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1. Introduction and literature review 

Water is one of the most studied molecules in the field of molecular dynamics.  The 

importance is emphasized by the fact that water is the most common electrolyte and 

solvent in living and inanimate nature, due to many properties such as a large dipole 

moment, high polarizability and conductivity, hydrogen bonds, etc. Thus, the properties 

of water can also be changed under the influence of many factors, such as electric and 

magnetic fields, the concentration of ions contained in it, etc. Such properties of water 

make it a good object for fundamental and applied research, where water acts as a 

biological medium, an electrolyte for batteries or solvent. Of course, absolutely pure 

water is not found in nature, and any corrosive water contains certain impurities, most 

often ions of alkaline earth metals and halides. 

It is also important to see the behavior of water molecules and water solutions under 

external effect. Several studies1-3 were done with goal to study effect of external electric 

field on pure water and it was observed that water starts to crystallize under electric 

field, this effect is called electrofreezing. Electrofreezing process is promotion of ice 

nucleation via the application of an electric field4. It is well known that water under 0 C 

degrees starts to crystallize in case when there are centers of nucleation. However in 

case of absence of such agents water is becoming supercooled.  First experiments were 

done by Dufour in 1861, when he put a drop of distilled water in a mixture of oils and 

chloroform so that the density of the mixture was equal to the density of water[1]. 

During discharges of the Rumkorf coil through the drop, its sudden freezing occurred. 

But Dufour believed that the cause of freezing is not the action of electric forces, but 

mechanical ones. 

 

So, W. Rau2 placed droplets of supercooled water on a polished chrome plated substrate 

at temperatures from –4 to –7 ° C. When a field was created with a strength of (2-6) • 

106 V / m and a spark discharge occurred, the droplets froze. According to Rau it 

happened due to orienting effect on the dipole moments of water molecules by the 

electric field. 

R.W. Salt3 put drops of water with volume 2*10-8 m3 on aluminum surface in 

refrigerator. In absence of electric field crystallization occurred in temperature lower 

then -100C. In presence of electric field with frequency 60 Hz and strength 1.5 * 106 
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V/m, temperature of crystallization increased by four degrees.  Salt also tried to explain 

this effect by orientating effect of electric field. However Blanchard5 suggested that 

effect was caused by pollution created on water surface by field and that electric field 

promotes increasing the rate of penetration of active crystallization nuclei on the surface 

of the droplet. 

In experiments of Bhadra6 an electric field of 1.6 MV/m was applied between two 

metallic disks. Drops of water with diameter 1.7-2.5 mm were between these disks and 

freezing occurred in temperature lower than in previous experiments, and more time 

was required for process than in case without field. 

Pruppacher7 undertook investigation with purpose to understand what causes freezing: 

directly electric field or discharge currents. He put drops of deionized and distilled 

water on polyethylene surface. Drops with temperature -5 and -70C were frozen, when 

charged Teflon were placed to their surface. The same effect was observed with 

alternating field (4 -5 *100 KV), when drops were on hydrophobic surface. He also put 

drops in tube with different materials(polyethylene, Plexiglas, Teflon) and in liquid oils 

(silicon and parafine). Thus, there was no corona discharge, and effect was caused only 

by external E-field and no effects from air. Drops were frozen in temperature – 10C 

without electric field. In presence of field 0.3 MV/m there were probabilities (around 

50%) of freezing in temperature -4C and probability was 100% with field 1.5 MV /m. 

Freezing occurred on boundaries between three phases water-air-plastic and dendrites of 

crystals orientated in orientation of field. Based on these experiments Pruppacher made 

conclusion: external electric field influences crystallization, but it is not caused by 

orientations of molecules or particles made as result of discharge, crystallization 

happens when there is a deformation of surface water – air or water – oil or shifting on 

surface. Thus he suggests that presence of solid state is important condition for freezing. 

Mechanism according to Pruppaher: Under the action of large charges that are formed 

on the surface of a solid when a liquid surface breaks, complexes of molecules appear. 

Structures of such complexes are close to the structure of ice and play the role of 

nucleation contribution. 

To some extent, confirmation of Pruppacher's ideas about the need for the presence of 

all three phases to cause crystallization of droplets upon destruction in an electric field  

are also the results of experiments by Ausman and Brook8 . In their experiments,  when 
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exposed to an electric field up to critical intensities, there was no increase in the 

probability of crystallization of droplets with a radius of 1.2; 1.5 and 2.7 mm at freezing 

temperatures down to –90С with their free fall.   

Completely opposite results were obtained by Abbas and Latham9 . They studied 

superccoled water drops with radii in range 1.06 to 1.34 mm, suspended on rods in 

refrigerator.  

 

Figure 1. Fraction of water droplets (radius: 1 mm) frozen under different conditions 

and temperatures. Electric fields enable more effective freezing as compared to 

mechanical disturbances1 

 

In their experiments it was observed (Figure 1), that for the same supercooling 

temperature, the probability of freezing drops of given sizes is greatest when disrupted 

by forces of an electric field, somewhat less when disrupted by mechanical forces, and 

is relatively small if there is no destruction of the surface of the drops or the formation 

of water strands. Abbas and Lathem use interpretation of Loeb10. According to this 

interpretation, water molecules form aggregates. Charged crystallites have a local 

electric field that influences hydrogen bonding, so that crystallites act as a nucleus of 

crystallization.  

It is very important to know that not in all studies of the influence of electric field on 

supercooled water freezing was observed.  There was done an experiment 11 with drops 

of water in temperature in range -8 to -150C with field 1 MV /m. In spite of a lot of 

favorable circumstances (high electric fields, collision of charged and uncharged 

droplets in the electric field, and the presence of corona discharge) electrofreezing was 

not observed.  



4 
 

There were also some researches of influence of electrode material12 and form of 

electrode on electrofreezing12, 13. Results showed that electrofreezing probability is 

increasing with series Al, Cu > Ag > Au > Pt > C. 

First theoretical research was done by Svishchev and Kusalik14 . They used molecular 

dynamics methods for modeling electrofreezing process.  In computer simulation of 

supercooled water with model TIP4P at 250 K in homogeneous static electric field with 

a transition time of 200 picoseconds they observed long-range order (Ic cubic ice 

structure) in bulk, which is clear from oxygen- oxygen radial distribution function 

(Figure 2). They applied electric fields with strength in range between 0.1 – 0.5 V/ Å. 

 

Figure 2. Radial distribution function of water (a) and ice(b)14 

 

They also illustrate evidence of crystallite structure from macroscopic point of view by 

showing images (Figure 3) of planes in structures in presence and absence of electric 

field. 
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Figure 3. Visualized water ice-struture that was formed under electric field [14] 

 

Svishchev and Kusalik also established in15 that electrofreezing did not occur with 

densities 0.9-0.92 and 0.96-0.98 g/cm3 at 250 K. Instead of formation of crystallite ice, 

amorphous ice was formed. The range of densities with formation of cubic ice was 

o.0.94 – 0.96 g/cm3. They also hypothesize that complete crystallization of water 

requires break – up of hydrogen bonds between neighboring layers, which is achieved 

due to electric field. 

