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ABSTRACT: We performed molecular dynamics simulations using the coarse-grained model  

to study the freezing behavior of pure water and 14% water-salt mixture in a wide range  

of temperatures for a very long time around 50 nanoseconds. For the salty water, an interface  

in nanoscale was used. For both systems, the freezing behavior of water molecules was studied using 

some qualities such as density, total energy, and radial distribution function. For the 14% water-salt 

mixture, the equilibrium freezing temperature depression observed in the simulations was well 

consistent with the experimental data. Contrary to the water-salt mixture, however, the above-

mentioned quantities changed dramatically for the pure water at the freezing point. The plots  

of the total energy versus time shows the freezing point of 14% water-salt mixture was 265 K that is 9 K 

less than the freezing point of pure water. The reduction of freezing point is in very good agreement 

with the experimental freezing point. The results of the simulation showed that in the less 

temperature than obtained freezing point, the sodium and chloride ions tendency to network 

formation and rejection of solution lead to reduction of water molecules accumulation. 
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INTRODUCTION 

Water is the most utilized solvent in experimental and 

computational studies [1-10] particularly for biological 

systems.  The presence of salts significantly modifies  

the properties of pure water, and also affects the properties 

of biological molecules in water [11,12]. Experimental 

studies of both thermodynamic and kinetic aspects of  

the equilibrium between salts and their saturated solutions are 

also crucial in geological studies [13]. Sodium chloride is 

one of the most abundant salts available on earth, and  

 

 

 

for this reason many experimental studies have been devoted 

to determining the properties of NaCl solutions, and  

the effect of NaCl on biological molecules [14]. It is clear 

that computer simulations can complement these studies 

by supplying a molecular perspective of the behavior of 

the system. For this reason, some simulation studies  

have been devoted to NaCl solutions [15,16] and primitive 

models of ionic systems [17]. The chemical potential  

of ions in solution has been calculated in many simulation  
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studies [18]. However, it is somewhat surprising  

to realize that the number of studies devoted to determine 

from molecular simulations the solubility of salts in water 

is quite small. Ferrario et al. [19] have determined for  

the first time the solubility of KF in water using computer 

simulations. Later on, Vega et al. [20] and Maginn et al. [21], 

and quite recently Lisal et al. [22] have studied  

the solubility of NaCl in water. Yethiraj et al. have used  

a Molecular Dynamics (MD) simulation to investigate  

the effect of NaCl salt on the melting of ice [23].  

The difference between the freezing temperature obtained 

from experiment and their simulation results is about 3 K 

for 2m solutions. With the help of computer simulation [20,24] , 

Vega et al. have explored the solubility of NaCl  

in water using different force fields and they 

demonstrated that the solubility of NaCl in water depends 

on the ion-ion, water-ion and water-water interactions. 

Also, brine rejection from freezing salt solutions,  

has been studied both theoretically [24,36] and 

experimentally [27]. The effect of NaCl on the water-

water radial distribution function as a function of salt 

concentration was investigated by Soper et al. [28]. They 

showed that the ion-induced perturbation to the structure 

of water proceeds beyond the first hydration shell. Their 

study emphasized the longer ranged ion-induced 

perturbation and related contraction of the second and 

third coordination shells of water molecules, while  

the first neighbor shell largely remains unchanged.  

The dissociation of NaCl in water has been studied using 

ab initio MD simulations [29]. 

In the present work, we have using a developed 

coarse-grained model of water [30] for studying  

the freezing behavior of water molecules in pure water 

and 14% water-salt mixture. 

 

COMPUTATIONAL  METHODS 

In this work, the coarse-grained models of water and 

NaCl in water were used for MD simulation, where  

a monoatomic model of water (mW) has been used  

as a computational basis [28]. In an attempt to avoid 

challenging electrostatics in term of computational 

methods, ions were modeled without charge [31].  

The full details of the coarse-grained models of water  

and NaCl in water were given in the mentioned Refs. [30] 

and [31], respectively. 

