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Elucidating water dynamics in MgCl2 hydrates from molecular 

dynamics simulation 

The water mobility in single crystals of MgCl2 hydrates has been investigated 

with molecular dynamics. Standard force fields have been benchmarked for 

molecular dynamics simulations of MgCl2 hydrates. To provide a reliable 

molecular mechanics model,  force fields are selected on their ability to 

reproduce the structure of MgCl2·6H2O  at 300 K. The selected force fields are 

then tested on their ability to also reproduce the structures of the different 

hydrates (n=12, 8, 6, 4, 2, 1) and available thermodynamic data. For the currently 

best force-field available, constant-temperature, constant-pressure molecular 

dynamics simulations are preformed to elucidate the mechanisms of hydrate 

water mobility in perfect single crystals of the tetra- and hexahydrate. Long range 

water diffusion was not observed; each water molecule remained in the 

coordination sphere of its original Mg2+ host. However, collective ring-like 

motions of four water molecules at once within the coordination shell of a 

Magnesium ion were observed. 

Keywords: Salt hydrates; molecular dynamics; water; mobility; magnesium  

chloride 

1. Introduction

An important part of the global energy consumption is in the form of thermal energy. 

For successful implementation of systems harvesting thermal energy from sources like 

the sun and industrial processes, long term storage facilities are needed. Obviously the 

heart of a storage facility is the storage material itself. Within the framework of long 

term heat storage, there is renewed interest in using inexpensive salt hydrates of 

compounds like CaCl2, MgSO4, MgCl2, Na2S, etc. [1-3]. The reactions underpinning 

heat storage in salt hydrates are (de)hydration transitions, illustrated below with the help 

of MgCl2, the substance of interest in this paper. 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀2 ∙ 𝑛𝑛𝐻𝐻2𝑂𝑂 (𝑠𝑠) ⇄ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀2 ∙ 𝑚𝑚𝐻𝐻2𝑂𝑂 (𝑠𝑠) + (𝑛𝑛 −𝑚𝑚)𝐻𝐻2𝑂𝑂 (𝑀𝑀) 
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(1) 

Heat storage or release occurs when the degree of hydration of a crystal is decreased or 

increased, respectively.  

MgCl2 can incorporate various amounts of water in its crystal lattice, depending 

on temperature and the water vapour pressure (n=0, 1, 2, 4, 6, 8, 12). In case of MgCl2 

·nH2O the stable phase at room temperature and common water vapour pressures is the

hexahydrate form (n=6). Charging the material with thermal energy occurs via 

dehydrating it to either the tetra-, di- or monohydrate (n=4, 2 and 1) at elevated 

temperatures. In general, complete dehydration is unwanted as it is generally 

accompanied by HCl formation [4]. The amount of thermal energy that can be stored 

depends on the dehydration transition that is enforced. Given that the hexahydrate is 

transferred into a monohydrate 2.79 GJ/m3 could be stored [2].  

To make stable performing systems based on salt hydrates in general and MgCl2 

·nH2O in particular, several challenges have to be faced that are related with stability

and kinetics. The particles have to remain stable over many loading/unloading cycles, 

what is far from trivial as the transitions involve large volume changes, sometimes 

involve intermediate melting steps and the risk of deliquescence exists. The other 

challenge is to boost the kinetics of the transitions as they determine the rate of 

loading/unloading.  As the transitions involve water exchange with the environment, 

water diffusion inside the crystal lattice influences the rate of the process and 

fundamental understanding of water diffusion will facilitate technological solutions. 

However, water mobility inside the crystal lattice of salt hydrates in general and MgCl2 

·nH2O crystals in particular has not been studied so far. Although numerous

experimental studies on the water mobility in inorganic crystal hydrates have been 

reported, all of them investigate local motions (rotations, vibrations, etc.) with 
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techniques like NMR [5-7] or IR/Raman techniques [8]. So far, computational tools like 

Molecular Dynamics (MD) simulations have not been used for mechanistic studies of 

water hopping in salt hydrates, despite the fact that MD has proven its value in studying 

water migration through materials like zeolites [9,10] and clays [11]. Recently, MD has 

been used for the first time to monitor dehydration of a MgSO4 particle dehydration 

[12]. However, the mechanisms of water motion in the crystal were not studied.  Apart 

from this study all other modelling studies on salt hydrates always targeted on static 

properties by using DFT (Density Functional Theory) [13-15]. 

