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1 Introduction 

 
1.1 What is molecular dynamics simulation? 

 
A computational method which describes equilibrium and dynamics properties of 

atomic system generates configurations of the system by integration of Newton’s laws 

of motion and calculate the time dependence of the molecular system. Generates 

information at the microscopic level such as atomic positions and velocities. Connects 

structure and function by providing additional information to X-ray crystallography 

and NMR.  Newton’s equations of motion for the system are integrated numerically.  

If the system is in equilibrium, static properties such as temperature and pressure are 

measured as averages over time. Dynamical properties such as heat transport, or 

relaxation of systems far from equilibrium, can also be studied. The fundamental work 

on this problem was done by A. Rahman, Phys. Rev. 136, A405 (1964). It was 

extended in many important ways by L. Verlet, Phys. Rev. 159, 98 (1967), who 

introduced the Verlet algorithm and the use of a neighbor list to speed up the 

calculation. 

 

1.2 Historical Background 

 
Introduced by Alder and Wainwrightin 1950’s to study interaction of hard spheres 

(atoms that interact through perfect collisions). First simulation carried out by 

Rahman (1964) for liquid Argon. First protein simulation carried out by McCammon 

(1977) for bovine pancreatic trypsin inhibitor (BPTI). Today –solvated proteins, 

protein –DNA complexes, lipid systems, etc. 

 

1.3 Statistical Mechanics 

 
In molecular dynamics simulation we explore the macroscopic properties of a system 

through microscopic simulations. The connection between microscopic simulations 

and macroscopic properties is made via statistical mechanics, which studies a 

macroscopic system from a molecular point of view. The distribution of the system 

within the ensemble follows Boltzmann distribution. 



 

 

 

1.4 Why Not Quantum Mechanics? 

 
Modeling the motion of a complex molecule by solving the wave functions of the 

various subatomic particles would be accurate 

 

−ℏ2

2𝑚
∇2ψ + U(𝑥, 𝑦, , 𝑧)Ψ(𝑥, 𝑦, 𝑧) = 𝐸Ψ(𝑥, 𝑦, 𝑧)

 

But it would also be very hard to program and take more computing power than anyone 

has. 

 

1.1 Classical Mechanics 

 

Instead of using Quantum mechanics, we can use classical Newtonian mechanics to 

model our system. This is a simplification of what is actually going on, and is therefore 

less accurate to alleviate this problem, we use numbers derived from QM for the 

constants in our classical equations. 

 

1.2 The problem to solve 

 

In atomistic simulations, the goal is to model, analyze and understand the motion of each 

atom in the material. the collective behavior of the atoms allows to understand how the 

material undergoes deformation, phase changes or other phenomena, providing links 

between the atomic scale   to   macro-scale   phenomena.  Extraction of information from 

atomistic dynamics is often challenging Vibration, change of location, connectivity and 

others 

 

1.3    The Aims of Molecular Dynamics 

 

The obvious advantage of MD is that it gives a route to dynamical properties of the 

system: transport coefficients, time-dependent responses to perturbations, rheological 

properties and spectra. 

Computer simulations act as a bridge between microscopic length and time scales and 

the macroscopic world of the laboratory: we provide a guess at the interactions between 



 

 

molecules, and obtain ‘exact’ predictions of bulk properties. The predictions are ‘exact’ 

in the sense that they can be made as accurate as we like, subject to the limitations 

imposed by our computer budget. At the same time, the hidden detail behind bulk 

measurements can be revealed. An example is the link between the diffusion coefficient 

and velocity autocorrelation function (the former easy to measure experimentally, the 

latter much harder). Simulations act as a bridge in another sense: between theory and 

experiment. We may test a theory by conducting a simulation using the same model. We 

may test the model by comparing with experimental results. We may also carry out 

simulations on the computer that are difficult or impossible in the laboratory (for 

example, working at extremes of temperature or pressure). 

Ultimately we may want to make direct comparisons with experimental measurements made on 

specific materials, in which case a good model of molecular interactions is essential. The aim of 

so-called ab initio molecular dynamics is to reduce the amount of fitting and guesswork in this 

process to a minimum. On the other hand, we may be interested in phenomena of a rather generic 

nature, or we may simply want to discriminate between good and bad theories. When it comes to 

aims of this kind, it is not necessary to have a perfectly realistic molecular model; one that 

contains the essential physics may be quite suitable.  

Using Molecular Dynamics, we can see what Biomolecules do, and what their role is in 

the biological system. That is the only method.   

