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Simulation details
TABLE S1. Details of the electrolyte solutions: concentration (b) in mol.kg–1, number of units 
and H2O molecules, cell length after classical MD (NPT) simulation, and total time duration (tsim) 
of each AIMD simulation.

System b nunits nwater Cell length (Å) tsim
Li+ 1 0.9 1 63 12.5 50
LiCl 2 1.9 2 60 12.6 50
Na+ 3 0.9 1 63 12.5 50
NaCl 4 0.9 1 62 12.3 50

5 1.9 2 60 12.3 50
6 3.8 4 58 12.2 50

K+ 7 0.9 1 63 12.5 50
KCl 8 0.9 1 62 12.4 50

9 1.9 2 60 12.4 50
10 3.8 4 58 12.6 50

Cs+ 11 0.9 1 63 12.5 50
CsCl 12 1.9 2 60 12.7 50
Mg2+ 13 0.9 1 63 12.3 40
MgCl2 14 1.9 2 58 12.5 50
MgSO4 15 1.9 2 60 12.9 50
Ca2+ 16 0.9 1 63 12.4 500
CaCl2 17 1.9 2 58 12.5 50
CaSO4 18 1.9 2 60 12.7 50
Bulk water 19 0.0 – 64 12.4 50
Cl– 20 0.9 1 63 12.5 40
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Cation hydration structure
TABLE S2. Structural properties of the cation–water radial distribution functions obtained from 
the AIMD simulations of the hydrated ions (isolated ion, no counterion) in 63 water molecules 
conducted in this study. The positions, rmax, and amplitudes, g(rmax), of first peak and the 
average coordination number (CN) of the cation hydration shell are compared with other AIMD 
studies and available experimental data. Distances in Å.

System Reference Method a) Functional Pseudopot. b) Basis set c) rmax g(rmax) CN
Li+ This study BOMD PBE-D3 GTH DZVP/PW (1000 Ry) 1.98 9.4 4.0

Lyubartsev1 CPMD BLYP USPP PW (25 Ry) 1.96 9.5
Na+ This study BOMD PBE-D3 GTH DZVP/PW (1000 Ry) 2.41 5.0 5.1

BOMD revPBE-D3 GTH DZVP/PW (1000 Ry) 2.53 4.6 5.6
Duignan et al.2 BOMD revPBE-D3 GTH DZVP/PW (400 Ry) 2.51 4.1

BOMD SCAN GTH DZVP/PW (1200 Ry) 2.36 5.9
Galib et al.3 BOMD revPBE GTH TZV2P/PW (400 Ry) 2.45 5.8 5.7

BOMD revPBE-D3 GTH TZV2P/PW (400 Ry) 2.53 4.8 6.0
BOMD revPBE GTH DZVP/PW (400 Ry) 2.46 5.7 5.7
BOMD revPBE-D3 GTH DZVP/PW (400 Ry) 2.56 4.0 6.1
BOMD BLYP GTH TZV2P/PW (400 Ry) 2.40 5.9 4.9
BOMD BLYP-D2 GTH TZV2P/PW (400 Ry) 2.46 6.4 5.7

NaCl (6 m) Galib et al.3 EXAFS 2.37 5.4
XRD 2.38 5.5

NaCl (2.5 m) Galib et al.3 XRD 2.38 5.9
K+ This study BOMD PBE-D3 GTH DZVP/PW (1000 Ry) 2.80 3.4 6.2

Duignan et al.2 BOMD revPBE-D3 GTH DZVP/PW (400 Ry) 2.98 3.1
BOMD SCAN GTH DZVP/PW (1200 Ry) 2.78 3.8

Glezakou et al.4 EXAFS 2.76 6.1
Cs+ This study BOMD PBE-D3 GTH DZVP/PW (1000 Ry) 3.17 2.7 5.9

Roy et al.5 BOMD PBE-D3 PAW PW (30 Ry) 3.15 3.3
Mg2+ This study BOMD PBE-D3 GTH DZVP/PW (1000 Ry) 2.11 13.5 6.0

Di Tommaso6 CPMD PBE USPP PW (30 Ry) 2.08 12.3 6.0
Callahan et al.7 XRD 2.0-2.12 6.0

