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Introduction
Molecular Dynamics Simulation (MDS) is an excellent toolbox 

in modeling molecular phenomena which is used to ensure and 
understand the structure [1,2] dynamics and behavior of any matter 
with intense detail verbatim on scales where motion of individual atoms 
can be trailed [3-5]. “In the real world, this could eventually mean that 
most chemical experiments are conducted inside the silicon of chips 
instead of the glassware of laboratories” [6]. To do this, there is a variety 
of methods ranging from assuming groups of atoms as single units, 
reduction of corresponding coordinates to explain different aspects of 
motion, and molecular averaging using mean force potentials [7]. This 
can be combined with stochastic dynamics. To describe the dynamics 
using densities instead of atoms and fluxes rather than velocities as 
response to thermodynamic gradients or accelerations as a response to 
forces [5], MDS can be utilized. 

Theory

Although modeling the motion of a molecule by solving the wave 
functions of the various subatomic particles would be accurate, but it 
would also be very hard to program and consume more computing 
memory and power than anyone has. Based on this idea, the starting 
point of MDS is to solve Newton’s equations of motion for a system of 
N interacting atoms [8].
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Where F is the sum of the forces exerted on the molecule by the 
other molecules in the system, r is the position vector of the molecule, 
t is the time, and m is the mass of the molecule. Integrating Eq. (1) 
once in time yields the velocity of the molecule. Integrating once more 
results in its displacement. By integrating Eq. (1) for every molecule 

in the simulation domain step by step from some initial state, detailed 
information of the movement of every molecule could be obtained. 
This information can be further processed by time averaging, space 
averaging or both to provide the macroscopic physical properties over 
the entire simulation domain.

Clustering in Phase Transition

The formation of clusters of atoms and molecules is increasing 
interest both for experimental researchers and theoretical scientists. 
This field can be exactly related to many areas of physics and chemistry, 
such as, catalysis, nucleation, interface phenomena, phase transition 
etc. Most recent numerical and theoretical studies have dealt with 
cluster formation in the solid or liquid state but little has been done 
with regard to the gas phase [9]. In this present paper, the result of 
molecular modeling and simulation are compared and discussed with 
experimental results of other investigators. High potential of this 
method is shown competitive to expensive and difficult experimental 
studies.

Modeling
The simulation was performed with a specific number of argon 

atoms in a nanometric cubic box running with Periodic Boundary 
Conditions (PBC) for the particle motion to solve the problem of 
surface effects and keep up the number density in the central box 
and the whole system [5]. The interaction of the argon atoms could 
be calculated via combination of Lennard-Jones (LJ) and a three-body 
Axilrod-Teller (AT) potential by using VAT (Eq. 3, 4) [5].
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Where σ = 3.405 Å and ε = 119.4 K, ν = 73.2E84 ergcm9, rij, rik, 
rjk and θ1, θ2, θ3 the sides and interior angles of a triangle formed by 
three particles. AT potential is attractive for blunt triangles and 
repulsive for sharp triangles so the AT potential is in shorter range 
than the LJ potential. Calculations were performed by developing two 
thermodynamic ways to impose phase transition to system: Gradual 
Cooling Method (GCM) and Freezing Method (FM).

Methods
Gradual Cooling Method (GCM) 

A system of 100 argon atoms was defined at the initial state of 
100 K and 1 bar (gaseous state). The Berendsen method of coupling 
temperature was hired to cool the system slowly. Simulations were 
conducted with two different time durations: 1000 (Gradual Cooling 
Method 1) and 5000 (Gradual Cooling Method 5) picoseconds (ps). 

Figure 1: Base state of gaseous argon @ 100 K & 1 bar.
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Figure 2: Phase transition visualization in GCM1.
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Figure 3: Temperature, pressure & Energy changes during GCM1. 
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Figure 4: Directional pressure & Solvent Accessible Area profile during GCM1.
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Figure 5: System Density Number (SDN) of final state in the GCM1.
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The rate of cooling was 0.075 and 0.0149 K/ps for gradual cooling 1 
and 5, respectively. The temperature was isotropic. For reaching these 
time periods, 5,00,000 and 2,50,0000 time steps carried out, each of 
2 femtoseconds (fs), respectively. In the next step, we minimized the 
energy of system by steepest descents method with force tolerance 
and initial step-size of 10 and 0.01, respectively, 20 maximum number 
of iterations in relax shells, and a random start-up velocities for 
molecules. If a starting configuration is very far from equilibrium, the 
forces may be excessively large and the MD simulation may fail. In 
those cases a robust energy minimization is required. Another reason 
to perform an energy minimization is the removal of all kinetic energy 
from the system: if several snapshots from dynamic simulations must 
be compared, energy minimization reduces the thermal noise in the 
structures and potential energies, so that they can be compared better. 
Two different durations of gradual cooling empowered us to transmit 
the gaseous phase to liquid and then to the solid state.

Freezing Method (FM) 
To study the phase transition of liquid argon to solid state more 

explicitly, condensed phase was simulated. A duplicated number of 
atoms at the initial state of 95 K and 10 bars (liquid state) were defined. 
Simulation was conducted in 5,00,000 time steps, each goes for 2 fs, 
with a linear mode for center of mass motion removal, and Berendsen 
method both for temperature and pressure. The temperature was 
reduced by the rate of 0.1 K/ps and other parameters are like as last 
section.

Results and Discussion
To study the specific changes in different parameters of the system 

during a phase transition process, molecular dynamics simulation 
using GROMACS© was conducted and a proper relationship between 
system parameters and what is seen beneath molecules behavior 
pursued. Pymol© (an open source software) and also an internal engine 
in GROMACS named ‘ngmx’, was applied for system visualization.

