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ABSTRACT

Molecular dynamics study of a binary mixture of argon and SPC/E water, with argon
as solute and water as solvent, at argon mole fraction of 0.023 have been accomplished at
temperatures 293 K, 298 K, 303 K, 308 K and 313 K. The solvent-solvent, solute-solute and
solute-solvent radial distribution functions (RDFs) have been estimated. The water-water
radial distribution function has been found to agree with the experimental values within
5%. Self-diffusion coefficients of both solvent and solute have been determined by means
of mean-squared displacement (MSD)curves using Einstein’s relation. The evaluated self-
diffusion coefficient at temperature 298 K has been found to agree with the experimental
value within 4%. Also the values of self-diffusion coefficient of water have been found to
agree with the available experimental values within 8% at maximum. Then, the Darken’s
relation has been invoked in order to determine the mutual/binary diffusion coefficients at
the respective temperatures. The temperature dependence of the diffusion coefficients has
also been analyzed. The estimated values of self-diffusion coefficients of water and argon as
well as the mutual diffusion coefficients of argon in water have given the linear Arrhenius
plot, which indicates that the self-diffusion coefficients have an Arrhenius dependence on
temperature. Moreover, the temperature dependence of the diffusion coefficients has been
found to be consistent with the nature of RDF’s at the respective temperatures.

v
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Chapter 1

Introduction

1.1 General Considerations

The experimental methods and theoretical techniques have been complementing each other
yielding an accelerated progress in the understanding of material at atomistic level. The
question that frequently arises in numerous context is the relation between the bulk prop-
erties of matter and the interactions among the constituent atoms and molecules. The
experimental method of studying the microscopic properties is ambiguous and cumbersome.
Rather the constructive approach is molecular dynamics method that tries to reproduce the
behavior using model system [1, 2]. The success of classical MD is based on the fact that a
large contribution to the molecular motion can be treated using classical mechanics. With
the computer power available nowadays, the equations of motion can be solved for systems
of the order of 10° atoms. In our study, the system consists of argon in water. Argon is an
inert gas and water is the vital element for the survival of the organisms on the earth. Here,
the time evolution of the system in the molecular level is studied using molecular dynamics
in order to determine the equilibrium dynamic properties of the system. It is important to
review the basic characteristic features of argon and water before going into the details of
the study [3].

1.1.1 Argon

Argon is a monoatomic, colorless, odorless, tasteless and nontoxic gas, present in the atmo-
sphere at a concentration of just under 1% (0.934%) by volume. After nitrogen and oxygen,
argon is the most abundant element in air. It is a member of inert or noble gases which
signifies that argon is chemically inactive. Argon was first discovered by Lord Rayleigh and
Sir William Ramsay in 1894. Its normal boiling point is -185.9°C. The gas is approximately
1.4 times as heavy as air and is slightly soluble in water. Its freezing point is only a few
degrees lower than its normal boiling point, -199.3°C. Argon has approximately the same
solubility as oxygen and it is 2.5 times as soluble in water as nitrogen. It is not found in
any compounds. Seawater contains 0.45 ppm argon. Argon being a noble gas does not react
with water even at high temperatures or under any other special conditions [4].

Argon is valued for its total inertness. It is used where a completely non-reactive gas is
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needed. It is the most abundant, and least expensive, truly inert gas. Argon is used with
methane as a filler gas, and as a high purity inert shield gas in the manufacture of silicon
and germanium crystals used in the semiconductor industry. Argon is used in winemaking
to displace oxygen in barrels and thus prevent the formation of vinegar. Similarly, it is
used to prevent open bottles of wine from oxidizing and to top off wine barrels, so the wine
doesn’t turn into vinegar during the aging process. Also they are filled in light bulbs and
incandescent lamps to protect the filament. The argon method or potassium-argon method
is applied in geology to date solidification time of volcanic materials [5]. In atomic research
argon is applied to protect other elements from unwanted effects. It is applied in tyres of
luxury cars to protect rubber and prevent noise emissions at high speed. Another popular
application are argon laser for eye correction, arteries welding and tumor removal. Argon
does not have any biological use and is non-water hazardous as well. It is physiologically
ineffective. All these make the study of argon more interesting [6].

1.1.2 Diffusion of Argon

Most of the uses of argon mentioned above includes the diffusion of argon in one way or the
other. Diffusion is the transport of matter from one region to another region in space with-
out any application of external forces other than the concentration difference (see chapter
2). Whether the case of filling argon along with the nitrogen in the bulbs or protecting wine
from turning out into venegar, it is the diffusion process that occurs directly or indirectly.
So, the diffusion of argon in liquid is of utmost importance.

The study of diffusion of argon in olive oil provides the basis to measure fat space within the
body [5]. The diffusion coefficient of argon in water helps to study the excretion of argon
from the human skin [4]. The atmospheric argon diffuse in rain water and along with it
enters the earth surface. The quantity of argon is calculated to evaluate the age of rock.
This is the important geological use of argon. As the breathing air contains argon, diffusion
of argon occurs in lungs as well. The high percentage of argon in breathing air leads to
oxygen deprivation and asphyxiation. Also the mass diffusion rate can be used to separate
the stable isotopes of argon from a mixture.

Although argon is inert, its diffusion effect has remarkable effects on geological, health as
well as industrial sector. All these provided us the means to study about the diffusion of
argon in water.

In an attempt to contribute in the above mentioned fields which are relatively confined
but of much importance, a simple study of mutual diffusion of argon in water is done. A
few pertinent studies have been done on this subject. Experimentally, some of the famous
techniques used for the study of diffusion are, Electron-Spin Resonance (ESR), Dynamic
Light Scattering (DLS) and Nuclear magnetic resonance (NMR) [7]. The mass spectrometry
method is also used in some cases [4]. These methods are expensive and difficult to handle.
An alternative method free from experimental cumbersome is molecular dynamics simulation
which has beed adopted in our study.
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1.1.3 Scope of the Present Work

In this study, the molecular dynamics technique has been used to study the diffusion of
argon in water. The entire work has been described in five major chapters.

The theoretical description of diffusion is presented in chapter 2. The expression for self-
diffusion, which is the famous Einstein’s relation, is derived using Fick’s law and equation
of continuity. Then comes the binary diffusion with an empirical Darken’s relation. A short
introduction of radial distributed function is also provided in a simplified manner. Also, in
this chapter a basic idea on several aspects of molecular dynamics is explained along with its
limitations. A brief introduction on the available molecular dynamics software is included
as well. Finally, the chapter ends with the description of GROMACS (Groningen Machine
for Chemical Simulations), the molecular dynamics package used in the current study.

The details of the simulation procedure carried out in this work is explained in chapter
3. This chapter basically helps the newcomers to use molecular dynamics and GROMACS.
It contains a fine detail of every step in molecular dynamics from modelling of a system to
its dynamics. Also provided is the various commands in GROMACS along with their use.
The outcome of simulation is entirely based on the steps taken in this chapter.

The results of present study is presented in chapter 4. The results thus obtained are the
discussed and analyzed. Initially, the structural analysis is done by estimating the pair
distribution function for the argon-water system. Then the self-diffusion coefficient at vari-
ous temperatures for each component (water and argon) are analysed on the basis of mean
square displacement plot. Then, on the basis of self-diffusion coefficients, the mutual diffu-
sion coefficient of argon in water at different temperatures is calculated by invoking Darken’s
relation. Also, the temperature variation of the diffusion coefficients are presented. Finally,
in chapter 5, the study is concluded with its future scope.



Chapter 2

Theory

2.1 Diffusion Theory

2.1.1 Diffusion: The Definition

In a thermodynamic system, different physical quantities such as mass or matter, momen-
tum and energy are transferred from one region of a system to another by various transport
phenomena. The mass or matter alone can be transported by several processes. Diffusion is
one of the processes by which matter is transported from one part of a system to another as a
result of random molecular motions without requiring bulk motion. Other processes include
convection or dispersion which use bulk motion and thus are quite different from diffusion.
Diffusion is a time-dependent process, constituted by random motion of given entities and
causing the statistical distribution of these entities to spread in space. Thus the concept of
diffusion is tied to notion of mass transfer, driven by a concentration gradient [7].

A simple classical experiment can be taken to illustrate a diffusion phenomenon. A tall
cylindrical vessel with its lower part filled with iodine solution is taken and a column of clear
water is poured on top carefully and slowly so that no convection currents are set up. At
first,a well-defined boundary separates the colored part from the clear part.In time it is found
that the upper part becomes colored, the color getting fainter towards the top, while the
lower part becomes correspondingly less intensely colored. After sufficient time, the whole
solution appears uniformly colored. There is evidently a transfer of iodine molecules from
the lower to the upper part of the vessel taking place in the absence of convection currents.
Therefore, the iodine is said to have diffused into the water [7]. Similarly if a few crystals
of colored material like copper sulphate are placed at the bottom of a tall bottle filled with
water, the color will slowly spread through the bottle. At first the color will be concentrated
in the bottom of the bottle.After a day it will penetrate upward a few centimeters. After
several years the solution will appear homogeneous [8].

In the above example, if it were possible to watch individual molecules of iodine or cop-
per sulphate it would be found that the motion of each molecule is a random. In a dilute
solution, each molecule behaves independently of the others, which it seldom meets, and
each is constantly undergoing collision with solvent molecules. As a result of collisions it
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moves sometimes towards a region of higher concentration and sometimes that of lower con-
centration having no preferred direction of motion towards one or the other. The motion of
a single molecule can be described in terms of the random molecular walk picture. For such
motion, although it is possible to calculate the mean-squared distance travelled in a given
interval of time, it is not possible to say in which direction a given molecule will move in
that time.

In the random molecular motions, where no molecule has a preferred direction of motion, has
to be reconciled with the fact that a transfer of molecules from the region of higher to that
of lower concentration is nevertheless observed. Let us consider any horizontal section in
the solution and two thin and equal volume elements, one just below and one just above the
section. Though it is not possible to say which way any particular molecule will move in a
given interval of time, it can be said that on the average a definite fraction of the molecules
in the lower volume element will cross the section from below; and the same fraction of
molecules in the upper volume element will cross the section from above in a given time.
Thus, because there are more molecules in the lower element than in the upper one, there is
a net transfer from the lower to the upper side of the section as a result of random molecular
motions [7]. Thus, diffusion is caused by random molecular motion of the particles in the
fluid.

2.1.2 Mathematical Treatment: Einstein’s Relation

Transport coefficients describe the material properties of a fluid within the framework of
continuum fluid dynamics. The most familiar of the transport coefficients are those appli-
cable to simple fluids; these are the diffusion coefficient, the shear and bulk viscosities and
the thermal conductivity. In a continuous system the diffusion coefficient D is defined by
Fick’s law relating mass flow to density gradient [17]. The Fick’s law states that the rate
of transfer of diffusing substance through unit area of a section, which is defined as particle
flux J, is proportional to the concentration gradient measured normal to the section, i.e.,

J = —DVC(r,1), (2.1)

where C(r,t) is concentration of the diffusing substance which is function of position and
time, and D, the proportionality constant, is referred to as the self or mutual diffusion coeffi-
cient. The diffusion coefficient measures the rate of diffusion of the substance. The negative
sign indicates that the diffusion occurs in the direction opposite to that of increasing con-
centration. The flux J and the concentration C(r,t) are both expressed in terms of the same
unit of quantity, e.g. gram or gram molecules. Then from equation (2.1), it is clear that D
is independent of this unit and has dimensions (length)?(time)~! [7].

It must be noted that the statement expressed mathematically by equation (2.1) is in general
valid only for an isotropic medium, whose structure and diffusion properties in the neigh-
borhood of any point are the same relative to all directions. Because of this symmetry, J is
along the normal to the surface of constant concentration through the point [7].
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To determine the diffusion coefficient of the substance it is necessary to compute the concen-
tration profile of the diffusing substance. This is done under the assumption that at time t=0,
the substance was concentrated at the origin of our coordinate frame, i.e., C(r,0) = o(r).
However, to compute the time evolution of the concentration profile, equation (2.1) must be
combined with the equation of continuity given below, which expresses conservation of the
mass of the substance, i.e.,

oC(r,t)

5 +V.J(r,t)=0. (2.2)
Using equation 2.1, we get
M - V.(VC(r,t) =0 (2.3)
ot
or
% — V2C(r,t)) = 0. (2.4)

As stated earlier, equation (2.4) is solved using the boundary condition
C(r,0) = 0d(r) (2.5)

where 0(r) is the Dirac delta function. This will yield [16]

7”2

C(r,t) = 1Dt

) (2.6)

1
(G Diyie P

where d represents the dimensionality of the system. For a three-dimensional system as
general is the case, it carries a value of 3.

The time dependence of second moment of C(r,t) is defined as
<r2(t) >= / dxC(r, 1)1 (2.7)
where C(r,t) satisfies the normalization condition

/drC(r, t)=1. (2.8)

The second moment is also known as mean-squared displacement (MSD) of the diffusing
particles.

The time evolution of < r%(t) > can be obtained by multiplying equation (2.3) by r? and
integrating over all space. Then,

/dr 7"2% = /dr r2DV.(VO(r,t)). (2.9)
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Changing the order of integration and derivative, we get

%/dr r*C(r,t) = D/dr r*V.(VC(r,t)). (2.10)
From equation (2.7), equation (2.10) can be written as

% <2(t) >= D/dr 2V (VO 1)). (2.11)
Since

V.(¢VY) = Vo. VY + ¢V, (2.12)
equation (2.11) can be written as

% <7r(t) >= D/drV.(rQVC(r, t)) — D/drVrQ.VC(r, t). (2.13)

Using the Gauss divergence theorem

/Vdr(V.A) :/dS.A (2.14)

5
in the first part and taking derivative in the second part we get,

% <r%(t) >= D/dS.(TQVC(T, t)) — 2D/dr r.VC(rt). (2.15)

The surface integral is zero over the surface enclosing the entire space under consideration.
Thus, the first term vanishes. Using equation (2.12) in the second integral, it is seen that

% <7r(t) >= —2D/dr V.(rC(rt)) + 2D/drV.rC(7", t). (2.16)
Again, the first integral vanishes by divergence theorem and V.r=3. Using these, (2.16)
becomes

% <7r?(t) >= 6D/drC(7", t). (2.17)

Now, using the normalization condition (2.8), an expression for diffusion coefficient can be
obtained as

0 <ri(t) >
60t '

Equation (2.18) is the famous Einstein relation which relates the diffusion coefficient with the
mean-squared displacement (MSD). In this equation D is a macroscopic transport coefficient,
the mean square displacement has a microscopic interpretation [16]. As expressed in equation
(2.18), the instantaneous diffusion coefficient is given by the slope of a curve of MSD of the
diffusive particles versus time. For an MSD that behaves as a straight line after a prolonged
period of time, equation (2.18) reduces to

D_ (2.18)

2
D = lim w

2.19
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2.1.2.1 Self Diffusion

The self diffusion occurs in a homogeneous system where no chemical concentration gradi-
ent exists. In a homogeneous system, the constituent particles are in rapid translational
motion due to various interactions with other particles and thermal agitation. The motion
can also be termed as "random walk”. The molecular displacements are characterized by
the corresponding diffusion coefficient which is called the self-diffusion coefficient. In three
dimensional space diffusion coefficient is related to mean square displacement after certain
time ¢ via Einstein relation given by equation (2.19). Thus the diffusion coefficient given by
Einstein relation is self diffusion coefficient [30].

The self diffusion is a simple form of diffusion where the molecules of the diffusing species
are identical to the other molecules in every aspect. The only difference is that the diffusing
species is labelled and that too does not affect the interaction of the labelled molecules with
the others. For instance, the diffusion of similar species having a particular polarization
of the nuclear spin or having a modified isotopic composition [16]. This term is used for
the diffusion not only in a pure system of single component but also in a homogeneous
multi-component system. Following the general of looking for a molecular description of
the properties of matter, the self diffusion coefficient has become a key quantity for inter-
preting and modelling transports in liquids, because among all transport coefficients the
self diffusion coefficient is certainly the most simple to interpret. For example, the extrac-
tion of self-diffusion coefficients from molecular dynamics simulation is straightforward by
evaluation of the mean-squared displacement from the simulated trajectories of the parti-
cles. Microscopically, it is characterized by the noncooperative random-walk motion of the
individual molecules [30].

