization of the O−H···X− (X = 

F, Cl and Br) hydrogen bond. This work shows the importance of solution composition in determining 

the hydrogen-bonding network and ligand-exchange dynamics around metal ions, both in solution and 

at the mineral-water interfaces, which in turn has implications for interactions occurring at mineral-

water interface, ultimately controlling the mobilization of ions in the environment as well as in 

industrial processes. 

Keywords: Aqueous electrolyte solution; Hydration of calcium ion; Molecular 

dynamics simulations; Mineral-water interface; Element mobilization. 
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1. Introduction 

Because the process of nucleation and growth of an arbitrary macroscopic 

crystal of ionic type AxBy is controlled by the dynamics of hydration-dehydration 

around the cation,1, 2 an accurate knowledge of the structure and the dynamics of the 

hydration shell of the solvated metal ion is fundamental to our understanding and the 

control of the nucleation and growth of minerals in solution. Calcium(II) aqua-ions 

play a vital role in several mineralization processes that occur in natural as well as 

industrial aqueous environments. For example, the formation of calcite (CaCO3) 

directly from natural solution (ion-rich solutions such as sea water and pore water) 

occurs during the process of biomineralization,3 but is also one of the most viable 

routes for carbon sequestration.4, 5 On the other hand, the build-up of calcium 

carbonate scale causes problems within industrial process units, where effort is 

therefore directed towards preventing the formation of this sparingly soluble mineral.6  

The properties of the hydrated calcium ion have been investigated previously 

using both experimental and computational approaches. In particular, ab initio and 

classical molecular dynamics techniques have been employed to determine the 

structure and dynamics of the hydration shells of Ca2+ in pure liquid water.7-15 

However, in natural and industrial aqueous environments the crystallization of 

inorganic materials occurs in the presence of non-lattice ions, such as Na+ and Cl−, 

and consequently the solutions from which calcium-bearing crystals usually nucleate 

and then grow are far from pure water. In this respect, atomic force microscopy 

(AFM) measurements of the growth and dissolution of barite,16 calcite (CaCO3),
17 

dolomite,18 and calcium oxalate monohydrate19 from solutions containing electrolytes 
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have shown that the morphology of the crystal and the kinetics of the process of 

crystal growth display a surprising dependence not only on the concentration but also 

on the specific type of electrolyte. This was an unexpected result since monovalent 

ions such as NaCl, KCl or NaF were generally regarded as “inert” and used in mineral 

growth and dissolution experiments to fix the ionic strength of the solution. It is now 

well known that the nature and concentration of ions can significantly affect the 

structure of water,20, 21 but at present, there is no completely satisfactory explanation 

why alkali halide ions should affect the growth rate or morphology of crystals. 

Because the rate of crystal nucleation depends on the frequency of water 

exchanges around a calcium cation, it has been suggested that  “inert” salts in solution 

can change the hydration environment of the Ca2+ ion.17 In order to verify this 

hypothesis, we present in this work extensive molecular dynamics simulations of a 

calcium ion in a number of alkali-halide (NaF, NaCl, NaI, NaBr, KCl and CsCl) salt 

solutions, at different concentrations, to determine the effect of electrolytes in solution 

on the structure of water and hydration properties of Ca2+. 

Having introduced in Section 2 the computational models employed and the 

details of the simulations, we next report on the effect of the nature and concentration 

of alkali halide on the structure of water, followed by the statistical distribution of ion 

pairs in aqueous alkali halide solutions as a function of the salt concentration. Finally, 

the effect of electrolytes on the structure and dynamics of the hydration shell of Ca2+ 

is discussed. 
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2. Computational Models and Methods 

2.1 Computational details 

All our molecular dynamics simulations were performed using version 2.20 of 

the DL_POLY molecular dynamics package.22 The leapfrog algorithm with a time 

step of 5 fs was used to integrate the equations of motion. The isothermal-isobaric 

(constant NPT) ensemble was used to maintain a temperature of 300 K and a pressure 

of 1 bar. The weak-coupling algorithms of Barendsen and co-workers 23 were used 

with 0.1 ps and 1.0 ps as the thermostat and barostat relaxation times, respectively. 

The electrostatic forces were calculated by means of the Ewald summation method.24 

A value of 0.35818 Å-1 was used for the Ewald convergence parameter with a 9.0 Å 

cutoff for the real-space part of the Ewald sum. A value of 11 was used for the 

maximum k-vector index in all three directions in the reciprocal space. Together these 

three parameters correspond to a relative error in the Coulombic energy of 10-7. A 9.0 

Å cutoff was also used for the van der Waals forces. 

The water molecules were represented using the extended simple point charge 

(SPC/E) potential.25 In the SPC/E model, the geometry of the water molecule is fixed 

such that the OH distance is 1.0 Å and the HOH angle is equal to 109.47°. The 

geometry of the water molecules was held fixed by the SHAKE algorithm.26 We have 

used the SPC/E water model because it gives a density, radial distribution functions, 

and self-diffusion coefficient for water in good agreement with experiment.25 

Moreover, the hydrogen-bond (HB) network of liquid water is accurately reproduced 

using this potential; for example, the average lifetime of a H-bond between two water 
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molecules computed using the SPC/E model (0.54 ps) agrees well with the 

characteristic H-bond time constant of 0.50 ps measured using femtosecond mid-

infrared spectroscopy,27 and with the relaxation time of 0.56-0.72 ps reported by 

Tominaga and co-workers in their low-frequency Raman studies.28 Moreover, several 

forcefields for the simulation of aqueous alkali halide solutions have been developed 

in conjunction with this water potential, and in this work the alkaline (Na+, K+ and 

Cs+) and halide (F-, Cl-, Br- and I-) ion-ion and ion-water interactions were described 

using the forcefield parameters derived by Dang,29, 30 which have been extensively 

applied to simulate the statistics and dynamics of HBs of aqueous electrolyte 

solutions,29, 31, 32 the hydration structure, mobility, and pairing of alkali and halide 

ions in aqueous solutions,30, 33, 34 and the process of nucleation of electrolytes from 

solution.35 

The Ca2+-water interaction was described using the Buckingham potential 

parameterized by de Leeuw and Parker, herein referred to as the DP forcefield.36, 37 

This potential was used in conjunction with a shell-model water potential by Kerisit 

and Parker38 and Wolthers and co-workers39 to compute the mean residence time of 

water in the first hydration shell of calcium, and the results were in good agreement 

with the value obtained from ab initio MD simulations. In this study, we have 

assessed the accuracy of the DP potential together with SPC/E water to describe the 