Jung et al. showed their results16 of influence of an electric field on the molecular 

structure of liquid water in different temperatures and densities with TIP4P water model 

in field between 0.15, 0.2 and 0.5 V/Å and temperatures 243 and 263 K.   They showed 

that with decreasing temperature number of six – member rings increasing, from this the 

lower temperature more similar structure of liquid water to ice – like structure. However 

they also shown from diffusion coefficient calculated data that, in spite of increasing 

number of such rings, water kept properties of liquid.  The final structure is close to ice 

– like structure Figure 4.  
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Figure 4. Structural change induced in liquid water (ρ=1 gm/cm3) at 243 K and an 

electric field of 0.5 V/Å 16 

 

In another molecular dynamics simulation17  research was studied effect of electric field 

on water between two conducting plates. There was a possibility of phase transition 

induced by an external field in 300 K. These conclusions were based on calculated 

structural, dialectic and thermodynamic properties. Xinfu Xia and Max L. Berkowitz18 

also made MD simulation of water between two Pt (100) walls. Four simulations were 

done with different charge densities (σ): 0, 8.85, 26.55, and 35.4C/ cm2. They showed 

that transition of liquid water to crystalline water occur between 26.55, and 35.4C/ cm2 

charge densities. 

Yan and Patey19 studied influence of electric field with strength 5*109 V/m on 

heterogeneous nucleation of supercooled water. They studied influence of electric field 

very close (10Å of surface) and parallel to surface. They observed formation of ordered 

layer of ice, close to surface. That layer is nucleant with structural properties similar to 

that of dipole-ordered cubic ice. Cubic ice in the field exposed region nucleates the 

formation of ice outside the field. 

Ab initio calculations of water with NaCl were done by Cassone et. Al20 . Their study is 

about the ab initio molecular dynamics simulations of the NaCl in water solution under 

the external electric fields. They illustrated that in case low electric fields (less than 0.15 

V/A), chlorine ions have better mobility than sodium ions, that creators of the structure, 
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are able to transport their own coordination shells. However, reaching 0.15 V/Å 

mobility of sodium ions exceeds the mobility of chlorine ions. It can occur due to 

breaking hydrated cells for both types of ions.  

They showed that in presence of electric field mobility of ions acts as a disorganizing 

factor, by breaking structure, which is clear from radial distribution functions (Figure 

5), where first peak starts to decrease with increasing of electric field strength.  

 

 

Figure 5. Zero-field oxygen–oxygen (a) and oxygen–hydrogen (b) radial distribution 

functions of an NaCl solution at T = 315 K with a saline molarity of 1.7 M as obtained 

through the present calculations (continuous black lines) are compared with the 

corresponding curves for water at T = 350 K and with the experimental data for pure 

water (blue dotted-dashed lines) at T = 298 K. Plotted only the extramolecular part of 

the oxygen–hydrogen radial distribution functions20 . 

 

They also clearly illustrated that there is no change in the location of first peaks of ion-

oxygen and ion-hydrogen radial distribution function curves, only decreasing of 

intensities of them (Figure 6).  
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Figure 6. Sodium–oxygen (a), chlorine–oxygen (b), sodium–hydrogen (c), and 

chlorine–hydrogen (d) radial distribution functions plotted as a function of the 

interatomic radial separation for zero electric field20 

 

Electrofreezing was also studied for non-aqueous systems. Isaak N. Daniels et al21 did 

such investigation with organic substances. They applied electric field on different 

organic electrolyte solvents that are used in batteries and as supercapacitors, such as 

ethylene carbonate, propylene carbonate, acetonitrile dimethyl carbonate.  As a result, 

they observed crystallization of ethylene carbonate and acetonitrile dimethyl carbonate 

at high electric fields( 0.3 – 0.4 V/Å). Later, Ravikumar et al. [22]  did MD simulation of 

organic solvents under electric field from 0.0 to 0.3 V/Å, but they also put salts in these 

simulation. They simulated solution of ethylene carbonate and propylene carbonate with 

LiPF6 salts to understand mobility and influence of ions on structure.  They showed that 

under electric field there are changes in coordination cell of Li+ ions and that residence 

time of oxygen atoms in cell of solvent decreases with Ez. However nothing about 

electrofreezing was mentioned by them. 

 

 



9 
 

 

2. Theory of molecular dynamics simulations 

2.1 Equations of motion for atomic systems 

Molecular dynamics simulation of matter is based on classical physical laws and 

equations of motion of Newton’s mechanics.  Equations of motions can be written in 

different forms in the most fundamental form being Lagrangian formalism 23 

 

d

dt
(

∂L

∂q̇k
) − 

∂L

∂qk
= 0                                                   (1) 

 

Here qk and q̇k are coordinate and velocity of kth particle. Lagrangian L can be defined 

in terms of kinetic (K) and potential energy (V) 

 

L = K- V                                                             (2) 

 

and is function of coordinates and velocities (first derivatives of generalized 

coordinates) 

In case with Cartesian coordinates ri and the usual formalism of K and V then equations 

of motions become 

 

mi𝐫�̈� = 𝐟𝐢                                                         (3) 

 

where mi is mass of ith particle and 

 

𝐟𝐢 = 𝛁𝐫𝐢
𝐋 = −𝛁𝐫𝐢

𝐕                                                    (4) 
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is the force of atom on that atom. 

The generalized momentum pk conjugate to qk is defined as 

 

∂L

∂q̇k
= pk                                                          (5) 

 

The momenta feature in Hamiltonian form of the equations of motion 

 

q̇k =
∂H

∂pk
                                                           (6) 

 

ṗk = −
∂H

∂qk
                                                        (7) 

The Hamiltonian is defined by 

 

H(𝐩, 𝐪) = ∑ qk̇pkk − L(𝐪, �̇�)                                        (8) 

 

For our purposes the potential V is independent of velocities and time and the  

Hamiltonian reduces to form 

 

H(𝐩, 𝐪) = K(�̇�) + V(𝐪)                                                      (9) 

 

And H is automatically equal to total energy. For Cartesian coordinates Hamilton’s 

equations can be written as: 

 



11 
 

�̇�𝐢 = 𝐩𝐢/mi                                                       (10) 

 

�̇�𝐢 = −𝛁𝐫𝐢
V = 𝐟𝐢                                                   (11) 

 

The main problem of classical analytical  mechanics therefore solving either a system of 

3N second order differential equations(equation 3) or a set of 6N first-order differential 

equations (equations 10 and 11) . For molecular dynamics simulation numerical 

methods are used for solving these equations at a given time interval Δt. At each 

interval, a new particle positions and particle velocities are computed and used for next 

integration step. Scheme of this process is illustrated on figure 7. 

 

 

Figure 7. The calculation scheme in molecular dynamics run 24 

 

The total force on each atom is calculated from the first derivative of potential energy, 

as it is shown in equation 4. Energies and forces are calculated with classical potential 
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energy functions, which characterize interactions between atoms in the system (force 

fields) or using quantum mechanics to calculate the potential energy. The final result of 

these calculation steps is the information about positions and velocities of each particle 

at each time step. This information is used to determine time averaged values of 

properties.  