2.1.2.2 Binary Diffusion

The diffusion of two different species in a binary mixture is called binary diffusion and the
corresponding diffusion coefficient is called binary diffusion coefficient. If, as an external
perturbation, a concentration inhomogeneity is set up for one of the components, the system
responds with another diffusion process called binary diffusion. This is because a concentra-
tion gradient of any component results in mass fluxes of all other components. In this case
the species diffuse cooperatively, so as to smear out the concentration inhomogeneity [30].
This process is also termed as mutual diffusion in work on fluid mixtures, in other fields
the term inter diffusion, mass diffusion, chemical diffusion, or transport diffusion are also in
use. The cooperativity of the mass flows distinguishes mutual diffusion from the stochastic
motion of individual molecules reflected by the self diffusion process. For example, the mass
flows of the two components in binary systems are coupled and a single quantity, called
mutual diffusion coefficient, is sufficient to characterize the diffusion process, regardless of
which of the mass flows is observed [30].

The simplest self diffusion-mutual diffusion relationship for the binary system is the Darken’s
relation sometimes called Hartley-Crank relation [31, 32].

D12 = Nng + NlDQ. (220)

D15 is the binary diffusion coefficient. Dy and Dy are the self diffusion coefficients of species
1 and 2, respectively. Ny and N, are the corresponding mole fractions. For a binary system
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under infinite dilution, the binary diffusion coefficient becomes equal to the self-diffusion
coefficient of one of the components. From the applications’ point of view, mutual diffusion
is more important than self-diffusion and plays a major role in many physical and chemical
processes. It is characterized by the cooperative motion of the molecules and therefore its
theoretical description is more complex than that of the self diffusion. Experimentally, the
use of nuclear magnetic resonance spin-echo experiments provides an elegant and convenient
method for monitoring self diffusion in liquids. The methods such as dynamic light scatter-
ing and Taylor dispersion methods are frequently adopted for measuring mutual diffusion
[30].

2.2 Radial Distribution Function: An idea

The fluid state is characterized by the absence of any permanent structure. There are,
nevertheless, well-defined structural correlations that can be measured experimentally to
provide important details about the average molecular organization. The treatment of the
structural correlation begins with the general pair distribution function g¢(rq,r9)[17]. If the
system is isotropic, the pair distribution is a function of only the separation ro=|r;-rs|; it
is then usually called the radial distribution function and written as g(r). The probability
of observing a second molecule in dr given that there is a molecule at the origin of r is given
by pg(r)dr, where p=N/V is the overall number density of the system. This probability is
not normalized to unity. Instead, the definition of g(r) implies that on average the number
of particles lying within the range r to r+dr from a reference particle is 47r?pg(r)dr. Then

/ pg(r)dnr’draN (2.21)
0

Since the influence of particles at the reference particle diminishes as r becomes large, g(r)
tends to unity at large r, and g(r) vanishes as r tends to zero as a consequence of the strongly
repulsive forces that act at a small particle separation. The form of g(r) provides consider-
able insight into the study of the structure of liquids mainly of two reasons. Firstly, if we
assume that the potential energy of the N-body system is pair-wise additive, then all the
thermodynamic functions of the system can be written in terms of g(r). Secondly, g(r) is
measurable by radiation scattering experiments. It shows a pattern of peaks and troughs.
The peaks in g(r) represent shells of neighbors around the reference particle. Integration of
47r?pg(r) upto the position of first minimum therefore provides an estimate of the nearest
neighbor co-ordination number [28, 29]. The RDF primarily addresses the local structure,
but gives little direct information as to whether long-range crystalline order exists[17]. In
a solid, the RDF has an infinite number of sharp peaks whose separations and heights are
characteristic of the lattice structure. The RDF of liquid has a small number of peaks at
short distances, superimposed on a steady decay to a constant value at longer distances.
Figure 2.1 and 2.2 illustrate the structure of RDF.

As seen from the figure, at short range up to a finite distance, RDF has a zero value, indicat-
ing that there is a zero probability of finding the particles within this distance. Mathemati-
cally, it is due to =2 term of Lennard-Jones interaction and repulsive Coulomb interaction
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Figure 2.2: Simple model of system illustrating 'shells’in rdf

incorporated in the model of the system. Physically, it signifies the presence of a hard core in
the interatomic interaction which gives rise to an excluded volume in the spatial distribution
of particles. In other words, particles, either argon atoms or solvent molecules, repel each
other at this short range. This repulsion is a characteristics of the density of the system.
The distance of separation is less than the van der Waal’s radius of the molecule under
consideration. Beyond this distance, g(r) starts to rise and becomes oscillatory gaining some
peaks and at long ranges approaches unity. The oscillatory nature of ¢g(r) has a very simple
physical meaning. It shows that with reference to a given particle, other particles in the sys-
tem are not distributed uniformly. Rather, they are arranged in discrete spherical shell-like
structures having certain radius with the center at reference particle. Therefore, the first
peak in g(r) signifies position of the first nearest-neighbors contained in the first shell. The
second peak indicates the position of second nearest-neighbors contained in the second shell
and so on. However, the peaks are seen to damp out fairly quickly approaching unity at
long range. This implies that there is only local order in the system and no long-range order
which is a characteristic feature of the liquid state. This is because in liquid, particles are
uncorrelated when they are far apart[14].
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2.3 Molecular Dynamics: An Introduction

Molecular dynamics simulations is the modern realization of an old, essentially old-fashioned,
idea in science; namely, the behavior of a system can be computed if we have, for the systems
parts, a set of initial conditions plus forces of interaction. From the time of Newton to the
present day, this deterministic mechanical interpretation of Nature has dominated science
[9]. The impressive static images of inorganic molecules and biological macromolecules with
atomic resolution is provided by crystallography. However, these pictures convey no infor-
mation on dynamic features like conformational variation, ligand binding or protein folding,
diffusion, etc. A dynamic picture fundamentally relies on spectroscopical observations that
contain little or no information about the molecular geometry. Moreover, at present there is
no technique that provides high resolution in time and space at the same time. Besides, the
experimental measurement of the different transport properties of a system such as diffusion
coefficient is difficult and time consuming as well as expensive.

One of the best ways to address this problem is computer simulation of classical molec-
ular dynamics (MD). MD simulations permit the study of complex dynamic processes that
occur in biological systems like protein stability, protein folding, conformational changes etc.
and to watch a molecule at atomic resolution while it performs its function. The first crude
MD simulations were carried out in the late fifties by Alder and Wainwright [1957, 1959] with
a system of hard spheres moving with constant velocity between elastic collisions. In 1964,
Rahman modelled the first Lennard-Jones system, and in 1971 Rahman and Stillinger made
a simulation on a liquid water [15]. In the seventies, numerous techniques were developed
that allowed simulations of complex molecules and transient systems. The first simulation
of a protein, the bovine pancreatic trypsin inhibitor (BPTI), was performed in 1977. Sim-
ulations at that time were performed in vacuo, but the availability of vast computer power
nowadays allows for simulations of much larger systems, e.g. proteins in their native en-
vironment like water or membrane [14]. In the last decade, people have begun simulating
simple systems such as the diffusion of gases into solids, interfaces between different liquids,
or rarefied gases. Also the MD techniques have evolved in the application to macroscopic or
"real” systems. While molecular level phenomena will always be of interest, large scale use
of microscopic methods will produce macroscopic effects. The field of gas dynamics has for
years recognized the relationship between microscopic interaction of atoms and macroscopic
properties such as temperature, pressure and viscosity [10].

In classical molecular dynamics Newton’s equations of motion are solved for a system of
N atoms interacting according to a potential energy U. It is a function of space (r) with
which Newton’s equation of motion for ¥ atom can be stated as
0?r;

Here m; is the mass and 7; is the position of the i atom. The right-hand side is negative
gradient of the potential which is equal to the force F; acting on the atom. This equation
relates the derivative of the potential energy to the changes in the position as a function of
time. Thus, provided a model of the potential energy U of the system under study which is
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known as force field, integration of equation (2.22) yields the trajectory of the system that
describes the positions, velocities and accelerations of the particles as they vary with time.
The trajectory provides insight into the system’s conformational flexibility as the system
explores different accessible parts of the phase space. Thus the method is deterministic;
once the positions and velocities of each atom are known, the state of the system can be
predicted for any time. Moreover, the equilibrium and transport properties of the system
can be calculated using the trajectory [14].

Molecular dynamics simulations can be considered as a simple program which are designed
taken into consideration that they are in many respects very similar to real experiments [16].
The overall process can be summarized into four major steps as follows:

e Modelling a System,
e Initialization,
e Force Calculation,

e Integration of Equation of Motion.
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2.3.1 DModelling a System

Modelling a system means preparing a system model under study. A computer simulation
is applied to a precisely defined model for the material of interest. A model is actually
a composite of two: one for interactions among the molecules making up the system and
another for interactions between the molecules and their environment [9]. The model for
molecular interactions is contained in an intermolecular potential energy function. This po-
tential function implicitly describes the geometric shapes of individual molecules or, more
precisely, their electron clouds. Thus when we specify the potential function, we establish
the symmetry of the molecules,whether they are rigid or flexible, how many interaction sites
occupy each molecule, and so on. The second part of the simulated model encompasses
boundary conditions, which describe how the molecules interact with their surroundings. So
setting boundary conditions completes the definition of the model system to be simulated [9].
This indicates that the model comprises of the force field and system topology. A force field
is constituted by the functional form of the empirical potential describing the interactions
between the atoms and /or molecules along with the parameters used in that function. These
parameters may be well depths of energies, spring constants for bonds, etc. The topology of
the system consists of lists of atoms that are connected to each other [14].

The choice of force fields depends upon the nature of the system. There are numerous force
fields for different applications. The most popular force fields for biomolecular simulations
are GROMOS96, OPLS-AA, CHARMM and AMBER. They show considerable differences
in the strategy of parameter specification and the resulting parameters. Nevertheless, the
functional forms of these force fields are very similar [14].

In conventional MD simulations, the particles moving in the simulation cell, obey the laws
of classical mechanics. The instantaneous forces acting on the particles are calculated from
potential energy functions i.e. force fields, expressed normally as simple analytical contin-
uous functions. These potential functions are derived empirically. Atoms are treated as
spherically symmetric particles connected through covalent bonds forming molecules. Inter-
actions between atoms of molecules are represented by effective pair-wise additive potentials.
This empirical approach splits the total potential energy of the system into a bonded(inter
molecule) and non-bonded(intra molecular) part [3]. The bonded interaction encompasses
terms for bond stretching Upenq, bond angle bending Uypgie, dihedral angle potential Ugiped,
and out-of-plane distortions alias improper Ujy,,,. They are not exclusively pair interactions,
but include 3-body and 4-body interactions as well. Non-bonded interactions are represented
by the Van der Waals potential U,q and the Coulomb potential Ucouioms. Therefore, the
total potential energy function of a system can be stated as

Utotal = Ubond + Ucmgle + Udihed + Uimpr + UvdW + UCoulomb' (223)

In classical MD studies, the bond stretching, bond angle vibration, and improper dihedral
potential energy contributions are approximated in terms of harmonic potentials. However,
the potential function for proper bond dihedral is characterized by periodic potentials [11].
The potential energy functions are defined below.
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dihedral improper c

Figure 2.3: Different types of bonds in a molecule [14] .

2.3.1.1 Bond Stretching

The bond stretching potential between two covalently bonded " and j** atoms in a molecule
is defined as

1
Ubond = 51{3:]-(7"1']' — bij)2- (224)

Here b;; represents the bond length and k7; represents force constant. Figure 2.3 (upper-left)
represents the principle and figure 2.4 represents the potential [12].
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Figure 2.4: Harmonic potential for bond stretching for a typical system [14].
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2.3.1.2 Bond-angle Vibration
The bond angle vibration formed by triplet of atoms (7,7,k) in a molecule is defined as

1
Uangte = Ekgk(@ijk - @?jk)2‘ (2.25)

Here kgk, is the force constant and ©7;, is the equilibrium bond angle. Figure 2.3 (upper-
right) represents the principle. Atom jis in the middle and atoms ¢ and k are at the ends.

Figure 2.5 represents the potential [12].
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Figure 2.5: Harmonic potential for bond angle vibration for a typical system [14].
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2.3.1.3 Proper Dihedrals

The dihedral is defined by the angle between the two planes determined by atoms A-B-C and
B-C-D. It measures torsion around bonds as shown in figure 2.3 (lower-left). The periodic
potential is defined as

L®
Ugihed = 71(1 + COS(’/LCI)i + (51)) (226)

Here ®; is dihedral angle, k? is the barrier height, and §; is a reference angle at which the
potential is maximum. The periodicity n; counts the number of minima for a full rotation
of 360°. The potential is represented by figure 2.6 [12].
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Figure 2.6: Harmonic potential for proper dihedral of a typical system [14].

2.3.1.4 Improper Dihedrals

The improper dihedrals keep planar groups planar or prevent molecules from flipping over to
their mirror images. The principle has been shown in figure 2.3 (lower-right). The potential

is defined as

1
Uimpr = §kw<wijkl - CU())2, (227>
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where the parameters wy and k, mark the equilibrium improper dihedral angle and force
constant, respectively. Figure 2.7 represents the potential [12].

E et
4 -
=
£
=
=
<]
oy
D | T | T _'_ T | T | 1
=20 =10 0 10 20
@ (%)

Figure 2.7: Harmonic potential for improper dihedral for a typical system [14].

2.3.1.5 Lennard-Jones’s Interaction

It is a non-bonded interaction. The potential energy function is composed of the attractive
dispersion energy due to induced dipole interactions and a repulsive term due to overlapping
electron clouds in interacting atoms which are well explained by two terms in the Lennard-
Jones potential. The LJ potential is defined as

ULy = 4e[(72)" = (27, (2:28)

ij T'ij

The @6 term describes attraction at long ranges (van der Waals force, or dispersion force)and
the 7’512 term describes Pauli repulsion at short ranges due to overlapping electron orbitals.
In the above relation 2V 65,; is the equilibrium distance called van der Waals radius at which
the inter-particle potential is zero and ¢;; represents the minimum energy depth, that is , the
depth of the potential well [13]. Also it clearly indicates that the potential energy function
depends on inter atomic or intermolecular distance r;;. Figure 2.8 represents the potential.
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Figure 2.8: Lennard-Jones potential for a typical system.

2.3.1.6 Coulomb Interaction

It is a non-bonded interaction that arises due to the presence of some partial charge in the
atoms or molecules. This type of interaction, commonly called electrostatic interaction, may
occur between atoms of same or different molecules. The interaction is defined by Coulomb

potential, approximated by the interaction between two point charge ¢; and ¢; as given below
[14].

4iq;
dmeegry;

UCoulomb = (229)

Here € denotes the dielectric constant, €, is the permittivity of free space and r;; is the
distance between the charges. In molecules, the atoms share their valence electrons and
the electron density may be shifted due to different electronegativity of the atoms. These
different charge densities can be mapped into partial point charges which are represented
by ¢; and ¢; in the expression above.But atoms are not charged unless they are ions,so the
atomic charges in this expression are an artificial construct [14]. The potential is represented
by figure 2.9.
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Figure 2.9: Coulomb potential (Attractive) for a typical system [14].

2.3.2 Simulation Box and Periodic Boundary Conditions

One of the most important tasks of modelling a system is to construct a simulation box and
tackle various effects thereby. As the computer simulations are usually performed on small
number of molecules, 10< N < 10,000 , the simulation box is generally taken to be cubic
which contains all the molecules of the system under study. In other words, all the molecules
are kept inside this simulation box. A major obstacle on choosing such simulation box is
that the large fraction of molecules lie on the surface of the cube. As an example, for 1000
molecules arranged in a cube of side 10, more than 488 molecules appear on the cube faces.
The molecules on the surface experience quite different forces from molecules in the bulk
[15].

A system that is bounded but free of physical walls can be constructed by resorting to pe-
riodic boundary conditions. Molecular dynamics simulations of any system aims to provide
information about the properties of a macroscopic sample. Therefore, in order to simulate
bulk phases by overcoming surface effects, it is necessary to implement periodic boundary
conditions [16]. The introduction of periodic boundaries is equivalent to considering an
infinite, space-filling array of identical copies of the simulation region. In the course of simu-
lation, as a molecule moves in the original box, its periodic image in each of the neighboring
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boxes moves in exactly the same way. Thus, a molecule that leaves the simulation region
through a particular bounding face immediately reenters the region through the opposite
face. This conserves the number density of the system [15, 16]. Figure 2.10 represents the
application of periodic boundary conditions.