 

 

 



 

 

 

 

 

2 The basic equations and potentials 
 

MD generates the dynamical trajectories of a system of N particles by integrating 

Newton’s equations of motion, with suitable initial and boundary conditions, 

andproper interatomic potentials, while satisfying thermodynamical (macroscopic) 

constraints.   

 

 

 

 

 

 

 

Total energy of system 

𝐸 = 𝐾 + 𝑈 

𝐾 =
1

2
∑ 𝑚𝑣𝑖

𝑁

𝑗=1

 

  

𝑈 = 𝑈(𝑟𝑗) 

 

 

 

 

 



 

 

2.1 Equations of motion & potential  

 
The molecular dynamics simulation is based on Newton's law of motion: 

 

𝐹𝑖 = 𝑚𝑖𝑎𝑖 

 

For each atom in a system constituted by N atoms. Here, 𝑚𝑖 is the atom mass, its 𝑎𝑖 =
𝑑𝑟𝑟𝑖

𝑑𝑡2
 

acceleration, and 𝐹𝑖  the force acting upon it due to the interactions with other atoms       

 𝑟𝑖 =  𝑐𝑜𝑛𝑠𝑡. That is, a molecule initially at rest will remain at rest and a molecule moving 

with a specified velocity will continue to move with that velocity until a force act on it. This 

is Newton’s first Law. 

Consider an isolated system that contains two spherical molecules,1 and 2 Hence, the 

total force is zero. 

  

𝐹𝑡𝑜𝑡𝑎𝑙 = 0 

 
Therefore, any force exerted by molecule 1 on molecule 2 must be balanced by a 

force exerted by 2 on 1. 

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹1 + 𝐹2 = 0 

 
Hence, 

𝐹1 = −𝐹2 
  

This is Newton’s third law. It's possible to determine the acceleration of each atom by 

knowing the force acting on each atom. Integration of the equation yields a trajectory 

that describes the positions, velocities and acceleration of each atom as they are varied 

with time. Once the positions and velocities of each atom are known, the state of the 

system can be predicted at any time. The force can be written as the gradient of the 

potential energy: 

𝐹𝑖 = −∇𝑖𝑉 

 

Combine two equations to get: 

−
𝑑𝑉

𝑑𝑟𝑖

= 𝑚𝑖

𝑑2𝑟𝑖

𝑑𝑡2
 

 
 

A trajectory is obtained by solving this differential equation. 



 

 

 

2.2 What is the Potential? 

 
A single atom will be affected by the potential energy functions of every atom in the 

system: bonded neighbors, and non-bonded Atoms (either other atoms in the same molecule, 

or atoms from different molecules). 

 

𝑉(𝑟) = 𝐸𝑏𝑜𝑛𝑑𝑒𝑑 − 𝐸𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 

 
2.2.1 Non-Bonded Atoms 

 
There are two potential functions we need to be concerned about between non-bonded 

atoms: Van Der Waals potential, and electrostatic potential 

 

𝐸𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 = 𝐸𝑣𝑎𝑛 𝑑𝑒𝑟 𝑤𝑎𝑎𝑙𝑠 + 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 

 
2.2.2 The Van Der Waals Potential 

 
Atoms with no net electrostatic charge will still tend to attract each other at short 

distances, as long as they don’t get too close. Once the atoms are close enough to have 

overlapping electron clouds, they will repel each other with astounding force. One of 

the most widely used functions for the van der Waals potential is the Lennard- Jones. 

It is a compromise between accuracy and computability. 

𝐸𝑙𝑒𝑛𝑛𝑎𝑟𝑑−𝑗𝑜𝑛𝑒𝑠 =  ∑ (
𝐴𝑖𝑘

𝑟𝑖𝑘
12 −

𝐶𝑖𝑘

𝑟𝑖𝑘
6 )

𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 𝑝𝑎𝑖𝑟𝑠
 

 

 

The Constants A and C depend on the atom types, and are derived from experimental 

data 

 

 

 

 



 

 

 

2.2.3 The Electrostatic Potential 

 
Opposite Charges Attract Like Charges Repel The force of the attraction is inversely 

proportional to the square of the distance 

                                      

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 =  ∑ (
𝑞𝑖𝑞𝑘

𝐷𝑟𝑖𝑘
)

𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 𝑝𝑎𝑖𝑟𝑠
 

 
2.2.4 Coulomb’s Law 

 

𝐹 =
𝑞1𝑞2

4𝜋𝜀°𝑟2

     

Coulomb interaction decay slowly with distance, considered long range interactions r 

represents the distance between two atoms having charges and.εrepresent the 

dielectric constant, a number relating the ability of a material to carry alternating 

current to the ability of vacuum to carry alternating current. 