The focus of the present study is to investigate water mobility in perfect single 

crystal hydrates. Besides its importance for future heat storage devices, MgCl2 is also an 

interesting model material for studying water motion in salt hydrates in general. Many 

equilibrium properties of MgCl2·nH2O materials are well documented, allowing 

benchmarking of the chosen force fields. First of all, a detailed phase diagram exists 

[16,17]. Secondly, crystal structures of all hydrates stable at atmospheric pressures are 

known including the locations of the hydrogen atoms of the water, namely monohydrate 

[18], dihydrate [19], tetrahydrate [19], hexahydrate [20], octahydrate [21] and 

dodecahydrate [21]. Recently, even the structure of a decahydrate that is only stable at 

high pressures has been reported [22]. Thirdly, systematic thermodynamic data is 

present in the literature, like heat capacities [23-25]  and the vapour pressures of the 

transition of the hexahydrate into the tetrahydrate [26,27]. 

2.   Method 

2.1. Force fields 

So far, empirical interaction potentials (force fields) for molecular simulations of 

MgCl2.nH2O crystals have been tested. In the literature several force fields have been 
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reported that reproduce the structure of anhydrous MgCl2 crystals in molecular 

mechanics calculations [28-31], however these do not include the water-ion interactions 

that play a key role in hydrated structures. Most of the work on Mg2+-H2O and Cl--H2O 

interactions has been done in the field of ionic solutions [32-38], but these force fields 

are optimized on their ability to reproduce the hydration characteristics of the ions and 

not on their ability to reproduce ion-ion contacts . Recently, a force field for aqueous 

MgCl2 solutions was developed that also reproduced the crystalline structure of an 

anhydrous MgCl2 solid [39], but the force field was not applied to crystal hydrates. So, 

any work on MgCl2 hydrates should start with considering the applicability of the 

existing force fields on the problem of interest. 

Simulations were performed with Lennard-Jones type potentials in combination with 

coulombic forces. The interaction potential  𝑢𝑢𝑖𝑖𝑖𝑖 between the atoms of type i and j, is 

given by the following expression. 

 𝑢𝑢𝑖𝑖𝑖𝑖(𝑟𝑟) = 4𝜖𝜖𝑖𝑖𝑖𝑖 ��
𝜎𝜎𝑖𝑖𝑖𝑖
𝑟𝑟
�
12
− �

𝜎𝜎𝑖𝑖𝑖𝑖
𝑟𝑟
�
6
� +

𝑞𝑞𝑖𝑖𝑞𝑞𝑖𝑖
4𝜋𝜋𝜀𝜀0𝑟𝑟

 
(1) 

Where 𝑟𝑟, 𝜖𝜖𝑖𝑖𝑖𝑖  and 𝜎𝜎𝑖𝑖𝑖𝑖  are distance between the two atoms, parameters that control the 

depth of the energy well and the distance at which 𝑢𝑢𝑖𝑖𝑖𝑖 = 0, respectively. Further, 𝑞𝑞𝑖𝑖, 𝑞𝑞𝑖𝑖  

and 𝜀𝜀0  are the charge of atom i, that of atom j and the dielectric permittivity of vacuum. 

In our calculations we used the Lorentz-Berthelot rules: 𝜎𝜎𝑖𝑖𝑖𝑖 = �𝜎𝜎𝑖𝑖𝑖𝑖 + 𝜎𝜎𝑖𝑖𝑖𝑖�/2 and 𝜖𝜖𝑖𝑖𝑖𝑖 =

�𝜖𝜖𝑖𝑖𝑖𝑖𝜖𝜖𝑖𝑖𝑖𝑖. 

In this study a series of common 3-site water models were tested: SPC [40], 

SPC/E [41], SPCflexd [42], SPCflexw [43], TIP3P [44] and TIP3Pflexw [43].  An 

overview of the parameters governing these water models is given in Table 1. The SPC, 

SPC/E and TIP3P are rigid models with fixed OH bond lengths, 𝑟𝑟𝑂𝑂𝑂𝑂, and a fixed HOH 
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angle, ∠𝑂𝑂𝑂𝑂𝑂𝑂 . The SPCflexd, SPCflexw and TIP3Pflexw have harmonic OH bonds and  

HOH angles with corresponding energies:  

 𝑢𝑢𝑂𝑂𝑂𝑂(𝑟𝑟) =
1
2
𝑘𝑘𝑂𝑂𝑂𝑂(𝑟𝑟 − 𝑟𝑟𝑂𝑂𝑂𝑂)2 (2) 

