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1. Technical details of CMD simulations

An extended simple point charge (SPC/E) model that has been used successfully for other brine 

systems [1-3] was employed for water molecules. Interactions between water molecules and the 

ions were defined by pairwise potentials. Long-range Coulombic interactions were handled by an 

Ewald summation [4] with a 12.0 Å cutoff; van der Waals interactions were modeled using the 

Lennard-Jones (LJ) potential. Cross terms for LJ interactions were derived from the Lorentz–

Berthelot combination rules [5]. All parameters used in these simulations are listed in Table S1. 

These LJ potentials for Ca2+ and F‒ have been used to model the Ca2+-H2O and F‒-H2O systems in 

previous studies [7,9].

All CMD simulations used a cubic box with periodic boundary conditions and the quaternion 

formulation of the rotational motion equations. Prior to canonical ensemble (NVT) runs, 

isothermal–isobaric ensemble (NPT) runs of 3 ns were carried out to determine an appropriate 

volume [10]. Pressure was maintained at 1 atm using the Nosé–Hoover barostat [11] with a 0.1 ps 

relaxation constant. Temperature was controlled by applying the Nosé–Hoover thermostat [11] with 

0.5 ps relaxation times for NPT and NVT simulations. The Verlet velocity algorithm with a 1 fs 

time step was adopted, since this algorithm synchronizes the calculation of positions, velocities, and 

accelerations without sacrificing precision [12].

Table S1 Force field parameters for ions and water.
ion/water σ (Å) Ε (kcal·mol‒1) q (e) Ref.
F‒ 3.1180 0.1800 ‒1.000 [6]
Ca2+ 2.8721 0.1000 2.000 [7]
OW 0.1554 3.1655 ‒0.848 [8]
HW - - 0.424 [8]

2. Validity of force field parameters and convergence of simulations

2.1 Validity of force field parameters

The adoptive force field parameters for Ca2+ and F− have been extensively used in previous 

studies [7,9,13,14] to explore the hydration behavior of Ca2+ and F−. In present paper, we also 

applied them to explore the hydration behavior of Ca2+, F− and Ca-F CIPs and SSIPs. The results 

show that hydration number of Ca2+/F− and residence time of H2O in their first hydration shell is 

7.6/6.3 and 708/24.7 ps, respectively. These values are consistent with those (7.9/6.3 and 699/24.5 

ps, respectively) reported from Koneshan et al.’s work [7]. Furthermore, the calculated diffusion 

constants for F− and Ca2+ in the unbiased system are 1.06 × 10−5 and 0.46 × 10−5 cm2∙s−1, 

respectively, which is also consistent with those of Koneshan et al.’s (1.04 ± 0.06 × 10−5 and 0.53 

± 0.03 × 10−5 cm2∙s−1). These indicate that our CMD runs are correct and their statistical equilibriums 

are achieved in current simulated time scale.

The hydration numbers for Ca2+ and F− extracted from CMD simulations are somewhat higher 

than those optimized by DFT calculations which suggest that Ca2+ surrounded by 7 water molecules 

and F− surrounded by 5 water molecules are more stable. However, for CaFx
2-x (x = 1, 2), CMD and 

DFT consistently suggest that their seven-coordinated configurations are stable in aqueous solution. 



Furthermore, the optimized Ca-F and Ca-O distances for the CaFx(H2O)y
2-x clusters are broad 

agreement with the results of CMD simulations, as shown in Table 2 (see text). Therefore, the force 

field parameters used in present text is credible.

2.2 Convergence of simulations

In present work, total running time for each CMD simulation is up to 14 ns including 3 ns NPT, 

3 ns NVT and 8 ns NVT runs for determination of box size, pre-equilibrium and equilibrium, 

respectively. The obtained bond lengths of Ca-O and Ca-F are broad agreement with those of DFT 

calculations, as shown Table 2. Meanwhile, as stated above, the diffusion constants for F− and Ca2+ 

also agree with those previously reported from Koneshan et al.’s [7] very well. And Koneshan et 

al.’s total running time (and their simulations with the force field are same as our) is less than 1 ns. 

This means that the 14 ns running for our CMD is enough to achieve equilibrium. Nevertheless, we 

still continue to run 4 ns for the unbiased system. The rear 3 ns trajectory data were collected to 

analyze. The RDFs of Ca-O and Ca-F pairs, along with those of Figs. 1a and 1b (see text) for 

comparison, are shown in Fig. S1. It could be seen that there is no significant change in all features 

of RDFs. This suggests again that the simulation times in text are enough to achieve convergence.

Fig. S1 RDFs of Ca-O (a) and Ca-F (b) and their integration extracted from the rear 3 ns data of 
CMD simulation with 18 ns equilibrium, along with those of 14 ns equilibrium for comparison.