Practically, molecular dynamics simulation consists of three steps: initialization, 

equilibration and production run. Simulation is initiated by giving initial positions and 

velocities (temperature). The next is equilibration – geometry optimization, running a 

simulation long enough so that some thermodynamic characteristics (temperature and 

potential energy) start to fluctuate around an average value. When second aim achieved 

the calculation can be performed.   

 

2.2 Verlet algorithm 

The central point of molecular dynamics simulations is numerical integration of 

Newton’s equations of motion of interacting particles, in order to follow the evolution 

of the system described by positions and velocities. Equation 3, which represents 

Newton’s second law, is second order differential equation and it is possible to solve it 

by numerical method by knowing initial positions and velocities of particles and 

instantaneous forces acting on them. Figure 8 illustrates integration steps required to 

obtain trajectories of particles in MD simulation. Numerical integration algorithms are 

used to predict coordinates of each particle at each time step based on information of 

previous coordinates of the particle. This process is iterated over particular number of 

time steps.  

 

 

Figure 8. illustration of time integration steps in MD simulations24 
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Verlet’s algorithm25  is one of the most popular integration algorithms used in MD 

simulations. The base equation of Verlet algorithm is obtained by summation of the 

third-order Taylor expansions for positions at times t+Δt and t-Δt: 

 

ri(t + ∆t) = ri(t) + vi∆t +
1

2
ai(t)(∆t)2 +

1

6
bi(t)(∆t)3 + O(∆t4)       (12)      

 

ri(t − ∆t) = ri(t) − vi∆t +
1

2
ai(t)(∆t)2 −

1

6
bi(t)(∆t)3 + O(∆t4)       (13) 

 

where viis velocity (first derivative of position) of particle i at time t, ai is an 

acceleration (second derivative of position), bi. – third derivative of position and O(Δt) 

is higher order term of Taylor expansion. 

After summation of both equation(12) and equation (13) 

 

r⃗i(t + Δt) = 2r⃗i(t) − r⃗i(t − Δt) + a⃗⃗i(t)(∆t)2 + O(∆t4)            (14) 

 

where ai ,by using equation (3) and equation (4), can be expressed as a function of 

potential energy. Neglecting the fourth-order term, we get Verlet relation: 

 

r⃗i(t + Δt) = 2r⃗i(t) − r⃗i(t − Δt) +
∇ri

Ui

mi
(∆t)2                     (15) 

 

Equation (15) contains inromation only about positions, but also information about 

velocities is also required in order to calculate kinetic energies and to check energy 

conservation in system.  
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Information about velocites can be obtained by knowing the change in positions from 

one time step the next:  

v(t) =
r(t+∆t)− r(t−∆t)

2∆t
                                           (16) 

 

However velocities computed from eqn16 may give erroneous results, due to order Δt2 

errors, which is a result from neglecting higher order terms in the Taylor expansion of 

particles positions. In order to get more accurate velocities we can apply the “velocity 

Verlet algorithm”. It calculates velocities and accelerations of particles at time t +Δt 

based on values at time t. Particle velocities and positions at time t can be expressed as:    

 

ri(t + ∆t) = ri(t) + vi∆t +
1

2
ai(t)(∆t)2 + O(∆t3)                       (17) 

 

vi(t + ∆t) = vi(t) + ai(t)(∆t) + O(∆t2)                            (18) 

 

Ignoring the second-order term for positions and first-order term for velocities and 

rewriting the velocity for time interval Δt/2 previous expressions are rewritten: 

 

vi (t +
∆t

2
) = vi(t) + ai(t) (

∆t

2
)                                (19) 

 

ai(t + ∆t) = −
1

mi
∇U(ri(t + ∆t))                             (20) 

 

vi(t + ∆t) = vi (t +
∆t

2
) +

1

2
ai(t + ∆t)(∆t)                          (21) 
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One of the advantages of the Verlet algorithm that it has low memory requirements 

because there is no need to store positions, velocities and accelerations simultaneously 

for two different time steps24 .      

 

2.3 Ergodic theorem. Statistical ensembles. 

Positions and momenta of the atoms can be considered as coordinates in 

multidimensional space that is called phase space23. In case of N particles, this space is 

6N dimensional. Let us consider some instantaneous value of some property A (it might 

be potential energy) as a function of particular point Г in phase space. Evolution of 

system occurs in time, so there are changes of Г thus А(Г) will change. An 

experimentally observable property Aobs is a time average of А(Г) taken over long time 

interval: 

 

Aobs = 〈A〉time = 〈A(Г(t)〉time = lim
tobs→∞

1

tobs
∫ A(Г(t))dt

tobs

0
         (22) 

 

Due to the complexity of A(Г(t)) time evolution, Gibbs suggested to replace the time 

average by ensemble average. An ensemble is a collection of points Г in phase space, 

which are distributed with probability density ρ(Г).  ρ(Г)  is determined while given 

fixed macroscopic parameters are held fixed (N, T, P etc.), so for simplicity we will 

write ρNPT, ρNVT or ρens.  

The ergodic hypothesis states that it is possible to replace the time average in eqn 22 by 

an average taken over all the states of the ensemble taken at particular time 26: 

 

Aobs = 〈A〉ens = ⟨A|ρens⟩ = ∑ A(Г)ρens(Г)Г                    (23) 

 

Ensmables used in molecular dynamics simulations: 

Microcanonical ensemble(NVE) – number of particles, volume and the energy are fixed  
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Canonical ensemble (NVT)– energy fluctuations are allowed, temperature is fixed by 

bringing in contact with thermostat. 

Isothermal-isobaric ensemble (NPT) – pressure and temperature are constant, and 

volume fluctuates. Both thermostat and barostat are used26.     

 

2.4 Force Fields  

A molecular mechanics force field is an empirical model that made to describe 

interactions between atoms and molecules in system, it consists of a function to 

calculate potential energy. This functional form describes molecular structure of the 

system and fitted parameters for each type of atom, which are used in calculations of 

forces and energies. Thus a force field contains next information27: 

1. List of types of atoms and corresponding charges 

2. Rules that link atom and atom type to element type 

3. Functional forms of the potential energy and fitted parameters for elements of system 

For many cases, total energy of system in general form can expressed as: Etot 
= Ebonded + 

Enonbonded 

As can be seen functional form of energy contains both terms: Atoms linked by 

covalent bonds Ebonded and non-bonded interaction Enonbonded.  