 𝑢𝑢𝑂𝑂𝑂𝑂𝑂𝑂(∠) =
1
2
𝑘𝑘𝑂𝑂𝑂𝑂𝑂𝑂(∠ − ∠𝑂𝑂𝑂𝑂𝑂𝑂)2 (3) 

In all models the Van der Waals forces and Born repulsion are described by a single 

Lennard-Jones potential centred at the Oxygen atom. The SPCflexd model is the only 

model also using a harmonic interaction between both Hydrogen atoms: 𝑘𝑘𝑂𝑂𝑂𝑂 = 333.9  

kJ/molÅ2  and 𝑟𝑟𝑂𝑂𝑂𝑂 = 1.633 Å. 

 

[foreseen place Table 1] 

 

Moreover, several Lennard-Jones models  for the ions have been tested. In Table 

2 an overview of the Mg2+ and Cl-  parameters given. All these force fields have been 

developed for ions in aqueous solutions.  Our selection includes the recently developed 

force field optimized on the ion-oxygen distance (IOD) and hydration free energy 

(HFE) for the Magnesium [38] and Chloride ions [39]. Further, the widely used force 

fields of Aqvist [34]  for Magnesium and the OPLS [35]  for Chloride have been tested. 

 

[foreseen place Table 2] 

 

2.2. Simulation protocol 

DL_POLY 1.9 Classic software has been used in all simulation runs [45]. All 

calculations were performed in the N, σ, T ensemble (constant number of particles, 

stress and temperature). A triclinic simulation cell with periodic boundary conditions 
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was used allowing variations in orientation and length of the lattice vectors �⃗�𝑎,  𝑏𝑏�⃗  and 𝑐𝑐. 

The temperature was regulated with a Nose-Hoover thermostat with a relaxation time of 

0.5 ps. The diagonal of the stress tensor (pressure in x, y and z directions)  were kept 

constant at 100 kPa (~1 atm) with the help of the Berendsen barostat using a relaxation 

time of 10 ps. The equations of motion were integrated by the Verlet algorithm with 

time steps of 1 and 2 fs for simulations related to the water models with harmonic bonds 

(SPCflexd, SPCflexw and TIP3Pflexw) and the rigid water models, respectively. The 

long range nature of the electrostatic forces was accounted for with the Smooth Particle 

Mesh Ewald method (SPME).  

Starting configurations of perfect single crystals were made by constructing 

super cells from crystallographic data [19-23]. A list of the number of unit cells, MgCl2 

pairs and water molecules considered is given in Table 3.  Before sampling data was 

started, each structure was allowed to relax for at least 1 ns, ensuring that temperature 

and box size fluctuations were below 5 K and 0.2 Å, respectively. The simulation runs 

for predicting stable crystal structures and lattice dimensions lasted for 1 – 2 ns.  

For studying the mobility of water molecules in perfect single tetra- and 

hexahydrate crystals (n=4 and 6) longer runs were performed between 450 and 550 K at 

1 atm. For temperatures between 450 and 500 K runs covered 10 – 20 ns. For 525 and 

550 K runs lasted for 8 and 4 ns, respectively. 

 

[foreseen place Table 3] 
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3.   Results 

3.1. Evaluation of force fields based on the hexahydrate  

In order to select a set of potentials to model MgCl2 hydrates, different water models 

and potentials for ions were tested on their ability to reproduce the structure of 

Bischofite, the hexahydrate, at T=300 K and p=100 kPa. An equilibrated structure at 

300 K was generated by using SPC water in combination with the IOD parameters for 

the ions. Starting with structures taken from crystallographic data [21], molecular 

dynamics runs were performed with super cells build from 6x8x10 unit cells containing 

960 Mg2+ and 1920 Cl- ions and 5760 water molecules. The unit cell properties of the 

generated structure were in good agreement with the crystallographic data used as input, 

see Table 4 . As the fluctuations in our lattice dimensions are below the 0.2 Å during 

production runs and the typical box sizes are of the order of 50-60 Å, the error in the 

calculated values is always below the 0.1%. In this table an overview is given of the 

predicted unit cell characteristics: volume, cell vectors and angles. 

 

[foreseen place Table 4] 

 

During runs with TIP3Pflexw and SPCflexd water models the unit cell evolved 

from its correct monoclinic shape towards an orthorhombic structure whatever ion 

potentials were used. In the single test done with SPC water in combination with the 

HFE optimized model for the ions, the unit cell structure was also not predicted 

correctly and instead a triclinic structure was obtained.  

