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Abstract

This model investigates the rotation d arigid bod/ with the moleaular dynamics (MD)
method. Two ided dipdes are modelled, bah having their centre of mass(COM) fixed in
space One dipde is permitted to rotate éou its COM the other is nonrmoving. Such a
configuration leads to the moving dipale rotating under the influence of a dipdar eledric
field. The relative positions of the two dipoes are diosen such that the moving dipoe
may only rotate in ore plane. This alows the use of a locd Sphericd Polar (SP
coordinate system (for measuring orientation in spacg. The mass and length o the
dipoles were chosen to refled atomic magnitudes. The dipde length was st to 5
Angstroms and monopde masswas 1.6210%° K g. All monopdes are given the charge of
+ 1 eledron charge.

Using atime step o 7+10*® seands and starting with zero kinetic energy, the simulation
showed that the dipde was confined in a potential well of the dipdar field. This
confinement caused an oscill atory rotation. The anplitude and period d the oscill ation
were due to the initial position d the two dipales, which set the initial potential energy.
Clealy, with zero kinetic energy, the initia potential energy is equivaent to the total
system energy. The period d oscill ation was foundto be gproximately 2 Pico-seaonds
for a system-energy of 0.77eV (2 d.p). The value of this period sets a limit on the time-

step size for such modelsin the future.
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Chapter 1. Introduction.

1.1. Early history of computer simulations.

The properties of liquids have long been o interest to experimentali sts and theoreticians
alike. It was nat urtil the latter half of the last century that the computing cgpability to
cary out redisticdly the large anourt of required cdculations existed. The first method
of simulation was the Monte Carlo (MC) technique, which is gill widely used to the
present day in various applications. The first time alarge mwmputer was used for a MC
simulation was by Metropdis et al in 1953[1] at the Los Alamos National Laboratory,
using the large MANIAC computer. The technique used in their work has snce becme
known as the Metropdis MC method. During thisinitial period o computer simulations,
al simulations were of highly idedised oljeds such as hard spheres and dscs [2]. Many
quantities used in computer simulations are based on empirica values gained from
experiment. One such example is the Lennard-Jones (LJ) potentia which approximates
the Van der Wads intermoleaular force which is attradive & long range and repulsive &
short range, to give an equili brium separation between moleaules. This force aises from
induced dipdesin the dharge density of moleaules. Wood and Parker in 1959performed
the first MC simulation employing the LJ patential. This all owed experimental data to be
compared to computer generated datafor the first time [3].

The MC method made use of randam numbers to make predictions abou a physicd
system. The Moleaular Dynamics (MD) tedhnique simulated the behaviour of moleaules
by integrating classcd/Newtonian physics over time. The first MD simulation modell ed
hard spheres that had constant velocity between perfedly elastic collisions [4,5]. It was
several yeas before asuccesful MD simulation d the LJ paotential was made. In 1964,

Aneesu H Rahman made the first MD simulation d the LJ potential. This smulation
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modelled liquid Argon and generated thermodynamic data, which could be readily
compared with experimental data of liquid Argon [6].

Foll owing this bre&k through, the aeaof computer simulations was more intensively
reseached, and more dficient and widely used algorithms were developed. The Verlet
algorithm [7] for instance was perhaps the most widely used method d integrating the
equations of motion. The Verlet method has good energy conserving properties, even

with long time steps. Time steps are the period d time that the dgorithm integrates the
equations of motion ower. Long time steps are desirable becaise they allow for larger
amounts of time to be smulated over. However, long time steps can leal to larger
discontinuities in the motion d particles, which then leads to lessacairacy and energy is
not conserved well. As an example of the Verlet method, simulations of liquid Argon at
the triple point give RMS energy fluctuations in the order of 0.01% with atime step of
10 semnds. Thisincreasesto 0.2% for atime step of approximately 4 - 10* seconds
[7,19,20]. The Verlet algorithm has been modified many times to overcome the inherent
computational disadvantages. In the Verlet algorithm, velocities are difficult to compute
and may needlesdy introduce numericd impreasion [16]. Animproved Verlet algorithm
has becme known as the leapfrog method. Thisis 9 cdled becaise it used mid-time-
step pdntsto cdculate velocities [12,15]. This methodis not completely satisfadory
either. A further modificaionisknown as the Velocity Verlet, which works by storing
paosition, acceeration and velocity at atime, t.