Ca2+ This study BOMD PBE GTH DZVP/PW (1000 Ry) 2.40 10.8 6.0

BOMD PBE-D3 GTH DZVP/PW (1000 Ry) 2.40 10.2 6.0

BOMD BLYP GTH DZVP/PW (1000 Ry) 2.40 9.6 6.3

BOMD BLYP-D3 GTH DZVP/PW (1000 Ry) 2.42 9.9 6.8

BOMD revPBE GTH DZVP/PW (1000 Ry) 2.43 9.4 6.6

BOMD revPBE-D3 GTH DZVP/PW (1000 Ry) 2.39 10.8 6.1

Di Tommaso et al.6 CPMD PBE-D3 GTH DZVP/PW (1000 Ry) 2.36 8.5 6.4

Bako et al.8 CPMD BLYP NCPP PW (70 Ry) 2.45 10.5 6

CaCl2 (6 m) Fulton et al.9 2.43 7.2

a) BOMD = Born-Oppenheimer molecular dynamics, CPMD = Car-Parrinello Molecular Dynamics. b) GTH = Goedecker-Teter-Hutter; USPP = 
Ultra-Soft Pseutopotential; PAW = projector augmented wave; NCPP = Norm-Conserving Pseudopotential. c) DZVP = double-zeta valence 
polarized; TZV2P = triple-zeta valence doubly polarized; PW = plane wave.
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Figure S1. Ion-water radial distribution functions obtained from ab initio MD (PBE-D3) and 
classical MD (Madrid-2019 and Amber) methods.
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Ion pairing in solution
TABLE S3 The speciation of Mn+ (Li+, Na+, K+, Cs+, Mg2+ and Ca2+) with the counterions (X) 
chloride (Cl–) or sulphate (SO4

2–)  as a function of concentration determined in terms of the 
following ion pairing criteria: contact ion pair (CIP) when Mn+ and Xn– are in direct physical 
contact; solvent-shared ion pairs (SSHIP) when Mn+ and Xn–  are separated by one water 
molecule; solvent-separated ion pairs (SSIP) when Mn+ and Xn–  are separated by at least two 
water molecules. These assignments were from to the analysis of the M–X radial distribution 

functions (RDFs): CIP if  ; SSHIP if ; SSIP if   𝑟𝑀 ‒ 𝑋 ≤ 𝑟𝑚𝑖𝑛1
𝑀 ‒ 𝑋 𝑟𝑚𝑖𝑛1

𝑀 ‒ 𝑋< 𝑟𝑀 ‒ 𝑋 ≤ 𝑟𝑚𝑖𝑛2
𝑀 ‒ 𝑋 𝑟𝑀 ‒ 𝑋> 𝑟𝑚𝑖𝑛2

𝑀 ‒ 𝑋

where  and  are the positions of the first and second minima, respectively, of the M–𝑟𝑚𝑖𝑛1
𝑀 ‒ 𝑋 𝑟𝑚𝑖𝑛2

𝑀 ‒ 𝑋

X,  radial distribution functions. Results obtained from the analysis of AIMD (PBE-D3) 
simulations. Concentration (b) in mol.kg-1.

System b CIP (%) SSHIP (%) SSIP (%)
LiCl 2 1.9 85.6 14.4 0.0
NaCl 4 0.9 0.0 0.0 100

5 1.9 0.0 68.9 31.1
6 3.8 43.9 55.9 0.2

KCl 8 0.9 36.1 59.1 4.8
9 1.9 3.3 51.4 45.3

10 3.8 65.6 34.1 0.2
CsCl 12 1.9 72.8 27.2 0.0
MgCl2 14 1.9 0.0 55.5 44.5
MgSO4 15 1.9 100.0 0.0 0.0
CaCl2 17 1.9 0.7 97.1 2.2
CaSO4 18 1.9 0.0 99.6 0.4

TABLE S4. Number of accounted exchanges of water (Nex,H2O)  and chlorine (Nex,Cl) in the 
first coordination shells of the metal ions  Na+, K+, and Cs+, with a duration of more than t > 0.5 
ps, obtained from the analysis of 50 ps of AIMD (PBE-D3) simulations of 1.9 mol kg–1 aqueous 
electrolyte solution . Values normalized to the number of metal ions in solution. Also reported 
are the values of fex = Nex,H2O / Nex,Cl.