Ca-water interactions by computing the geometry of a  set of Ca(H2O)n
2+ gas-phase 

clusters (n = 0-7) and the mean residence time of water molecules in the first 

hydration sphere of Ca2+. For comparison, calculations have also been carried out 

using two calcium-oxygen Lennard-Jones potentials parameterized by Dang and 
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Smith40 and Raiteri et al.41 The results of the average Ca2+-O distances and of the 

successive water binding energy of calcium (∆Einc = E[Ca(H2O)n
2+] - E[Ca(H2O)n-1

2+] 

- E[H2O]) are reported in Figure 1. Included as reference are the Ca2+-Ow distances  

and ∆Einc values computed using density functional theory (DFT) at the PBE and 

B3LYP levels of theory by Di Tommaso and de Leeuw42 and by Pavlov et al.,43 

respectively. Overall the better agreement with respect to DFT distances and energies 

is obtained using the Ca-O Buckingham potential. MD simulations of one calcium ion 

in 999 SPC/E water molecules have also been conducted, and the number of exchange 

events of the water ligands (���
���) in the first hydration shell of calcium have been 

extracted using the “direct” method proposed by Hofer and co-workers.44 The results 

are reported in Table 1 together with the values obtained from DFT (Car-Parrinello) 45 

and ab initio (Hartree-Fock) QM/MM 44 molecular dynamics simulations. Table 1 

also lists the number of exchange events normalized to 10 ps, and the mean residence 

times (MRT) of water molecules in the first hydration sphere of calcium, which have 

been calculated as ��	 = ��
� ∙ ���� ���⁄ , where tsim is the simulation time, CNav is 

the average coordination number, and Nex is the number of accounted exchange events 

with a duration of more than 0.5 ps.44 The DP model gives a MRT of 36.9 ps, whilst 

with the Ca-O Lennard-Jones potentials we have obtained considerably slower MRTs 

(105.0 ps with the potential of Raiteri et al. and 217.1 ps with the potential of Smith 

and Dang). Therefore, the results summarized in Figure 1 and Table 1 indicate that 

the Ca2+-O Buckingham potential parameterized by Leeuw and Parker together with 

the SPC/E model of water gives overall the best agreement with respect to first 
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principles results and that is sufficiently accurate to simulate the structural and 

dynamical properties of Ca2+ ions in aqueous solutions. 

The interactions between Ca2+-X- and Ca2+-M+ pairs (M+ = Na+, K+ and Cs+; 

X = F- and Cl-) were described using Lennard-Jones potentials, where the parameters 

where derived applying the Lorentz-Barthelot combining rules46 to the Lennard-Jones 

Ca2+-Ow and M+-Ow parameters of Dang and co-workers,30, 40 as done by others.47, 48 

2.2 Simulation protocol 

Molecular models of aqueous alkali-halide salts solutions (NaF, NaCl, NaI, 

NaBr, KCl and CsCl) and of Ca2+/2Cl- in liquid water and in alkali-halide solutions 

were generated using the following simulation protocol: (i) Starting from the last 

configuration of 1 ns of constant pressure, constant temperature (NPT) simulation of 

1000 water molecules, we have generated aqueous solutions of MX (M = Na, K, Cs; 

X = F, Cl, Br, and I) with concentrations ranging from 0.11 to 1.90 mol Kg-1 

randomly replacing N water molecules with N/2 cations and N/2 anions; (ii) For each 

aqueous MX solution we have conducted NPT simulations of 10.0 ns in length, after a 

short (0.05 ns) equilibration run; (iii) One calcium ion and two chloride ions were 

added to each MX solution by randomly replacing three water molecules, and NPT 

simulations were conducted for approximately 10 ns, after a short (0.05 ns) 

equilibration run. Using the same protocol, we have also conducted simulations of 

one Ca2+ ion in 999 water molecules, and one Ca2+ and two Cl- ions in 997 water 

molecules. The number of ions and water molecules in the system as well as the 
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average cell lengths and system concentrations of each NPT simulation considered in 

the present study are reported in Table SI.1 of ESI  

3. Results and discussion 

3.1 Effect of electrolytes to the structure of water 

Several computational studies have investigated the effect of alkali and halide 

ions on the structural and dynamical properties of water,21, 30, 49-53 but only a few have 

focused on the role of salt concentration on the structure of water by considering, 

however, only aqueous solutions of NaCl, KCl and KF.32, 53-55 In this section we 

therefore present the effect of salt concentration using several alkali halide aqueous 

solutions (NaF, NaBr, NaI, CsCl as well as NaCl and KCl) with concentrations 

ranging from 0.06 mol kg-1 to 1.90 mol kg-1. For NaF solutions we have considered 

concentrations up to 0.9 mol kg-1 since the solubility in water of this salt is 40.4 g L-

1.56 

Figure 2 reports the effect of salt on the structure of water in terms of oxygen-

oxygen (O-O) radial distribution function (RDF) of aqueous electrolyte solutions at 

increasing concentrations of MX (M = Na, K and Cs; X = F, Cl, Br and I). Similar to 

that found by Gallo et al.,54 for NaCl (aq) the O-O structure is little affected at low 

concentrations, but at higher concentrations there is a progressive rise in the first 

minimum and lowering of the first and second maxima; for example, in the NaCl 1.90 

mol Kg-1 solution the second shell has almost collapsed into the first one. The O-O 

RDFs of the NaCl, NaBr and NaI solutions display similar profiles, whilst the 
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modifications of the water structure are slightly more pronounced for the NaF 

solutions (see Figure 2). For KCl (aq) and CsCl (aq) the O-O structure is much less 

sensitive to the salt concentration; for example, the O-O RDF of the CsCl 1.90 mol 

kg-1 solution is very similar to the one obtained from pure SPC/E water. 

In Table 2 we have also reported the self-diffusion coefficients of water as a 

function of salt concentration. The general trend is a decrease in water diffusion with 

the increase of salt concentration. The exceptions are the KCl solutions, where the 

water diffusion coefficient does not change significantly or becomes slightly faster 

with the concentration of this salt. This agrees with a recent quasi-elastic neutron 

scattering spectroscopy study of the dynamics of water in NaCl and KCl aqueous 

solutions, which showed that the averaged water diffusion slows down in the presence 

of the structure making (kosmotrope) Na+, and the diffusion becomes faster in the 

presence of the structure breaking (chaotrope) K+ ion.57 Moreover, similar to what has 

been found experimentally58 and computationally54 for KF (aq), the water diffusion 

coefficient of the most concentrated NaF (aq) solutions are significantly lower than 

the diffusion coefficients found in the other Na-bearing electrolyte solutions. This 

result suggests that the largest electrostatic field associated with the fluoride ions has 

a stronger effect on the structural and dynamical properties of water. 