For AIMD, we also continue to run 9 ps for the AbMD-box-b4. The total equilibrium time is 

up to 29 ps for this system. The distances of Ca-O and Ca-F as a function of run time are shown in 

Fig. S2. It could be seen that the H2O and F− bound with Ca2+ only slight oscillate at equilibrium 

position. The H2O and F− escaping from (or exchange in) the primary shell of Ca2+ is not observed, 

indicating that the seven-coordinated configuration is kept in overall running. We also sampling the 

snapshots of 8000 to 20000 and the snapshots of 25000 to simulation end and plot the RDFs of Ca-O 

and Ca-F pairs in Fig. S3. It could be seen that all features show no significant change in the RDFs 

for different sampling, suggesting that simulations have reached equilibrium.



Fig. S2 Varying of distances of Ca-F (a) and Ca-O (b) as a function of simulation time. The pre-
equilibrium times are not included.

Fig. S3 RDFs of Ca-O (a) and Ca-F (b) and their integration extracted from 8000 to 20000 snapshots 
(black/gray) and 25000 to simulation end snapshots (red/blue), respectively. 



3. Technical details of ab initio MD simulations

In the CP2K/QUICKSTEP package, the implementation of DFT based on a hybrid Gaussian 

and plane waves (GPW) basis sets scheme [15]. The Becke exchange and the Lee−Yang−Parr 

correlation functional (BLYP) [16,17] were utilized in addition to the dispersion correction (D2) 

put forth by Grimme [18] with a 40 Å cutoff. The dispersion corrections for the hydration structure 

of Ca2+ and energy barrier of Ca2+-Cl‒ pairing is very important, as reported in recent study [19]. 

For calculating the interactions between core and valence states, the auxiliary plane wave cutoffs of 

400 Ry were used in conjunction with analytic Goedecker-Teter-Hutter (GTH) pseudopotentials 

[20,21] and a double-zeta valence polarized (DZVP) level basis set [22] generated using the valence 

electron configuration 1s1, 2s2p4, 2s2p5 and 3s2p64s2 for H, O, F and Ca, respectively.

All ab initio MD simulations were performed in the canonical ensemble (NVT) with the Nosé-

Hoover chain thermostat [23] for ions and electrons at 300 K. In these simulations, a time step of 

0.5 fs and the cubic box with a side length of 12.43 Å using periodic boundary conditions to 

eliminate interface effects were employed.

4. Details for the calculations of association constant for CaFx
2-x

As our simulations were performed at a constant cell volume, the energy of equation (S1) is a 

ΔrA rather than a ΔrG. However, the energy difference of ΔrA and ΔrG for the ligand exchange 

reaction is in the order of 0.01-0.1 kJ·mol‒1 (i.e., ≤ 0.01 log unit) [24]; thus, the difference between 

ΔrA and ΔrG was ignored in subsequent association constant calculations. This assumption has been 

adopted in previous studies [25-27].

The ΔrGΘ for equation (2) (see text) can be obtained by concentration and activity corrections 

for ΔrG, according to

         (S1)
Δr𝐺

Θ =  Δr𝐺 + 𝑅𝑇ln
𝐶A𝛾A ∙ 𝐶B𝛾B

𝐶C𝛾C ∙ 𝐶D𝛾D

where ci are the concentrations of reactants or products for the reaction A + B → C + D and γi are 

the corresponding activity coefficients which were estimated by the b-dot extension [28]:

                     (S2)
log𝛾𝑖 =  ‒

𝑧2
𝑖𝐴γ𝐼0.5

1 + �̇�𝑖𝐵γ𝐼0.5
 +  �̇�γ𝐼

where zi is the charge of the individual ion i, I is the ionic strength, Aγ and Bγ are constants with the 

values of 0.5092 kg0.5·mol‒0.5 and 0.3283 kg0.5·mol‒0.5·Å‒1, respectively [28], is an empirical �̇�γ 

parameter with the values of 0.038 kg·mol‒1 [29],  is the ion size parameter in Å (  = 3.5, 6.0 and �̇�𝑖 �̇�𝑖

5.0 for F‒, Ca2+ and CaFx
2-x complexes, respectively) [30]. Finally, the logKΘ were calculated by:

               (S3)∆r𝐺
Θ =  ‒ 2.303𝑅𝑇log 𝐾Θ

There are a number of sources for errors in our logKΘ calculations using the ab initio 

thermodynamic integration as described above. First, the activity coefficient of individual ion 

estimated by equation (S2) to correct the ΔrG to the standard state of infinite dilution can introduce 



some error due mainly to the lack of  for CaFx
2-x complexes. In previous work Liu et al. have �̇�𝑖

shown that the effects of uncertainty for  give a change of less than 0.05 log unit for  = ± 1 on �̇�𝑖 ̇Δ𝑎𝑖

the derived logKΘ values for CuClx
1-x (x = 1, 2, 3) complexes [31]. Second, the size of simulation 

box used might have some effect. In current work, we have used a simulation box large enough to 

include the first solvation shell of the Ca2+, F‒ and their complexes. Recently, Guan et al. has shown 

that this effect generates a difference of < 0.3 log unit between both cubic boxes with side length of 

~12 Å (containing 55 H2O) and ~17 Å (110 H2O) for YClx
3-x (x = 1, 2) complexes [27]. Finally, 

there is also an error due to the systematic and statistical imprecision caused by the sampling 

averages over runs of finite length. This uncertainty can be estimated by calculating the statistical 

error of  with a statistical inefficiency value, as described in previous study [5]. This approach 〈𝑓(𝑟)〉

has been adopted by some authors [32,33].