Figure 2.10: Schematic representation of periodic boundary condition. A primitive cell is
represented by box C other boxes are its replica [14].
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2.3.3 Initialization

The next step to follow is assign initial positions and velocities to all particles in the system.
The particles positions should be chosen compatible with the structure that we are aiming to
simulate, taking into consideration that the atomic or molecular cores do not overlap. This
can be often achieved by initially placing the particles on a cubic lattice. The density and
initial temperature are chosen such that the simple cubic lattice is mechanically unstable
and melts rapidly. First, each particle is put on its position and lattice site and then to
each velocity component of every particle a value is attributed using Maxwell-Boltzmann
distribution. Subsequently, all velocities are shifted such that the total momentum is zero.
The resulting velocities are then scaled to adjust the mean kinetic energy to the desired
value. The relation given below holds in thermal equilibrium.

kT

- (2.30)

<l >=
Here v, is the a component of the velocity, m is mass of a given particle, T is temerature
and kp is Boltzman’s constant [16, 14].

2.3.4 Force Calculation

This part includes the calculation of force acting on every particle. If we consider a model
system with pairwise additive interactions, we have to consider the contributions to the force
on particle ¢ due to all its neighbors. The formula is given as;

F, = —V,U(r,). (2.31)

Initially, the current distance in the x, y, and z directions between each pair of particles i and
j is calculated. Then taking a periodic boundary conditions,a cutoff at a distance r. is used
in the explicit calculation of intermolecular interactions, where r, is chosen to be less than
half the length of the cubic simulation box [16]. It is because if the intermolecular interaction
is long-ranged such as Coulomb interaction, there will be a substantial interaction between a
particle and its own images in the neighboring boxes. Consequently the symmetry of the cell
structure is imposed on the system which is in reality isotropic [15]. Using cutoff distance, the
evaluation of intermolecular interactions between particles i and j to the interaction between
i and the nearest periodic image of j is limited. This is called nearest-image convention
and can be reliably employed on a system in which dispersion forces dominate Coulomb or
dipolar interactions [16]. An example is Lennard-Jones fluid which is also the system under
study. The near-image convention has been illustrated in the figure 2.11.

When the interaction beyond 7. is significant, long range correction should be done. This
correction is usually based on the concept in which the field beyond . is constant (mean field
approximation). In the case of Lennard-Jones interaction the long-range correction term is
given as:

ULR:27TNp/ dr T’QUL,J (232)

Te
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2.3.5 Integration of Equation of Motion

The first objective of molecular dynamics simulation is to compute the phase space trajecto-
ries which is obtained by solving Newton’s equation. To obtain the phase space trajectories
both the time-dependent positions r; and time- dependent momentum p; are desirable and
are obtained by the integration of equation of motion. Both the position coordinates and
velocity components are calculated with the help of known initial position coordinates and
the velocity components. This calculation is done after all forces between the particles have
been calculated. A variety of different numerical methods is available for this task.

2.3.5.1 Verlet Algorithm

The Verlet algorithm [Verlet 1967] is one of the simplest algorithms that uses positions and
accelerations at time ¢ and the positions from time t — dt to calculate new positions at time
t 4+ dt. The Verlet algorithm uses no explicit velocities. It is a famous, the simplest, and
usually the best algorithm. To derive it, let us consider a particle with the position r and
velocity v. Then a Taylor expansion of the position coordinate r about time t is
F(t) ot d®r
r(t+0t) =r(t) + v(t)dt + —=0t" + —— + O(6t"). 2.34
(14 t) = v{t) + V()01 + = Lo + -8+ 0o (231
Here 0t is the time step in the molecular dynamics simulation, m is the mass, and F is the
force on the particle. Similarly,
F(t) 5t dr

r(t — 6t) = r(t) — v(t)ot + %&2 -~ O(0t*). (2.35)

Adding equation (2.34) and equation (2.35), it is seen that

r(t +0t) +r(t — 0t) = 2r(t) + %&2 + O(6t%) (2.36)
r(t + 0t) = 2r(t) — r(t — t) + %&2 + O(6t4). (2.37)

Thus, there is an error of order §t* in the estimate of the new position. It is also seen that
the Verlet algorithm does not use the velocity to compute the new position.
To derive velocity subtracting (2.35) from equation (2.34), we obtain

r(t + 0t) — r(t — 0t) = 2v(t)dt + O(t?) (2.38)

v(t) = S 2;;(’5 =9 L o). (2.39)

This expression for velocity is accurate to order of §t2. Since the new positions have been
computed, the positions at time t — §t can be discarded. The current positions become the
old positions and the new positions become the current positions [16].
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2.3.5.2 Leapfrog Algorithm

In Leapfrog algorithm [Hockney 1970], the velocities are first calculated at time t+dt/2,
these are used to calculate the positions, 7, at time t+dt. In this way, the velocities leap
over the positions, then the positions leap over the velocities. There are several algorithms
which are equivalent to the Verlet algorithm. The Leap Frog algorithm can be derived as
follows.

To derive the Leapfrog algorithm from Verlet scheme, it is started by defining velocities at
the half-integer steps as

r(t) —r(t — ot)
ot

v(t — 6t/2) (2.40)

and

r(t) + r(t + ot)
5t

v(t+0t/2) = . (2.41)

From equation (2.41) an expression for the new positions based on the old positions and
velocities can immediately be obtained as

r(t + o0t) = r(t) + v(t + 6t/2)dt. (2.42)
Using Taylor series expansion on velocity about t , we get

F(t)

v(t+dt/2) =v(t) + 5t%. (2.43)
Again,
v(t —0t/2) = v(t) — 5tF2Lntl) (2.44)

Subtracting equation (2.43) from equation (2.44) it is seen that
F(t)
v(t+0t/2) = v(t — 0t/2) + 6t——. (2.45)
m

Equation equation (2.45) gives the update of velocity based on new old velocity and force
on the particle.

As the leapfrog algorithm is derived from the Verlet algorithm, it gives rise to identical
trajectories. However, the velocities are not defined at the same time as the positions. As a
consequence, kinetic and potential energy are also not defined at the same time, and hence
total energy cannot be computed directly in the Leapfrog algorithm [16]. Figure 2.12 gives
a schematic representation of the algorithm.
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Figure 2.12: Schematic representation of Leapfrog algorithm. It is so called as r and v are
leaping like frogs over back of each other [12].

2.3.6 Constraint Algorithm

The famous constraint algorithm used in MD is SHAKE algorithm. The internal con-
straints such as interatomic bonds, bond angles, proper dihedrals, improper dihedrals etc.,
are to be taken into account in polyatomic systems. That is, the equilibrium bond lengths,
bond angles should remain unchanged throughout the simulation. For such systems, the
standard Leap Frog method of calculation of new positions and velocities then may not
be sufficient. Therefore, a set of independent generalized coordinates must be constructed
to obey the constraint-free equations of motion. In these equations the constraints appear
implicitly. In other words, SHAKE is a method that deals with Leapfrog algorithm with
internal constraints [14].

SHAKE uses Cartesian coordinates for each of the atoms to describe the configuration of
molecules with internal constraints. It is a procedure that approaches internal constraints by
going through the constraints one by one, cyclically, adjusting the coordinates to satisfy each
constraints in turn. The procedure is repeated until all constraints are satisfied to within a
specified tolerance level [14].

Operationally, SHAKE algorithm changes a set of unconstrained coordinates r’ to a set
of coordinates r” that fulfill a list of distance constraints using a set r as reference. i.e.,

SHAKE(r' — r";r). (2.46)

This action is consistent with solving a set of Lagrange multipliers in the constrained equa-
tions of motion.
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Let us assume that the equations of motion must fulfill N, holonomic constraints ex-
pressed as

ak(rl ....... I‘N> = O, k=1.... Nc (247)

0 al
—(U+ > o) (2.48)
’ k=1

where )\, are Lagrange multipliers which must be solved to fulfill the constraint equations.
The second part of this sum determines the constraint forces GG; which are defined as

e aO'k
Gi=—-Y M\ o (2.49)
k=1 ¢

The displacement due to the constraint forces in the Leapfrog algorithm is equal to (G;/m;)
(6t)%. The solutions of a set of coupled equations of the second degree is required in solv-
ing the Lagrange multipliers and hence the displacements. These are solved iteratively by
SHAKE within a specified tolerance level [12, 14].

2.3.7 Various Ensembles in Molecular Dynamics

Conventional MD differs from most experimental studies in that it is the energy and volume
that are fixed, rather than temperature and pressure. In statistical mechanical terms, MD
produces microcanonical (NVE) ensemble averages, whereas constant-temperature experi-
ments correspond to the canonical (NVT) ensemble; if constant pressure is imposed as well,
as is generally the case in the laboratory, it is the isothermalisobaric (NPT) ensemble that
is the relevant one. It is assumed that by averaging over a sufficient number of time steps
these time averages become approximate measures of the corresponding NVE ensemble av-
erages (Ergodic hypothesis). While the choice of ensemble is usually one of convenience at
the macroscopic level since (away from the critical point) thermal fluctuations are small, for
the microscopic systems studied by MD the fluctuations of nonregulated quantities can be
sufficiently large to make precise measurement difficult [17, 3]. A short description regarding
constant temperature and constant pressure is presented in the next sections.

2.3.8 Temperature Calculation and Control

Temperature is defined in molecular dynamics simulations in the microcanonical ensemble
(constant NVE) by making use of the equipartition principle which states that the average
kinetic energy per degree of freedom is kgT'/2. Therefore, the instantaneous temperature of
the system is defined as

T(t) = Smv?(b) (2.50)
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Here N and N, represent the number of particles and number of constraints on the system,
respectively. m; and kg represent mass of the ith particle and Boltzmann’s constant, respec-
tively. The average temperature of the system is given by the time or ensemble average of
the instantaneous temperature,i.e.,

N

T —< T(t) >=< m 3 %mivf(t) > (2.51)

The initial velocities are generated according to the Maxwell-Boltzmann distribution at
the desired temperature as mentioned in initialization. However, the velocity distribution
does not remain constant as the simulation continues. The computed velocities need to
be adjusted in order to maintain the correct temperature. Beside getting the temperature
to the right target, it is also necessary to produce the correct statistical ensembles. So
the temperature-control mechanism should be employed. The several methods have been
developed for temperature control [16, 17].

2.3.8.1 Direct Velocity Rescaling

Any temperature drift is corrected periodically by velocity rescaling. This method involves
rescaling of the velocities of each particle at each time step by a factor of (T4, /T CW)l/ 2 where
T}ar 18 the desired thermodynamic temperature and T, is the current kinetic temperature.
Even though this method transfers energy to or from the system very efficiently, ultimately
the speed of this method depends on the potential energy expression, the parameters, the
nature of the coupling between the vibrational, rotational, and translational modes, and the
system size. It is because the fundamental limitation to achieving equilibrium is how rapidly
energy can be transferred to or from among the various internal degrees of freedoms of the
molecule [14].

2.3.8.2 Berendsen Scheme

Berendsen method is refined approach to velocity rescaling. In this method the deviation
of the current temperature of the system, 7., from the target thermodynamic temperature
T is slowly corrected according to

chur o ﬂar - Tcur
dt T '

This indicates that a temperature deviation decays exponentially with a time constant 7 .
That is this method forces the system towards the desired temperature at a rate determined
by 7, while only slightly perturbing the forces on each molecule [14, 12].

(2.52)

In this method each velocity is multiplied by a factor x at each time step ot

=1+ —[=—2 V2 2.53
= [+ S]] (253)
where 7. is the current time constant. It is close, but not exactly equal, to 7, i.e,
20,1,
S T (2.54)

n Ndfk?B
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where C), is the total heat capacity of the system, kp is Boltzmann constant, and Ny =
(B3N — N.) is the total number of degrees of freedom. The reason that 7 # 7. is that the
kinetic energy change caused by scaling the velocities is partly redistributed between kinetic
and potential energy and hence the change in temperature is less than the scaling energy.
In practice, the ratio 7/7, ranges from 1 (gas) to 2 ( harmonic solid) to 3 (water). When the
term temperature coupling time constant is used , it refers to the parameter 7.. It should
be noted that Berendsen method is stable up to 7. ~ dt [12, 14].

2.3.8.3 Extended Ensemble Method: Nosé-Hoover Scheme

The Berendsen method is extremely efficient for relaxing a system to the target tempera-
ture Ti,.. However, once the system has reached equilibrium it might be more important to
probe a correct canonical ensemble. This is not the case for Berendsen method although the
difference is usually negligible [12].

To enable canonical ensemble simulations, the extended-ensemble approach was first pro-
posed by Nosé and later modified by Hoover . In this method the system Hamiltonian is
extended by introducing a thermal reservoir, often called heat bath, and a friction term in
the equations of motion. The friction force is proportional to the product of each particle’s
velocity and a friction parameter . This friction parameter (or heat bath variable) is a fully
dynamic quantity with its own equation of motion; the time derivative is calculated from
the difference between the current kinetic energy and the kinetic energy associated with the
target temperature [12, 14].

In Hoover’s formulation, the particle’s equations of motion equation (2.22) are replaced
by

d27’z’ F;

dt? N m;

dr;
2.55

where the equation of motion for the heat bath parameter £ is

g 1
dat  Q
The strength of the coupling is determined by the constant (), usually called the mass
parameter of the reservoir, in combination with the target temperature. To maintain the
coupling strength, ) would have to be changed in proportion to the change in reference
temperature. For this reason, it is preferable to use 7. which is the period of the oscillations

of kinetic energy between the system and the reservoir. It is directly related to @) and T;,.
via

(Tcur - T;far)~ (256)

2
TC 7—"tCL’I’
42

Q= (2.57)
A much more intuitive way of selecting the Nosé-Hoover coupling strength similar to the
Berendsen method is provided by this relation. Moreover, 7, is independent of system size
and reference temperature [12].
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2.3.9 Pressure Calculation and Control

Most experiments are performed at constant pressure instead of constant volume. If one
is interested in simulating the effect of, for example, the composition of the solvent on the
properties of a system one has to ensure that the pressure remains constant. For that the
volume of the system is adjusted. Thus, for such a system it is much more convenient to
simulate at constant pressure [16]. Pressure is a tensor which can be defined by means of a
3 X 3 square matrix as

Pacx sz Pacz
P=|P, P, P,.|. (2.58)
Pza: sz Pzz

Each element of the pressure tensor is the force acting on the surface of an infinitesimal
cubic volume that has edges parallel to the x, y, and z axes. The first subscript denotes
the normal direction to the plane on which the force acts, and the second one denotes the
direction of that force [14].

Pressure is contributed by two components. They are

e the momentum carried by the particles as they cross the surface area and

e the momentum transferred as a result of forces between interacting particles that lie
on different sides of the surface.

Hence P can be expressed as

N N
1

where r;, v; and f; indicate the x, y, or z components of position, velocity, and force vector of
the i'h particle, respectively. In an isotropic situation, the pressure tensor is diagonal with
P.., Py, and P, equal. The instantaneous pressure is calculated as [14]

1

There are several different but equivalent ways to measure the pressure of a classical N-body
system. The most common among these is based on the virial equation for the pressure. The
scalar virial equation for pressure for pairwise additive interactions at constant temperature

T is
1
P = phpT + o < Zf(rij).rij > . (2.61)
1<)
Here f(r;;) is the force between particles ¢ and j at a distance r;; [17].
If the isothermal-isobaric system is desired for simulation, the pressure of the system must

remain constant at some value. This can be achieved by coupling the system to a pressure
bath or barostat [12, 14]. There are several methods for this purpose.
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2.3.9.1 Berendsen Scheme

The Berendsen Scheme corrects the deviation of the current pressure P, of the system
from the target pressure P,,, according to

chur o Pta'r - Pcur

2.62
dt Ty ( )

This indicates that a pressure deviation decays exponentially with a time constant 7.

The Berendsen scheme rescales the coordinates and box vectors every step with a matrix
1, which has the effect of a first-order kinetic relaxation of the pressure towards a given
reference pressure or target pressure. This scaling matrix u is given by:

A
Mij = 0ij — 3—;?5@[(Ptm)z‘j — (Peur)ij(t)]. (2.63)

Here /3 is the isothermal compressibility of the system. In most cases, u will be a diagonal
matrix, with equal elements on the diagonal, the value of which is generally not known. It
suffices to take a rough estimate because the value of 3 only influences the non-critical time
constant of the pressure relaxation without affecting the average pressure itself [12].

2.3.9.2 Parrinello-Rahman Scheme

In cases where the fluctuations in pressure or volume are important (e.g. to calculate ther-
modynamic properties) it might be a problem that the exact ensemble is not well defined
for the weak coupling scheme of Berendsen [12]. The Parrinello-Rahman method of pressure
coupling is an extended-ensemble approach, which is similar to the Nosé-Hoover tempera-
ture coupling. With the Parrinello-Rahman barostat, the box vectors are represented by the
matrix b, and they obey the matrix equation of motion

db? AR
— =VW b (P — Pia). (2.64)
dt?
Here V' denotes the volume of the box, and W is a matrix parameter that determines the
strength of the coupling. The matrices P, and P,,,. are the current and the target pressures

respectively.