In order to determine the effect of electrolytes on the hydrogen-bond (HB) 

structure of water, we have scanned the NPT trajectories of bulk water and aqueous 

alkali halide solutions to determine the percentage of water molecules having n water-

water HBs and the average number of HBs per water molecule (see Table 3). The 
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analysis of the HB statistics is based on the following configurational criteria: two 

water molecules are hydrogen-bonded only if their inter-oxygen distance is less than 

3.5 Å and, simultaneously, the hydrogen-oxygen distance is less than 2.45 Å and the 

oxygen-oxygen –hydrogen angle is less than 30°.32, 59 The average number of HBs per 

water in bulk water obtained using the SPC/E model is 3.51, which is very close to 

the value obtained experimentally from neutron diffraction data (3.58).60 Compared 

with bulk water, increasing the salt concentration in solution decreases the percentage 

of water molecules that form four HBs and increases the number of water molecules 

with two or three HBs (see Table 3). However, this effect is also specific to the 

particular ion pair in solution. For example, with the exception of NaF (aq), the 

average number of HBs per water in bulk water reported in Table 3 and in Figure S.1 

of ESI show that Na-bearing electrolytes reduce the number of HBs per water 

molecule more than KCl and CsCl solutions.  

3.2 Ion pairing of electrolytes in solution 

The speciation of alkali (M+) halide (X−) ions as a function of the salt 

concentration has been determined in terms of the following ion-pairing criteria: (1) a 

contact ion pair (CIP) when M+ and X−are in direct physical contact; (2) a solvent-

shared ion pair (SSHIP) when M+ and X− are separated by one water molecule; (3) a 

solvent separated ion pair (SSIP) when M+ and X− are separated by two water 

molecules; (4) free ions (FIP) when the above conditions are not met and the cation 

and anion are fully hydrated beyond the second hydration shell.61, 62 Based on the 

analysis of the M-X, M-O and X-O RDFs  reported in Fig. SI.2 of ESI, these 
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assignments have been made according to the following M-X, M- and X-O distances: 

CIP if ���� ≤ ����
�
�� ; SSHIP if ����

�
�� < ���� ≤ ����
�
��; SSIP if  ����

�
�� < ���� ≤

�����
�
�� + ����

�
���; FIP if ���� > �����
�
�� + ����

�
���, where ����
�
�� and ����

�
�� are the 

positions of the first and second minima, respectively, of the M-X, M-O and X-O 

radial distribution functions. 

Figure 3 displays the mean value  of the percentage of CIP, SSHIP, SSIP and 

FIP for each alkali halide solution considered in the present study, as a function of 

concentration. Not surprisingly, the general trend is an increase of CIP and SSHIP in 

solution with increasing salt concentration. However, the statistical distribution of ion 

pairs in solutions does not change significantly across the Na-bearing electrolyte 

solutions, where the number of SSHIP is always higher than CIP. For example, at 

concentrations close to that of sea water (0.47 mol Kg-1) we predict that the 

distribution of Na+ and Cl− ions in solution is the following: 6.3% as CIP, 29% as 

SSHIP, 43% as SSIP, and 22% as free ions. On the other hand, for chloride-bearing 

solutions the distribution of SSHIP and CIP pairs is significantly dependent on the 

nature of the alkali metal ion (see Figure 3). In particular, the number of CIP increases 

with the flexibility of the hydration shell of the cation: the mean residence time of 

water in the hydration shell of these metal ions, as computed from 2 ns of molecular 

dynamics trajectories of one metal ion in 999 water molecules, is 7.7 ps for Na+, 2.72 

for K+ and 2.1 ps for Cs+, and the percentage of CIP in the MX 0.9 mol Kg-1 solutions 

is 11.9 ± 1.6 for NaCl, 33.2 ± 2.5 for KCl and 41.1 ± 1.2 for CsCl. 
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Determining the tendency of ions to associate or stay apart in solution is 

particularly important to rationalize the specific effect of electrolytes on the kinetics 

of mineral growth and dissolution.16-19, 63 As these processes are ultimately controlled 

by the rate of calcium attachment at the surface, and consequently by the dehydration 

of the calcium ion in solution and of the oppositely charged carbonate at the surface, 

any factor affecting the hydration environment of Ca2+ and CO3
2- may modify the 

kinetics of growth and dissolution. In particular, Ruiz-Agudo et al.17, 63 have 

suggested that the presence of specific, simple 1:1 ionic salts in the growth solution 

can significantly affect the kinetics of calcite growth and dissolution, and this can be 

rationalized in terms of the effect of these electrolytes on the hydration of the calcite 

building units both in solution and at the mineral surface. Such an effect seems to 

diminish when alkali and halides ions form pairs in solution as their electric fields 

become more screened and the electrostatic influence on solvation water decreases.63 

Ruiz-Agudo et al.17, 63 correlated the spreading rate of acute and obtuse steps of the 

calcite {1 0 -1 4}64 surface with the difference in the diffusion coefficients of the 

ionic salts M+ and X− (∆D), which was used as a proxy of the separation of the ions in 

solution. To test the correctness of this hypothesis we have compared in Figure 4 the 

plot of the values of the propagation velocities of the obtuse (v+) and acute (v-) steps 

of the calcite {1 0 -1 4} surface, obtained from in situ AFM experiments at low ionic 

strength (IS) (0.02) for NaCl, CsCl and KCl, as a function of the difference in the 

diffusion coefficients of ionic salt constituents 30 (Figure 4a), with the plot of v+ and 

v- as a function of the concentration of free ions in the simulated NaCl, CsCl and KCl 

solutions (low IS, 0.06 mol Kg-1) (Figure 4b). The two graphs are qualitatively very 
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similar and confirm the proposed relationship, i.e. that the difference in the diffusion 

coefficients of ionic salt constituents is a good proxy for ion separation in solution. 

Additionally, at low IS, where the surface hydration is not likely to be significantly 

affected by the presence of ions,63 the velocity of obtuse step propagation decreases 

with increasing ion pairing, suggesting that at these low electrolyte concentrations 

ion-specific effects may be only related to changes in the solvation environment.  