As can be seen in Table 4, the correct unit cell morphology could be predicted 

with TIP3P, SPC, SPC/E and SPCflexw in combination with both the IOD optimized 

ion potentials and the Aqvist / OPLS parameters. However, using the IOD parameters 
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for the ions give far better values for the unit cell characteristics. For example with the 

Aqvist and OPLS parameters the error in the cell volume was in between 7-10%, 

whereas the IOD parameters led to errors of the order 1%. Whereas Aqvist mainly 

optimized on the hydration free energy [34], a more global property, the IOD 

parameters are optimized on the local structure: ion-oxygen distance [38,39]. This also 

explains why the HFE parameters also fail to reproduce the correct unit cell. The best 

performance is obtained by using either the SPC or SPC/E model for water in 

combination with IOD parameters for the ions. In what follows we shall focus on the 

former set of force-field parameters.  

As in the runs discussed above always the crystal structure of Bischofite was 

used as input, one might argue that in the cases that the correct crystal structure was 

obtained, the systems were simply locked in metastable states and that  in much longer 

calculations the system would also evolve to wrong unit cell geometries. With the 

combination of the SPC water and IOD parameters some tests were done to elucidate 

this. In a subsequent set of runs, the temperature was increased from 300 K up to 600 K. 

Between 450 K and the 600 K the temperature was increased with steps of 25 K. Every 

run lasted at least 1 ns. Whereas at 550 K still the original hexahydrate structure was 

obtained, at 575 and 600 K the crystal adopted the same structure as obtained with the 

TIP3Pflexw and SPCflexd water models: an orthorhombic unit cell. This raises the 

question if this orthorhombic structure is also a more favourable structure for the SPC 

IOD combination and that the previously discussed finding at 300 K are simply a matter 

of metastability.  To check this, the temperature was reduced from 600 K down to 300 

K again.  During this 300 K run the crystal structure return gradually back to the actual 

structure of Bischofite with monoclinic unit cell. This proves that for the selected set of 
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potentials the correct monoclinic structure is at 300 K more stable than the incorrect 

orthorhombic structure.  

 

3.2. Prediction of structures and hydration enthalpies of hydrates with selected 

force fields 

In order to test the transferability of the selected force potentials, the SPC water model 

and the IOD ion parameters, both the unit cell properties of all MgCl2·nH2O hydrates 

stable at ambient pressure (n=0, 1, 2, 4, 6, 8 and 12) and the (de)hydration enthalpies of 

several transitions have been calculated. MD runs were performed at temperatures 

ranging between 10 – 500 K and 100 kPa.  Based on crystallographic data starting 

structures were generated and gradually heated to the desired temperature.  

 

[foreseen place Table 5] 

 

In Table 5 predicted unit cell properties are compared with literature values that 

were in all cases obtained with neutron diffraction: mono- an dihydrate [19], 

tetrahydrate [20], hexahydrate [21], octahydrate [22] and dodecahydrate [22]. When in 

the experimental studies the temperature of crystallization differed from the temperature 

of the diffraction experiment, results of the two closest MD runs are given. 

No data of the anhydrous (n=0) phase have been obtained, as in runs at 10 K and 

higher the crystal quickly turned over to an amorphous state. Anhydrous MgCl2  

consists of planes of Mg-ions that are octahedral coordinated by Cl-ions and the Cl-ions 

are located on both sides at the surfaces of these planes. The closest distance between 

two Cl-ions sitting at different planes is only 3.6 Å [46]. Studies on anhydrous MgCl2 

with classical force fields (basically energy minimizations) always had to account for 
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the polarizability of the Cl-ions to stabilize the crystal structure [29-32]. The only force 

fields designed for aqueous MgCl2 solutions, able to produce stable  anhydrous MgCl2 

structures in MD runs, explicitly took the polarizability of the Chloride ion into account 

[39]. Unfortunately, the latter study the MgCl2 hydrates were not investigated. 