Coarse-grain simulation model and force fields 

Recently, Molinero et al. have developed a coarse-

grained model of water that can reproduce the energy, 

density and structure of liquid water and its anomalies 

and phase transitions [31]. The force field used for  

the coarse-grain simulations described in this reference is 

the Stillinger-Weber (SW) [32] potential. Its form is given as: 

   2 ij 3 ij ik ijk

i j i i j i k j

E r r , r ,
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For the mW-ion model, the parameters A, B, p, q, a, 

0, and   in Eq. (1) remain fixed for all pairs and triplets 

of interactions with the values A = 7.049556277,  

B = 0.602224558, p = 4, q = 0, a = 1.8, 0=109.48°, and 

= 1.2. The forces calculated using the SW potential 

between pairs and triplets vanish at the cutoff distance  

of rc=1.8σ. In the mW-ion model, for the interaction 

between ions of the same sign a shielded Coulomb 

potential [33] has been added. The Yukawa potential has 

the form: 

 1
cE Ar exp Kr , r r                                              (2) 

For the attraction of Na-Cl pairs, the SW potential 

remains to describe the interaction. The values of  

the parameters for the mW and mW-ion models using  

the SW potential were given in Table 1. Three-body 

parameters for configurations ijk are the same as ikj. 

Terms not listed in the table (e.g., three-body terms  

for the triplets of ions) do not contribute to the energy. 

 

Simulation details 

The LAMMPS [34] MD package was used to 

equilibrate the molecules and run the simulations under 

NPT conditions at different temperatures and 1 atm.  

The pressure and temperature were controlled using a 

Nose-Hoover barostat and thermostat with damping parameters 

50010-6 nanosecond and 10010-6 nanosecond, respectively. 
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Table 1: Force field parameters of the mW and mW-ion model [31]. 

Pair parameters for Eq. (1)a 

I j εij (kcal/mol) ij (Å) αij 

mW mW 6.189 2.3925 1.8 

mW Na 16.00 1.85 1.8 

mW Cl 15.00 2.60 1.8 

Na Cl 10.2 2.00 1.8 

Pair parameter for Eq. (2) 

I j A(kcal/mol) ( Å -1) rc 

Na Na 1107 1.8 7.0 

Cl Cl 1107 1.8 7.0 

Three-body parameters for Eq. (1)b 

I j K εijk ijk Cos(0ijk) 

mW mW mW 6.189 23.15 -1/3 

mW mW Na 16 7 -1/3 

mW mW Cl 15 16 -1/3 

mW Na Na 16 7 -1/3 

mW Na Cl 18.2 1 -1/3 

mW Cl Cl 15 16 -1/3 

Na mW mW 16 7 -1/3 

Na mW Na 16 7 -1/3 

Na mW Cl 18.2 1 0.74606 

Cl mW mW 15 16 -1/3 

Cl mW Na 18.2 1 0.87648 

Cl mW Cl 15 16 -1/3 

(a) Two-body parameters A = 7.049 556 277, B = 0.602 224 558, p = 4, q = 0, and  = 1.2 same for all ij pairs interacting through  

the SW potential [Eq. (1)]. b is the center atom, with 0 forming the angle between legs rij  and rik (εijk  are in units of kcal/mol). 

 

All simulations were performed with periodic boundary 

(PPP) conditions. The equations of motion were 

integrated using the velocity Verlet algorithm with a time 

step of 1010-6 nanosecond. Simulation boxes with 

dimensions of about 2.02.25.4 nanomete3 and 

10.42.12.1 nanomete3 used for pure water and water-

salt mixture, respectively. All simulations were 

performed for 50 nanoseconds. Long production runs 

were used to determine with high accuracy the different 

quantities of pure water and 14% NaCl solution.  

The initial configurations for the pure water simulations had 

1584 water molecules in the liquid phase. An interface  

in nono scale was used for the simulation of salt-water 

mixture. As the study results in the next section show,  

the temperature of 274 K has been identified as the freezing 

temperature of pure water. To study the freezing behavior 

of pure water, we chose a wide range of temperatures. 

The initial configuration of the salt water mixture had 

1584 water molecules in the liquid phase. The Na and Cl 

were initially placed by removing 144 water molecules  

in the middle and nanoscale distance of the cell (see Fig. 1), 

resulting in a solution concentration of %14. It has been 

shown that a system with 1584 total molecules is 

satisfactory for the study of ice growth [35].  
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Fig. 1: The Snapshot of initial configuration of 14% water-salt mixture, The Na and Cl were initially placed in the middle and 

nano scale of the cell (Colors assigned to each molecule: red, water; white, Cl & purple, Na). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The total energy vs. simulation time step of the pure 

water at different temperatures. 

 

RESULTS  AND  DISCUSSION 

In this section, we present the results of MD 

simulations of freezing behavior of water molecules  

in pure water and 14% water-salt mixture. Some time-

dependent qualities like density, total energy, are used  

for the study of the freezing behavior of both systems. 

Also, Radial Distribution Functions (RDF) are provided  

for further understanding of freezing behavior of water 

molecules in both systems. This section has three subsections.  