3.3 Hydration properties of calcium ions in electrolyte solutions 

We now discuss the effect of electrolytes in solution (NaF, NaCl, KCl and 

CsCl) on the structure and dynamics of the coordination shell of calcium ions. Figures 

5-8 report the RDFs of the Ca-O, Ca-X and Ca-M pairs (X = F or Cl; M = Na, K or 

Cs) obtained from the simulations of one Ca2+ ion in aqueous alkali halide solutions. 

The position of the first peak of the Ca-O and Ca-X RDFs and the average number of 

water molecules and halide ions that are part of the first coordination shell of calcium 

are reported in Table 4, where we have also listed, for comparison, the values of 

�!��� and of ����
!��� obtained from the simulations of Ca2+ and Ca2+ / 2 Cl− in pure 

liquid water. In particular, the average Ca2+-Cl− distance of 2.80 Å obtained from our 

molecular dynamics simulations is close to the value of about 2.75 Å obtained from 

XRD experiments of calcium chloride in water.65 

Figures 5-8 show that the alkali ions are positioned at or outside the second 

coordination shell of calcium. On the other hand, the positions of the Ca-F (2.29 Å) 

and Ca-Cl (2.80 Å) peaks indicate that fluoride and chloride ions tend to enter into the 

first coordination sphere of Ca2+, and that the calcium ion forms species having both 
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X- and H2O in the coordination sphere of Ca2+, as summarized in Table 4. For 

example, we predict that calcium is present as CaCl(H2O)6
+ in the most dilute 

solutions (0.11 mol Kg-1), as CaCl(H2O)5.4
+ in the NaCl solution with a concentration 

similar to that of sea water (0.47 mol Kg-1 NaCl), and as CaCl2(H2O)4
+ in highly 

concentrated NaCl or CsCl aqueous solutions. The only exception is represented by 

the 1.90 mol kg-1 KCl solution where it is interesting to note that the absence of an 

intense peak at 2.80 Å indicates that the calcium ion is not directly coordinated to any 

chloride but forms a SSHIP species with the Cl− ions [see Figure 7(b) and Table 4]. 

Moreover, in the 1.90 mol kg-1 KCl solution the hydration number of Ca2+ is 7.9, 

which is higher than the average value of 7.1 obtained for Ca2+ in liquid water, and 

the average distance of Ca-O in the first hydration shell increases by 0.1 Å (see Table 

4). The non-coordination of chloride ions to Ca2+ could be associated with the 

abundance of K+-Cl- CIPs in the 1.90 mol kg-1 KCl solution (55%, see Figure 3), 

which is considerably higher than, for example, the abundance of Na+-Cl- CIP in the 

NaCl 1.90 mol kg-1 solution (25%, see Figure 3). This reduces the number of free 

chloride ions that can effectively coordinate to the calcium ion. Another factor could 

simply be the initial configuration of the solution, which was generated by randomly 

replacing three water molecules with one calcium ion and two chloride ions; a 

different random replacement could have resulted in a different outcome of the 

calcium-chloride coordination process in the KCl 1.90 mol kg-1 solution. 

The aqueous-halide complexes generated during our simulations are not the 

only ones that could form in electrolyte solutions. However, the species reported in 

Table 4 [CaFn(H2O)m
2-n, n =1.6 – 2.6 and m = 3.8 – 4.6; CaCln(H2O)m

2-n, n =0 – 7.9 
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and m = 4.3 – 7.9] should provide a representative set of all possible CaFm(H2O)n
2-n 

and CaClm(H2O)n
2-n species that can form in calcium solutions containing electrolytes. 

The values of  

�!��� in Table 4 also suggest that the position of the first hydration shell of calcium 

is not significantly affected by the presence in solution of Na+, Cs+, F− or Cl− ions.  

The water exchange between coordination shells around metal ions is a 

fundamental process in controlling the reactivity of these ions in chemical and 

biological systems.66 We have therefore quantified the frequency of exchange of 

water molecules in the first hydration shell of Ca2+ using the “direct” method 

proposed by Hofer and co-workers,44 since this method has been successfully applied 

previously for, among others, the characterization of the dynamics of the coordination 

shell of hydrated alkaline earth metal ions and their carbonate and bicarbonate 

complexes.45 Complete trajectories of molecular dynamics simulations of one calcium 

ion in water and in electrolyte solutions were analysed for water molecule movement. 

Whenever a water molecule crossed the boundary of a specified coordination shell, its 

path was followed, and if its new position outside or inside this shell lasted for more 

than 0.5 ps, the event was accounted as a real exchange event. The value of 0.5 ps was 

chosen, since this value has been shown to give a good measure of ligand exchange 

processes.44 For calcium, the first shell was defined to fall within the first minimum of 

the calcium versus water oxygen RDF, which is within 3.4 Å. 

Figure 9 reports the number of water exchange events (���
���) in the first 

hydration shell of calcium obtained from the simulations of one calcium ion in water 
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and in electrolyte solutions at different concentrations. The values of ���
��� reported in 

Figure 9 have been extracted from the last ns of each simulation, after approximately 

8 ns of equilibration, which was necessary to equilibrate the water exchange processes 

around the calcium ion. The values of ���
��� have been normalized to 100 ps and to 

the number of water molecules that were part of the first hydration shell of Ca2+. 

From the simulations of one Ca2+ and CaCl2 in pure liquid water we have 

obtained a frequency of water exchange of 2.5 ± 0.2 and 2.3 ± 0.3 per 100 ps, 

respectively. The effect of electrolytes in solution has a strong stabilization effect, that 

is, decreased dynamics, on the first hydration shell of Ca2+, as the average values of 

���
��� in aqueous alkali halide solutions is in the range of 0.0 – 0.6 exchanges every 

100 ps, depending on the concentration of the salt and the specific electrolyte present 

in solution. It is interesting to note that in the 1.90 mol kg-1 KCl solution, where the 

chloride ions are not directly coordinated to the calcium ion but positioned in the 

second coordination shell, and where the potassium ions are placed well outside the 

second hydration shell of calcium (see Figure 7), the frequency of water exchange 

around Ca2+ is also very low, that is, 0.3 exchanges every 100 ps. This implies that the 

reactivity of the first solvation shell of the calcium ion can be influenced not only by 

heteroligands that are directly coordinated to a metal, as already shown by Schwenk 

et al. in the case of Nickel-amino complexes,67 but, because in KCl solutions the 

water diffusion coefficients do not change significantly from the water diffusion 

coefficient computed from the simulations of bulk water (see Table 2), the mobility of 

water molecules in the first hydration shell of calcium is reduced by the specific 

interactions between alkali and halide ions in solution and the water molecules 
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coordinated to Ca2+. A similar effect was observed from first principles (Car-