The predicted di- and octahydrate structures are not in agreement with 

experimental data. In case of the dihydrate a strong increase of the angle β and the cell 

vector �⃗�𝑎 is observed - possibly a consequence of a minimization of the repulsive 

interaction between neighbouring Cl-ions.  The original crystal is an assembly of pillars 

oriented parallel with 𝑐𝑐 having backbones of Mg-ions sharing two Cl-ions. The minimal 

distance between to Cl-ions part of two different pillars is 3.9 Å. As in the case of the 

anhydrous phase, a polarisable force field for the chloride ion might be a prerequisite 

for stabilizing the orientation of the pillars with respect to each other. That the 

octahydrate structure could not be produced might be a more subtle effect of the force 

fields. As in reality the octahydrate is only stable in a small temperature window of the 

phase diagram T=256 - 270 K [18], slight differences in both the water model and ionic 

potentials could already render the structure unstable at all temperatures.  

The selected set of potentials correctly predicts the unit cell structure of the 

mono-, tetra-, hexa- and dodecahydrate.  Errors in the hexa- and dodecahydrate are of 

the order 4% and lower. In case of the tetrahydrate the major error is the overestimation 

of |�⃗�𝑎| with 7%, causing a 5% error in the cell volume. The biggest error is made in the 

prediction of the cell volume of the monohydrate, 10%, which seems to be a 

consequence of the overestimation of �𝑏𝑏�⃗ �. 

Besides checking the predicted crystal structures, also the thermodynamic 

properties were evaluated as far as experimental data is available. As there is no 

thermodynamic data of the dodeca- and octahydrate in the literature and neither the 
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octa- nor the dihydrate could be reproduced by the selected force fields, only enthalpies 

of transitions between the hydration states n=1, 4 and 6 will be discussed. The relative 

error in the estimates of these hydration enthalpies is approximately of the order of 

0.1%. In Figure 1 the dehydration enthalpies are plotted as a function of temperature for 

the different transitions. Note that the enthalpy per mole MgCl2 is plotted. 

 

[foreseen place Figure 1] 

 

The dehydration enthalpy of 6-4 transition was estimated to vary between 106 kJ/mol at 

10 K temperatures down to 86 kJ/mol at 400 K. From vapour pressure measurements 

[27,28] in a temperature range between 323 and 390 K, a value of 117 kJ/mol was 

assessed [28]. The predicted enthalpies are in qualitative agreement with the 

experimental values. The predicted values for the 6-1 transition range decreases from 

364 kJ/mol at 100 K to 323 kJ/mol at 400 K. At 300 K the force field predicts a value 

336 kJ/mol, which is in good agreement with the only value reported in the literature 

361 kJ/mol that was calculated from heats of formation at 298 K [5]. 

It can be concluded the selected force fields, SPC water in combination with the 

IOD ions potentials, are suitable for modelling studies on water mobility in higher 

hydrates (n=4 – 12). Hydrations studies starting with tetrahydrate could also be made 

using this force field. Studies on dehydration mechanisms from the hexa- or tetrahydrate 

towards lower hydrates are out of range as the Cl-Cl interactions play an important role 

in the di- and lower hydrates.  
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3.3. Water mobility in perfect single crystals 

The mobility of water in perfect tetra- and hexahydrate crystals  has been studied at 

temperatures ranging from 450 – 550 K at a pressure of 1 atm. Long range motion of 

water was monitored by keeping track of the Mg-ions where water molecules 

coordinate with. In both the tetra- nor the hexahydrate all water molecules remained at 

their original Mg-hosts, indicating that the water diffusion constant in perfect crystals is 

low. As at T = 450 K the runs with the tetra- and hexahydrate lasted respectively 

simulated for 11 and 12 ns, it can be estimated that the diffusion coefficients have 

values below 10-13 m2/s (this value is calculated with  𝐷𝐷 = 𝑀𝑀2/2𝑡𝑡 and using a diffusion 

length of about 1 Å ). That no long range diffusion was observed, seems to be a direct 

consequence of the strong bonding of water molecules with the Magnesium ion. 

Beside the hopping of water between different Mg-ions, its hopping between the 

different sites on a single Mg-ion was monitored. The hopping of water molecules 

within the coordination shell of the Mg-ions has been characterized as follows. At every 

time step, the Mg-O vectors were calculated and its tilting with respect to its original 

orientation is monitored. When the angular deviation exceeded 45°, the water molecule 

was considered to have moved and re-oriented in favour of another lattice site next to 

the Mg ion. Note that in all hydrates the Mg-ion is 6-fold coordinated by water and 

eventually Cl-ions, the average angle between Mg-O vectors of water molecules on 

different sites is always either 90° or 180°.  To illustrate this, the occurrence profiles of 

the angular displacement of the Mg-O vector is shown in Figure 2 for a hexahydrate 

crystal at 500 K and 1 atm. 