5. Details of DFT calculations

All optimizations were carried out by static DFT calculations using Becke’s three-parameter 

exchange potential and Lee-Yang-Parr correlation functional (B3LYP) [16,17,34] with the 

Grimme’s D3 correction [35] in the Gaussian 09 software package [36]. A Stuttgart relativistic 

effective core potential (RECPs) [37] were employed in conjunction with the basis set to describe 

the valence electrons of Ca. For F, O and H, Dunning’s correlation-consistent basis sets, aug-cc-

pVDZ [38], were used.

6. Details of solubility equilibrium experiment

Separate binary stock solutions of KCl and KF were prepared and their concentrations were 

determined by precipitation method with sodium tetraphenylborate as precipitating agent [39]. A 

series of mixed KCl + KF solutions, with varied concentration but their total ionic strength remained 

at constant ~4 mol·kg‒1, were prepared gravimetrically by mixing the binary stock solutions. The 

composition of these solutions was summarized in Table S2.

About 2 g CaF2 powder was added into each mixed KCl + KF solution as equilibration solid. 

Then, they were immersed in the waterbath thermostat with constant temperature at 25.00 ℃. The 

waterbath temperature of thermostat was controlled by a Lauda E200 heater combining a Lauda 

DLK25 through-flow cooler (Germany) with uncertainty of ±0.05 ℃. To enhance the dissolution 

kinetics of CaF2(s), the magnetic rotor, driven by the magnetic stirrer below the flasks, was placed 

in each flask to stir the solution and solid phase. The equilibrium time of all samples was reached 

30 days, which is enough for the dissolution equilibrium of CaF2(s) in these solutions [40].

After reaching equilibrium, the magnetic stirrer was turned off and all samples were silently 

placed in the waterbath for 2 days at 25.00 ℃. Subsequently, the supernate in each flask was 

extracted via the microfiltration member with the aperture of 0.45 μm, preventing the undissolved 

fine particle of CaF2(s), as the pre-analyzed samples. The Ca2+ concentration was analyzed by ICP-

OES (Thermo Scientific iCAP 7200 Radial, Thermo Fisher Scientific, USA) with the standard curve 



method [41].

The equilibrium and analyzed methods described above have been successfully applied to 

determine the solubility data of MF2 (M = Ca, Mg, Zn, Mn) in different mixed (binary and ternary) 

electrolytes with varied temperature in our laboratory [40,42,43].

Table S2 Solution compositions for CaF2(s) dissolution equilibrium experiment at 298.15 K
Serial number KF (mol·kg‒1) KCl (mol·kg‒1) Ion strength (mol·kg‒1)
1 0.00568 3.9916 3.99728
2 0.00975 3.9909 4.00065
3 0.05017 3.9369 3.98707
4 0.09949 3.9003 3.99979
5 0.50104 3.4997 4.00074
6 0.99881 3.0005 3.99931
7 1.99929 2.0010 4.00029
8 3.00067 0.9998 4.00047

7. Exchange of F− in primary shell of Ca2+

Fig. S4 Schematic representation of the exchange process of F− in primary shell of Ca2+.



8. Additional DFT information

Fig. S5 Selected optimized structures of CaFx(H2O)14
2-x (x = 1, 2) CIP and SSIP clusters. Other 

optimized structures that are quite less stable were not shown. The hydrogen bonds formed among 
water molecules are displayed by the dashed lines. Color code: Cyan, Ca; gray, F; red, O; pink, H.

9. RDF of Ca-F pair for the unbiased simulations with normal/ fictitious Ca/F charge

To further clarify strong electrostatic interactions on the formation of Ca2+-F− CIPs and SSIPs, 

we applied a fictitious scaling factor 0.7 to the normal charge of Ca/F to weaken the electrostatic 

interactions in the unbiased simulations where all parameters is same as the original one apart from 

the charges of Ca2+ and F− with +1.4 and −0.7, respectively. The RDF of Ca-F pair for system with 

scaling charge, along with that with normal charge for comparison, is shown in Fig. S6. Compared 

to the latter, the first and second peaks, representing the Ca-F CIPs and SSIPs, respectively, show a 

right shift and a reduced intensity of both peaks for former, suggesting that interaction of Ca2+ and 

F− weaken. This supports that the formation of Ca2+-F− CIPs and SSIPs is govern by strong 

electrostatic interaction.



Fig. S6 RDFs for Ca-F pair (solid lines), as well as the corresponding integrals (dashed lines) for 
CMD-box-u with qF/qCa of −1.0/+2.0 (black) and −0.7/+1.4 (red), respectively.
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