The equations of motion for the particles are also changed, just as for the Nosé-Hoover
coupling. In most cases one would combine the Parrinello-Rahman barostat with the Nosé-
Hoover thermostat. The equations of motion are

dQI',L' Fz r;

= — —M— 2.65

with

db  db. .,
M=b !b— + —blb % 2.
b+ aP (266)
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The inverse matrix W™ is related to the T, as

472 35
-1 ij
(W) 3T2L

(2.67)

Just as for the Nosé-Hoover thermostat, the Parrinello-Rahman time constant is not equiva-
lent to the relaxation time used in the Berendsen pressure coupling algorithm. In most cases
it is needed to use a 4-5 times larger time constant with Parrinello-Rahman coupling. If the
current pressure is very far from equilibrium, the Parrinello-Rahman coupling may result
in very large box oscillations that could even crash the simulation run. In that case, one
would have to increase the time constant, or better use the weak coupling scheme to reach
the target pressure, and then switch to Parrinello-Rahman coupling once the system is in
equilibrium [12].
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2.3.10 Different Software Packages for Molecular Dynamics

There are different packages for the MD simulations and all of them have their own features,
merits and demerits. These features may not be sufficient to fulfill all the needs of the
simulation problem. Here is a brief introduction to three of the most popular molecular
dynamics packages:

¢ GROMACS (Groningen Machine for Chemical Simulations),
e AMBER (Assisted Model Building and Energy Refinement system),
e CHARMM (Chemistry at Harvard Macromolecular Mechanics).

2.3.11 GROMACS

GROMACS (Groningen Machine for Chemical Simulation) was originally developed by De-
partment of Biophysical Chemistry at Groningen University in the Netherlands. It is a
versatile package that performs molecular dynamics simulations and energy minimization
[12]. It is primarily designed for biochemical molecules like proteins and lipids that have
many complicated bonded interactions, but since it is extremely fast at calculating the non-
bonded interactions (that usually dominate simulations)many groups are also using it for
research on non-biological systems, for example polymers, gases, liquids and so on.

GROMACS contains a script to convert molecular coordinates from a PDB file into the
formats it uses internally. Once a configuration file for the simulation has been created, the
actual simulation run produce a trajectory file, describing the movements of the atoms over
time. The trajectory file can then be analyzed or visualized with a number of supplied tools
[12]. The main features of GROMACS are as described below.

1. User-Friendly: GROMACS is user-friendly, with topologies, parameter files, and
error messages written in clear text format. There is a lot of consistency checking, but
no scripting language; all programs use a simple interface with command line options
for input and output files. Help files can be accessed through GROMACS directly
or via the extensive user manual available for free. When simulations are running,
GROMACS can output its progress, giving details of the time and date it expects to
finish [14].

2. High Compatibility: GROMACS does not have a force field of its own, but it is
compatible with GROMOS, OPLS, AMBER, and ENCAD force fields. Interfaces with
popular quantum-chemical packages such as MOPAC, GAMESUK, and GAUSSIAN
are provided to perform mixed MM/QM simulations [14].

3. Versatility: The aim of GROMACS is to provide a versatile and efficient MD pro-
gram with source code, especially directed towards the simulation of biological macro-
molecules in aqueous and membrane environments. It is able to run on single processors
as well as on parallel using standard message passing interface (MPI) communication.
It provides not only microcanonical Hamiltonian mechanics, but also stochastic dynam-

ics (SD) including Langevin and Brownian dynamics and energy minimization(EM)
[14].
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4. Fastest and Flexible Software: The highly optimized code makes GROMACS the
fastest software for molecular simulations to date. It is faster in calculating the non-
bonded interactions which is dominant in any simulation. Besides, the support of
different force fields and the open source (GPL) character make GROMACS very
flexible [14].

5. Freeware: Unlike AMBER and CHARMM, GROMACS is freely available and can
be downloaded from the Internet easily and compiled on any linux-based operating
system. It is available from http://www.gromacs.org for free under the Groningen
University General Public Licence [14].

It is due to these features that GROMACS has been widely used throughout the world
including us for this study.

2.3.12 Limitations of Molecular Dynamics

Molecular dynamics simulations have certain limitations and it is essential to know these
limitations so that the simulation is performed accurately. Because of those limitations it is
advised to perform checks on known experimental properties to assess the accuracy of the
simulation[12]. These limitations are described below.

e The simulations are classical. This implies that the motion of atoms are described
by classical mechanics. This scheme is acceptable at normal temperatures. However,
there are exceptions like motion of light hydrogen atoms, tunnelling of proton,Helium
liquid at low temperature,the high frequency vibrations of covalent bonds etc where
the classical mechanics fails and requires quantum mechanical treatment.

e MD approximates that electrons are in the ground state. This is another limitation
of Molecular dynamics because electron transfer processes and electronically excited
states can not be treated. Actually, MD use a conservative force field that is the
function of positions of atoms only. This means that the electronic motions are not
considered: the electrons are supposed to adjust their dynamics instantly when the
atomic positions change (the Born-Oppenheimer approximation), and remain in their
ground state.

e Another limitation of MD simulations is that the force fields that are used to provide
the forces are approximate. As knowledge improves these parameters can be modified
to improve accuracy.

e As a final limitation, the boundary conditions in MD are unnatural. To simulate a
bulk system, the unwanted boundary created by a cluster of particles of a small size
system with its environment must be avoided.

Although these limitations are encountered time and again during simulations, different
simulation softwares like GROMACS have been improved to solve the problems tactfully.
Molecular dynamics, therefore, will be an eminent revolutionary aspect of research and
development of molecular science [12].
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Details of Simulation

3.1 Details of Simulation

This section comprises of the detail explanation of the simulation of the system under study.
The generalized description of all the steps, previously discussed in chapter 2 in the section
of theory of molecular dynamics, is strictly followed in this section. Besides, the description
of modelling of an argon atom and the method to specify the force fields have been presented.
Also explained is the way a water molecule is modelled and the process of creation of multiple
number of water molecules. The queries regarding the creation of simulation box and the
application of the periodic boundary conditions is well resolved in this section. As our system
consists of argon atoms in water, the details regarding the mixing of argon atoms in water is
also illustrated. The process of energy minimization, its necessity and how is it accomplished
in simulation is sorted out in this section. We also describe the methods used to equilibrate
the system under study at a particular temperature and pressure. Moreover, we explain
how we prepared the final system for the production simulation that yield the phase space
trajectory which is essential to derive the diffusion coefficient of argon in water. As indicated
in the previous chapters, it is by far quite obvious why we preferred Groningen Machine for
Chemical Simulations (GROMACS) for our study. Thus, in this chapter our explanation of
different steps of molecular dynamics simulation is very much pertinent with GROMACS.

3.1.1 Modelling Argon

Argon is monoatomic, so the contributions from bond, bond angle, dihedral angle and im-
proper dihedral angle are all zero and we do not need to consider them in our model. In
other words, it is quite obvious to ignore the bonded interactions in case of monoatomic
elements. But, it is of utmost importance to include the interactions between argon atoms
if a system contains more than one argon atom. These interactions are non-bonded and in
our model, the non-bonded interaction between two argon atoms have been approximated
by Lennard-Jones potential
01 01

Uar-ar(rij) = 461[(;],)12 - (5)6]- (3.1)

34
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In equation (3.1), 7; is the distance between two argon atoms i and j, 21/65, is the equi-
librium distance between two argon atoms also called van der Waal’s radius, and ¢, is the
minimum energy depth which measures the strength of the interaction [12].

As argon atoms do not have any partial charge, the Coulomb interaction between argon
atoms does not occur. Thus, the Coulomb interaction is excluded in our model of argon.

The argon model is prepared by using the GROMACS file architecture. A model is de-
signed by adding an atom and its relevant parameters to an atomic parameter file named
ffG43al.atp. Here f fG43al represents the force field we have chosen for our system, which
will be explained in the following sections. The extension .atp stands for atom type parame-
ter. In the file f fG43al.atp the type of atom and its mass is listed as

AR 39.94800.

Here AR stands for the name of the argon atom, and 39.94800 is its mass in atomic mass
unit (a.m.u.). After listing all the information in .atp file, the next step is to enter the infor-
mation regarding argon atom in the file named f fG43al.rtp where the extension .rtp stands
for residue type parameter. The atom is taken as residue in GROMACS and the parameters
for an argon atom residue are entered in the following way.

[ AR |

[ atoms |

Name Type Charge Chargegroup
AR AR 0 0

where [AR] stands for the residue name for argon atom. The section [atoms| contains infor-
mation about the atoms in the residue. So, in this section AR stand for argon atom type.
The argon being neutral have zero charge and belong to zero charge group. For the non-
bonded interaction between two argon atoms, GROMACS does not take the values of ¢ and
¢ directly for the Lennard-Jones interaction stated in (3.1). Rather, it takes the modified
form of equation (3.2) defined as
1 1
Uar-ar(rij) = % - C—G6> (3.2)
Ty
where the parameter Cjy=4¢,01? and the parameter Ci=4¢,0y [12]. The values of these
parameters for argon are specified in the topology of GROMACS software and are given in
table 3.1 . The parameters for the non bonded interactions , C], and C{, is to be entered in
the file ffG43alnb.itp as follows:

[ atomtypes |
name mass charge ptype Cs Cia
AR 39.94800 0.000 A 0.0062647225 9.8470440E-06
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Parameters | Values
Ci, 9.847044x107% kJmol'nm*?
Cs 6.2647225x 1073 kJmol 'nm®

Table 3.1: L-J Parameters for AR

where name represents the name of the atom entered in ffG43al.atp file. The mass of
AR is 39.94800 a.m.u. and charge is zero. It is a particle of type A as understood by GRO-
MACS. Cg and (5 are the parameters defined in (3.3).

[ nonbond-params |
1 ] func Cs Ca
AR AR 1 0.0062647225 9.847044E-06

where i and j stands for the argon atoms of the system. The parameter func defines the
interaction potential. In our case, the force field ffG43al uses numeral 1 for the specifica-
tion of Lennard-Jones potential. The Lennard-Jones curve for the argon-argon (AR-AR)
interaction with the above mentioned parameters is shown in the figure 3.1 below.
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Figure 3.1: Lennard-Jones interaction energy between two argon atoms as a function of their
separation. The equilibrium distance is 0.3833nm.

After defining the non-bonded pair interactions parameters in the topology of the GRO-
MACS , the next step in the modelling of argon atom is to create basic files needed for
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the simulation. The first file that we need to create is the initial structure file of the argon
atoms. This file is created in the Protein Data Bank (PDB) format. The sample entries in
the file ar.pdb for a single argon atom are stated below [18].

MODEL 1
ATOM 1 AR AR 1 8.750  0.000  0.000 1.00 0.00

ENDMDL

The MODFEL in the first row and first column stands for the model of given argon atom.
The number 1 in the first row and second column indicates the model sequence number. The
keyword ATOM in the second row and first column represents the record which presents
atomic coordinates, occupancy, and temperature factor for each atom. The numbers 1 in
the second column is atom serial number. The keyword in the third column represents the
name of the argon atom that has been defined in the ffG43al.atp file. The keyword AR in
the fourth column is the name of the residue (atom) followed by the number 1 in the fifth
column called the residue sequence number. The real numbers in the sixth, seventh, and
eighth column represent x, y, and z coordinates for each atom in Angstrom (A) The number
1 in the ninth column represents occupancy, and the number in the tenth column represents
temperature factor which is by default zero [14].

GROMACS accepts initial structure file *.pdb, and can convert them to the GROMACS
native format, with the use of the pdb2gmax command. pdb2gma takes the .pdb file, and
outputs two files. The x-y-z co-ordinates of the atoms are stored in a .gro file, and the
atomic masses, charges, and bonds are stored in a .top file. In our model, this program took
ar.pdb as input and produced GROMACS structure file ar.gro and GROMACS topology file
ar.top. In this case ar.top is self designed. Contents of the file ar.gro are as presented below.

5
1AR AR 1 0.875 0.000 0
2AR AR 2 0.124 0.000 0

There is a change in the contents of the file ar.gro and ar.pdb. The number 5 in the first
line denotes the number of atoms in system. The values of coordinates is changed from
Angstrom (A) to nanometer (nm).
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The contents of the file ar.top is shown below.
Include force-field parameters
#include ffG43al.itp
Include water topology file
#include spce.itp

[moleculetype]
molname nrexcl

AR

[atoms]

nr type resnr residue atom cgnr charge mass
1 AR 1 AR AR 0 0 39.94800

[system]
Argon in water

[molecules]
AR 1
SOL 212

The term nrexcl represents the number of exclusions for the argon atoms. The exclusions are
the atoms i+1, i42, etc, that do not have non-bonded interaction such as Lennard-Jones
with the atom i [12].

In this way argon is modelled in the GROMACS package which constitute a vital part of
our system.

3.1.2 Modelling Water

There are different molecular models for water which have been developed in order to help
discover the structure of water. If the model can successfully predict the physical properties
of liquid water such as self diffusion coefficient, viscosity etc. then the structure of liquid wa-
ter is determined. Various parameters required for modelling are geometry, electric charge,
and Lennard-Jones parameters. A recent review listed 46 distinct models, so indirectly indi-
cating their lack of success in quantitatively reproducing the properties of real water. They
may, however, offer useful insight into water’s behavior [19]. Some of the frequently used
models are; Simple Point Charge(SPC)[20], SPC/E (Simple Point Charge-Extended)[21],
TIP3P (Transferable Intermolecular Potential 3P)[?], TIP4P (Transferable Intermolecular
Potential 4P) [23], and TIP5P (Transferable Intermolecular Potential 5P)[24]. A number of
these models use water molecules with a wider (more tetrahedral) H-O-H angle and longer
H-O bond length than those expected of gaseous or liquid water and indicative of the impor-
tance of including parameters giving strong hydrogen bonding. Water molecules in liquid
water are all non-equivalent (differing in their molecular orbital, their precise geometry and
molecular vibrations) due to their hydrogen bonding status, which is influenced by the ar-
rangement of the surrounding water molecules. Some models are polarizable to make some
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allowance for this whereas other simpler models try to reproduce ’average’ structures [25].

We have used SPC/E model in our study. This model is an extension to SPC model devel-
oped in 1987 [21]. The specific force field for this model is GROMOS and can be adopted
to other force fields as well. It is a planar model which consists of a three point charge on
each atomic site. Two out of three are located at hydrogen atom sites and one in oxygen
atom. Each hydrogen atom carries a partial charge of +0.4238e, and the oxygen atom car-
ries a charge of -0.8476e where e is the elementary charge having magnitude 1.6022x 1071
Coulomb. The values for o and e are 3.166(A°) and 0.650K Jmol™! respectively same as
that of SPC model [25].

3.1.2.1 Intramolecular Potential Parameters

The intramolecular potential parameters of the water model depends on the geometry of the
model. From the perspective of geometry, there are three types of models:

1. rigid models,
2. flexible models,and
3. polarizable models.

In the rigid models, the geometry of the water molecule is fixed which means the distance
between hydrogen atom and oxygen atom and bond angle HOH don’t change in time. There-
fore, the configurational parameters are positions and velocities of each atomic site only.
Flexible water models include bond stretching and angle bending. Polarizable water models
includes an explicit polarization term, which should enhance the ability to reproduce wa-
ter in different phases and the interaction between them[26]. In flexible SPC/E model the
intramolecular potential consists of harmonic bond and angle vibration terms defined as

Uon(r) = % Z Ko (r —bor)? (3.3)
and
Uon(©) = %Z Knon(© — ). (3.4)

Here Kop is spring constant which measures the strength of interatomic bond between
oxygen and hydrogen atom; byy is the bond length between oxygen and hydrogen atoms.
Similarly Kgog is spring constant for bond-angle vibration with G as the equilibrium HOH
bond angle. The parameters that are used for our study are listed in table 3.2 [12].

These parameters are present in the file name spce.itp inherent in GROMACS.

3.1.2.2 Intermolecular Potential Parameters

The intermolecular interaction indicates the non bonded interaction between water molecules.
In this section we discuss different types of interactions that take place among the water
molecules and the parameters thus involved. The intermolecular interaction potential be-
tween two SPC/E water molecules can be discussed in following two headings [14].
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Parameters | Values
Kon 3.45x 10° kJmol'nm—2

bou 0.1 nm
Krnown 3.83x 10% kJmol'rad—2
CH 109.47 deg

Table 3.2: Intramolecular potential parameters for flexible SPC/E water.