 

[foreseen place Figure 2] 
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Further analysis was done on the number of water molecules that moved away 

from their original position in the coordination shell. As an example the result for a 

tetrahydrate crystal at 500 K is shown in Figure 3.  The number of water molecules 

hopping away from their original sites increases linear with time, which is a 

consequence of the fact that within the given simulation time only a small fraction 

(approximately 10%) of the total number of water molecules present in the crystal hops. 

On large time scales one would expect that in case of the tetrahydrate the number of 

water molecules not found at their original position saturates at approximately 75% of 

the total number of water molecules. This linear behaviour was found at all 

temperatures (450 – 550 K) for both the tetra- as the hexahydrate crystals. 

 

[foreseen place Figure 3] 

 

The second interesting feature the local mobility of water, which was also found 

at all temperatures an in both the tetra- and hexahydrate, is illustrated in the insert of 

Figure 3.  All hops involve 4 water molecules, which can be explained by a merry-go-

round type of motion: four water molecules that are located in the same plane rotate at 

once to a neighbouring site. At this point we have to add that data points were gathered 

every 1 ps and that on this time scale the hops can be considered as collective motions. 

In Figure 4 two snapshots of an hexahydrate crystal at 500 K are shown to illustrate this 

motion. Only the unit cell in which the rotation happens is illustrated and the water 

molecules involved in the motion are all coloured differently.   While the yellow and 

green coloured molecules remain at their original site, all other molecules rotate 90°.  

 



15 
 

[foreseen place Figure 4A] [foreseen place Figure 4B] 

 

 

Finally, the rates of these concerted water hopping events were calculated for 

both hydrates at all simulated temperatures. In Figure 5 the rates are plotted as a 

function of the inverse temperature.  In both hydrates the water motion reveals 

Arrhenius-behaviour and from fits of the date energy barriers of 66 and 85 kJ/mol are 

obtained for the tetra- and hexahydrate, respectively. As in both hydrates the water 

molecules not only coordinate with the Mg-ion but also form hydrogen bridges with the 

Cl-ions in the structure [20,21], the major contribution to the energy barrier of the 

motion will be the breakage of these hydrogen bonds needed. As four water molecules 

are involved in a rotation, the energies for bond breaking per water molecules are 17 

and 21 kJ/mol for the tetra- and hexahydrate, respectively. The lower activation energy 

for the tetrahydrate suggest that the hydrogen-chloride interaction is somewhat weaker 

in the tetrahydrate. As far as we know there is no experimental data for local water 

motion in MgCl2 hydrates, but NMR relaxation experiments on CaCl2 hydrates [8] or 

similar hydrates [47,48] give values in the range between 15 – 30 kJ/mol attributed to 

the breakage of hydrogen bonds of weak or moderate strength. 

 

[foreseen place Figure 5] 

4. Conclusions 

In this paper the mechanism of water motion in single crystals of MgCl2 hydrates has 

been studied. Standard force fields have been benchmarked for MD simulation of 

MgCl2. These force fields were originally developed for aqueous solutions. Several 

water models and ion force fields have been tried and tested on their ability to reproduce 
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the structure of the MgCl2 hexahydrate unit cell. Finally we have selected the ordinary 

SPC-water model in combination with recently ion force fields optimized for the ion-

oxygen distance (IOD) [38,39]. 

The selected force fields were tested on their ability to generate stable lattice 

structures at 300K for the other MgCl2 hydrates: n=0, 1, 2, 4, 8 and 12. The stable 

lattice structure mono-, tetra- and dodecahydrate was in agreement with crystallographic 

data. Stable lattices were obtained for the di- and octahydrate, but the resulting 

structures deviated from existing crystallographic data. The force fields were not able to 

generate a stable structure for the anhydrous phase (n=0). This might be a consequence 

of the fact that the force fields did not account for the polarizability of the Chloride ions. 

Water mobility studies have been performed the tetra- and hexahydrate. First the 

mobility of water in perfect single crystal lattices was studied. In all MD runs the water 

molecules stayed in the coordination sphere of their original Magnesium host. 

Debonding and long range diffusion was not observed. However, mobility within the 

coordination shell of the Mg2+ ions was observed in both hydrates. A collective motion 

of 4 water molecules in a ring around the Magnesium host occurred in both the tetra- 

and hexahydrate single crystal. 
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Table captions 

Table 1. Parameters of the force-fields of the used water models. Where q is the partial 

charge at an oxygen atom.  