Bonded term contains information about interactions within molecules: 

 

 

Figure 9. Illustration of different functional terms describing bonded interactions: a) 

bond stretch b) angle bend c) torsion and d) inversion27 
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1. Bond stretching – energy change that happens because of changes in bond length 

2. Angle bending -  energy change that happens because of changes in angle between 

two covalent bonds 

3. Torsion – energy change of three bonds connected as IJ, JK and KL that happens 

because of changes in dihedral angle between planes IJK and JKL 

4. Inversion – energy of three atoms connected to one central atom in the same plane 

Thus, finally total bonded term can be written as 

 

Ebonded 
= Ebond stretch + Eangle bend + Etorsion + Einversion                          (24) 

 

The nonbonded interaction includes van der Waals (Evdw), electrostatic (Eq) and 

explicit hydrogen bond (Ehb) terms 

Enb = Evdw + Eq + Enb                                               (25) 

 

Bond stretching is described as simple harmonic oscillator 

 

E =
1

2
ke(R − Re)2                                                 (26) 

 

Or it can be described by more precise function – Morse function 

 

E = De[e−(αnR−Re) − 1]2                                           (27) 

 

Force constant can be expressed as  
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ke = (
δ2E

δR2
)

R=Re

                                              (28) 

 

Leading to 

 

α = [
ke

2De
]

1/2

                                                     (29) 

 

For the Morse scale parameter. 

For bonds IJ and JK that share a common atom, three body angle bend terms are all 

taken to be of the harmonic cosine form 

 

EIJK =
1

2
CIJK[cosθIJK − cosθJ

0]2                                    (30) 

 

where θ - the angle between IJ and JK bonds. θJ
0- is the equilibrium angle that are 

independent of I and K. 

The CIJK is related to the force constant KIJK by 

 

CIJK =  
KIJK 

(sinθJ
0)

2                                                 (31) 

 

The force constants for all angle bend interactions are taken as 

 

KIJK = 100 (
kcal

mol
) rad2                                          (32) 
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In case of θIJK~θJ
0: 

 

EIJK =
1

2
KIJK[θIJK − θJ

0]2                                     (33) 

 

For nonbonding interaction (van der Waals) two expressions are often encountered 

Lennard-Jones (LJ) and exponential-6 form (denoted X6) 

 

Evdw
LJ

= AR−12 − BR−6                                            (34) 

 

Evdw
X6 = Ae−CR − BR−6                                            (35) 

 

For current research LJ method is used. Another expression of LJ 

 

V(r⃗) = 4εij ((
σ

r
)

12

− (
σ

r
)

6

)                                        (36) 

 

where ε is potential well depth for each pair of atoms ij and strength of attraction 

between molecules, σ refers to the distance at which potential between  atoms ij equals 

to zero and van der Waals radius of molecule or atoms. Lennard-Jones functions are 

shown on Figure 10.  
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Figure 10. Scheme of van-der-Waals interactions 24 

 

As can be seen from figure 10, when distance r goes to infinity Lennard-Jones potential 

goes to zero that means there is no attraction between particles.  

Electrostatic interaction are described by Columbic interactions 

 

E = 322.0637QiQj/εR                                             (37) 

 

In case with presence of external electric field 

F=eE                                                             (38) 

 

2.5 Periodic boundaries 

Number of simple molecules in typical MD simulations of liquids are between 

10≤N≤104 23. The size of such systems depends on memory storage on host computer 

and speed of execution of MD simulation. The time taken for a double loop for forces 

and energies evaluations is proportional to N2. Some techniques can be applied to 

reduce this dependence to N, for large systems.  
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If these more simply placed in a container with impermeable walls, one problem with  

such MD simulation is the large number of molecules that are on the surface. For 

example, for 10000 molecules arranged in a 10x10x10 cube, no less than 488 molecules 

appear on the cube face. In that case molecules near the wall will be under quite 

different forces from molecules in the bulk. This problem of surface effect can be 

overcome by periodic boundary conditions. The simulated box is replicated through 

space by forming an infinite lattice. During one simulation, as particles moves in the 

one box, its periodic images in each of other boxes move in the same way. For example, 

when one molecule leaves the central box, one of its images will enter in the opposite 

site. The usual in cases with periodic boundary conditions is that there are no walls and 

no surface particles. Example of such boxes is illustrated on figure 11.       

 

 

Figure 11. The main simulation box and its imaginary replicas in periodic 

boundary conditions26 

 

2.6 Radial distribution function 

One of the ways to describe structural properties of solids and liquids is calculation of 

radial distribution function(RDF)26 . To understand what RDF is, firstly consider a 

spherical shell of thickness δr at a distance r from a chosen atom(Figure 12) 
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Figure 12. RDFs use a spherical shell of thickness  δr24 

 

The volume of such a shell will be: 

 

V =
4

3
(r + δr)3 −

4

3
πr3 = 4πr2δr + 4πrδr2 +

4

3
πδr3 ≈ 4πr2δr            (39) 

 

Let the number of particles per unit volume be ρ, then the total number in the shell 

4πρr2δr  and so the number of atoms in the volume varies as r2. 

From RDF also written as, g(R), it is possible to get an information about probability of 

finding particle (atom or molecule) a distance r from another particle compared to the 

ideal gas distribution. Calculation of RDF from a simulation is performed by sorting 

neighbors around each atom or molecule into distance ‘bins’, or histograms. The 

number of bins is then averaged over entire simulation. For example, a count is made of 

the  number of neighbors between (say) 2.5 Å and 2.75 Å, 2.75 Å and 3.0 Å and so on for 

every atom or molecule in the simulation[26] . 

As an example RDF curve of liquid argon can be considered (Figure 13) 

For short distances g(R) equals to zero due to repulsive forces between atoms, but at 3.7 

Å first peak is observed with value 3, which means that the probability to find atom 

another atom at this distance is three time higher than in ideal gas of the same average 

density ρ. There is a fall after that peak at 5.6 Å. Finally, at higher distances RDF curve 

reaches value one, indicating that there are no long-range interactions between particles. 
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Figure 13. Radial distribution function determined from a 100 ps molecular dynamics 

simulation of liquid argon at temperature of 100 K and a density of 1.396 gram per 

centimeter cubed 26   

 

2.7 The Ewald summation 

The Ewald sum is a technique for efficiently summing the interaction between an ion 

and all its periodic images 26. It was originally developed in the study of ionic crystals.   

We know that potential energy of interaction between charges i and j: 

 

V =
1

2
∑ ∑

qiqj

4πε0rij

N
j=1

N
i=1                                      (40) 

 

For MD simulations electrostatic potential is considered for particles in central box and 

images in other boxes. As number of such boxes goes to infinity simulation cell starts to 

get form of sphere (Figure 14).  
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Figure 14. A two dimensional periodic box23, 26 

 

Position of each cell can be described relative to central box by vector that has 

components, which are integral multiple of the length of the box (±iL, ±jL, ±kL); i,j,k = 

0,1,2,3 etc. 

Thus, for a box which is positioned at a cubic lattice point n (=(nxL, nyL, nzL), with nx, 

ny, nz  are integers): 

 

V =
1

2
∑ ∑ ∑

qiqj

4πε0|rij+𝐧|

N
j=1

N
i=1𝐧                              (41) 

 

That series contains both negative and positive terms thus it is conditionally convergent. 

Convergence of such series depends on order of terms. Furthermore, this series can be 

extremely slowly converges.   