 
2.2.5 The Non-Bonded Potential 

 
Combine the LJ and Electrostatic Potentials 

 

𝐸𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 = 𝐸𝑣𝑎𝑛 𝑑𝑒𝑟 𝑤𝑎𝑎𝑙𝑠 + 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 

 

2.2.6 Bonded Atoms 

 
There are three types of interaction between bonded atoms: stretching along, the 

bond bending between bonds and rotating around bonds 

 

𝐸𝑏𝑜𝑛𝑑𝑒𝑑 = 𝐸𝑏𝑜𝑛𝑑−𝑠𝑡𝑟𝑒𝑡𝑐ℎ + 𝐸𝑎𝑛𝑔𝑒𝑙−𝑏𝑒𝑛𝑑 + 𝐸𝑟𝑜𝑡𝑎𝑡𝑒−𝑎𝑛𝑔𝑒𝑙−𝑏𝑜𝑛𝑑 
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2.2.7 Bond Length Potential 

 
Both the spring constant and the ideal bond length are dependent on the atoms 

involved 

  

𝐸𝑏𝑜𝑛𝑑𝑒𝑑 = ∑ 𝑘𝑏(𝑟 − 𝑏ο)2

1,2 𝑝𝑎𝑖𝑟𝑠

 

 
2.2.8 Bond Angle potential 

 
Describe the deviation from an ideal bond angle geometry 

  

 

𝐸𝑏𝑜𝑛𝑑−𝑏𝑒𝑛𝑑 = ∑ 𝑘𝜃(𝜃 − 𝜃𝜊)2

𝑎𝑛𝑔𝑒𝑙𝑠

 

𝑘𝜃 represent angle bending constant, θ0represent the deviation from the ideal bond angle 

 

2.2.9 Torsion dihedral potential 

 
The motion associated is rotation, described by a dihedral angle around the middle 

bond. The potential is assumed to be periodic and expressed as a cosine function 

 

𝐸𝑟𝑜𝑡𝑎𝑡𝑒−𝑎𝑛𝑔𝑒𝑙−𝑏𝑜𝑛𝑑 = ∑ 𝑘∅(1 − cos 𝑛∅)2

1,4

Represent rotation constant, n represent the periodicity of the rotational barrier and Φ the 

dihedral angle. 

 

 

 

 

 

 

 



 

 

 

2.2.10 Hydrogen bonding potential 

 

𝑈𝐻𝐵 = ∑ [
𝐴

𝑟𝑖,𝑗
12 −

𝐵

𝑟𝑖,𝑗
6 ]

𝑖,𝑗

 

 

 
 

 

 
 

 

3 Lennard Jones potential 

 
The interactions at the simplest level, occur between pairs of atoms and  are 

responsible for providing the two principal features of an interatomic force. The   first 



 

 

  

 

 

 

 

 

 

4 Methods  

There are a number of software available for performing the molecular dynamic 

simulation of bio-molecules like GROMACS, Open Babel, VMD, UCSF Chimera, etc. 

We can select a software of our choice and perform the task but always remember that 

different software uses different Force Fields.   

 

5 MD Simulation of Argon 

 
5.1 Simple model of interacting Argon atoms 

 
Consider N atoms of argon each with mass m = 6.69 × 10

−26 
kg. Argon is an inert gas: 

argons atoms behave approximately like hard spheres which attract one another with 

weak van der Waals forces. The forces between two argon atoms can be approximated 

quite well by a Lennard-Jones potential energy function 

 

𝑉(𝑟) = 4𝜀 [(
𝜎

𝑟
)

13

− (
𝜎

𝑟
)

6

]

 

where r is the distance between the centers of the two atoms, ε = 1.65×10
−21 

J is the strength 

of the potential energy, and σ = 3.4 × 10
−10 

m is the value of r at which the energy is zero. 

The 1/r
12 

term represents a repulsive hard-core interaction between the argon atoms. The 1/r
6 

term represents an attractive dipole-dipole (van der Waals).  