Table 2 Overview of the parameters determining the force fields of the ionic species. 

Table 3 The number of unit cells, MgCl2 pairs and water molecules in periodic  

simulation boxes  mimicking the perfect single crystal. The number of unit cells 

refers to the number of unit cells as present in the starting configuration. 

Table 4 Unit cell characteristics of MgCl2 hexahydrate at 300 K and 1 atm predicted 

with different water and ion potentials and compared with values from neutron 

diffraction experiments [21]. 

Table 5 A comparison between predicted and experimental values of the unit cell 

properties of the different hydrates. The MD calculations were performed with 

the SPC water model and IOD optimized ion potentials. The experimental 

values are based neutron diffraction data: mono- an dihydrate [19], tetrahydrate 

[20], hexahydrate [21], octahydrate [22] and dodecahydrate [22]. In case that 

two temperatures are given the crystallization temperature (first) differed from 

the temperature at which the diffraction experiment was performed (second). 
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Figure captions 

Figure 1 Predicted enthalpy changes during dehydration transitions between the 

hydration states n=1, 4 and 6. The enthalpies are given per unit of MgCl2. 

Figure 2 Occurrence profiles of the angular displacement of the Mg-O vector in a 

hexahydrate crystal at 500 K. Profiles are shown for different moments time. At 

t = 2 ps all water molecules are at their original positions in the coordination 

shell of the Mg-ion and the occurrence profile is peaked at 0. Later on in time, 

peaks appear around 90° and 180° due to motion of water molecules to other 

sites within the coordination shell of the Mg-ion. 

Figure 3 The number of water molecules in perfect tetrahydrate crystal at T = 500 K 

that moved away from their original sites on their host Mg-ions to another site 

on the same Mg-ion. The insert highlights the first 400 ps of the run showing 

discrete steps of 4 water molecules moving at once. 

Figure 4 The coordination shell of water molecules around a Mg-ion in hexahydrate 

crystal at 500 K before a) and after b) the rotation of four water molecules.  The 

blue octahedrons and green spheres respectively represent the Mg2+-ions 

coordinated by water and Chloride ions. The set of purple, orange, blue and red 

colored water molecules located in one plane rotates 90°. 

Figure 5 The rate at which water molecules hop to other sites within the coordination 

shell of a Mg-ion as a function of the inverse temperature. The black squares and 

red circles represent values predicted by a MD for the tetra- and hexahydrate, 

respectively. The lines represent the fits with an Arrhenius-equation. 
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Table 1. Parameters of the force-fields of the used water models. Where q is the partial 

charge at an oxygen atom.  
Water 

model 

q  

(e) 

σ  

(Å) 

𝜖𝜖 (kJ/mol) 𝑟𝑟𝑂𝑂𝑂𝑂   

(Å) 

∠𝑂𝑂𝑂𝑂𝑂𝑂 

(o) 

𝑘𝑘𝑂𝑂𝑂𝑂  

(kJ/Å2mol) 

𝑘𝑘𝑂𝑂𝑂𝑂𝑂𝑂  

(kJ/mol) 

SPC -0.8200 3.166 0.6502 1 109.47 NA NA 

SPC/E -0.8476 3.166 0.6502 1 109.47 NA NA 

SPCflexd -0.8200 3.166 0.6502 1 109.47 4411 317.6 

SPCflexw -0.8200 3.166 0.6502 1.012 113.24 4411 317.6 

TIP3P -0.8340 3.151 0.6363 0.9572 104.52 NA NA 

TIP3Pflexw -0.8340 3.151 0.6363 0.9600 104.5 4432 284.9 
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Table 2. Overview of the parameters determining the force fields of the ionic species. 
  q (e)  σ (Å) 𝜖𝜖 (kJ/mol) 

Mg2+ Aqvist +2 1.644 3.661 

IOD +2 2.486 0.0624 

HFE +2 2.295 0.0175 

Cl- OPLS -1 4.417 0.4928 

IOD -1 3.852 2.224 

HFE -1 4.112 2.693 
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Table 3. The number of unit cells, MgCl2 pairs and water molecules in periodic  

simulation boxes  mimicking the perfect single crystal. The number of unit cells refers 

to the number of unit cells as present in the starting configuration. 
Hydrate Number of unit cells 