In first and second subsections, the freezing behaviors of  

pure water and 14% water-NaCl mixture were determined, 

respectively. In this subsection, the salt effects on the 

freezing behavior of water molecules were investigated.  

Study of freezing behavior of pure water 

Total energy changes in pure water 

According to the recent paper of Vega [36] in order to 

determine the freezing point of pure water, the total 

energy vs. time was calculated and shown in Fig. 2.  

Fig. 2 shows total energy changes vs. time of pure water 

for several temperatures close to water freezing 

temperature. The highest temperature which the system 

starts to freeze, i.e. 274 K, is considered as freezing point 

of pure water. 

 
Density changes in pure water  

The density changes vs. temperature was calculated 

and shown in Fig. 3a. Also, the density values obtained 

from SPC, TIP3P, TIP4P models [37] and experimental 

values [38] were given in Fig. 3b. Although for most of 

the studied temperatures in this work, there weren’t  

any calculated or experimental values, the obtained values 

look reasonable. There is an excellent agreement between 

our calculated values and experimental data for density of 

pure water at 273 K and 276 K. Table 2 shows the 

freezing point and the densities of ice Ih at p=1 bar 

obtained from different models. As the table shows,  

the freezing point of pure water is a sensitive function  

of the employed potential.  The table illustrates that there is 

an overall agreement between our obtained freezing point 

of water and the experimental value. 
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Table 2: Freezing point and the density of ice Ih at p=1 bar for different models. 

Model SPC SPC/E TIP4P TIP4P/Ew TIP5P TIP4P/Ice Coarse graina Expt. 

Tm(K) 190.5 215.0 232.0 245.5 273.9 272.2 274.15 273.15 

3) 0.991 1.011 1.002 0.992 0.987 0.985 1.00087 0.999 

(a) Present work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: (a) The density of pure water changes vs. temperature, (b) The density values obtained from  

SPC, TIP3P, TIP4P models and experimental values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: RDFs for water-water. 

 

Radial distribution functions of pure water 

Fig. 4 shows the RDFs for water-water at several 

temperatures. As the figure shows there are sharp peaks 

around 2.6410-1 nanometer for all temperatures. Height 

of the peaks was increased by decreasing the temperature.  

 

Study of freezing temperature of 14% water-NaCl mixture 

In this section, we examined the coarse-grain model 

for determining the freezing point of 14% water-salt 

mixture. Fig. 5 shows the snapshots for water-salt 

mixture at the final configuration at temperature 275 K. 

 
Total energy changes of water-salt mixture at different 

temperatures 

Fig. 6 shows the total energy changes of water-salt 

mixture at 260, 263, 265, 268, 270, and 272 K. As can be 

observed in Fig. 6, at 260, 263 and 265 K, the amount of 

energy was reduced over time before reaching 

equilibrium. So at these temperatures, system is lower 

than the freezing point. The constant energy of the system 

at 268, 270 and 272 K showed that the primary system 

maintained its liquid state. Therefore, 265 K (maximum 

temperature at which some part of the liquid is converted 

into ice) can be introduced as the freezing point of  

14% water- NaCl mixture, Experimental calculations 

demonstrated this value as 266 K. Comparison of this 

diagram, with diagrams related to energy of pure water  

in Fig. 2 represents that, in the presence of salt, freezing 

and formation of ice crystals would occur at very long time 

and low temperature. So, salt causes reduction  

in the growth of ice crystals and speed of water freezing. 
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Fig. 5: Snapshots for water-salt mixture at the final configuration at temperature 275 K. (Colors assigned to each molecule:  

red, water; white, Cl & purple, Na). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Total energies of water-salt mixture at several 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The density changes vs. temperature for 14% water-

NaCl mixture. 

 

Density changes vs. temperature in water-salt mixture 

According to Fig. 7 which shows the density changes 

vs. temperature, the simulations give a freezing point  

of 265 K for 14% water-NaCl mixture. As can be observed 

in Fig. 7, with decreasing temperature, the system density 

increased; however, in this curve, a sudden density 

reduction was observed in the system which was caused 

by increased volume of the system during water freezing. 

Table 3 shows the freezing point and the density obtained 

from the results of the present work compared to their 

experimental values and show a good agreement between 

the results. Similar to other force fields [38], the predicted 

freezing point by the coarse grain model is lower than  

its experimental values. 