Solution of such problem can be done by Ewald method, by converting the summation 

into two series, each of which converges much more rapidly. Mathematically can be 

expressed as follows: 

 

1

r
=

f(r)

r
+

1−f(r)

r
                                              (42) 
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The aim is to choose appropriate function f(r).  

In the Ewald method each charge is surrounded by neutralizing charge distribution of 

equal magnitude but opposite sign (Figure 15). 

 

 

Figure 15. In the Ewald summation method the initial set of charges are surrounded by 

a Gaussian distribution (calculated in real space) to which a cancelling change 

distribution must be added (calculated in reciprocal space)26  

Gaussian function is used to describe charge distribution: 

 

ρi(r) =
qiα3

π3/2 exp (−α2r2)                                   (43) 

 

The sum over point charges is converted to a sum of the interactions between charges 

plus the neutralizing distribution. It (real space sum) can be expressed as follows: 

 

Vreal =
1

2
∑ ∑ ∑

qiqj

4πε0
|n|=0

N
j=1

N
i=1

erfc(α|rij+𝐧|)

|rij+𝐧|
                     (44) 
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Where erfc(x) is the complementary error function, which is: 

 

erfc(x) =
2

√π
∫ exp(−t2) dt

∞

x
                            (45) 

 

The Ewald method thus uses erfc(r) for the function f(r) in equation 42. The new 

summation involving error function converges rapidly and its value as r→∞ can be 

considered negligible.  

On the next stage we can add second charge distribution to counteract the first 

neutralizing distribution. The contribution is: 

 

Vreciprocal =
1

2
∑ ∑ ∑

1

πL3

qiqj

4πε0

4π2

k2 exp (−
k2

4α2)N
j=1

N
i=1k≠0 cos (𝐤 ∙ 𝐫𝐢𝐣)   (46) 

 

The vectors k are reciprocal vectors and are given by k=2πn/L . This reciprocal sum 

also converges quicker that original point-charge sum.  

Final term in Ewald summation (constant term): 

 

Vconstant = −
α

√π
∑

qk
2

4πε0

N
k=1                                 (47) 

 

2.8 Water models 

A better description of interatomic and intermolecular forces will allow more precise 

determination of structural and thermodynamics properties of the system. Discrepancies 

between real experiments and interpretations of calculated results can be consequence 

of approximations used in the interaction models 28.   
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For MD simulations with force field methods different water models can be used.   

 

 

Figure 16. Parameters that are varied in different models of water molecules Model 

types a, b, and c are all planar whereas type d is almost tetrahedral. The mid-point site 

(M) in c, and the lone pair sites (L) in d are labeled q2 
28 

 

On table 1 we list parameters such as constants in van-der-Waals interaction (σ  and ε 

equation 36), bond lengths (l2 and l1), charges (q1 and q2) ,and valence angel θ for 

several commonly used water models.  

 

Table 1. Parameters of water models28 

Model σ Å  ε kJ ˣ mol−1  l1 Å l2 Å q1 (e) q2 (e) θ° φ° 

 SPC  3.166 0.650 1.0000 - +0.410 -0.8200 109.47 - 

 SPC/E 3.166 0.650 1.0000 - +0.4238 -0.8476 109.47 - 

 TIP3P  3.15061 0.6364 0.9572 - +0.4170 -0.8340 104.52 - 

 TIP4P  3.15365 0.6480 0.9572 0.15 +0.5200 -1.0400 104.52 52.26 

 

http://www1.lsbu.ac.uk/water/constants.html#ang
http://www1.lsbu.ac.uk/water/constants.html#ang
http://www1.lsbu.ac.uk/water/constants.html#ang
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Described models are rigid. In order to ensure that the distance between mass points is 

maintained a restrained algorithm is used. There are two algorithms SHAKE and 

RATTLE algorithms29 .  

For use with a Verlet algorithm the SHAKE algorithm was invented. In SHAKE only 

coordinates are integrated and the velocities are approximated as finite differences to the 

trajectories 29.  

Let ri and bi be the positions and velocity of atom i at time n, for i=1,…N, where N is 

the number of sites of  molecule. The distance between i and j sites is can be written as: 

 

𝐫ij
n+1 = 𝐫j

n + 𝐫j
n                                                   (48) 

 

The constraints: 

 

𝐫ij
n+1 ∙ 𝐫ij

n+1 = dij
2  and 𝐯ij

n+1 ∙ 𝐫ij
n+1 = 0                                      (49) 

 

The SHAKE satisfies the first condition, for example sites at time n+1 will have the 

separation dij immediately after the coordinates are integrated. RATTLE satisfies both 

conditions 29.  
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       3.  Results and discussion 

All the molecular dynamics simulations in this study were performed using LAMMPS 

(Large-Scale Atomic/Molecular Massively Parallel Simulator) software30 and with 

Lennard – Jones potential with electrostatic interactions and ewald summation 

Initial configuration of water slab is illustrated on figure 17. 

 

 

Figure 17 .Initial configuration of water slab 

 

Initial configuration was generated by VMD31 software. VMD software also was used 

for visualization and analysis of simulation of system. For analysis of diffusion 

coefficient was used TRAVIS32, 33 program. Graphs were build by Excel and 

XMgrace34.  

For simulation SPC/E (Table.1) model of water was used and σ for sodium and chlorine 

0.3526 and 0.01279 respectively. Thus, ε for sodium and chlorine 2.1595 and 4.830 

respectively35. 

Slab of water (or ions with water) was equilibrated (in NPT and NVT ensembles) and 

after that molecular dynamics run started in 260K under different electric field strengths 

(from 0.0 V/Å to 1.0 V/Å with step 0.2 V/Å) for different ions concentrations (one, four 

and eight ion pairs on slab with 430 water molecules).     
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Table 2. Content of simulated boxes at three different temperatures and different values 

of electric fields 

Number of sodium ions Number of chlorine ions Number of water molecules 

0 0 423 

1 1 421 

4 4 415 

8 8 407 

 

 

3.1 Electrofreezing of pure water 

3.1.1  Radial distribution function analysis 

Results with pure water in presence of electric field showed that there is formation of 

crystalline ice (Figure 18), which is clear from radial distribution function that 

illustrates long range intermolecular correlations.   

 

 

Figure 18. Radial distribution functions of pure water at 263K for different electric 

fields. 
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It is even clear from visualized pictures of water slabs (Figure 19), where long-range 

structure is obviously formed under external electric field.  

 

 

Figure 19. Representation of water slab in presence (right) and absence (left) of electric 

field with strength 1.0 V/Å 

 

RDF curves of pure water under electric field, but at higher temperature (T=273 K) 

shows, that there is electrofreezing process occur (Appendix B Figure 1S), just by 

comparing graphs with pure water at 263K. Intensities of peaks are also not changed 

significantly, only small expected decrease. 

It is possible to suspect that probability of long-range structure formation will be lower 

at higher temperature (T=298K), however even at that conditions electrofreezing 

process takes place. It is possible to observe it from RDF curve of pure water (Figure 

20), where long-range structure is observed. 