1. Lennard-Jones Potential and

2. Coulomb interaction.

The Lennard-Jones potential between the two SPC/E water molecules can be expressed as:

Unw (1) = deal(22)12 — (229, (3.5)

Tij Tz'j
where 7;; is the distance between two oxygen atoms ¢ and j of two different water molecules,

21/6, is the equilibrium distance between the two oxygen atoms also called van der Waal’s
radius and € is the minimum energy depth which measures the strength of the interaction.

As stated in chapter 2, GROMACS takes the modified form of equation (3.5) given as:

Ch G
Uww(rij) = —33 — —5 (3.6)
ij Tij
where the parameter C%,=4¢,04? and the parameter CZ=4e,05. In this work, the values
of these parameters are taken as follows [12]: These L-J parameters are entered in the file

Parameters | Values
09 0.316565 nm
€9 78.197 kg
C3, 2.634129¢-06 kJmol 'nm?!?
C? 2.6173456e-03 kJmol ~'nm°

Table 3.3: L-J Parameters for SPC/E water.
HfG43a1nb.itp as the case of argon atom.

[ atomtypes |

name mass charge ptype C6 C12
oW 15.99940  -0.82e A 0.26171e-02 0.26331e-05
HW 1.00800  +0.41e A 0.00000e+00 0.00000e+00

[nonbonded-params |
i ] func C6 C12
oW Oow 1 0.26171e-02 0.26331e-05
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OW HW 1 0.00000e+00  0.00E+00

Here, OW stands for water oxygen and HW for water hydrogen. Particle type A indi-
cates that both of these are treated as atomic particles by GROMACS [12]. Function 1
stands for Lennard-Jones interaction. A graph of L-J interaction energy as a function of
intermolecular distance of water is shown in figure 3.2.
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Figure 3.2: Lennard-Jones interaction energy between two oxygen atoms of SPC/E water as
a function of their separation. The equilibrium distance is 0.355 nm.
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The non-bonded interaction comprises of Coulomb interaction between oxygen and hy-
drogen atoms of two different water molecules as well. This is because there is a partial
charge -0.84764¢ in oxygen and 0.4238 in hydrogen atoms. The Coulomb interaction is
expressed as

3 3
Ue =33 24 (37)

Here, ¢ and qf are the charges at sites a and 3 in the molecule i, respectively; rfjﬁ is the

distance between site a in molecule i and site § in molecule j; €; is the permittivity of vacuum.

As our system contains argon in water,the inter-molecular interaction also consists of the
interaction between argon atoms and water molecules. This interaction occurs due to the
interaction between the argon atom and oxygen of water. We have not considered any form
of interaction with hydrogen of water because hydrogen has very low values for sigma and
epsilon and its partial charge is also zero. Also the interaction between argon and oxygen
of water cannot be Coulomb interaction because the argon atom is neutral with no partial
charge eventhough the water oxygen atom contains a partial charge of -0.8476e. The only
interaction occuring is Lennard-Jones interaction which can be stated as

o

Uar-w(ri;) = 46[(@)12 - (;j)ﬁ], (3.8)
where

€= (ae)"? (3.9)
and

o= 201+ ) (3.10)

2

according to Lorentz-Berthelot combining rule [12, 14]. As usual for GROMACS equation
(3.8) gets modified to

C C
UARfW(Tij) = % — —66 (311)

ij T'ij

where the parameter Cjs=4e0'? and the parameter Cs=4c0®. The values of these parameters
for this case in enlisted in the file ffG/3alnb.itp of GROMACS software. For simplicity these
values are shown in the table 3.4.

Parameters | Values
Cla 4.84507x107° kJmol 'nm!?
Cs 4.0493x1072 kJmol 'nm?®

Table 3.4: L-J parameters for argon and SPC/E water interaction.
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A sample of how these parameters are entered in the file ffG43a1nb.itp is shown below.

[nonbonded-params]

i j func C6 C12

AR OW 1 4.4049314e-03 9.847E-06

oW HW 1 0.000000e+00 0.000000e+00. The L-J interaction curve with
the above mentioned parameters is shown in figure 3.3.
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Figure 3.3: Lennard-Jones interaction energy between argon and water-oxygen as a function
of distance between them. The equilibrium distance is 0.365 nm

This concludes the task of modelling of the system under study. The details of remain-
ing parts of the simulation is presented in the following sections.
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3.1.3 Simulation Cell and Periodic Boundary Conditions

In GROMACS simulation cell or the box was created using the program editconf. The
editconf converts generic structure format to .gro or .pdb. The box can be modified with
options —box,—d and —angles. Option -bt determines the box type: triclinic is a triclinic
box, cubic is a rectangular box with all sides equal and so on. Option -box requires only one
value for a cubic box [man editconf.

We selected a cubical simulation box for our system with all the specifications as given
below in Table 3.5.

Box type Box vectors Box vector angles | Box volume
a b c Zab /bc Zca
Cubic 1.86206 nm 1.86206 nm 1.86206 nm | 90° 90° 90° 6.45626 nm?

Table 3.5: Parameters for cubical simulation box

In the table, Zab means angle between the box vectors a and b and so on. The file ar.gro
was provided as input and a structure file bdem.gro is obtained as an output. The contents
of bdem.gro are as follows.

)

1AR AR 1 1.456 1.061 0.796
2AR AR 2 0.581 1.061 1.133
1.86206 1.86206 1.86206

The contents of this file are modified than that of ar.gro. It is that the values of x, y, and z
coordinates have changed, and the last line shows the dimensions of the simulation box. All
the other information remain unchanged. Moreover, editconf applies the periodic bound-
ary conditions by default. With these boundary conditions only one, the nearest, image of
each particle is considered for short-range non-bonded interaction terms [12].

3.1.4 Solvation of Argon

By far a simulation box is created which contains 5 argon atoms. The we have to add wa-
ter molecules in the box or in other words solvate the solute configuration. This solvation
process is carried out by the program genbox inherent in GROMACS [see man genbox] [12].

The default solvent is Simple Point Charge water (SPC), with coordinates from spc216.gro.
The program genbox takes the files bdem.gro, which is the output file of the program edzit-
conf, and spc216.gro as input and produces afgen.gro as the output file. File spc216.gro
is a coordinate file for SPC water molecules (also can be considered as a coordinate file of
SPC/E because there is no difference in the structure of SPC AND SPC/E), which is present
in the GROMACS package. This structure file contains 216 water molecules. But, it should
be noted that some solvent molecules are removed from the box where the distance between
any atom of the solute and any atom of the solvent molecule is less than the sum of the van
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der Waals radii of both atoms. So in the system under study the output structure file con-
tains 212 water molecules with 5 argon atoms [man genbox] [12]. The output file afgen.gro
is also a structure file in GROMACS format. The contents of a section of this output file
are presented as follows:

641
1AR AR 1 1.456 1.061 0.796
2AR AR 2 0.581 1.061 1.133

6SOL OW 6 0.230 0.628 0.113
7SOL HW1 7 0.137 0.626 0.150
8SOL HW2 8 0.231 0.589 0.021

217SOL oW 639 0.875 1.646 0.337
217SOL HW1 640 0.798 1.611 0.283
217SOL HW2 641 0.843 1.717 0.399
1.86206 1.86206 1.86206

It is clearly observed that the contents are similar to that of the b4dem.gro. Here 641 indicates
the total number of atoms including that of argon and water molecules. Each atom asso-

ciated with the water molecule is assigned respective x, y, and z coordinates in nanometer
scale [12].

3.1.5 Energy Minimization

Macroscopic properties are always ensemble averages over a representative statistical en-
semble (either equilibrium or non-equilibrium) of molecular system. Eventhough MD can
generate equilibrium as well as non- equilibrium ensemble, the initial configuration can’t be
far from equilibrium as this leads to the failure of entire MD. The starting non-equilibrium
configuration may arise due to bad van der Waals contacts between atoms when the are too
close. To bring system into equilibrium, energy minimization is required. Another reason
to perform an energy minimization is the removal of all kinetic energy from the system [12].
Thus energy minimization brings the system in a stable potential energy condition.

In a large number of dimensions the potential energy function of a (macro)molecular system
is a very complex landscape. It has large number of points where all derivatives of the po-
tential energy function with respect to the coordinates are zero and all second derivatives are
nonnegative. These points are the minimum energy points. The deepest point among them
is called global minimum while others are called local minima. In GROMACS, the energy
minimization can bring the system only to its one of these nearest local minima and cannot
reach the global minimum. In GROMACS energy minimization is done using following two
algorithms [12].

1. Steepest-descent algorithm,
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2. Conjugate gradient algorithm.

We have used steepest descent algorithm for our system. Therefore, it is described in detail
in the following subsection.

3.1.5.1 Steepest-Descent Algorithm

Steepest descent algorithm for minimization takes a step in the direction of the negative
gradient (hence in the direction of the force), without any consideration of the history built
up in previous steps. The step size is adjusted such that the search is fast but the motion
is always downhill. This is not the most efficient algorithm as its convergence can be quite
slow, especially in the vicinity of the local minimum. However, it is robust and easy to
implement [12].

Here, a vector r representing all 3N coordinates is defined. Initially a maximum displace-
ment hg must be provided. The forces Fand potential energy are calculated first. The new
positions are calculated using

Tyt =Ty + &&n)hn (3.12)
where h,, is the maximum displacement, F,, is the force or the negative gradient of the
potential energy function V, and max(F,)is the largest of the absolute values of the force
components. The forces and energies are again calculated for the new positions with the
conditions
If(V, 41 < V4,),then the new positions are accepted and h, 1 = 1.2h,,.

If(V,41 > V,,), then the new positions ar rejected and h,, = 0.2h,,.
This algorithm stops when either a user-specified number of force evaluations have been
performed or when max(F,,) is smaller than a specified value € [12].

GROMACS uses two programs namely grompp and mdrun for energy minimization. The
gromacs preprocessor, grompp, reads a molecular topology file, checks the validity of the
file, expands the topology from a molecular description to an atomic description. Then a
coordinate file, a fgen.gro, is read and velocities can be generated from a Maxwellian distri-
bution if requested. It also reads parameters for the mdrun (eg. number of MD steps, time
step, cut-off), and others such as NEMD parameters, which are corrected so that the net
acceleration is zero. Eventually a binary file, afem.tpr, is produced that can serve as the
sole input file for the MD program. Also a structure file afgen.gro, is obtained as output
file. em.mdp is a grompp input with MD parameters. Its contents are presented below.
These parameters indicate that GROMACS uses flexible SPC/E water for energy minimiza-
tion and the system is not coupled with any thermostat or barostat.

The input topology file used by grompp is ar.top. It contains directives which include the
force field parameters, molecule topology file, and SPC/E water topology. Also, it contains
information about the system and the number and types of molecules in the system which
is already described in modelling argon.
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; Input file

cpp = [lib/cpp , C preprocessor

define = -DFLEX_SPCE ; flexible SPC/E water model used
constraints = none ; constraints are not applied
integrator = steep , steepest descent algorithm

nsteps = 1000 ; number of steps

; Energy minimizing stuff

1
L

emtol = 50 ; tolerence level

emstep = 0,001 ; time step 1 fs

nstcomm = 1 , frequency for centre of mass motion removal
ns_type = grid ; neighbour search type

rlist = 0.9 ; distance of neighbours

rcoulomb = 0.9 ; coulonmy cut-off distance

rvdw = 0.9 ; L-J cut-off distance

Tcoupl = no ; temperature coupling is not applied

Pcoupl = no ; pressure coupling is not applied

gen_vel = no ; ho generation of velocity

Figure 3.4: Parameters for energy minimization

The mdrun program is the main computational chemistry engine within GROMACS. Ob-
viously, it performs Molecular Dynamics simulations and energy minimization. The mdrun
program reads the run input file (-s) afem.tpr and produces at least four output files. The
output files are the log file (-g) md.log, the trajectory file (-0) afem.trr, the structure file
(-c)afem.gro and the energy file (-e) ener.edr. The trajectory file contains coordinates,
velocities and optionally forces. The structure file contains the coordinates and velocities of
the last step. The energy file contains energies, the temperature, pressure, etc, a lot of these
things are also present in the log file [12].

By far it is quite obvious that the structure of the system changes after energy minimization.
The structure of the system before and after energy minimization is shown in figure 3.5. The
ball and stick represent water molecules while argon atoms are enclosed in the circles.
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Figure 3.5: System structure before and after energy minimization. Enclosed in the circles
are the argon atoms (figure generated by pyMol).

After energy minimization the system reaches its local minimum (energy). The local mini-
mum state is reached after certain steps (in the present system it is 80) provided in em.mdp.
Figure 3.6 shows the variation of potential energy of the system with time steps. It is clearly
observed that after certain steps energy reaches to its almost constant negative value which
is -11549.8379 kJmol~!. This constant value of energy indicates the local minimum.
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Figure 3.6: Potential Energy of the system after energy minimization.

3.1.6 Equilibration

The simulation itself can run after the energy minimization is accomplished. Over the first
few hundred time-steps the system relaxes from the arbitrarily assigned initial conditions
and approaches equilibrium; this relaxation phase is called equilibration [9]. The major pur-
pose of the present simulation is to determine the dynamic property, diffusion coefficient,
of the system under study. The dynamical variables, however, are very sensitive to the
parameters such as temperature, pressure, density, etc. An isolated system at equilibrium
satisfies, firstly the total number of molecules and total energy should be constants and inde-
pendent of time. Secondly, thermodynamic properties such as the temperature and pressure
should be fluctuating about stable average values. Therefore, before the production run, the
equilibration is done in the present system mainly to get the constant average density and
temperature of the system. The system is coupled to a suitable thermostat. GROMACS uses
the term Temperature Coupling for this process. Similarly, a constant pressure is subjected

to the system by coupling the system with a suitable barostat. GROMACS understands this
process as Pressure Coupling [9, 12].
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In GROMACS equilibration is also carried out using the programs grompp and mdrun
same as in case of energy minimization. So for grompp the input files needed are the struc-
ture file afem.gro, the topology file ar.top, and the run input parameter file feq.mdp. These
files are preprossed by grompp which then generates the run input file afeq.tpr as output.
The program mdrun uses this file as input and produces the trajectory file a feq.trr, energy
file afeq.edr as well as structure file afeq.gro. From the file afeq.edr, the system pressure
and temperature can be derived using the program g_energy inherent in GROMACS [12].

The structure file afem.gro is obtained as an output of the energy minimization. The
contents of run input parameters file feq.mdp for equilibration is significantly different from
that for the energy minimization. This file uses Leap-frog algorithm for integrating Newton’s
equation of motion. Temperature coupling is accomplished with a Berendsen-thermostat to
a bath with temperature ref_t and time constant tau_t of 0.01 ps. The reference tempera-
tures taken for this system are 293K , 298 K , 303 K , 308 K and 313 K. The pressure coupling
used is Berendsen with the time constant, tau_t, of 0.1 ps. This implies that the box size is
not fixed and is scaled every timestep. The reference pressure for coupling ref_p is 1 bar.
The velocities are generated using Maxwell-Boltzmann distribution function at temperature
gen_temp which is specified for the system under study. An isothermal compressibility
taken is 4.60x107° bar~!. All the bonds are converted into constraints and the constraint
algorithm used is SHAKE. Also constraints are applied to the starting configuration [12].

Table 3.5 lists the temperatures and the densities of the system after five equilibration pro-
cesses at different temperatures carried out for the system structure obtained after energy
minimization.

S.N. | Temperature (K) | Density (kgm—)
1 293 1021.558+0.056
2 298 1018.4524+0.057
3 303 1014.928+0.057
4 308 1011.38040.058
5 313 1008.070+0.058

Table 3.5: Equilibrium densities at different temperature and pressure 1 bar using Berendsen
algorithm.
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title

Cpp
integrator
dt

nsteps
nstcomm
nstxout
nstvout

nst fout
nstlog
nstenergy
energygrps
nstlist
ns_type
rlist
rcoulomb
rvadw
epsilon-r
Tcoupl
tc-grps
tau_t

ref t
Pcoupl
tau p
compressibility
ref p
gen_vel
gen_temp
gen_seed
constraints
const raint -algorithm
unconst rained-start

Figure 3.7: Run input
bar.

MDP FOR ARGON
/1ib/cpp
mcl

0.002
25000000
1

250

1000

0]

160

160
system

10

grid

0.9

0.9

0.9

1
berendsen
systenm
0.01

298
berendsen
0.1
4.6e-5
1.0

yes

298
173529
all-bonds
shake

no

C preprocessor
Leap-Frog Algorithm
Time step = 2 fs
Total time = 50 ns

Output control parameters

NEIGHBOUR SEARCHING parameters

ELECTROSTATIC and VdW parameters.

TEMPERATURE COUPLING is on

PRESSURE COUPLING is on

generate initially

give different values for different trials.