GCM analysis
Base state of molecules at 100K and 1 bar is shown in Figure 1. 

Condensation of argon is visualized in Figure 2.

Formation of liquid droplets (are shown with circles in the pictures) 
begins as time reaches to about 780 ps. Vexations in properties prove 
the phase change at about 780 ps. A great accordance between visual 
events and change in properties of system was obvious. Figure 3 is 
declaring the change in temperature, pressure and energies.

Pressure of the system is highly dependent on the molecules in 
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Figure 7: Phase transition visualization in GCM5.
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Figure 8: Temperature, pressure and enrgy profile in GCM5.
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gas phase, by formation of liquid clusters pressure is starting to get 
lower and the fluctuations begin. Due to studying liquid phase in this 
section, we did not continue the simulation time. Directional pressures 
and Solvent Accessible Area (SAA) are shown in Figure 4. SAA is the 
available area of a specific substance which is present for a specific 
solvent. Here the solvent is an imaginary substance and there is no 
difference between hydrophobic and hydrophilic area because the total 
area is measured and reported. 

As it can be seen from (Figure 4), at time of about 780 ps the severe 
break down in accessible area is occurred. By formation of liquid phase 
the SAA is reduced greatly and that’s why the aggregation of molecules 
leads to less-accessible fluid. Solvent accessible area (surface) showed a 
great compatibility with the phase transition of the system. Also a deep 
reduction was observed at t ≈ 780 ps. SAA for liquid argon reached 
to 60 nm2. Study of directional pressure change could be useful in 
rheological treatment of fluids in millimeter channels and especially 
in micro channels whose application in engineering fields are fast 
rising and leading to supper-intensified unit operations such as micro 
-reactors, -columns, -heat exchangers etc. Figure 5 shows the density 
number of system after 1000 ps.

Dispersion of dark area in system density number (Figure 5) shows 

that the phase transitions had not led to solid state yet and there are 
nanodroplets all over the system. Moreover, the darker area indicates 
the more dense sections in the system which is related to liquid phase. 
With multiplying the time period of simulation by 5, cooling was 
begun. Step by step visual events are shown in Figure 6.

As discussed, beginning of the phase transformation occurred at 
about 3200 ps and a sharp slope of potential and therefore total energy 
could be a good proof of this physical condition.

Directional pressures in (Figure 9) were severe fluctuations in 
comparison with GCM1. This is as a result of the advance to solid phase. 
Figure 8 shows the temperature, pressure and energy profile in GCM5. 
SAA is also plotted and 20 nm2 of surface was gained for a 100-molecule 
micro cluster of solid argon in (Figure 9) analysis.

System number density which indicates the conglomerate density, 
expresses the solid formation is presented in Figure 10.

FM analysis

In the gradual cooling simulation, we have not only perceived the 
condensation to the liquid phase, but at lower temperatures also the 
freezing towards the solid phase. To concentrate on this phase more 
specifically, to simulate the condensed phase, base state was selected as 
liquid phase (95 K & 10 bars). Step by step events in forming solid state 
is cleared in Figure 11.

Just like as two previous sections, temperature, pressure, energy, 
directional pressures, RDF and also volume are shown in Figures 12-
15.

During the phase transition argon release latent heat, and therefore 
the volume change abruptly. 

One of the best ways for analyzing structure of a matter is ‘Radial 
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Figure 11: Crystallization of argon with FM analysis.
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Figure 12: Temperature & Pressure profile in FM analysis.
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Distribution Function’ which describes the probability of finding a pair 
of particles with distance of r in a thin layer with thickness of dr. As 
the cooling took place slowly, the final form of solid argon would be 
crystalline and the atoms adopt positions in crystal lattices. Peaks in the 
radial distribution function which are characteristic for crystals, clearly 
show a shaped-structure substance. On the other hand, single peaks 
in the RDF indicate fixed distances as in crystals while more uniform 
distributions point to disordered states.

The probability of finding an atom center at a certain distance 
around an atom in solid state is higher than that of liquid. Having 
the value of about 3.8 for the largest peak means it is 3.8 times more 
likely that two molecules would be found at this specific separation. 

The nearest neighbor distance for two argon moleculs is about 3.7 
Å. The radial distribution function then abates and passes through a 
minimum value around 5.8 Å. It means that the chance of finding two 
atoms with this separation is less.

Real structure of argon crystals is shown in Figure 16. The radial 
distribution graph obtained from MDS is compatible with the 
crystalline structure of solid argon. 

System density number is also shown in Figure 17. The in-line 
color intensity is a proof of crystalline solid argon structure.

Conclusion
It has been shown along this work that the molecular dynamics 

simulation is a practical method for analysis of properties of matter 
from a microscopic point of view. Additionally, the information 
provided by molecular dynamics simulation is not only very helpful for 
the growth of matter-of-fact physical models of the atomic behaviour 
but also may be a precious aid for interpretation of different kind 
of experiments. We have extended the MDS discussed in this paper 
to the consideration of relating visual events in molecular world 
to properties in macroscopic world. Hence, two different gradual 
cooling duration results discussed and visualized. Moreover, freezing 
method investigated for phase transition investigation and results 
were compared to the above mentioned gradual cooling methods. All 
outcomes are in good consistancy with experimental and macroscopic 
findings. In as much as clusters of atoms are the bridges between 
microscopic and macroscopic particles, study of clusters should also 
offer reasonable results for the phase transition processes from a 
microscopic point of view. Furthermore, by means of the developed 
methods, having experimentally-difficult conditions was achieved 
and a great consistency between the simulation results and previous 
reported data was observed. On the other hand, the MDS is very useful 
tool for the study of phase transitions and interfacial systems. 
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Figure 16: Face-centered cubic structure of argon crystal.
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