The figure 20 for g(O-O) shows that the position of the first peak has not changed, and 

is the same as in the cases with 263 and 273 K. The second peak begins to split 

illustrating ice-like structure as in case with pure water case at 263K. The same picture 

we see for RDF curves for O-H and H-H cases.  
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Figure 20. RDFs of pure water at T=298K 

 

3.1.2 Diffusion coefficient analysis. 

In order to get information about ions and their mobility influence on water 

electrofreezing self-diffusion coefficients of water molecules and diffusion constants for 

ions were computed.  

The diffusion coefficient was computed from mean squared displacements (MSD) 

according to equation(50)  The slope of the MSD was averaged over equivalent time 

intervals and all water molecules. In one dimension according to Fick’s law:  

 

𝐷 = lim
𝑡→∞

𝜕

𝜕𝑡

〈|𝒓(𝑡)−𝒓(0)|2〉

2
                                         (50) 

 

We can compute diffusion coefficient D in different directions in order to study 

diffusion in different coordinates.  For our case with SPC/E model obtained value of 

pure water at T=298K is D=2.41*10-9 m2/s, which is close to experimental value 

2.30*10-9 m2/s[36] and other of diffusion coefficient at different temperatures of pure 
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water are in good agreement with literature values. Analyzing results of diffusion 

coefficient (Figure 21) calculations, it is possible to observe phase transition that occurs 

at 0.4 V/Å electric field. Calculated values of diffusion coefficient at 263K in absence 

of electric field has value 9.0*10-10 m2/s, with increasing the strength of field this value 

starts to fall down until it reaches value zero at 0.4 V/Å, indicating a lack of motion. 

 

 

Figure 21. Dependence of water self-diffusion coefficient on electric field at different 

temperatures ((blue – T=298K, green – T=273K, red – T=263K) 

 

 

3.2 Electrofreezing of NaCl water solutions 

3.2.1 Radial distribution function 

When there is one ion pair in water solution at T=263K freezing occures only at 0.4 

V/Å. This  is completely different with what we get from pure water case (Figure 22).   
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Figure 22. Radial distribution functions of NaCl solution in water (one ion NaCl 

molecule) at 263K for different electric fields. 

 

The first peak reaches maximum at 0.4 V/A electric field. This effect can happen due to 

competition between two factors: ordering factor and disordering factor. Ordering factor 

is proportional to strength of electric field. Disordering factor is velocities of ions. At 

electric field with strength 0.4 V/Å there is a balance between two these factors, 

however with increasing of electric field ions start to move faster and start to 

disorganize ice-structure and destroy ice-like structure.  

In analysis of RDF curve between Na and Cl ions (Figure 23), we can get a peak at 

2.6Å, which is very close to distance between ions in NaCl lattice structure. It can 

happen due to formation of dipolar ion pair between sodium and chloride. From figure 

23 we see rise of peak at 2.6 Å from g(R) close to 0 at 0.0 V/Å and 0.2 V/Å, to 100 at 

0.5 V/Å. The probability is highest at 0.4 V/Å.   
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Figure 23. Radial distribution function for one ion pair in water box 

 

We can observe from figure 24 formation and breaking of such pairs from visualization 

of system. Under the influence of an external field, the ions move in the water, but 

under the influence of their own electrostatic forces, they combine to form a dipole, 

which remains stable for a long time, but over time decays and its constituent ions again 

scatter in the corresponding direction of the electric field. And these cycles are repeated 

over and over again. 

 

 

Figure 24. Formation and breaking of NaCl dipole in water. Direction of electric field 

is in z-direction.  
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Analyzing the data on the curves of the ion-oxygen and ion-hydrogen type (Figure 25), 

we observe similarities with the results of Cassone20: 

 

Figure 25. Radial distribution functions of ion-(water atom).  

 

With a change in the electric field, the first peak does not change its position for all 

curves, changes occur only in the intensities of this peak. With an increase in the 

strength of the electric field, a stable and expected decrease in the intensity of this peak 

occurs, which is associated with the fact that the ions interact less and less with the 

aqueous environment. Thus, we can say that in presence of salt in water, electrofreezing 

cannot occur in case of high electric field, but it is possible to observe it in medium field 

strength.  

However, with four times higher concentration of ions electrofreezing does not occur at 

all.  As can be seen from results of RDFs curves calculations (Figure 26), for such 

concentration electrofreezing does not occur.  
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Figure 26. RDF curves for case of solution of four ions pairs in water at T =263K. 

 

We see that there is an increasing of first peak intensity, but there are no changes of 

second peak that would tell us about ice-like structure formation. It can be explained by 

the disorganizing effect of ions movements in presence of electric field. The ions begin 

to bombard the cube of water, which prevents the long range structure from formation. 

It can be seen from visualization (Figure 27) of water slab 

 

 

Figure 27. Four sodium and four chlorine ions in water under electric field 
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From figure 27 it is possible to see that mobility of sodium and chlorine ions acts as an 

disorganizing factor. It can happen due to attraction of water molecules to ions and 

forming shells that move with ions along electric field. However we can see that 

molecules of water are oriented along electric field, but this factor is too weak for ice-

structure formation.  

From Na-Cl RDFs it is possible (Figure 28) to see also formation of ions pairs in cases 

of medium electric field, but probability of such dipoles at 0.4 V/Å electric field is 

decreased 6 times, compared with one ion pair case from 600 to 90, while probability at 

0.2 V/ Å is increased from 0 to 60. 

 

 

Figure 28. Radial distribution function for four ion pairs in water box 

 

Consider a much higher salt concentration in water. With the same condition of MD 

simulation as for one ion and four ion pairs, we can observe differences in RDF results 

(Figure 29) for eight ion pairs. It would be expected that RDFs of O-O, O-H and H-H 

would have the same tendencies as for four ion pairs. Thus, these results look the same: 

RDF curves of O-O with the same forms, first and second peaks are in the same place. 

However the next peak tends to be like peak on RDF curve of pure water with 

electrofreezing effect. It is also clear that the most intense peak in all RDF curves 
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increased significantly starting from strength 0.8 V/Å. These facts can tell that 

electrofreezing process is starting.   

 

 

Figure 29. RDF curves for case of solution of eight ion pairs in water at T =263K. 

 

Through visualization (Figure 30), it is possible to observe the formation of an ion 

channel through which ions move, while the water molecules, surrounding this channel, 

line up and form a long-range structure. It is also worth noting the inconstancy and 

mobility of this channel, which is carried out in the direction of the y-axis. At the same 

time, the ions themselves move freely in the x direction, forming the plane of the xz 

channel. Thus, the xz-plane becomes a mobile channel along which ions move. 

 



40 
 

 

Figure 30. Four sodium (big blue) and four chlorine (small blue balls) ions in water 

under electric field. Electric field in z-direction. Ion-Channel in xz-plane and this 

channel moves in y-direction 

 

Differences in the Na-Cl RDF curves are also observed (Figure 31). Probability of 

observing ion-ion separation on distance 2.5 Å at 0.4 V/Å electric fields gets lowered 

comparing with previous systems, where salt concentration is lower, but at 0.2 V/Å 

probability is higher.  