Radial distribution functions of water- NaCl mixture 

In order to address the question of what happens  

for the sodium particles, we presented the RDFs of water-

chloride and water-sodium in Fig. 8. Figs. 8(a), (b) and (c) 

show the water-water, water-sodium and water-chloride 

RDFs for water- NaCl mixture at different temperatures, 

respectively. The comparison of Fig. 8b and 8c shows 

that the height of RDF of water-sodium is more than  

that of water-chloride. This means that since more water 

molecules are around the sodium particle, we expect that 

sodium’s role in cluster formation is lower than that  

for chloride.  

Figs. 8 (a) shows the RDFs of water-water for water- 

NaCl mixture at different temperatures. As can be 
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Table 3: Freezing/point and density of 14% water-NaCl mixture. 

Property Experimental value Coarse-grain modela 

Freezing point (K) 263.21 265 

Density (g/cm3) 1.1008 1.11593 

(a) Results of the present work 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: (a) the water-water, (b) water-sodium and (c) water-chloride RDFs for water- NaCl mixture  

at different temperatures, respectively. 

 

observed, in all the diagrams, there is always a sharp peak 

at a distance of 2.6710-1 nanometer. These peaks show  

a different height for temperatures above and below  

the freezing point, so that, with decreased temperatures, 

height of the peaks would increase. These observations 

show that, with decreased temperature and freezing  

of a part of water, more assembly of water molecules occurs. 

Figs. 8 (b) and (c) show the RDFs of water- sodium and 

water-chloride for water-NaCl mixture at different 

temperatures, respectively. As can be detected, with 

temperature decrease, height of the peaks would reduce, 

which represent a considerable decrease in the assembly 

of sodium and chlorine ions around water molecules.  

Nor height of the peaks in oxygen-sodium RDF curve relative 

to oxygen-chlorine was demonstrated more assembly  

of sodium ions around central water molecules. Moreover, 

the first assembly of chlorine ions around water 

molecules was at a distance of 2.910-1 nanometer, while 

this distance was 2.4810-1 nanometer for sodium ions. 

Less radius of sodium ions compared with chlorine 

provided the possibility for sodium ions to gather at a less 

distance than water molecules. From the RDF graphs,
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Fig. 9: RDFs of sodium- chloride (a) at the beginning of the simulation (b) at the end of simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Comparing of RDF for oxygen atoms in pure water 

and water-salt mixture. 

 

can be understood that in the less temperature than 

obtained freezing point the sodium and chloride ions 

tendency to network formation and rejection of solution 

lead to reduction of water molecules accumulation. Fig. 9 

shows the RDFs of sodium- chloride (a) at the beginning 

of the simulation (b) at the end of the simulation. In all of 

these diagrams, a sharp peak can be observed in 2.6410-1 

nanometer. The height of these peaks was identical  

at the beginning of simulation at different temperatures when 

no ice was formed yet. However, at longer times,  

it was observed that the height of the peaks increased  

by reducing temperature toward freezing point, which 

indicates more assembly of ions at temperatures below 

the freezing point. 

Salt effects on the freezing behavior of water molecules 

in water-salt mixtures 

Fig. 10 shows the comparison of RDF for oxygen 

atoms in pure water and water-salt mixture. Comparing 

RDF of oxygen atoms in pure water and salt water 

showed that the presence of salt led to a change in the 

peak height and also displacement in the first distance of 

water molecules. More tendencies of sodium and chlorine 

ions for the interaction with water molecules could 

reduce the correlation between water molecules. In the 

presence of salt, freezing point of water reduced from  

270 to 265 K. 

 

CONCLUSIONS 

In this study, 50 nanosecond simulations for  

the freezing of water molecules in pure water and 14% 

water-salt mixture was performed using the coarse-grain 

model. For constructing the input of the simulation of 

salty water, an interface in nanoscale distance was used. 

The comparison of the obtained results for pure water and 

water-salt mixture shows how salt, as an anti-freezing 

agent, can make important changes in freezing behavior 

of water. Using plots of the total energy versus time,  

265 K was determined as the freezing point of 14% water-salt 

mixture which is 9 K below the freezing point of pure 

water. In the less temperature than obtained freezing 

point the sodium and chloride ions tendency to network 

formation and rejection of solution lead to reduction of 

water molecules accumulation. Investigations showed 

that the correlation between water molecules was higher 
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at low temperatures, at which crystalline structures of ice 

were not formed. Comparison of oxygen-oxygen RDF of 

salt and water solution demonstrated that in the presence 

of salt, a gathering of water molecules was reduced. 

Comparison of chlorine-sodium RDFs at different 

temperatures represented that with decreased temperature, 

the gathering of these ions around each other increased.  
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