BONDS parameters
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parameters for equilibration at temperature 298 K and pressure 1
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Figure 3.8: System structure at temperature 293 K and density 1021.558 kg m—3.

Figure 3.8 shows the system structure structure at temperature 293 K and density
1021.558 kg m®. In the figure, argon atoms are represented by encircled balls and water
molecules by ball and stick. The figure is generated by using PYMOL.
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Figure 3.9: System temperature profile after equilibration period of 50 ns at 293 K using
Berendsen thermostat.

Figure 3.9 shows that the variation of system temperature with time during the equi-
libration. After the equilibration of 50 ns using NPT ensemble, the system’s temperature

fluctuates around the average value of 293.12175 K which very closely approximates our
coupled temperature 293 K.
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Figure 3.10: System density profile after equilibration period of 50 ns at 293 K using Berend-
sen thermostat and barostat.

Figure 3.10 shows the variation of system density with time during equilibration at tem-
perature 293 K. As the dynamic properties such as diffusion coefficient are very sensitive to
the density of the system, it is very important to attain the correct system density before
production run. Thus, the purpose of equilibration is to attain the correct system density
as well. In the equilibration of 50 ns, the simulated density of the system is obtained to as
1021.558 kg m~3. The experimental water density is 998.200 kg m~3 [27]. Thus the system
density at this temperature is close to the water density, supporting the fact that our system
contains more water molecules compared to the argon atoms.
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Figure 3.11: System structure at temperature 298 K and density 1018.452 kg m 3.

Figure 3.11 shows system structure at temperature 298 K and density 1018.452 kg m—3.
The argon atoms are represented by encircled balls and the water molecules by ball and
stick. The figure is generated by using PYMOL.
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Figure 3.12: System temperature after equilibration period of 50 ns at 298 K using Berendsen
thermostat.

Figure 3.12 shows the fluctuations in the system temperature with time during equili-
bration. The equilibration is done for 50 ns using NPT ensemble and the average simulated
temperature is obtained as 298.125 K. The coupled temperature is 298 K. This shows that
the temperature of the system, after simulation, is very close to the coupled temperature.
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Figure 3.13: System density after equilibration period of 50 ns at 298 K using Berendsen

thermostat.

Figure 3.13 shows the variation of system density with time during equilibration. The
system density fluctuates to the constant average value of 1018.45240.057 kg m~3 after
equilibration of 50 ns. The experimental water density at this temperature is 997.048+0.01
kg m~ which is again close to the system density as required [27].
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Figure 3.14: System structure at temperature 303 K and density 1014.928 kg m~3.

Figure 3.14 shows the system structure at temperature 303 K and density 1014.928 kg

m~3. The water molecules are represented as ball and sticks and the argon atoms are

encircled balls. The figure is generated by using PYMOL.
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Figure 3.15: System temperature after equilibration period of 50 ns at 303 K using Berendsen

thermostat.

Figure 3.15 is the variation of system temperature with time during equilibration. After
equilibration of 50 ns, it is found that the system temperature fluctuates to the constant av-
erage value of 303.13982 K. The coupled temperature of the system is 303 K. This shows that
the average system temperature is very close to the coupled temperature after equilibration.
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Figure 3.16: System density after equilibration period of 50 ns at 303 K using Berendsen
thermostat and barostat.

Figure 3.16 shows the variation of the system density with time at the temperature of
303 K during equiibration. The equilibration is done for 50 ns using NPT ensemble. The
simulated density of the system is obtained to be 1014.928 kg m™3 and experimental water
density at this temperature is 995.651 kg m™>. Again the average density of the system is
close to the water density which is as desired for the system.
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Figure 3.17: System structure at temperature 308 K and density 1011.380 kg m~3.

Figure 3.17 shows the system structure at temperature 308 K and density 1011.380
kg m~3. The water molecules are represented as ball and sticks where the encircled balls
represent the argon atoms. The dotted lines represent the polar contact existing between
the molecules. The figure is generated by using PYMOL.
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Figure 3.18: System temperature after equilibration period of 50 ns at 308 K using Berendsen
thermostat.

Figure 3.18 shows the variation of system temperature with time during equilibration.
After 50 ns of equilibration using NPT ensemble, the simulated temperature of the system
attains approximately constant average value of 308.124 K. The coupled temperature of the
system is 308 K. Thus the average value of the simulated temperature is close to the coupled
temperature as desired for our system.
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Figure 3.19: System density after equilibration period of 50 ns at 308 K using Berendsen
thermostat.

Figure 3.19 shows the variation of the system density with time during equilibration at
temperature 308 K. The simulated density of the system remain approximately constant to
the value 1011.380 kg m™3 after equilibration of 50 ns. The experimental water density at

this temperature is 994.035 kg m—2 which is again close to the average simulated density as
required for our system [27].
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Figure 3.20: System structure at temperature 313 K and density 1008.070 kg m~3.

Figure 3.20 shows the system structure at temperature 313 K and density 1008.070 kg
m 3. The water molecules are represented as ball and stick and the encircled balls are argon

atoms. The figure is generated using PYMOL.
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Figure 3.21: System temperature after equilibration period of 50 ns at 313 K using Berendsen
thermostat.

Figure 3.21 is the variation of system temperature with time during equilibration. Af-
ter the equilibration of 50 ns the simulated system temperature attains approximately the
constant average value of 313.119 K. The coupled temperature is 313 K. Thus the average

simulated temperature is nearly equal to the coupled temperature, which is desired for our
system.
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Figure 3.22: System density after equilibration period of 50 ns at 313 K using Berendsen
thermostat and barostat.

Figure 3.22 shows the variation of system density with time during equilibration. After
50 ns of equilibration using NPT ensemble the density attains a constant average value of

1008.070 kg m3.

which is again close to the average value of the simulated system density [27].

The experimental water density at this temperature is 992.220 kg m3
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3.1.7 Production

The production phase of run can begin once the equilibration is reached. In this phase of
simulation no new programs but the two; viz. grompp and mdrun, are used as in equi-
libration. The only difference is that now the system is in equilibrium and the simulation
is conducted on NVT ensemble. The main purpose of production run is to derive dynamic
non-equilibrium property called diffusion coefficient and static equilibrium property called
radial distribution function. For the production run the structure file is taken as afeq.gro
which is the output of the equilibration phase. The new run input parameter file feq.mdp is
created for NVT ensemble by removing the pressure coupling. This keeps the box size fixed
thereby making volume fixed. Since the simulation must continue with the velocities of the
equilibration process, there is no initial generation of velocities. As in the case of equilibra-
tion, the program grompp preprocesses and the run is conducted by mdrun. The contents
of the run input parameter file feq.mdp for the production run at a particular temperature
of 298 K is presented in the figure 3.23 below.

title = MDP FOR ARGON

cpp = [lib/cpp ; C preprocessor

integrator = md i A Leap-Frog Algorithm

dt = 0.002 ; time step = 2 fs

nsteps = 100000000 ; total time = 200 ns

nstcomm =1

nstxout = 250 ; OUPUT CONTROL parameters

nstvout = 1000

nstfout = 0

nstlog = 100

nstenergy = 100

energygrps = system

nstlist = 10 ; NEIGHBOUR SEARCHING parameters
ns_type = grid

rlist = 0.9

rcoulomb = 0.9 ; ELECTROSTATIC and VdW parameters.
rvdw = 0.9

epsilon-r = 1

Tcoupl = berendsen ; BERENDSEN TEMPERATURE COUPLING is on
tc-grps = system

tau_t = 0.01

ref_t = 298

Pcoupl = ho ; PRESSURE COUPLING is off
;SIMULATED ANNEALING parameters are not specified.

gen_vel = ho ; No generation of velocity in this phase
gen_temp = 298

Figure 3.23: Run input parameters for production phase

The simulations for different temperatures and different time durations can be performed
by similar procedures mentioned above, only by making slight changes in the parameters.
The time duration for each system is taken as 200 ns and different output files are generated
which are then analyzed to find the diffusion coefficients of argon at different temperatures.
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Results and Discussion

4.1 General Consideration

Argon atoms are allowed to diffuse through the water molecules at different temperatures.
The trajectory file obtained as output can be subjected to the different form of analysis. The
results thus obtained are presented in this chapter. Initially, the structural analysis of the
system at different temperatures and densities are presented in section 4.1. Then, in section
4.2 comes the energy profile of the system at different temperatures. Finally, the equilibrium
dynamic property of the system, the diffusion coefficient, are presented in section 4.3. The
overall discussion comes along with the results.

4.1.1 Structural Analysis

The radial distribution function (or RDF) is an example of a pair correlation function, which
describes how the atoms in a system are radially packed around each other. The RDF is
plotted as a function of the interatomic separation r. A typical RDF plot shows a number
of important features. Firstly, at short separations, that is small r, the RDF is zero. This
indicates that the atoms cannot approach any more closely than this width. Secondly, a
number of peaks appear, which indicate that the atoms pack around each other in ‘shells’
of neighbors. The occurrence of peaks at long range indicates a high degree of ordering.
Usually, at high temperature the peaks are broad, indicating thermal motion, while at low
temperature they are sharp. At very long range every RDF tends to a value of 1, which
happens because the RDF describes the average density at this range [28, 29]. Thus, the
radial distribution function is the most common and an effective way of describing the av-
erage structure of disordered molecular systems such as liquids as discussed in section 2.2.
To be precise, the shape of the radial distribution function determines the structure of the
homogenous and isotropic fluid [15]. We have derived three different radial distribution func-
tions, namely g, (") Gun_ow (7), a0d Gow—ow(r). In GROMACS this is accomplished by
the program g_rdf. It calculates radial distribution functions in different ways. The normal
method is around a (set of) particle(s), the other method is around the center of mass of a
set of particles. In the system under study the RDF for atoms are computed which are in
the index files. So for RDF in GROMACS index file plays a vital role [12]. The distribution
of argon atoms within the simulation box as well as the interaction or correlation among

68
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them is determined by the radial distribution function of argon atoms g¢,, ,.(r). On the
other hand, gou,—ow(7) is the radial distribution function of the oxygen of the water molecules
determining the structure of the solvent and the interaction between the solvent molecules.
As mentioned before, the solvent we have used is SPC/E water model (see chapter 3, section
3.1.2). Similarly, g,, o, () is the radial distribution function of argon atoms and water
molecules. It provides the information regarding the distribution of water molecules around
argon atoms and the interaction among them [14].

Figure 4.1-4.17 show the radial distribution functions, g¢(r), as a function of separation
distance for various temperatures and densities.

4.1.1.1 RDF for Solvent

n T=283 K

o e

05 : 1 i 1 : 1 ; 1 i 1
0.0 0.2 0.4 0.6 0.8 1.0

r(nm)

Figure 4.1: The radial distribution function of oxygen of water molecules, gow_ow(r), at
temperature 293 K and density of system 1021.558 kgm 3.

Figure 4.1 is a sketch of radial distribution function of solvent with respect to a solvent
molecule goy_ow(r), as a function of separation between them. The temperature of a system
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is 293 K and its density is 1021.558 kgm™3. From the figure, it is seen that gou_ow(r) is
zero up to the radial separation of 0.233 nm which implies that upto this separation the
solvent molecules repel each other. The first peak occurs at 0.275 nm where gou_ow(r) is
3.25885 showing that the probability of finding molecules is highest at this point. There-
fore, the nearest-neighbor separation for the solvent molecules obtained from simulation at
this temperature is 0.275 nm which is less than the van der Waal’s radius of SPC/E water
molecule of 0.355 nm. A second and a third peaks occur at 0.453 nm and 0.673 nm at which
Gow_ow(r) is 1.127 and 1.055, respectively. The third peak is weak and beyond it no more
peaks are obtained. The curve becomes almost constant with an average value of 1 after
third minima. This constant region indicates that there is no more correlation between the
solvent molecules where the local density equals the overall number density.
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Figure 4.2: The radial distribution function of oxygen of water molecules, gow_ow(r), at
temperature 298 K and density 1018.452 kgm 3 .

The variation of the radial distribution function of solvent molecule with respect to a solvent
molecule with their radial separation, gou_ow(7), at temperature 298 K and density 1018.452
kgm 3 is presented in figure 4.2. From figure, it is observed that gow_ow(7) is zero upto the
radial separation of 0.231 nm. The first peak occurs at 0.275 nm at which gy_ew(r) is 3.207.
Thus, the nearest-neighbor separation at this temperature is 0.275 nm which is less than
the van der Waal’s radius of water model. The second peak occurs at 0.453 nm at which
Gow_ow(r) is 1.117. A very weak third peak occurs at 0.679 nm with the value of 1.053. The
constant region of RDF with the approximate value of 1 extends beyond the third minima
thereby showing no correlation between the solvent molecules.
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Figure 4.3: The radial distribution function of oxygen of water molecules; gou_ow(r), at
temperature 303 K and density 1014.928 kgm 3.

A plot of radial distribution function of solvent with respect to a solvent molecule, gou_ow(7),
as a function of the distance between them is shown in figure 4.3. The temperature of the
system is 303 K and the density is 1014.928 kgm™3. At this temperature gou_ow(r) is zero
upto 0.233 nm. The first peak again occurs at 0.275 nm at which g,,_ow(7) is 3.160, showing
the nearest-neighbor separation as 0.275 nm which is less than the van der Waal’s radius of
water molecule 0.355 nm. The second peak occurs at 0.453 nm at which g,y_ow(r) is 1.107.
The weak third peak is obtained at 0.685 nm with a value of 1.054. Beyond third minima
Jow_ow(r) is again constant with an average value of 1 thereby showing no correlation.
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Figure 4.4: The radial distribution function of oxygen of water molecules; gou_ow(r), at
temperature 308 K and density 1011.380 kgm 3.

Figure 4.4 is a plot of radial distribution function of solvent gy,_ow(r) as a function of dis-
tance between them, at the system temperature 308 K and density 1011.380 kgm 3. At this
temperature g,,_ow(r) is zero upto the radial separation of 0.233 nm. From the figure, it is
obtained that the excluded region for solvent molecules is within 0.233 nm where the radial
distribution function is zero. The first peak occurs at 0.275 nm at which g,y,_ow(7) is 3.110.
Therefore, the nearest-neighbor separation is 0.275 nm which is less than the van der Waal’s
radius of the model water molecule. The second peak occurs at 0.451 nm at which gou_ow(7)
is 1.098. The weak third peak is observed at 0.681 nm with a value 1.047. Beyond the third
minima, the RDF again attains a constant value of 1 showing no long range correlation.
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Figure 4.5: The radial distribution function of oxygen of water molecules; gou_ow(r), at
temperature 313 K and density 1008.070 kgm 3.

The radial distribution function of solvent go,_ow(7), as a function of their separation, at
temperature 313 K and density 1008.070 kgm 2 is shown in figure 4.5. In this case, as shown
in the figure, gow_ow(r) is zero upto 0.233 nm while the first peak is obtained at 0.275 nm
with the value of 3.067. So, the nearest-neighbor separation is 0.275 nm which is less than
the van der Waal’s radius of water molecule 0.3552 nm. The second peak occurs at 0.455 nm
at which gow_ow(7) is 1.090. The weak third peak is observed at 0.681 nm carrying a value
of 1.049. Beyond third minima the RDF attains an almost constant value of 1, indicating
that there is no long range correlation.
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Figure 4.6: The radial distribution functions of oxygen of water molecules; gou_ow(7), at
different temperatures and corresponding densities.

For the comparative analysis of RDF the radial distribution functions at all temperatures
and their corresponding densities are plotted in a single graph which is shown in figure 4.6.
It can be seen that the g,,_ow is zero for the radial separation of 0.233 nm for almost all
temperatures. Also, the positions of the first peaks for all temperatures are obtained to be
at 0.275 nm. But the positions of second peaks are found to fluctuate, especially at higher
temperatures. Also it is observed that the heights of the first and second peaks are found
to decrease with increasing temperature. However, some fluctuations are observed in the
heights of third peaks. Moreover, it is observed in the figure that with the rise in temper-
ature the width of the peaks are increased by very small amount which is primarily due to
thermal agitation. The details are summarized in table 4.1. Also for comparison, experi-
mental values at 298 K are presented in the table [14]. This concludes that the simulated
values agree well with the experimental values within 5% at maximum.
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Simulated values at T(K) FPP(nm) | FPV | SPP(nm) | SPV | TPP(nm) | TPV

293 0.275 3.258 0.453 1.127 0.673 1.055

298 0.275 3.207 0.453 1.117 0.679 1.053

303 0.275 3.160 0.453 1.107 0.685 1.054

308 0.275 3.110 0.451 1.098 0.681 1.047

313 0.275 | 3.067 | 0.455 | 1.090 0.681 1.049

Experimental values at 298K [14] 0.288 3.090 0.450 1.140 0.673 1.070

Table 4.1: Details of RDF, g,u_ow, at different temperatures and densities.