 



 

 

  

interaction between the non-polar atoms. The potential has its minimum 

𝑉(2 𝜎6
1

) = −𝜀         𝐴𝑇    𝑟 = 2 𝜎6
1

    

  

The shape of the potential and the strength of the Lennard-Jones force is: 

 

𝐹 = −
𝑑𝑉(𝑟)

𝑑𝑟
=

24𝜀

𝜎
[2 (

𝜎

𝑟
)

13

− (
𝜎

𝑟
)

7

]    

 

We will choose units of mass, length and energy so that m = 1, σ = 1, and ε = 1. The 

unit of time in this system is given by 

𝜏 = √
𝑚𝜎2

𝜀
= 2.17 × 10−12𝑠 

   

which shows that the natural time scale for the dynamics of this system is a few 

picoseconds. 

 



 

 

 
 

 

 
  

5.2 MD program 

 
First include some standard headers Define data structures to describe the kinematics 

of the system. We next need to set the initial positions and velocities of the particles. 

This is actually a complicated problem! Because the system can be simulated only for 

a few nanoseconds, the starting configuration must be very close to equilibrium to get 

good results. For a dense system, the atoms are usually placed at the vertices of a 

face- centered cubic lattice, which is tends to minimize the potential energy. The 

atoms are also given random velocities to approximate the desired temperature. In this 

preliminary program we will put the system in a cubical volume of side L and place 

the particles at the vertices of a simple cubic lattice. 

 

5.3 The instantaneous temperature 

 
This is a simulation in which the number of particles N and the volume L

3 
of the 

system are fixed. Because the Lennard-Jones force is conservative, the total energy of 

the system is also constant. If the system is in thermal equilibrium, then Boltzmann’s 

Equipartiton Theorem relates the absolute temperature T to the kinetic energy: 

3(𝑁 − 1) × 𝐾𝑇 = 〈
𝑚

2
∑ 𝑣𝑖

2

𝑁

𝑖=1

〉 

 

 



 

 

 

5.4 Computer code for MD simulation of Argon 
 

 

 

 
 



 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

5.5 Output of simple MD program 

 
The 3D-configuration of 64 Ag atoms arranged in a simple cubic cell. After MD 

program run using Van-der-Waales potential we get the final configuration. 

 

 
 

64 atoms of Argon arranged in simple cubic system. 
 
 

 
 

The final configuration of Argon atoms after running simulation for 43.4              

seconds.



 

 

6  Future Scope 

 
As students of science, we all know that the macroscopic properties of elements owe a great 

deal to the time-dependent underlying microscopic properties and interactions among atoms and 

molecules. Molecular Dynamics Simulation has unbolted an incredibly huge number of doors 

for the research enthusiasts in the field of biological sciences, from the study of protein folding 

to the physics and chemistry behind the interactions among biomolecules, molecular docking to 

drug design, etc. The entire technique of MD Simulation depends solely on the trustworthiness 

of the model, force-field calculations and the thermodynamic property calculation and the 

ability of particular software to be able to mimic a process with as much reality as possible. 

Even though so many computer simulation techniques have been developed there is always the 

scope of improvement and simulation techniques obviously do not show cent percent accuracy 

in their results so better and more accurate techniques can always be developed. Also, with 

better results of the simulation process, the foundation for future studies on ion-exchange is 

being laid. Also, we need to develop more robust algorithms and one with a shorter number of 

steps. There is also scope for the development of lightweight and free software. Also, algorithms 

which are computationally less intensive are the need of the hour. 

 

7 Conclusion 
 

MD simulations have already more than 40 years of history. However, it was not until the recent years that 

MD has achieved time scales that begin to be compatible with biological processes. At present, when 

routine simulations are approaching the microsecond scale, conformational changes, or ligand binding can 

be effectively simulated. The improvement of the computational equipment, especially the use of GPUs, 

and the improvements made in the optimization of MD algorithms, including coarse-grained ones, allow us 

to move from the analysis of single structures, the basis of the molecular modeling as we know it, to the 

analysis of conformational ensembles. Conformational ensembles are a much better representation of real 

macromolecules, as they account for flexibility and dynamic properties (including all thermodynamic 

information) and ease the match with experimental results. Although the shift in concept is clear, and the 

technology is coming along, there is still a long way until biomolecular simulations, the generation of 

conformational ensembles, would become a routine. Tools exist that make the setup of a macromolecular 

system much easier, and even allow the nonexperts to enter the simulation world. However, lack of 

representation standards, much less optimized analysis tools, and even the difficulties in simply storing and 

transmitting the huge amount of trajectory data that is generated are still issues that remain to be solved.     

In any case, MD is already a valuable tool in helping to understand biology. 
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