 

 

Figure 31. Radial distribution function for eight ion pairs in water box 
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Adding salts to water at T =273K inhibits electrofreezing as at 263K. From RDFs 

curves we can observe the same situation (Figure 32), when in medium strength electric 

fields long-range structure is formed and with increasing electric field this structure is 

destroyed by highly mobile ions.  

 

 

Figure 32. RDF curves for case of solution of one ion pair in water at T =273K. 

 

It can be seen from the figure 32 that the first (most intense) peaks becomes narrower 

for an electric field of 0.4 V/Å, while the second peaks becomes more intense and 

begins to resemble the peak arising during electrofreezing of pure water. However, 

comparing to the case with a lower temperature, the peaks at 2.7 Å for the O-O curve 

and 2.3 Å for the O-H curve have a lower intensity. As mentioned above, for the 5Å 

peak, a splitting into two peaks is observed in the case of a low temperature, but in this 

case it is less noticeable. All this suggests a lower amount of order of the structure. 

Considering also the Na-Cl RDF curve (Appendix B Figure 2S) and comparing it with 

previous one for lower temperature, we observe the same situation: there is one intense 
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peak at 2.5 Å and in 0.4 V/Å electric field, but with lower intensity. However intensity 

for case with 0.5 V/Å electric field is increased two times comparing with case of lower 

temperature.  

For concentration with four ion pairs we again observe no long range structure 

formation, only increasing intensity of first peak and small shifts of second less intense 

peak for O-O curve (Appendix B Figure 3S). For O-H curve we see that both peaks 

(first and second) increased significantly.  There is also peak on Na-Cl RDF(Appendix 

B Figure 4S) 2.5 Å, but 4 times lower than for one ion pair case.  

By increasing number of ions two times (8 Na and 8Cl ions) we can observe formation 

of ice-like structure only for case 1.0 V/A (Figure 33). It can be seen from RDFs of O-

O, O-H and H-H pairs. 

 

 

Figure 33. RDF for water with eight NaCl at T=273K 
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Of all the curves shown, it is worth noting the curve for an electric field of strength 1.0 

V/Å. This curve is characterized by a change in a peak at 4.2 Å for O-O RDF, which 

tends to be like for ice-like structure case (Figure 18). 

We also note that in this case the formation of transient Na-Cl bonds occurs, as can be 

seen from the figure 34.  

 

 

Figure 34. RDF for NaCl with eight NaCl at T=273K 

 

As in previous case formation of Na-Cl pairs is more probable in presence of electric 

field of medium strength(0.2-0.5 V/Å).  

To finalize our research consider effect of salt concentrations on water electrofreezing 

process at room temperature (298К).  

The addition of one sodium ion and one chlorine ion already stops the formation of a 

long-range order structure, which can be seen from the RDF curves in the figure 35. 

Everything that we are able to observe is increasing first peak and small shifts of second 

peak of O-O RDF case, and small increasing of first peak for O-H RDF.  
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Figure 35.RDF of one NaCl solution in water at T=298K  

 

Ions sticking occur at lower electric field comparing with two previous cases with lower 

temperatures (Figure 36).  

 

 

Figure 36. Na-Cl RDF for one NaCl in water at 298K 
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As can be seen from figure 36, dipole formation of ions occurs already at 0.2 V/Å 

electric field. It could happen only due to low velocities and kinetic energies of ions 

compared with higher fields. 

Increasing concentration of salt up to four and eight NaCl molecules does not give very 

different results comparing with cases with lower temperatures. However we could 

briefly consider also these two cases. 

On figure 37 we see O-O RDF graphs of system with four and eight NaCl molecules. 

 

  

Figure 37. RDF of water with four(left) and eight(right) NaCl molecules 

 

As can be seen from figure 37 there is no long-range structure for case with four ion 

pairs (form of RDF curve contains only sharper first peak and some shifts of second 

peak, but curve does not tend to be like of ice-like structure), but there are some changes 

of second peak forms for case with eight ion pairs case. We see that second peak tends 

to and peaks after it tends to be like for pure water case, which illustrated ice formation. 

It is possible to suppose that in that case an ion channel is formed like in systems with 

lower temperature.  

Considering RDF Na-Cl (Figure 38) we also see that ions tend to get paired together.  
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Figure 38. RDF for NaCl with four (left) and eight (right) NaCl at T=298K 

 

 However there are also high probabilities of dipole formation without electric fields, 

which was not observed at 263K and 273K, due to higher mobility of ions and 

surrounding them water molecules. We also see that the most probable formation of 

dipole occurs at 0.2 V/Å electric field. 

 

3.2.2 Diffusion coefficients analysis.  

Water self-diffusion coefficient in case with one ion pair starts to decrease as electric 

field increased between 0.0 and 0.5 V/Å electric fields (Figure 39). However, the water 

self diffusion coefficient begins to grow with an increase in the electric field, as soon as 

the field strength exceeds 0.5 V / Å and reaching value two times bigger than water 

diffusion coefficient without electric field. 

As expected, diffusion coefficient rises with temperature, but we see the minimum for 

all curves at 0.4 V/Å.  However, compared with a deep fall of water self-diffusion at 

263K and 273K, we do not observe the same deep fall for case with room temperature 

at 0.4 V/Å, due to high kinetic energies of molecules. However, with electric field 

increasing diffusion coefficients for different temperatures tend to have very close 

values.  
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Figure 39. Water-self diffusion coefficient with one NaCl on water box at different 

temperatures(blue – T=298K, green – T=273K, red – T=263K 

 

Data of water self diffusion coefficients also illustrates no electrofreezing occur at 

T=273K and no phase transition in case with four ion pairs as RDFs curves. (Figure 40) 

 

 

Figure 40. Water-self diffusion coefficient with four NaCl on water box at different 

temperatures(blue – T=298K, green – T=273K, red – T=263K) 
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Diffusion coefficient also tends to be anisotropic with high salt concentrtion that can be 

explained by ion channel formation for all temperatures. (Figures 41) For water self-

diffusion process, it increases by reaching maximum value at 0.6 V/Å electric field, and 

starts to decrease and also it is important to notice that values of diffusion are different 

for x- and y-directions. This fact more clear from data got for sodium ions diffusion 

(Figure 41). For cases of high electric field values of diffusion coefficient in one 

direction (x-direction) is larger than in another(y-direction) by eight order. 

 

 

Figure 41. Water-self diffusion coefficient with four NaCl on water box at different 

temperatures (blue – T=298K, green – T=273K, red – T=263K) 

 

From figure 42 it is possible to see, that ion diffusion in x-direction is bigger and it 

tends to increase with increasing strength of electric field, which can be considered as a 

proof of ion channel formation like with cases of lower temperatures. It is important to 

note that values of Diffusion coefficient (D=1.01*10-9 m2/s) for sodium ions are close to 

literature values (1.33*10-9 m2/s) 37. 
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Figure 42. Sodium diffusion coefficient for 8NaCl water solution at T=298K. 