System Nex,H2O Nex,Cl fex

NaCl 195.5 46.5 4.2

KCl 693.5 26.5 26.2

CsCl 983.0 36.5 26.9
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Figure S2. Metal-chloride radial distribution functions, gMCl(r), obtained from AIMD (PBE-D3) 
simulations of the aqueous electrolyte solution (1.9 mol.kg–1) containing Na+, K+ and Cs+.
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Dynamics of ionic hydration shell
Water exchange around metal ions

TABLE S5. Number of accounted water exchange events ( ) in the first coordination shells 𝑁
𝐻2𝑂
𝑒𝑥

of the metal ions  Li+, Na+, K+, Cs+, Mg2+ and Ca2+, with a duration of more than t > 5 ps  , 
obtained from the analysis of 50 ps of AIMD (PBE-D3) simulations of a single cation in pure 

water and of aqueous electrolyte solution. Values of  normalized to the number of metal 𝑁
𝐻2𝑂
𝑒𝑥

ions in solution. Mean residence time (MRT) of water molecules in the first hydration shell of the 

ion computed using the expression . Values of MRT in ps. Concentration (b) 

𝑀𝑅𝑇=
𝐶𝑁𝑎𝑣 × 𝑡𝑠𝑖𝑚

𝑁
𝐻2𝑂
𝑒𝑥

in mol.kg-1.

b CN tsim (ps) OH
exN 2 10/2OH

exN MRT

Li+ 0.9 4.0 50 17.0 3.4 11.8
LiCl 1.9 3.0 50 7.0 1.4 21.4
Na+ 0.9 5.1 50 233.0 46.6 1.1
NaCl 0.9 5.1 50 178.0 35.6 1.4

1.9 5.0 50 189.5 37.9 1.3
3.8 4.7 50 183.3 36.7 1.3

K+ 0.9 6.2 50 729.0 145.8 0.4
KCl 0.9 4.8 50 529.0 105.8 0.5

1.9 5.5 50 688.0 137.6 0.4
3.9 3.9 50 679.0 135.8 0.3

Cs+ 0.9 5.9 50 1357.0 271.4 0.2
CsCl 1.9 6.1 50 961.0 192.2 0.3
Mg2+ 0.9 6.0 50 0.0 0.0 –
MgCl2 1.9 6.0 50 0.0 0.0 –
MgSO4 1.9 4.0 50 0.0 0.0 –
Ca2+ 0.9 6.0 500 49 1.0 61.2
CaCl2 1.9 6.8 50 28.0 5.6 12.1
CaSO4 1.9 6.9 50 0.0 0.0 11.8
H2O –
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Free energy profiles of metal ion dehydration
The interatomic forces in ab initio MD are derived from the electronic structure,10,11  
usually in the framework of density functional theory,12 providing the capability of 
studying non-additivity effects in the dynamics of ions solvation shells, which is important 
when simulating ionic solutions.13 However, the computational cost of ab initio MD limits 
the size of simulated aqueous solutions (few hundreds of water molecules) and the time 
of the simulation (<100 ps). These restraints limit the characterization of the dynamics of 
solvent exchange in the first hydration shell of metal ions such as Mg2+, which mean 
residence time in the first hydration shell is of the order of microseconds.14,15 We have 
complemented the results from  ab initio MD with classical metadynamics MD (CμMD) 
simulations (Fig. S3), which have been used to elucidate the water exchange reaction 
pathways around metal ions. Classical MD simulations of 1 ion (Li+, Na+, Mg2+ and Ca2+) 
were performed using Gromacs 2016.3.16 The leapfrog algorithm with a time step of 2 fs 
was used to integrate the equations of motion. Simulations were conducted in the 
isothermal (NVT) and isothermal-isobaric (NPT) ensembles at the target temperature T = 
300 K and pressure P = 1 bar. The velocity rescale thermostat and the isotropic 
Parrinello-Rahman barostat were used with 0.4 ps and 2.0 ps as the thermostat and 
barostat relaxation times, respectively. The electrostatic forces were calculated utilizing 
the particle-mesh Edwald approach. A cutoff of 12 Å was used for both LJ/Coulombic 
interactions. Free energy calculations were conducted computed using the well-
tempered metadynamics-biased MD method,17 using Gromacs 2016.3 equipped with the 
Plumed 2.4.1 plugin.18 CMμD simulations were conducted to compute the free energy 
profiles associated with the water exchange around the metal ion using, as the collective 
variable, the ion–water coordination number (CN). The reaction coordinate for rare 
events can be a multidimensional function of several geometric parameters. Exploring 
the dynamical aspects of the CN reaction coordinate allows one to examine the ability of 
a hydrated ion to explore the transition mechanism between under- and over-coordinated 
states during the dynamics of ion solvation.19 The CN was defined using the continuously 
differentiable function:

𝐶𝑁=∑
𝑖

1 ‒ (𝑟𝑖 ‒ 𝑑0
𝑟0 )𝑛

1 ‒ (𝑟𝑖 ‒ 𝑑0
𝑟0 )𝑚

(1)

where r0 = 1.1 Å, d0 = 1.9 Å, n = 4, m = 8, ri is the distance between the magnesium and 
the oxygen of i-th water molecule.20 The free energy profiles were constructed by running 
classical well-tempered metadynamics-biased MD (CμMD) simulations with Gaussians 
laid every 1 ps and with an initial height equal to kBT. The Gaussian widths were 0.2 and 
0.1 along with the distance and coordination number (CN), respectively. CμMD 
simulations were run for a period of 1 μs to achieve convergent free energy profiles as a 
function of the ion–water coordination number.

Compared with literature values, for Mg2+ the Gibbs free energy difference between 
the 6- and 5-coordinated species (∆G6→5 = +29 kJ mol–1) in Fig. S4.1 is in excellent 
agreement with the value obtained using ab initio MD (∆G6→5 = +27 kJ mol–1) using the 
HCTC functional;21 the free energy of activation (Δ‡G) between these two coordination 
states computed using our classical metadynamics MD simulations (Δ‡G6→5 = +32 kJ 
mol–1) is also in excellent agreement with the  ab initio MD value (Δ‡G = 30 kJ mol–1) 
reported by Ikeda et al.21 For Ca2+, ∆G7→6 = 5 kJ mol–1 was obtained from our classical 
metadynamics and ∆G7→6 = –8 kJ mol–1 from ab initio MD (HCTC functional);21 classical 
MD predict the 7-coordinated species to be the most stable and ab initio MD predict the 
6-coordinated species to be the most stable. Excellent agreement is achieved for the 
free energy of activation: Δ‡G7→6 = 11 kJ/mol from our classical MD and Δ‡G6→7 = 10 kJ 
mol–1 from ab initio MD. For Na+, our simulations show that the free energy difference 
(ΔG = 0.5 kJ mol–1) and activation barrier (Δ‡G = 2.5 kJ mol–1) of the 5- and 6-
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coordinates species is very low; ab initio MD free energy calculations by Galib et al. 
(revPBE-D3) show similar profiles, with an easy interconversion between the 5 and 6 
coordinated spaces (activation energy < 4 kJ mol–1).3

FIGURE S3. Free energy as a function of the ion–water coordination number computed from 
well-tempered metadynamics-biased MD (CMμD) method. Minima deviate slightly from 
the expected integer coordination values due to numerical factors arising from the need 
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to define a smooth and continuous analytic definition of the coordination number for use 
as a collective variable (see Eq 1).
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Velocity autocorrelation function of the metal ions

FIGURE S4. Velocity autocorrelation functions (VACF) of Na+, K+ and Ca2+ obtained from AIMD 
(PBE-D3) simulations of the hydrated cation (single ion, no counterions) and of aqueous 
electrolyte solutions.
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FIGURE S5. Velocity autocorrelation functions (VACF) of Ca2+ obtained from AIMD simulations 
of the hydrated calcium ion (single Ca2+, no counterions) using different DFT methods.
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Hydrogen bond statistics
TABLE S6. The distribution of the number of hydrogen-bonds (HBs) per water molecule in pure 
liquid water, in aqueous solutions containing a single hydrated ion (no counterions), and of 
aqueous electrolyte solution at different concentrations. The values given are percentages of 
molecules with the given number of hydrogen bonds. Values obtained from the analysis of 
AIMD (PBE-D3) simulations. Concentration (b) in mol.kg-1.

