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1. Computational details
1.1. Molecular dynamics simulations

Forcefield. The general AMBER forcefield (GAFF) was used to describe the ion–water and ion–
ion interactions together with the SPC/E water model.1 The ion–water and ion–ion interactions 
were described by the Lennard-Jones (LJ) GAFF potential 2 together with the SPC/E water 
model.1 The structure, dynamics and kinetics properties of the hydrated magnesium ion (Mg2+) 
computed with this potential are in good agreement with respect to quantum-chemical results and 
experimental data.3 Moreover, using this forcefield allows the process of Mg-dehydration in the 
presence of other electrolytes to be simulated using a consistent set of LJ parameters. To derive 
the forcefield parameters within the framework of the GAFF, the optimised structures and 
molecular electrostatic potential of the molecular ions were computed at the HF/6-31G* level of 
theory with the Gaussian09 code.4 Then, the Antechamber package was used to compute the 
atomic partial charges according to the restrained electrostatic potential formalism.5 For the 
simulations of hydrated Ca2+, we used the Buckingham potentials parameterized by de Leeuw 6 
and Kerisit and Parker 7 together with SPC/E because the assessment of the Ca–O Buckingham 
potential parameterized by de Leeuw and Parker together with SPC/E was in excellent agreement 
with respect to DFT distances and energies.8

Simulation details. Classical MD simulations were performed using version GROMACS version 
   2016.3.9,10 The leapfrog algorithm with a time step of 2 fs was used to integrate the equations 
of motion. Simulations were conducted in the isothermal (constant NVT) and isothermal-isobaric 
(constant NPT) ensemble 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 by means of the particle-mesh Edwald approach with a cutoff of 1.2 nm. A 1.2 nm 
cutoff was also used for the van der Waals forces. The LINCS algorithm was used at each step 
to preserve the bond lengths. Periodic boundary conditions were applied throughout.

Metadynamics simulations. Free energy calculations were conducted computed by means of 
the well-tempered metadynamics-biased MD (MetaD) method,11 using GROMACS 2016.3 
equipped with the PLUMED 2.4.1 plugin.12 The Mg−counterion distance were used as collective 
variable to compute the formation of ion pairs. Two collective variables were used to study the 
Mg2+ dehydration process: Mg−water distance; Mg-water coordination number (CN). The latter 
was defined using the continuous differentiable function:

𝐶𝑁=∑
𝑖

1 ‒ (𝑟𝑖 ‒ 𝑑0𝑟0 )𝑛
1 ‒ (𝑟𝑖 ‒ 𝑑0𝑟0 )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.13 The free energy profiles were constructed by running 
metadynamics 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 the distance and coordination number (CN), 
respectively. 

Simulation protocol. The following protocol was used to generate electrolyte solutions and 
investigate the dynamics of water around Mg2+ in the presence of counterions X (F–, Cl–, NO3

–, 
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HCO3
–, CO3

2–, SO4
2–, HS– and CH3COO–). We first conducted MD (NPT) simulation of around 

1400 water molecules for 1 ns to generate an equilibrated aqueous solution. This was used to 
generate Mg2+ / X solutions by randomly replacing two water molecules with one magnesium ion 
and one (SO4

2– and CO3
2–) or two (F–, Cl–, HS–, NO3

–, HCO3
–) counterions.  We then conducted 

a series of NVT simulations for Mg–X separation distances (d) varying from approximately 13 Å 
to 4.5 Å using a harmonic bias potential with a force constant of 500 kJ.mol–1.  Starting from the 
last configuration corresponding to a Mg–X distance of approximately 4.5 Å, we have conducted 
MetaD (NVT) simulations using CN(Mg-H2O) as collective variable for 100 ns. Test simulations 
were conducted for 1 μs to verify the full convergence of the free energy profiles computed using 
trajectories of 100 ns (see Fig. S1 below). Moreover, our previous assessment study of 
interatomic potential models for hydrated Mg2+ showed that a simulation period of 30 ns is enough 
to obtain convergent free energy profiles as a function of the Mg2+-water coordination number 
(Fig. S1).3 Similarly, we have conducted MetaD (NVT) simulations using CN(Mg-H2O) as 
collective with Mg2+ and X forming a contact ion pair. In these MetaD simulations, the separation 
between Mg2+ and the counterion was kept at around 4.5 Å, which corresponds to a solvent 
shared Mg2+···H2O···X ion pair, using a harmonic bias potential. We verified that throughout the 
simulations, the counterions did not enter the first coordination shell of Mg2+. 

Figure S1. Comparison of the free energy profiles of hydrated Mg2+ as a function of the Mg2+–H2O 
water coordination number computed from 100 ns and 1000 ns MetaD simulations.
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1.2. Details of simulated aqueous Mg2+ / X systems
TABLE S1. Details of the simulated electrolyte solutions: number of ions and H2O molecules; cell 
length after the equilibration stage of classical MD in the NPT (1 atm, 300 K) ensemble.