FPP: First peak position
FPV: First peak value
SPP: Second peak position
SPV: Second peak value
TPP: Third peak position
TPV: Third peak value
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4.1.1.2 RDF for Argon
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Figure 4.7: The radial distribution function of argon atoms, g¢,, ,.(r), at temperature 293
K and density 1021.558 kgm 3.

Figure 4.7 is a plot of radial distribution function of argon atoms, g,, ,,(r), as a func-
tion of distance between them. The temperature of the system is 293 K and its density
is 1021.558 kgm™3. From the figure, it is obtained that g,, ,.(r) is zero upto the radial
separation of 0.281 nm. The first peak occurs at 0.353 nm at which g,, ,.(r) is 2.656. So,
the nearest-neighbor separation is 0.353 nm which is less than 0.397 nm, the van der Waals
radius of argon atom. The second peak occurs at 0.671 nm at which the value of radial
distribution function is 1.248. There is no third peak, instead the curve terminates by rising
through small value after second minima. The RDF curve is not that smooth as in case of
water. The roughness in the curve is due to insufficient statistics caused by a few number
of argon atoms in our system.
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Figure 4.8: The radial distribution function of argon atoms, g,, ,.(7), at temperature 298
K and density 1018.452 kgm 3.

Figure 4.8 is a variation of radial distribution function of argon atoms, g,, ,,(r), with the
distance between them. The temperature of the system is 298 K and and its density is
1018.452 kgm 3. From the figure, g,, ,.(r) is zero upto the radial separation of 0.285nm.
The first peak occurs at 0.353 nm at which g, ,,(r)is 2.63777 nm. So, the nearest-neighbor
separation is 0.353 nm which is less than the van der Waals radius of argon atom 0.397 nm.
The second peak occurs at 0.681 nm at which g,, ,,.(r) is 1.221. There is no third peak,
instead the curve elevates upto a small value beyond the second minima and truncates. This
indicates that there is no correlation beyond the second minima.
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Figure 4.9: The radial distribution function of argon atoms, g,, ,.(7), at temperature 303
K and density 1014.928 kgm 3.

The variation of radial distribution function of argon atoms, g,, ,,(r), with the radial sep-
aration between them is shown in figure 4.9. The system temperature in this case is 303 K
and its density is 1014.928 kgm 3. From the figure, it is obtained that the value of g,, ,,(7)
is zero upto the radial separation of 0.281 nm. The first peak occurs at 0.353 nm at which
Gan arn(r) is 2.608. Therefore, the nearest-neighbor separation is 0.353 nm less than the van
der Waals radius 0.397 nm. The second peak occurs at 0.699 nm at which g,,, ,,(r) is 1.238.
The third peak is absent. Beyond the second minima the RDF elevates up to a small value
and is truncated. This indicates that there is no correlation beyond the second minima.
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Figure 4.10: The radial distribution function of argon atoms, g,, ,.(r), at temperature 308
K and density 1011.380 kgm 3.

A sketch of radial distribution function of argon atoms, g,, ,.(7), as a function of distance
between them is shown in the figure 4.10. The system temperature is 308 K and density
is 1011.380 kgm 3. The figure shows that g,, ,,(r) is zero upto the separation of 0.283
nm. The first peak occurs at 0.353 nm at which g,,, ,,(r) is 2.729. Therefore, the nearest-
neighbor separation is 0.353 nm which is less than the van der Waals radius of the model
argon atom. The second peak occurs at 0.675 nm at which g,, ,,.(r) is 1.208. Again, the
third peak is absent and the curve elevates up to a small value beyond the second minima.
Then the RDF is truncated, showing no correlation beyond the second minima.
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Figure 4.11: The radial distribution function of argon atoms, g,, ,.(r), at temperature 313
K and density 1008.070 kgm 3.

Figure 4.11 is a plot of radial distribution function of argon atoms, g¢,, ,,(r), as a function
of separation between them. The temperature of the system is 313 K with the density of
1008.070 kgm—3. The nature of the RDF is same as in other temperatures. It can be seen
from the figure that ¢,, ,.(r) is zero upto the radial separation of 0.283 nm. The first peak
occurs at 0.351 nm at which g,, ,,(r) is 2.741, so the nearest-neighbor separation is 0.351
nm which is less than the van der Waal’s radius of our model argon atom. The second peak
occurs at 0.671 nm at which g,, ,,(r) is 1.205. The curve again elevates by a small value
and truncates beyond the second minima. This indicates that beyond the second minima
there is no correlation.
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Figure 4.12: The radial distribution functions of argon atoms, g,, ,,.(r), at different tem-
peratures and densities.

For the comparative study of radial distribution function of argon atom at different temper-
atures and corresponding densities figure 4.12 is referred. As seen from the figure, the radial
distance upto which the RDF remains zero for all temperatures is not same but fluctuates
by small value around 0.283 nm. The main cause for this fluctuation is due to the lack of
smoothness in the curve. The position of first peak for the temperatures 293 K, 298 K, 303
K and 308 K is obtained as 0.353 nm but for 313 K, it is 0.351 nm. The values of first peak
decrease with the increase in temperature initially. But, for temperatures 308 K and 313
K this height is found to fluctuate because of the increase in randomness with temperature
which is obtained in the form of more irregularity in the RDF. The position of second peak
is found to fluctuate while its height is found to decrease with the increase in temperature
except at 303 K. The details have been presented in table 4.2. It is also observed that the
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T(K) | FPP(nm) | FPV | SPP(nm) | SPV
203 | 0.353 |2656| 0671 |1.248
208 | 0353 [2637| 0681 |1.221
303 | 0353 [2608| 0699 |1.238
308 | 0353 [2729| 0675 |1.208
313 | 0351 |2741| 0671 |1.205

Table 4.2: Details of the radial distribution function of argon atom, g,, ,.(r), at different
temperatures and densities.

widths of the first and the second peaks increase as the temperature is raised which is ba-
sically due to the random thermal motion at higher temperatures. This indicates that as
the temperature increases, the argon atoms scatter and become less structured. The radial
distribution function of argon calculated above signifies that the argon atoms don’t move
independently and are correlated to some extent. Although our system contains 5 argon
atoms in 212 water molecules, the system cannot be considered to be infinitely dilute.
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4.1.1.3 RDF for Water-Argon

This section comprises of the radial distribution functions of solvent with respect to argon
atoms ¢,, . (r) at different system temperatures and corresponding system densities.
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Figure 4.13: The radial distribution function of water molecules with respect to the argon
atoms, ¢,, ow (1), at temperature 293 K and density 1021.558 kgm .

Figure 4.13 is a variation of radial distribution function of water molecules with respect to
the argon atoms, g¢,, . (r), with the radial distance between them. The system tempera-
ture is 293 K and its density is 1021.558 kgm™3. The value of g,, . (r) is zero upto the
separation of 0.263 nm. The first peak occurs at 0.347 nm at which g,, ., (r) is 1.98121.
So, the nearest-neighbor separation is 0.347 nm which is less than 0.376 nm, the van der
Waals radius of argon-water combination. The second peak occurs at 0.631 nm at which
Gun ow(r) is 1.094. In this case the second peak is weakly defined. The RDF falls shortly
after second peak,thereby attaining an almost constant value of 1 . This implies that there
is no long range correlation between the argon and solvent molecules.
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Figure 4.14: The radial distribution function of water molecules with respect to the argon
atoms, ¢,, ow (L), at temperature 298 K and density 1018.452 kgm 3.

Figure 4.14 is a plot of radial distribution function, g,, ., (r), as a function of radial separa-
tion at temperature 298 K and density 1018.452 kgm ™. In this case, the value of g,,, ., (r)
is zero upto the separation of 0.261 nm. The first peak occurs at 0.347 nm at which g,, ., (1)
is 1.967. So, the nearest-neighbor separation is 0.347 nm which is less than the van der Waals
radius. The second peak occurs at 0.629 nm at which g,, ,, (r) is 1.092. In this case too,
the RDF falls shortly after second peak, thereby attaining an approximately constant value
of 1 indicating no long range correlations between argon and water.
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Figure 4.15: The radial distribution function of water molecules with respect to the argon
atoms, ¢,, ow (L), at temperature 303 K and density 1014.928 kgm 3.

Figure 4.15 is a plot of radial distribution function, g,, ., (r), as a function of radial sep-
aration at temperature 303 K and density 1014.928 kgm™3. From the figure, the value of
gar—ow (r) is zero upto the radial separation of 0.263 nm. The first peak occurs at 0.347
nm at which g¢,, ., (r) is 1.968. Therefore, the nearest-neighbor separation is 0.347 nm
which is less than the van der Waals radius. The second peak occurs at 0.631 nm at which
Gun ow (1) 18 1.097. Again after second peak, the RDF falls shortly, attaining approximately

the constant average value of 1. This indicates that there is no long range correlation.
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Figure 4.16: The radial distribution function of water molecules with respect to the argon
atoms, ¢,, ow (L), at temperature 308 K and density 1011.380 kgm .

Figure 4.16 is a variation of radial distribution function, g,, ., (r), with the separation
between the argon atoms and water molecules at temperature 308 K and density 1011.380
kgm~3. The value of The excluded region for argon atoms is confined within 0.261 nm where
Gan ow(r) is obtained as zero upto the radial separation of 0.261 nm. The first peak in this
case occurs at 0.349 nm at which g,, ., (r) is 1.924. So, the nearest-neighbor separation is
0.349 nm which is less than the van der Waal’s radius taken in the model. The second peak
occurs at 0.629 nm at which gag_ow(r) is 1.086. After second peak the RDF falls shortly,
thereby attaining an approximately constant value of 1. The constant value indicates that
there is no long range correlation.
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Figure 4.17: The radial distribution function of water molecules with respect to the argon
atoms, ¢,, ow (L), at temperature 313 K and density 1008.070 kgm .

Figure 4.17 is a plot of radial distribution function, g,, ., (r), as a function of radial sepa-
ration at temperature 313 K and density 1008.070 kgm 3. The value of g,, ., (r) is found
to be zero upto the radial separation of 0.261 nm. The first peak occurs at 0.343 nm at
which gag_ow(r) is 1.936. So, the nearest-neighbor separation is 0.343 nm which is less
than the van der Waals radius. The second peak occurs at 0.625 nm at which g,, ., (1) is
1.093. Also in this case, the RDF falls shortly after second peak and quickly attains almost
constant value of 1, thereby indicating the absence of long range correlations as before. The
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radial distribution functions at different temperatures and densities is shown in figure 4.18
for their comparative analysis. From the figure it is seen that the value of RDF remains
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Figure 4.18: The radial distribution functions of water molecules with respect to the argon
atoms, ¢,, o (1), at different temperatures and densities.

zero at all temperatures within the radial separation of 0.263 nm. The position of first peak
for the temperatures 293 K, 298 K, and 303 K is 0.347 nm but for 308 K and 313 K, it
fluctuates. The position of second peak as well as the heights of both the first and second
peaks fluctuate in this case. The fluctuations can arise due to the non uniform interaction
between the argon atoms and water molecules, lack of statistics and the random thermal
motion of the atoms and molecules. The details of the analysis of RDF’s are presented in
the table 4.3.



CHAPTER 4. RESULTS AND DISCUSSION 90

T(K) | FPP(nm) | FPV | SPP(nm) | SPV
203 | 0347 |1.981| 0631 |1.094
208 | 0347 | 1.967| 0629 |1.092
303 | 0347 | 1.968| 0.631 | 1.097
308 | 0349 [1.924| 0629 |1.086
313 | 0343 [1.936| 0625 |1.093

Table 4.3: Details of the radial distribution function of solvent molecules with respect to
argon atoms, ¢,, .. (1), at different temperatures and densities.

Moreover, it is observed that the width of the peaks increase as the temperature increases.
This is basically due to the random thermal motion of the atoms and molecules at higher
temperatures. This also signifies that the correlation between argon and water molecules
decreases as temperature is increased.

4.1.2 Energy Profile

In this section, various energy of the system at different temperatures are calculated and an-
alyzed. The energies comprise of Lennard-Jones, Couomb, Potential, Kinetic and the Total
energy of the system. All these energies are evaluated after the production run. The pro-
gram used by the GROMACS for the energy calculation is g_energy. This program extracts
energy components or distance restraint data from an energy file the energy terms can be se-
lected as desired. It uses the file ener.edr as input and gives energy.zvg as output. The total
potential energy is the sum of the Lennard-Jones energy and the Coulomb potential energy.
As we have used cutoff Lennard-Jones and Coulomb potential, the atoms and molecules will
experience only short-range interaction. Therefore, the calculated potential energy from the
simulation data contains only short range contribution. Besides, it is also analyzed how the
energies vary with temperatures. The variations in energy with time is plotted for different
temperatures using the computer software ORIGIN50 and the results are analyzed from the
graphs thus obtained.
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Figure 4.19: Energy profile for the system at temperature 293 K.

Figure 4.19 is the variation of different energies of the system in kJmol™! with time in
ns. The system temperature is 293 K. From the figure, it is seen that the LJ energy is
positive with an average of 1917.74940.212 kJmol~t. The Coulomb energy is negative with
an average value of -11995.976+£0.326 kJmol~!. Therefore, the total potential energy is -
10078.22740.184 kJmol™t. The average kinetic energy at this temperature is obtained as
1564.86440.061 kJmol~!. The average total energy is -8513.36340.175 kJmol~!. The total

energy in negative signifies that the system is stable.
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Figure 4.20: Energy profile for the system at temperature 298 K.

Figure 4.20 is the variation of different energies of the system in kJmol™! with time in
ns. The system temperature is 298 K. From the figure, it is seen that the LJ energy is
positive with an average value of 1894.81840.212 kJmol~!. The Coulomb energy is negative
with an average value of -11905.5044-0.327 kJmol . Therefore, the total potential energy
is -10010.6864-0.185 kJmol~!. The average kinetic energy at this temperature is obtained as
1591.6394+0.062 kJmol~!. The average total energy is -8419.04640.176 kJmol~!. The total
energy is negative which signifies that the system is stable.
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Figure 4.21: Energy profile for the system at temperature 303 K.

Figure 4.21 is the variation of different energies of the system in kJmol™! with time in
ns. The system temperature is 303 K. From the figure, it is seen that the LJ energy is
positive with an average value of 1877.36840.213 kJmol~!. The Coulomb energy is negative
with an average value of -11828.3424-0.327 kJmol~!. Therefore, the total potential energy
is -9950.9734:0.185 kJmol ™!, which is also negative. The kinetic energy at this temperature
is 1618.40140.062 kJmol~! which is positive. The average total energy is -8332.571£0.176
kJmol~!. The negative total energy therefore signifies that the system is stable.
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Figure 4.22: Energy profile for the system at temperature 308 K.

Figure 4.22 is the variation of different energies of the system in kJmol™! with time in
ns. The system temperature is 308 K. From the figure, it is seen that the LJ energy is
positive with an average value of 1847.33740.213 kJmol~!. The Coulomb energy is negative
with an average value of -11724.1024:0.328 kJmol~!. Therefore, the total potential energy is
-9876.764+0.186 kJmol™! which is negative as well. The average kinetic energy at this tem-
perature is 1645.04240.064 kJmol™!. The average total energy is -8231.72140.177 kJmol .
The negative total energy signifies that the system is stable.
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Figure 4.23: Energy profile for the system at temperature 313 K.

Figure 4.23 is the variation of different energies of the system in kJmol™! with time in
ns. The system temperature is 313 K. From the figure, it is seen that the LJ energy is
positive with an average value of 1833.53540.214 kJmol~!. The Coulomb energy is negative
with an average value of -11655.9654-0.328 kJmol . Therefore, the total potential energy is
-9822.42940.187 kJmol ™! which is negative. The average kinetic energy at this temperature
is 1671.76040.065 kJmol™'. The average total energy is -8150.668+0.177 kJmol~!. The
total energy is negative which signifies that the system is stable.

It can be concluded from the above results that as the temperature increases the Lennard-
Jones energy decreases while the Coulomb increases (decreases in negative). The potential
energy is also found to decrease in negative with the rise in temperature. The kinetic energy
increases with the rise in temperture which is quite obvious. The total energy is found to
decrease in negative.
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4.1.3 Diffusion Coefficients

In this section, the self-diffusion coefficient of solvent (water) and argon gas are estimated
separately by using Einstein’s relation (see chapter 2, section 2.1.22). This relation can be
restated as:

N )2
D, — thm < (Ta(t+t123t To(ti)) >‘

(4.1)

where « denotes the type of the component (solvent or argon), ¢; is any time origin. The
angled brackets < ... > indicate that an ensemble average has been taken. The ensemble
average is over all atoms of the component « in the simulation and all time origins [14]. In
GROMACS, the program g_msd is used to calulate the self diffusion coefficient of argon and
water separately. This program produces a data file of average mean-squared displacement
as a function of time, msd.zvg. The time steps taken for the calculation of MSD is 10 ps.
The production run time in our case is 200 ns for all temperatures. But for argon, the better
statistics is obtained only within 2.5 ns. So, the data is truncated for 2.5 ns and then plotted
by using ORIGINS0 to obtain a straight line. The self diffusion coefficients are then given
by the slope of the linear fit of MSD versus time graph.