Number of HBs (%)
System b f0 f1 f2 f3 f4 f5 average
Li+ 0.9 0.0 0.7 5.0 18.5 71.1 4.6 3.74
LiCl 1.9 0.1 1.7 7.6 27.5 61.6 1.5 3.53
Na+ 0.9 0.0 0.5 4.9 21.4 68.4 4.7 3.72
NaCl 0.9 0.1 1.2 8.3 27.9 58.8 3.7 3.55

1.9 0.1 1.6 10.2 36.9 48.3 2.8 3.40
3.8 0.5 6.4 20.2 38.2 32.1 2.5 3.03

K+ 0.9 0.0 0.3 3.0 16.3 75.9 4.5 3.81
KCl 0.9 0.1 1.0 7.0 25.6 62.5 3.8 3.61

1.9 0.1 1.8 12.3 35.6 47.1 3.0 3.37
3.9 0.7 4.8 18.6 30.1 43.5 2.4 3.18

Cs+ 0.9 0.0 0.2 3.0 17.6 74.3 4.9 3.81
CsCl 1.9 0.3 1.6 8.5 28.8 58.6 2.2 3.50
Mg2+ 0.9 0.1 1.5 8.2 18.7 63.1 8.4 3.69
MgCl2 1.9 0.1 5.0 25.6 35.5 32.5 1.3 2.99
MgSO4 1.9 0.9 6.1 13.1 27.4 50.9 1.6 3.26
Ca2+ 0.9 0.0 0.9 7.6 19.3 64.4 7.9 3.71
CaCl2 1.9 0.4 7.8 22.6 32.0 35.3 1.8 3.00
CaSO4 1.9 0.9 7.2 16.9 36.5 36.7 1.7 3.06
H2O  – 0.0 0.3 4.6 19.8 70.7 4.6 3.75
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Calculation of time correlation functions
Protocol
The methodology below been adopted to compute the reorientation time correlation functions 
(TCF), , defined as the first-order Legendre polynomials of water dipole, a unit bisector of 𝑃1(𝑡)

the H–O–H angle ( ).�⃗�

1. Calculate dipole vectors of each water molecules at all time step from trajectory,  : 𝜇𝑖(𝑡)
dipole vectors of ith water molecule at time t.

2. Compute the inner product between the unit vectors defining the orientation of the dipole 
moment of the i-th water molecule at the time origin to and time t: .𝑢𝑖(𝑡𝑜) ∙ 𝑢𝑖(𝑡)

3. The first-order Legendre polynomial TCF is obtained from the average over whole water 
molecule in the simulation box (or in the subpopulation of water molecule):

𝑃𝑜
1(𝑡) =

1
𝑁𝑤

𝑁𝑤

∑
𝑖

𝑢𝑖(𝑡𝑜) ∙ 𝑢𝑖(𝑡) (S1)

4. The first-order Legendre polynomial TCF is obtained for several time origin and 
overlapping intervals [0, t] of equal time length (Figure S3).

5. The value of  in the time intervals [0, t] is obtain from the average of :𝑃1(𝑡) 𝑃𝑜
1(𝑡)

𝑃1(𝑡) =
1
𝑁𝑜

𝑁𝑜

∑
𝑖

𝑃𝑜
1(𝑡) (S2)

FIGURE S6. Procedure adopted to calculate the value of  for several time origins and 𝑃𝑜
1(𝑡)

overlapping time of equal time length, [0, t] = 16000 fs.
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Time average of time correlation functions over several time origin

FIGURE S7. First-order Legendre reorientational TCFs, P1(t), of water in solutions of MgCl2 
obtained using indicated time origins. Standard deviation (error bars) decreases by increasing 
the number of time origins.
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FIGURE S8. First-order Legendre reorientational TCFs, P1(t), of water in solutions of MgCl2 
obtained using indicated time origins. Behavior of the reorientation decay (a) and of the 
standard deviation (b) with the number of time origins used in the evaluation of  (Eq. S2). 𝑃1(𝑡)

Time interval used to compute  is 16000 steps. Dipole correlation and standard deviation 𝑃1(𝑡)
reach convergence after 128 origin time averages.
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FIGURE S9. First-order Legendre reorientational TCFs, P1(t), of water in solutions of MgCl2 
obtained using indicated time origins. The plots in the time interval [2.8–3.4 ps] show that 
differences in the computed values of  are less than 0.01 (2%).𝑃1(𝑡)
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