 

3.2.3 Ion drift velocities 

Data on the velocities of ions (Figure 43) parallel to electric field make it possible to 

assert that ions reach a constant velocity very quickly.  

 

 

Figure 43. Dependence of chlorine (left) and sodium ions(right) average velocities in 

parallel to electric field on number of timesteps. 

 

From the figure 43 it is also noticeable that with an increase in the strength of the 

external electric field, an increase in the average ion velocity is observed. In more 
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detail, the dependence of the average speed on the electric field is shown in the 

figure44. 

 

 

Figure 44. Average velocity of ions on electric field strength   

 

It is clearly seen from the figure that the velocity of both types of ions begins to grow 

abruptly and linearly with a field limit of 0.4 VA. Thus, we can say that in presence of 

salt in water, electrofreezing cannot occur in case of high electric field, but it is possible 

to observe it in medium field strength. 
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           5. Conclusion  

In this work, we investigated the effect of external fields on water and aqueous solutions 

of NaCl salt. Investigations were done applying molecular dynamics simulations with 

rigid force field SPC/E for water and fixed charge models for the ions. Our conclusions 

were based on analysis of radial distribution function (RDF) between atoms, diffusion 

coefficients and ions drift velocities.  

Data obtained from calculations of RDF curves and diffusion coefficients are close to 

available literature values, from which we can conclude that our methods are a good 

model for further research.  

According to the results, we observed the freezing of clean water into a cubic ice 

structure in the presence of strong external fields. Freezing, as shown by the radial 

distribution curves and diffusion coefficients, begins with fields of 0.4 V/Å. This effect 

is observed for all temperatures studied. Moreover, this effect is more pronounced, the 

stronger the external field is, until the diffusion coefficient became very small indicating 

crystallization. It is also important to note, that these results (with pure water) are 

similar with results obtained by previous studies. Firstly, researches done by Svishchev 

and Kusalik14, where we see that RDF curves are very close to curves obtained by their 

investigations. Similar results are obtained with organic electrolytes by Daniels et .al21. 

 Adding salts to water has certain effects. At the lowest considered temperature (263 K), 

we observe certain differences depending on the salt concentration. In the case of low 

concentrations, freezing is observed only at medium fields (0.4 V/Å).With an increase in 

the field strength, the destruction of the ice structure occurs, due to high ion velocities 

under high fields. These results can be compared with results of Ravikimar22, where 

they studied electric field influence on solutions of organic liquids and ions, where there 

was no electrofreezing observed. At medium concentrations, electric freezing does not 

occur under any fields, due to the chaotic bombardment of the water structure by ions. 

However, with a further increase in concentration, the organization of the chaotic 

movement of ions into structured flat channels is observed, in which free movement of 

ions in one direction is observed, and hindered movement in the other. With increasing 

temperatures, the formation of long-range order becomes less and less likely due to the 

disorganizing temperature factor. 
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To sum up, force field molecular dynamics simulation and models described above is a 

good approximation to the real interactions of water molecules and ions under external 

electric field. However, for more precise and accurate investigation ab initio methods, 

such DFT, can be used, but due to high computational cost and some restrictions (issues 

with how to apply electric field in ab initio simulation codes, such as CP2K), these 

studies would be challenging. Thus, these methods can be considered for further and 

deeper research. It is also important to note, the importance of investigation of larger 

systems (1000-10000 water molecules with 20-100 ions) has interesting perspectives for 

future, in order to have a complete picture about electrolytes in electric fields and ions 

within them.  
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Appendix A 

 

LAMMPS input file 

 
# input script for topotools tutorial step 2a 

units real 

dimension 3 

boundary p p p 

atom_style full 

 

read_data 432mol_NaCl.step2 

 

# interaction styles 

pair_style lj/cut/coul/long 12.0 

bond_style harmonic 

angle_style harmonic 

 

#dihedral_style opls 

pair_modify mix geometric tail yes 

kspace_style ewald 0.0001 

 

# OPLS considers 1-4 interactions with 50%.  

special_bonds lj/coul 0.0 0.0 0.5 

 

# force field parameters 

pair_coeff   4 4 0.01279 4.830 

pair_coeff   3 3 0.3526 2.1595 

pair_coeff   2 2 0.1553 3.166 

pair_coeff   1 1 0.0 0.0       

# the remaining parameters are inferred from mixing. 

bond_coeff    1 500.0 1.0 

angle_coeff   1 55.1 109.47 

 

 

timestep 0.25 

 

 

velocity all create 300.0 2925 dist gaussian 

thermo 400 

thermo_style custom step temp epair evdwl ecoul pe ke etotal press vol 

 

# using SHAKE to maintain fixed bonds and angles. 

fix length2 all shake 0.0001 20 0 b 1 a 1 

# NPT simulation 

fix NPT all npt temp 300.0 300.0 100.0 iso 0.0 0.0 1000.0 

# equilibration 

 

run 500000 

 

unfix NPT 

 

# NVT simulation without E-field 

fix NVT1 all nvt temp 300.0 260.0 50.0 

# equilibration 

 

run 500000 

 

unfix NVT1 

unfix length2 

# NVT simulation with E-field 

fix length3 all shake 0.0001 20 0 b 1 a 1 

 

fix NVT2 all nvt temp 260.0 260.0 50.0 

fix ef all efield 0.0 0.0 0.8 

 



compute myRDF all rdf 200 3 2 4 2 3 1 4 1  

fix rdfNaO all ave/time 500 1000 500000 c_myRDF[*] file 2NaCl_Na-O.rdf mode 

vector 

 

compute myRDF1 all rdf 200 2 2 2 1 1 1 

fix rdfOO all ave/time 500 1000 500000 c_myRDF1[*] file NaCl_O-O.rdf mode vector 

 

compute myRDF2 all rdf 200 3 4 3 3 4 4 

fix rdfNaCl all ave/time 500 1000 500000 c_myRDF2[*] file NaCl_Na-Cl.rdf mode 

vector 

 

group Na type 3 

group Cl type 4 

compute diffNa Na msd com yes 

compute diffCl Cl msd com yes 

fix diffNa Na ave/time 50 100 5000 c_diffNa[*] file diffNa.msd 

fix diffCl Cl ave/time 50 100 5000 c_diffCl[*] file diffCl.msd 

dump DATA all xyz 500 spce.xyz 

dump_modify DATA element H O Na Cl 

 

dump DATA2 all custom 500 spce.lmp id element xu yu zu vx vy vz 

dump_modify DATA2 sort id 

dump_modify DATA2 element H O Na Cl 

# equilibrate 

 

run 5000000 

 

# keep a restart of this, too. 

write_restart stepr2a-eq.restart 

# this still has not been relaxed for pressure, 

# but it should be pretty close. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B 

 

Radial distribution functions 

 

Figure 1S. RDF curves for case of pure water at T =273K. 

 

 

Figure 2S. RDF for Na-Cl for one ion pair at T=273K 



 

Figure 3S.RDF for water with four NaCl at T=273K 

 

 

Figure 4S. RDF for Na-Cl for four ion pairs at T=273K 
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