Parrinello) molecular dynamics (FPMD) simulations of a calcium ion in water in the 

presence of a molecule of 1-hydroxy ethylidene-1,1-diphosphonic acid (HEDP).68 

This molecule was never coordinated to the calcium ion throughout the simulation, 

but the presence of HEDP in the second coordination shell affected the water 

exchange dynamics of Ca2+. However, these simulations were limited to very short 

times (20 ps) and it is not possible using the FPMD technique to consider the range of 

electrolyte concentrations as well as the time frames that have been explored in the 

present study using classical molecular dynamics. 

In the KCl 1.90 mol kg-1 the average number of chloride ions that are in the 

second hydration shell is higher than in the other more dilute KCl solutions (see the 

height of the maxima of the Ca-Cl RDF’s second peak in Figure 7). Therefore, the 

origin of the stabilization of the calcium hydration shell is likely to be associated with 

the formation of a solvent-shared ion pair between calcium and chloride ions, as 

shown in Figure 10, which hinders the dynamics of the water molecules. 

Our results show ion-specific effects on the kinetics of the water exchange 

process in the first solvation shell of calcium at low IS, as proposed by Ruiz-Agudo at 

al. to explain the specific effect of electrolytes on the mineral growth and dissolution 

of calcite (CaCO3)
17, 63 and dolomite (Ca0.5Mg0.5CO3).

18 However, direct correlation 

with the experimental values of calcite growth rate could not be established, perhaps 

due to the interatomic potential functional model or parameters used to describe the 

interactions between the Ca-M and Ca-X pairs (M = Na, K or Cs; X = Cl or F). At 
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higher IS, however, our simulations did not show any ion-specific change on the 

kinetics of water exchange in the hydration shell of Ca2+, and the observed 

experimental variations in calcite growth rate in the presence of the different 

monovalent salts may be more closely related to the effect of these electrolytes on the 

hydration of building units at the mineral-water interface rather than in solution, as 

proposed by Ruiz-Agudo at al.63 In fact, using a combination of molecular dynamics 

simulations and surface complexation modeling, Wolthers et al.69 have recently 

shown that at the calcite-water interface, structurally distinct surface sites (face, 

obtuse and acute edges, obtuse and acute corners) display very different charging 

behavior, and therefore higher selectivity during the process of differential uptake of 

contaminants in solution. Moreover, at the mineral-water interface the ionic strength 

is most likely to be higher than in the bulk solution thus affecting more the hydration 

shell of the calcium and carbonate ions. We therefore need information how 

electrolytes affect surface hydration, which will be subject of future work. However, 

since the dynamics of de-hydration play a fundamental role in the first stages of 

homogeneous nucleation of calcium carbonate, the information obtained in this study 

improves our understanding of the mechanisms controlling the nucleation of minerals 

in natural and industrial aqueous environments, which are far from pure water, but 

rich in electrolytes. In particular, the values of accounted exchange events around 

Ca2+ in Figure 9 would suggest that even at low concentrations, the presence of 

inorganic additives in solution hinder the kinetics of calcium carbonate nucleation. 

We have also analyzed the effect of the alkali halide salts in solution on the 

distribution of the number of HBs for the water molecules that were part of the first 
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coordination shell of Ca2+. To maintain consistency with the analysis of the frequency 

of water exchange, the number of hydrogen bonds was extracted using the last ns of 

the molecular dynamics trajectory. Figure 11(a) shows that the average number of 

HBs is 1.8 ± 0.0 in pure liquid water, and that this number decreases as the 

concentration of MX in solution increases; for example it becomes 1.6 ± 0.05 in the 

0.92 mol kg-1 NaCl solution and 1.35 ± 0.05 in the 0.92 mol kg-1 NaF solution. An 

exception to this trend is represented by the 0.45 mol kg-1 NaCl solution, where the 

average number of HBs is also close 1.8. However, the distribution of the number of 

hydrogen-bonds, which is reported in Table 5, shows that in the 0.45 mol kg-1 NaCl 

solution the number of water molecules of the first hydration shell of calcium that are 

hydrogen bonded to a single water molecule (31.1 ± 3.8 %) is significantly higher 

than in pure liquid water (16.6 ± 1.5 %). Moreover, the results in Table 5 indicate that 

as the concentration of the salt increases, the proportion of water molecules in the first 

coordination shell of calcium that are hydrogen bonded to two water molecules 

decreases, and the proportion of water molecules that are hydrogen bonded to only 

one other water molecule increases. In Figure 11(b) we have also reported the 

temporal variation of the number of HBs of the hydration shell of the calcium ion in 

pure liquid water and in the 0.45 mol kg-1 NaF solution,0.92 mol kg-1 NaCl solutions 

and 1.90 mol kg-1 KCl solutions. It is interesting to note that in aqueous electrolyte 

solutions the HB fluctuations in the hydration shell of calcium are considerably larger 

than the ones observed in pure liquid water. In the KCl 1.90 mol kg-1 aqueous 

solution, where the Ca2+ is not directly coordinated to any chloride ion, we also 

observe large oscillations of the H-bonding in the hydration shell of calcium, but 

Page 20 of 55Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



  

21 

 

these oscillations are less pronounced than in the NaF and NaCl solutions [see Figure 

10(b)]. 

In order to determine the origin of these fluctuations, we have computed the 

oxygen-sodium and oxygen-X (X = F and Cl) radial distribution functions for the 

water molecules that were part of the first hydration shell of Ca2+ (see Figure 12). 

These water molecules are part of the hydration shell of fluoride and chloride ions and 

they are outside the first hydration shell of the sodium ion. Experimental investigation 

of the dynamics of the O−H···X− (X− = F− and Cl−) hydrogen bond using femtosecond 

pump-probe spectroscopy have measured a time constant for the HB reorganization to 

be in the range of 15-25 ps, which is close to the time frame, 20 ps, used to compute 

the time dependence of the number of HBs in the NaF,NaCl and KCl solutions 

[Figure 11(b)]. Therefore, the specific interactions between the water molecules in the 

hydration shell of calcium with the halide ions in solution are likely to be the cause of 

the observed large hydrogen-bond fluctuations in the hydration shell of calcium. 