The self diffusion coefficients thus obtained are used to calculate the mutual diffusion coef-
ficients of argon in water by invoking Darken’s relation (see chapter 2, section 2.1.22). Also
the temperature dependence of the diffusion coefficients are analysed. The results have been
shown in figures 4.25-4.35.
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4.1.4 Self-diffusion Coefficient of Argon
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Figure 4.24: Mean-squared displacement of argon atoms as a function of time at temperature
293 K.

The time dependence of MSD for argon at temperature 293 K is plotted in figure 4.24
which is double logarithmic plot. For short times, less than 9 ps, it is seen that the MSD
varies with the square of the time. This increment of MSD with time is due to the ballistic
motion of atoms, that is, the atom flies in a straight line with constant speed before collisions
with the water molecules, slow it down and randomize its direction. The ballistic motion
is dominated by the inertia of the particle and its surrounding fluid. For longer times, the
values of MSD are in proportion to time. The atomic motion in this case becomes diffusive.
In the diffusive regime, all inertia effects die out and the motion is completely random. The
diffusive regime where MSD is linear function of time, starts beyond 9 ps and extends up
to 2.5 ns. The self-diffusion coefficient is calculated by fitting a straight line in the diffusive
regime. The calculated value of self-diffusion coefficient, D55, is 2.12x107% m2s~!. The
error obtained is insignificant.
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Figure 4.25: Mean-squared displacement for argon atoms as a function of time at temperature
298 K.

The time dependence of MSD for argon at temperature 298 K is plotted in figure 4.25
which is double logarithmic plot. For short times, less than 9 ps, there is a ballistic regime.
Beyond that the MSD varies linearly with time and is diffusive regime which extends to 2.5
ns. The calculated value of self-diffusion coefficient, D5 p, is 2.40x107? m?s™! and that from
the experiment, D, is (2.504:0.01)x107° m?s~!. The error in simulated value is insignifi-
cant. Also the simulated value agrees the experimental value within 4%.
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Figure 4.26: Mean-squared displacement for argon atoms as a function of time at temperature
303 K.

The time dependence of MSD for argon at temperature 303 K is plotted in figure 4.26
which is double logarithmic plot. As seen in the figure, the curve has parabolic nature in
around and below 9 ps. This attributes to the ballistic motion of the atoms. The diffusive
motion starts beyond that and extends to 2.5 ns. The calculated value of self-diffusion coef-
ficient, DY 5, is 2.54x 1079 m2s~1. The error is insignificant.
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Figure 4.27: Mean-squared displacement for argon atoms as a function of time at temperature
308 K.

The time dependence of MSD for argon at temperature 308 K is plotted in figure 4.27
which is double logarithmic plot. For short times, less than 9 ps, there is again a ballistic
regime. Beyond that the MSD varies linearly with time and is known as diffusive regime
which extends to 2.5 ns. The calculated value of self-diffusion coefficient, D3, is 2.88x107°
m?2s~1. The error is insignificant.
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Figure 4.28: Mean-squared displacement for argon atoms as a function of time at temperature
313 K.

The time dependence of MSD for argon at temperature 313 K is plotted in figure 4.28
which is double logarithmic plot. For short times in and around 9 ps, there is a ballistic
regime. Beyond that the MSD varies linearly with time and is known as diffusive regime
which extends to 2.5 ns. The calculated value of self-diffusion coefficient, D35, is 3.12x107°
m?2s~!. The error obtained in the simulated value is insignificant.
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T(K) | D5z(1079m2s71) | DEL(1079m2s71)[27] | % ERROR
293 2.12 - -

298 2.40 2.50£0.01 3.88
303 2.54 — —

308 2.88 - -

313 3.12 — -

Table 4.4: Details of the self-diffusion coefficients of argon at different temperatures and
corresponding densities.

The self diffusion coefficients thus obtained from the simulation at different temperatures
along with the experimental values (if available) are presented in table 4.4. From the table it
can be seen that the self-diffusion coefficient at 298 K from simulation has a good agreement
with the experimental value within 3.88% [27]. It can also be seen that the self diffusion
coefficient increases with the rise in temperature. The reason behind it is that, the generated
velocities of the argon atoms increase as the temperature increases. Because of these, the
mean-squared displacement increases and according to the Einstein’s relation self diffusion
coefficient also increases. This variation is also consistent with the increase in width of the
radial distribution function g¢,, ., (r) with the rise in temperature. Therefore, when the
width increases, the second maxima becomes less defined increasing the diffusion coefficient
[14].
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4.1.5 Self-diffusion Coefficient of Water
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Figure 4.29: Mean-squared displacement for liquid water as a function of time at temperature
293 K.

The time dependence of MSD for water at temperature 293 K is plotted in figure 4.29
which is double logarithmic plot. For short times, less than 8 ps, it is seen that the MSD
varies with the square of the time. This increment of MSD with time is due to the ballis-
tic motion of molecules. The diffusive regime where MSD is linear function of time, starts
beyond 8 ps and extends up to 2.5 ns. The self-diffusion coefficient is calculated by fitting
the diffusive regime. The calculated value of self-diffusion coefficient, DfI2 o1 18 1.93x107Y
m?2s~! and that from the experiment, Dio, is (2.0240.001)x 1072 m?s~!. Hence, the result
of present work agree within 5% of the experimental result. The error in the calculated value
is insignificant.
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Figure 4.30: Mean-squared displacement for liquid water as a function of time at temperature
298 K.

The time dependence of MSD for water at temperature 298 K is plotted in figure 4.30
which is double logarithmic plot. For short times, less than 8 ps, there is again a ballastic
regime. Beyond that the MSD is linear function of time and extends up to 2.5 ns. The
self-diffusion coefficient is calculated by fitting the diffusive regime. The calculated value of
self-diffusion coefficient, DYy o, is 2.13x107? m?s™! and that from the experiment, DEQ o I8
(2.294:0.001) x 1072 m2s~!. Hence, the result of present work agree within 7% of the experi-
mental result. The error in the calculated value is insignificant.
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Figure 4.31: Mean-squared displacement for liquid water as a function of time at temperature
303 K.

The time dependence of MSD for water at temperature 303 K is plotted in figure 4.31 which
is double logarithmic plot. Is can be seen from the figure that for short times, less than 8
ps, the curve has parabolic nature showing the ballastic regime. Beyond that the MSD is
linear function of time and extends up to 2.5 ns. The self-diffusion coefficient is calculated
by fitting the diffusive regime. The calculated value of self-diffusion coefficient, Df{2 o 18

2.30x107% m?s~!. The error in the calculated value is insignificant.
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Figure 4.32: Mean-squared displacement for liquid water as a function of time at temperature
308 K.

The time dependence of MSD for water at temperature 308 K is plotted in figure 4.32 which
is double logarithmic plot. For short times, less than 8 ps, there is again a ballastic regime
shown by the parabolic nature of the curve. Beyond that the MSD is linear function of time
and extends up to 2.5 ns. The self-diffusion coeflicient is calculated by fitting the diffusive
regime. The calculated value of self-diffusion coefficient, D§2 o 15 2.61x107" m*s~'. The
error in the calculated value is insignificant.
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Figure 4.33: Mean-squared displacement for liquid water as a function of time at temperature
313 K.

The time dependence of MSD for water at temperature 313 K is plotted in figure 4.33 which
is double logarithmic plot. For short times, less than 8 ps, the MSD varies with t2 which is
due to the ballistic motion of the molecules. Beyond that the MSD is linear function of time
and extends up to 2.5 ns. The self-diffusion coeflicient is calculated by fitting the diffusive
regime. The calculated value of self-diffusion coefficient, D§2 o 15 2.84x1077 m*s~'. The
error in the calculated value is insignificant.
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T(K) | D7,o(107m?s™) | DI »(10"m?s~)[12] | % ERROR
293 1.93 2.0240.01 4.45
298 2.13 2.2940.01 6.98
303 2.30 = -

308 2.61 — -
313 2.84 - -

Table 4.5: Details of the self-diffusion coefficients of water (solvent) at different temperatures
and corresponding densities.

The self diffusion coefficients of water thus obtained from the simulation at different temper-
atures along with the experimental values (if available) are presented in table 4.5. This table
is very much useful for the comparative analysis of the self diffusion coefficients of water.
From the table it can be seen that the self-diffusion coefficients are in better agreement with
the experimental value within about 6.98% at maximum [27]. Therefore, the SPC/E water
model can be taken as an appropriate model from the perspective of diffusion coefficient.
It can also be seen that the self diffusion coefficient increases with the rise in temperature.
The reason behind it is that, the generated velocities of the water molecules increase as
the temperature increases. Also, the density of the system decreases increasing volume of
free space available for the water molecules to execute random-walk. Because of these, the
mean-squared displacement increases and according to the Einstein’s relation self diffusion
coefficient also increases. This variation is also consistent with the increase in width of the
radial distribution function g, o, with the rise in temperature. Therefore, when the width
increases, the second maxima becomes less defined increasing the self-diffusion coefficient
[14].
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4.1.6 Mutual Diffusion Coefficient of Argon

The mutual diffusion coefficient of argon in water, D4, where A is for argon and B is for
water, is calculated using the Darken’s relation

Dig = NgDy+ NyDp. (4.2)

In our system, there are 5 argon atoms and 212 water molecules. Therefore, the mole fraction
for argon, Ny, is 0.023 and that for water, Np, is 0.977. The radial distribution function
gar—ar(r) (see section 4.3) indicates that there exists a some correlation between the argon
atoms, though the argon atoms are few in number compared to the water molecules. The
binary mixture of argon and water, therefore, doesn’t satisfy the infinite-dilution condition
because of which we need to invoke Darken’s relation. The calculated values of mutual
diffusion coefficient from the simulation have been presented in table 4.6.

T(K) | D5(107°m2s71) | D3(10™%m?2s71) | D35(1079m?2s7T)
293 2.12 1.93 2.11
2908 2.40 2.13 2.39
303 2.54 2.30 2.53
308 2.88 2.61 2.88
313 3.12 2.84 3.11

Table 4.6: Details of the mutual diffusion coefficient of argon water, D55 at different tem-
peratures and corresponding densities.

From the table, it can be seen that the mutual diffusion coefficient of argon in water is slightly
less than the self diffusion coefficient of argon. It is because of the correlation of the argon
atoms with the water molecules, as shown by the radial distribution function g,, ().
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4.1.7 Temperature dependence of diffusion coefficients

Diffusion coefficients are found to vary considerably with temperature. This variation can
often be expressed in terms of the Arrhenius equation, D= D,exp(-E/NskgT), where N4
is Avogadro’s number, kg is the Boltzmann constant, T is the temperature in Kelvin, and
D, is a constant term referred to as the pre-exponential factor. The term E is called the
activation energy of diffusion. A plot of InD versus 1/T gives Arrhenius plot. The variation
of self diffusion coefficients of argon and water with temperature has been shown in figures
4.34 and 4.35 respectively and the variation of mutual diffusion coefficients of argon in water
with temperature has been shown in figure 4.36.

The variation of self-diffusion coefficient of argon with temperature is shown in figure 4.34.
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Figure 4.34: Temperature dependence of self-diffusion coefficient of argon.

As shown in the figure, it is a Arrhenius plot which have been followed well by the simulated
values of the self diffusion coefficients. Therefore, it can be inferred that self-diffusion coef-
ficient has an Arrhenius dependence on temperature[33]. The activation energy estimated
from the slope of the plot is (14.70840.86) kJmol ™.
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Figure 4.35: Temperature dependence of self-diffusion coefficient of water.

The variation of self diffusion coefficient of water with temperature is shown in the figure
4.35. It is a Arrhenius plot which have been followed well by the simulated values of the
self diffusion coefficients. This variation is in good agreement with that for the experimental
values. Therefore, it can be inferred that self diffusion coefficient of SPC/E water has an
Arrhenius dependence on temperature. The estimated value of the activation energy from
the slope of the plot is (14.82040.90) kJmol .
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Figure 4.36: Temperature dependence of mutual diffusion coefficient of argon in water.

The variation of mutual diffusion coefficient of argon in water with temperature is shown in
the figure 4.36. It is also a Arrhenius plot. Thus, the mutual diffusion of argon in water has
an Arrhenius dependence on temperature. The activation energy estimated from the slope
of the plot is (15.015+0.66)kJmol .



Chapter 5

Conclusion and Concluding Remarks

5.1 Conclusions and Concluding Remarks

A molecular dynamics study of a binary fluid system containing 212 SPC/E water molecules
and 5 argon atoms were performed at temperatures 293 K, 298 K, 303 K, 308 K, and 313 K.
The simulation software GROMACS 3.3.1 was used for the purpose. The parameters were
defined by taking into consideration that our system model resembles very much close to the
real experiment. Only short-range non-bonded interactions within 0.9 nm were taken. The
energy minimization performed using the steepest descent algorithm was found to converge
well. The minimized system was subjected to the equilibration run of 50 ns using NPT en-
semble. The temperature was quickly equilibrated while it took some time to equilibrate the
pressure around 1 bar due to fluctuations. The pressure coupling was done in order to attain
constant average density at 1 bar pressure. The long time production run of 200 ns with the
time steps of 2 fs was then performed on the system using NVT ensemble. Berendsen cou-
pling methods were used to attain constant temperature and constant pressure conditions.
The total effective simulation time for the production run was 1000 ns for five different tem-
peratures. The coordinates, velocities, and energies were written at various rates to produce
results with good statistics. As the number of water molecules in the system dominated
the number of argon atoms, the system density was very much close to the density of water
at respective temperatures. The scaling of velocities to maintain a constant temperature
in the NVT and the NPT ensembles produced small fluctuations in the energies. Also the
choice of the time step of 2 fs, large number of time steps as well as due to short range and
non-bonded interactions, there were drifts in the energies. Then, the structural properties
and dynamical properties have been studied.

The structural analysis at different temperatures and for both the components was done by
calculating the corresponding partial radial distribution functions, viz. g, ,~(7), Gow—ow(7),
and ¢,, .. (r) without employing any long-range corrections. These distribution functions
described the fluid structure with only slight disagreement with the experimental results.
This may be attributed to the exclusion of the long-range Coulomb and van der Waal’s cor-
rections. The roughness of the radial distribution function g,, .. (r) is due to insufficient
statistics taken over only 5 atoms.
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The self diffusion coefficients as equilibrium dynamical property of the system were stud-
ied. The self-diffusion coefficients both for argon and water were separately calculated. The
results are in agreement with the experimental values within 7%. The mutual diffusion
coefficients of argon in water were calculated using Darken’s relation. The self diffusion
coeflicients as well as the mutual diffusion coefficients follow the linear Arrhenius behavior,
thereby showing Arrhenius dependence on temperature. The activation energies are esti-
mated from the slope of Arrhenius plots.

From this study, we conclude that molecular dynamics can be used as a reliable method
to study the equilibrium structure and dynamic properties of fluid mixture. The molecu-
lar dynamics, being computational research, is devoid of any experimental competence and
hazards. As gas-liquid diffusion coefficients are difficult to measure, and large differences
are found between values obtained by different authors and through different experimental
methods, the calculated values of the diffusion coefficient may be used as a crude reference for
any further fluid studies. Besides, the MD simulations are cost efficient and easily accessible.

This study can be extended in several ways in the future. The diffusion coefficient can
also be obtained from velocity autocorrelation function using Green-Kubo relation [16, 17].
We can also find the equivalence between the Green-Kubo and the Einstein’s relation includ-
ing the long-range corrections in the Coulomb energy and van der Waals energy. Also other
transport properties such as thermal conductivity can be evaluaten from the MD simulations.
We can also calculate the self diffusion coefficient by varying the concentration of argon at
same temperature or even by forming a system that comprises of only argon atoms. We can
also change the Berendsen temperature and pressure coupling schemes to Nose-Hoover and
observe the changes in fluctuations and drifts in the energies. We can extend this study to
study the diffusion of argon in supercritical water. One can study the diffusion coefficient
of other gases such as Nitrogen (Nj), Xenon (Xe) as well as carbondioxide (COs) which has
important applications in regular life.
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