System nMg nX nwater Cell length (nm)
Mg2+ 1 1 0 883 3.000
Ca2+ 1 1 0 883 3.000
MgF2 (aq) 1 1 2 1374 3.439
MgCl2 (aq) 2 1 2 1345 3.446
Mg(HCO3

–)2 (aq) 3 1 2     1423                   3.554
Mg(CH3COO–)2 (aq) 4 1 2 1421                   3.533
Mg(HS–)2 (aq) 5 1 2 1374 3.443
MgCO3 (aq) 6 1 1 1442 3.544
Mg(NO3)2 (aq) 7 1 1 1374 3.456
MgSO4 (aq) 8 1 1 1343 3.454

1.3. Electronic structure calculations
Complementary density functional theory calculations (DFT) were conducted with the Gaussian09 
(G09) electronic structure code 4 using the Becke, 3-parameter, Lee–Yang–Parr (B3LYP) 
method,15 together with the standard triple-zeta polarized 6-311G++(d,p) 6d basis sets. We 
conducted static geometry optimization of the hydrated magnesium clusters Mg(H2O)5

2+ and 
Mg(H2O)6

2+, of the hydrated solvent-shared ion pairs [Mg(H2O)5]·X+ and [Mg(H2O)6]·X+, and of the 
hydrated contact ion pairs [MgX(H2O)4 ]·H2O+  and [MgX(H2O)5 ]·H2O+ (X = Cl–, F–, HS–). Solvent 
effects of water (ε= 78.4 at 298.15 K) were also taken into account by using the self-consistent 
reaction field polarizable continuum model  (PCM).16,17 All free energies reported were calculated 
from standard determinations emerging from the G09 output. The electronic properties of the 
optimised structures were analyzed by Bader’s Atoms-In-Molecules (AIM) wavefunction 
analyses18,19 to quantitatively characterize the topological  properties  of  electron  density  
distributions. Analyses were carried out on wavefunctions generated using the B3LYP/6-
311G++(d,p)/PCM method on the geometry-optimized structures. All molecular graphs of 
wavefunctions reported in this paper have been constructed with the AIM2000 program 
package.20
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2. Comparison of Mg2+ and Ca2+ dehydration

Figure S2. Water exchange in the first hydration shell of Mg2+ and Ca2+ during classical MD 
simulations. Water exchanges around in the first hydration shell of the cation determined using 
the “direct method”.21  Molecular dynamics trajectories were analysed for H2O movements and 
whenever a molecule crossed the boundary of the cation coordination shell, its new position was 
path was followed; if its new position outside or inside this shell lasted for more than 0.5 ps, the 
event was counted as a real H2O exchange. The first shell was defined to fall within the first 
minimum of the cation versus water oxygen radial distribution function.

S6



3. Key structural parameters on the free energy as a function of the 
Mg2+ and additive distance

Table S2. Positions and free energies for the formation of contact ion pair (CIP) and solvent-

shared ion pairs (SSHIP) between Mg2+ and the additive (X). Positions of CIP ( ) and SSHIP (𝑟𝑚𝑖𝑛1

) and of the maximum ( ) on the free energy as a function of Mg2+– X distance. Values are 𝑟𝑚𝑖𝑛2 𝑟𝑚𝑎𝑥

compared with the positions of first and second minima, and of the maximum ( ) on the free 𝑟𝑚𝑎𝑥

energy profile for the removal of a single water molecule from the first hydration of Mg2+. The 
values of the Gibbs free energy of reaction (ΔG) and standard Gibbs energy of activation (Δ‡G) 
are with respect to the free energy of the SSHIP. Distances in nm and free energies in kJ.mol–1.  

X 𝑟𝑚𝑖𝑛1 𝑟𝑚𝑎𝑥 𝑟𝑚𝑖𝑛2 ΔG Δ‡G
F– 0.180 0.241 0.420 -41 58
Cl– – – 0.478 – –
HS– 0.217 0.292 0.423 -18 56

HCO3
– 0.181 0.250 0.391 -2 59

CH3COO– 0.197 0.255 0.380 1 41
NO3

– – – 0.505 – –
CO3

2– 0.230 0.250 0.352 -26 29
SO4

2– 0.190 0.260 0.406 -30 44
H2O 0.200 0.280 0.420 -6.9 48
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4. Free energy as a function of the Mg-H2O coordination number

Figure S3. Free energy as a function of the Mg2+-H2O coordination number, CN(Mg-H2O), for 
hydrated Mg2+ (single Mg2+, no counterions) and solvated Mg2+ with a counterion in the second 
hydration shell. Standard deviation computed from the average of the profiles of four 
independent MetaD simulations (300 K). 
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Figure S4. Free energy as a function of the magnesium-water coordination number, CN(Mg-
H2O), for a hydrated metal ion (single Mg2+, no counterions) and of Mg2+ with a counterion in the 
first hydration shell.
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5. Density functional theory calculations of hydrated Mg2+ clusters

Figure S5. (A) Rho-b (ρb / ē·bohr-3) values at the bond critical points obtained from Bader’s AIM 
analyses of the wavefunction generated from the B3LYP/6-311++G(d,p) (SCRF=PCM, water) 
optimized structures of Mg(H2O)n

2+ and [Mg(H2O)n]·X+ (n = 5, 6). (B) Average ρb values between 
Mg and O for the interacting and non-interacting H2O molecules in five-Mg and Mg-six-
coordinated states. (C) Ongoing from Mg(H2O)5

2+, through [Mg(H2O)5]·Cl+, [Mg(H2O)5]·HS+, and 

S10

A

B

C



[Mg(H2O)5]·F+, the values of ρb for the water molecules in the “eq-page” and “ax-top” positions 
increase, corresponding to a strengthening of the Mg-H2O bond interacting with the approaching 
X ion. However, the other three molecules weaken (values of ρb decrease), thus promoting further 
de-hydration. This is known as an allosteric effect, a classical trans-(axial)-directed via the axial-
top strengthening at the expense of the axial-bottom ligand, which signals the 'kicking' of the axial-
bottom ligating H2O off the complex (dehydration), promoting change in coordination to four-
coordinate.
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