4. Summary and Conclusions 

By means of classical molecular dynamics simulations, we have investigated 

the properties of alkali-halide salt solutions and the effect that these electrolytes have 

on the hydration structure and water exchange dynamics of solvated calcium ions. 

Based on the results we conclude the following: 

• Compared with bulk water, the effect of alkali-halide salts in solution is to 

decrease the percentage of water molecules that form four HBs and increase 
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the number of molecules having two or three HBs. However, this effect is also 

dependent on the specific ion pair, and we found that in Na-bearing electrolyte 

solutions the average number of HBs decreases much faster with the 

concentration of the salt than in KCl and CsCl solutions. 

• The speciation of alkali (M+) halide (X−) ions in solution has been determined, 

where the general trend is shown to be an increase in the percentage of contact 

ion pairs (M+···X−) and solvent-shared pairs (M+···H2O···X−) as the salt 

concentration increases. We also found that the statistical distribution of the 

solvent-shared ion pairs and contact ion pairs in solution is controlled by the 

nature of the alkali metal (Na+, K+ or Cs+) rather than the halide ion (F−, Cl−, 

Br− or I−). Because the formation of contact ion pairs in solution requires the 

removal of water from the hydration shell of the ions, we explain these 

differences in terms of the higher “flexibility” of the hydration shell of halides 

compared with that of alkali metal ions. 

• Simulations of Ca2+ in pure liquid water and in alkali-halide salt solutions 

show that the frequency of water exchange in the first hydration shell of 

calcium, which is a fundamental process in controlling the reactivity of this 

ion in aqueous environments, changes from 2.5 water exchanges per 100 ps in 

pure liquid water to 0.0-0.6 exchanges every 100 ps in aqueous electrolyte 

solutions. Therefore, electrolytes in solution strongly stabilize the first 

hydration shell of Ca2+. This effect is found when one or more halide ions are 

directly coordinated to calcium, but also when, as in the case of the 1.9 mol 

kg-1 KCl solution, the chloride ions are positioned at the second coordination 
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shell of Ca2+, suggesting that the reactivity of the first solvation shell of the 

calcium ion can also be influenced by the specific affinity of alkali and halide 

ions in solution with the water molecules coordinated to Ca2+.  

•  Analysis of the distribution of hydrogen bonds for the water molecules that 

are part of the first coordination shell of Ca2+ shows that: (i) the average 

number of hydrogen bonds, which is 1.8 in pure liquid water, decreases as the 

concentration of alkali-halide salt in solution increases; (ii) the temporal 

fluctuations of hydrogen bonds are significantly larger than those obtained for 

Ca2+ in pure liquid water. These effects have been explained in terms of the 

interaction of the water molecules with the halide ions in solution; in 

particular, the dynamics of reorganization of the O−H···X− (X− = F−, Cl- and 

Br-) hydrogen bond, that has a time constant of 15-25 ps,60 is most likely to 

cause the large fluctuations of the hydrogen bond structure in the vicinity of 

Ca2+. 

In conclusion, our simulations suggest that ions in solution, such as NaCl, KCl or 

NaF, which are usually considered to be inert, can have significant effects on the 

dynamics of the hydration shells of calcium and on the hydrogen-bond network 

around this metal ion. As the kinetics of nucleation and growth of ionic crystals such 

as calcium carbonate are controlled by the process of de-hydration of the metal ions in 

solution and at the mineral surface,1, 2 this work gives quantitative information 

regarding the influence of specific interactions of calcium ions with additives in 

solution (ions or molecules that are different from the constituents of the solvent and 

of the crystal) on the first stages of calcium carbonate formation, and shows the 
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importance of using “realistic” molecular models of aqueous environments when 

simulating the events surrounding of the nucleation and growth of crystals from 

solution. Moreover, this work has implications for the development of macroscopic 

surface complexation models 70 and process-growth kinetic models,71 that use as input 

parameters molecular-level structural and dynamical properties including statistics on 

hydrogen-bonds and water exchange frequencies at the various surface sites. It has 

been shown recently that these data can be extracted fairly easily from molecular 

dynamics simulations of mineral-water interfaces.39, 69 However, because the number 

of hydrogen-bonds and water exchange frequencies around the calcium ion are 

significantly dependent on the concentration and nature of electrolytes in the solution, 

we propose that in order to correctly “scale-up” atomistic simulations to macroscopic 

models, and to obtain a more realistic description of the hydrogen-bonding network 

and water-exchange dynamics at the mineral-water interface, molecular dynamics 

simulations of mineral-water interfaces should necessarily consider aqueous 

electrolyte solutions as part of the molecular model. 
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Tables 

 

Table 1. Number of accounted water exchange events (���
���) in the first coordination shell of the calcium atom with a duration of more than 0.5 

ps, obtained from molecular dynamics simulations of Ca2+ in water, and the mean residence time (MRT) of water molecules in the first hydration 

sphere of calcium. The first coordination shells have been defined by the first minimum of the Ca-O radial distribution functions. 

 

Method System CNav tsim (ps) ���
���

 ���
���/10ps MRT (ps) 

Buckingham (de Leeuw and Parker)
 

Ca
2+

 in 999 H2O 7.1 1199.45 231 1.9 36.9 

Lennard-Jones (Raiteri et al.) Ca
2+

 in 999 H2O 7.0 1199.45 80 0.7 105.0 

Lennard-Jones (Dang and Smith) Ca
2+

 in 999 H2O 8.0 1199.45 44 0.4 217.1 

CPMD
 a 

Ca
2+

 in 53 H2O 6.0 19.3 5 2.6 23.2 

QM/MD
 b 

Ca
2+

 in 199 H2O 7.8 21.8 4 1.8 42.5 

       
a 
DFT (Car-Parrinello) MD simulations.

45
 
b 

Hybrid ab initio (Hartree-Fock) QM/MM MD simulations.
44
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Table 2. Diffusion coefficient of the oxygen of water in aqueous alkali halide solutions at 

different concentrations. 