𝑛𝑛𝑎𝑎 × 𝑛𝑛𝑏𝑏 × 𝑛𝑛𝑐𝑐 

MgCl2 pairs Water 

0 20x20x4 4800 0 

1 7x16x5 2240 2240 

2 8x7x14 1568 3136 

4 8x6x5 960 3840 

6 6x8x10 960 5760 

8 5x8x4 640 5120 

12 8x4x7 448 5376 

 

  



27 
 

Table 4. Unit cell characteristics of MgCl2 hexahydrate at 300 K and 1 atm predicted 

with different water and ion potentials and compared with values from neutron 

diffraction experiments [21]. 
Water 

 

Mg2+ Cl- Proper 

unit cell 

Volume 

(Å3) 

Length of cell vectors (Å) Angles 

a B c α β γ 

Experimental values  425 9.86 7.11 6.07 90.0 93.8 90.0 

SPC Aqvist 

IOD 

HFE 

OPLS 

IOD 

HFE 

Yes 

Yes 

No 

461 

429 

457 

10.46 

10.23 

8.97 

7.48 

7.22 

8.46 

5.91 

5.81 

6.52 

90.0 

90.0 

83.1 

94.6 

93.3 

107.7 

90.0 

90.0 

83.1 

SPC/E Aqvist 

IOD 

OPLS 

IOD 

Yes 

Yes 

460 

428 

10.43 

10.19 

7.48 

7.23 

5.91 

5.82 

90.0 

90.0 

94.6 

93.4 

90.0 

90.0 

SPCflexd Aqvist 

IOD 

OPLS 

IOD 

No 

No 

495 

462 

12.50 

12.08 

7.23 

7.01 

5.48 

5.46 

90.0 

90.0 

90.0 

90.2 

90.0 

90.0 

SPCflexw Aqvist 

IOD 

OPLS 

IOD 

Yes 

Yes 

460 

428 

10.59 

10.28 

7.44 

7.21 

5.86 

5.78 

90.0 

90.0 

93.4 

92.7 

90.0 

90.0 

TIP3P Aqvist 

IOD 

OPLS 

IOD 

Yes 

Yes 

460 

432 

10.86 

10.54 

7.34 

7.16 

5.77 

5.72 

90.0 

90.0 

91.6 

91.2 

90.0 

90.0 

TIP3Pflexw Aqvist 

IOD 

OPLS 

IOD 

No 

No 

497 

472 

12.48 

12.19 

7.21 

7.06 

5.53 

5.91 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 
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Table 5. A comparison between predicted and experimental values of the unit cell 

properties of the different hydrates. The MD calculations were performed with the SPC 

water model and IOD optimized ion potentials. The experimental values are based 

neutron diffraction data: mono- an dihydrate [19], tetrahydrate [20], hexahydrate [21], 

octahydrate [22] and dodecahydrate [22]. In case that two temperatures are given the 

crystallization temperature (first) differed from the temperature at which the diffraction 

experiment was performed (second). 
n 

 

 T (K) Proper 

unit cell 

Volume 

(Å 3)  

Length of cell vectors (Å) Angles 

a b c α β γ 

1 Exp. 

MD 

434 

400 

 

Yes 

372 

408 

8.92 

8.82 

3.63 

3.94 

11.48 

11.59 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

2 Exp. 

MD 

369 

400 

 

No 

230 

258 

7.43 

9.14 

8.58 

8.09 

3.65 

3.80 

90.0 

91.2 

98.6 

112.8 

90.0 

89.6 

4 Exp. 

MD 

MD 

403/200 

200 

400 

 

Yes 

Yes 

675 

712 

723 

7.25 

7.82 

7.79 

8.43 

8.52 

8.62 

11.04 

10.67 

10.77 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

90.4 

90.0 

6 Exp. 

MD 

298  

Yes 

425 

429 

9.87 

10.23 

7.12 

7.23 

6.07 

5.81 

90.0 

90.0 

93.8 

93.3 

90.0 

90.0 

8 Exp. 

MD 

MD 

263/230 

200 

300 

 

No 

No 

1094 

1205 

1208 

11.92 

11.24 

11.12 

6.75 

8.21 

8.26 

13.61 

13.07 

13.16 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

90.0 

12 Exp. 

MD 

MD 

248/150 

200 

260 

 

Yes 

Yes 

833 

807 

813 

7.35 

7.12 

7.23 

14.42 

14.15 

14.18 

8.57 

8.65 

8.68 

90.0 

90.0 

90.0 

113.4 

112.3 

112.2 

90.0 

90.0 

90.0 
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