 

D × 10
-9

 (m
2
 s

-1
)        

c (mol kg
-1

)  NaF NaCl NaBr NaI KCl CsCl 

0.06  2.61 2.71 2.74 2.71 2.58 2.82 

0.11  2.57 2.59 2.83 2.66 2.64 2.82 

0.22  2.52 2.58 2.74 2.86 2.78 2.62 

0.45  2.66 2.56 2.87 2.78 2.58 2.68 

0.92  2.23 2.27 2.42 2.57 2.64 2.43 

1.90   2.18 2.47 2.36 2.57 2.44 

 

  

Page 31 of 55 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



  

32 

 

Table 3. The distribution of the number of hydrogen-bonds per water molecule in bulk water 

and in aqueous alkali halide solutions at different concentrations. The values given are 

percentages of molecules with the given number of hydrogen bonds. 

 

 Number of hydrogen bonds  

 0 (%) 1(%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) average 

Bulk water 0.0 1.0 9.2 33.7 50.3 5.7 0.1 3.51 

NaF         

0.06m 0.0 1.1 9.7 33.8 49.6 5.7 0.1 3.49 

0.11m 0.1 1.3 10.0 33.9 49.1 5.7 0.1 3.48 

0.22m 0.1 1.5 10.7 34.1 47.9 5.7 0.1 3.46 

0.45m 0.1 2.0 11.8 34.5 46.0 5.5 0.1 3.41 

0.92m 0.3 3.1 14.2 35.0 42.1 5.3 0.1 3.32 

         

NaCl         

0.06m 0.0 1.1 9.6 33.8 49.7 5.7 0.1 3.49 

0.11m 0.1 1.2 10.0 34.0 49.0 5.6 0.1 3.48 

0.22m 0.1 1.5 10.7 34.3 47.8 5.5 0.1 3.45 

0.45m 0.1 2.0 12.1 34.8 45.5 5.3 0.1 3.40 

0.92m 0.3 3.2 14.8 35.6 41.3 4.8 0.1 3.29 

1.90m 0.7 5.8 19.7 36.1 33.6 4.0 0.1 3.08 

NaBr         

0.06m 0.0 1.1 9.7 33.8 49.5 5.7 0.1 3.49 

0.11m 0.1 1.2 10.0 33.9 49.1 5.6 0.1 3.48 

0.22m 0.1 1.5 10.7 34.3 47.9 5.5 0.1 3.45 

0.45m 0.1 2.0 12.2 34.9 45.4 5.3 0.1 3.40 

0.92m 0.3 3.2 14.9 35.6 41.1 4.8 0.1 3.29 

1.90m 0.7 6.0 20.3 36.30 32.8 3.9 0.0 3.06 

NaI         

0.06m 0.0 1.1 9.6 33.9 49.6 5.7 0.1 3.49 

0.11m 0.1 1.3 10.1 34.0 48.9 5.6 0.1 3.48 

0.22m 0.1 1.5 10.8 34.5 47.6 5.5 0.1 3.45 

0.45m 0.1 2.0 12.4 34.9 45.4 5.2 0.1 3.39 

0.92m 0.3 3.3 15.6 35.9 40.7 4.7 0.1 3.28 

1.90m 0.7 6.2 20.7 36.6 32.1 3.6 0.0 3.04 

KCl         

0.06m 0.0 1.1 9.6 34.0 49.5 5.7 0.1 3.49 

0.11m 0.0 1.2 9.9 34.1 49.1 5.6 0.1 3.48 

0.22m 0.1 1.4 10.6 34.7 47.8 5.5 0.1 3.45 

0.45m 0.1 1.8 11.8 35.4 45.6 5.3 0.1 3.41 

0.92m 0.2 2.7 14.1 36.3 41.8 4.8 0.1 3.32 

1.90m 0.5 4.7 18.9 37.7 34.3 3.9 0.1 3.13 

CsCl         

0.06m 0.0 1.1 9.5 33.9 49.7 5.7 0.1 3.50 

0.11m 0.0 1.2 9.8 34.3 49.0 5.6 0.1 3.48 
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0.22m 0.1 1.3 10.4 34.8 47.8 5.5 0.1 3.46 

0.45m 0.1 1.6 11.6 35.7 45.7 5.2 0.1 3.41 

0.92m 0.1 2.3 14.0 37.3 41.5 4.7 0.1 3.32 

1.90m 0.3 4.0 18.7 39.1 34.1 3.7 0.0 3.14 
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Table 4. Distances (Å) of the maxima of the first peak of the Ca-O and Ca-X (X = F and Cl) 

radial distribution functions and average coordination number CNav of the first shell of the 

calcium ion, obtained from the MD simulations of Ca2+ in aqueous alkali halide solutions at 

different concentrations. 

 

 �����
!���  �����

!��� �����
!���  ����,�

!��� 

Ca
2+ 

2.37 7.1 ± 0.0   

CaCl2 2.37 7.1 ± 0.0   

NaF     

0.11m 2.34 4.6 2.29 1.6 

0.22m 2.34 4.6 2.29 1.6 

0.45m 2.34 4.3 2.29 2.1 

     

NaCl     

0.11m 2.34 5.8 2.80 0.8 

0.22m 2.32 4.4 2.80 1.7 

0.45m 2.32 5.4 2.80 1.0 

0.92m 2.34 5.3 2.80 1.0 

1.90m 2.32 4.0 2.80 2.0 

KCl     

0.11m 2.32 4.7 2.80 1.5 

0.22m 2.32 4.6 2.80 1.5 

0.45m 2.32 5.0 2.80 1.2 

0.92m 2.32 4.6 2.80 1.3 

1.90m 2.47 7.9 - - 

CsCl     

0.11m 2.34 5.6 2.80 1.0 

0.22m 2.32 4.8 2.80 1.5 

0.45m 2.32 4.9 2.82 1.4 

0.92m 2.32 5.0 2.80 1.2 

1.90m 2.32 4.3 2.82 1.9 

 

  

Page 34 of 55Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



  

35 

 

Table 5. Distribution of the number of hydrogen-bonds for the water molecules coordinated 

to the calcium ion in bulk water and in aqueous alkali halide solutions. The values given are 

percentages of molecules with the given number of hydrogen bonds. The standard error of the 

number of hydrogen bonds has been computed from the variation of 10 block averages within 

each trajectory. 

 

 Number of hydrogen bonds  

 0 (%) 1(%) 2 (%) 3 (%) average 

CaCl2 1.1 ± 0.1 16.6 ± 0.5 77.4 ± 0.5 3.4 ± 0.1 1.83 ± 0.01 

NaF      

0.11m 1.6 ± 0.1 21.8 ± 0.6 73.6 ± 0.6 3.0 ± 0.1 1.78 ± 0.01 

0.22m 2.4 ± 0.4 25.9 ± 2.1 69.0 ± 2.5 2.7 ± 0.2 1.72 ± 0.03 

0.45m 4.2 ± 0.5 28.9 ± 2.3 63.9 ± 2.7 3.6 ± 0.2 1.68 ± 0.04 

      

NaCl      

0.11m 1.3 ± 0.2 16.6 ± 0.8 78.0 ± 1.3 2.5 ± 0.1 1.82 ± 0.01 

0.22m 3.1 ± 0.7 18.2 ± 1.1 64.5 ± 4.3 1.2 ± 0.1 1.64 ± 0.05 

0.45m 1.0 ± 0.1 31.1 ± 3.8 80.8 ± 0.8 1.6 ± 0.1 1.83 ± 0.01 

0.92m 4.0 ± 1.1 34.0 ± 4.0 60.3 ± 5.0 1.7 ± 0.1 1.60 ± 0.06 

1.90m 5.4 ± 2.4 34.7 ± 3.1 58.4 ± 5.3 1.5 ± 0.2 1.56 ± 0.08 

KCl      

0.11m 1.6 ± 0.1 19.4 ± 1.3 76.7 ± 1.5 2.5 ± 0.1 1.81 ± 0.02 

0.22m 1.6 ± 0.4 21.1 ± 1.3 75.3 ± 1.4 2.0 ± 0.2 1.78 ± 0.02 

0.45m 1.1 ± 0.2 18.5 ± 0.9 78.8 ± 1.0 1.6 ± 0.1 1.81 ± 0.01 

0.92m 1.6 ± 0.3 23.1 ± 3.6 73.9 ± 4.0 1.5 ± 0.1 1.75 ± 0.04 

1.90m 4.4 ± 0.4 30.9 ± 1.0 60.6 ± 1.1 4.1 ± 0.2 1.65 ± 0.02 

CsCl      

0.11m 0.9 ± 0.0 16.4 ± 0.4 81.0 ± 0.4 1.7 ± 0.2 1.84 ± 0.01 

0.22m 1.4 ± 0.2 19.8 ± 1.9 77.2 ± 2.0 1.5 ± 0.1 1.79 ± 0.02 

0.45m 1.6 ± 0.1 21.4 ± 0.8 75.3 ± 0.8 1.7 ± 0.1 1.77 ± 0.01 

0.92m 2.2 ± 0.6 26.1 ± 2.6 70.2 ± 3.0 1.5 ± 0.1 1.71 ± 0.04 

1.90m 2.0 ± 0.3 25.4 ± 2.5 72.8 ± 2.0 1.4 ± 0.1 1.74 ± 0.02 
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Figures 
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Figure 1. Average Ca2+-Ow distance (above) and successive water binding energy of calcium 
(below) of Ca(H2O)n

2+ clusters computed using the Buckingham Ca2+-Ow potential 
parameterized by de Leeuw and Parker,37 the Lennard-Jones Ca2+-Ow potentials 
parameterized by Dang and Smith,40 and the Lennard-Jones Ca2+-Ow potential parameterized 
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by Raitieri et al.41 Also reported are the results obtained from DFT calculations using the 
PBE 42 and B3LYP 43 methods.  

  

  

  
 

Figure 2. Oxygen-oxygen radial distribution functions in pure SPC/E water and aqueous 
alkali halide solutions at different concentrations. 
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Figure 3. Speciation of alkali halide ion pairs as a function of concentration. The standard 
errors of the number of percentage of contact ion pairs (CIP), solvent-shared ion pairs 
(SSHIP), solvent-separated ion pairs (SSIP) and free ion pairs (FIP) have been computed 
from the variation of 10 block averages within each trajectory. 
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Figure 4. Obtuse (v+) and acute (v-) step propagation velocities of the calcite{1 0 -1 4} 
surface, obtained from in situ AFM experiments at IS = 0.02 in NaCl, CsCl and KCl salts, as 
a function of (a) difference in the diffusion coefficients of ionic salt constituents (∆D) and (b) 
concentration of free ions in the simulated NaCl, CsCl and KCl solutions (low IS, 0.06 mol 
kg-1) 
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Figure 5. Calcium-oxygen, calcium-fluoride and calcium-sodium radial distribution 
functions in aqueous NaF solutions at different concentrations. 
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Figure 6. Calcium-oxygen, calcium-chloride and calcium-sodium radial distribution 
functions in aqueous NaCl solutions at different concentrations. 
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Figure 7. Calcium-oxygen, calcium-chloride and calcium-potassium radial distribution 
functions in aqueous KCl solutions at different concentrations. 
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Figure 8. Calcium-oxygen, calcium-chloride and calcium-cesium radial distribution 
functions in aqueous CsCl solutions at different concentrations. 
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Figure 9. Number of accounted water exchange events (���
���) in the first hydration shell of 

calcium, with a duration of more than 0.5 ps, obtained from the MD simulations of the 
calcium ion in water in aqueous alkali halide solutions at different concentrations. The first 
hydration shell is defined by the coordination limit r(Ca-O) = 3.4 Å. The values of Nex are 
normalized to 100 ps and the hydration number of the calcium ion. The standard errors of 

���
��� have been computed from the variation of 10 block averages within each trajectory. 
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Figure 10. Snapshot of the MD simulation of Ca2+ in KCl 1.90 mol Kg-1 solution (last 100 
ps). 
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Figure 11. (a) Average number of hydrogen-bonds (HBs) per water molecule for the water 
molecules that are part of the first coordination shell of Ca2+ as obtained from the molecular 
dynamics simulations of one calcium ion in bulk water and in aqueous alkali halide solutions 
at different concentrations. The standard error of the number of HBs has been computed from 
the variation of 10 block averages within each trajectory. (b) Hydrogen bond fluctuations for 
the water molecules of the hydration shell of the calcium ion. 
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Figure 12. Oxygen-sodium (black line) and oxygen-halide (blue line) radial distribution 
functions for the water molecules that are part of the first hydration shell of the calcium ion 
as obtained from the simulations of Ca2+ in the 1.90  mol kg-1 NaCl aqueous solution and 
0.92  mol kg-1 NaF aqueous solution. 
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Graphical Abstract 

 

Molecular dynamics simulations of several alkali-halide solutions show the dramatic effect of the 

solution composition on the ligand-exchange dynamics and hydrogen-bond network around calcium 

ions. 
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