Soon, simulations of rigid nonsphericd bodes were of interest, in particular the water
(H20) moleaule. For such simulations intramoleaular forces are taken to be & least an
order of magnitude greder than the inter-moleaular forces. Bond \brations are nat
appropriate for rigid bod/ smulations. Given the size of time steps used in MD

simulations the period d bond vbrations are so small that the positions of atoms would
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average out to a constant value awyway. Also, the amplitude of vibrations may be so
small that they are insignificant to the bond lengths and can hence be negleded.
Foll owing the work of Rahman [6] and Verlet [7], two simulations of diatomic moleaular
liquids were made [8,11]. During this time, there were dso two interesting simulations of
liquid water made; the first in 1968was an MC simulation by Harp and Berne [9], the
secondin 1971was a MD simulation by Rahman and Stilli nger [14]. The Water moleaule
continues to be the most interesting and dfficult moleaule to model becaise of its
anomal ous hydrogen bondng properties [25].

A more recent adternative simulation methodis Continuum Methods. Continuum methods
replaceindividual particles by a bulk force field that approximates the presence of many
moleaules. This is more computationally efficient but ladks the acaracy of molealar
dynamics. Work has been dore to mix MD and Continuun methods for investigating
adds in awater solvent. This method d mixing techniques works by using MD for the N
neaest neighbouing layer of water moleaules and keyond this range using Continuum

Methods to approximate the rest of the bulk water. [27].

1.2. Background of this project.

This undergraduate projed has been dore in the Chemicd physics theory group d Hull
University. MD reseach in the groupis fairly new and work has only been dore for hard
sphericd particles. The projed ams to explore and lean haw to creae amodel of anon
sphericd moleaule that can fredy rotate in space Such a model, even o a simple
diatomic moleaule would have many uses. Eventualy, a smulation d water moleaules
would be of interest in several areas. For example; investigating the interadion between
water and certain pdymer surfaces, use a the suspension for coll oid simulations, use & a

solvent for other moleaules such as proteins. It was chosen for this projed to take the
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simplest posshle structure to model, a dipoe. Once a dipole can be succesdully
modelled, the dharges and masses of the monopdes and the bond length between them
can be set to describe aparticular diatomic moleaule. Further more, many dipoles could

be modell ed for lattice structures and liquids.

1.3. Description of the dipole model and simplifications.

In this projed the dipole consists of two pant charges of equal mass parated by a fixed

length rigid bond.

‘<— L —>6

Figure 1.1. Schematic of dipole model.

Sincethis projed is focused onthe rotation d arigid dpole, a further simplificaion was
made. The dipdes would clealy rotate @ou their centre of mass (COM) under the
influence of atorque. Therefore the position d the COM’s are kept constant, such that the
dipdes only rotate, translation through space of their COM is not permitted. The
simulation simply has two dpades, so it can be seen how one dipde dfeds anather.
Furthermore, orly one dipdle is allowed to rotate. By the processof Occan’s razor it can
be seen haw the dipd€e's kinetic energy and pdential energy is affeded by the presence
of aneighbouing dipdar field. Seefig. 1.2for a visuaisation d how the dipaes would

be aranged in space
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QEH‘ Z

Static Rﬂtating

Figure 1.2. Spaial configuration d dipdles.
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Chapter 2. Theory

2.1. Mathematical Model

This model has had many simplificaions 2 that the behaviour of a single dipoe may be
clealy observed. The @ndtions of this model state that there ae just two dpoes. Where
onedipdeis datic in space adis not permitted to move in any way, therefore it has zero
kinetic energy. The other dipole may only rotate, its centre of massis fixed in space and
therefore it has zero trandational kinetic energy but non-zero rotational kinetic energy.
Therefore, it can be seen that al the energy in the system comes from the rotational

kinetic energy of one dipade plus the total patential energy between the two dipades. (See

fig. 1.2.

2.1.1. Rulesfor Notation

This smulation is esentially a four-body problem, when considering each monopde
individually. In the caes of spatial coordinates, forces and pdentials, where spedfic
monopdes are being referred to, it is important to have a ¢ea system with which to
addressead monopde.

Both dpoles and monopdes are given numericd names. It is advantageous to name them
in this way becaise it is completely compatible with the way in which they are addressed
in the computer program. When addressng dipadles, they are simply designated O and 1,
where 0 is the first dipae and 1 is the second dpdle. (Thisis clealy arbitrary, bu does
provide for consistent handling of quantities). For monopdes, the paositive monopde is
always designated 0 and the negative monopde is designated 1. Therefore the name of
the positive monopde on the first dipade is 00, and the paositive monopde on the seaond

dipadeis 10, and the negative monopde on the first dipole would be cdled 01. These so-
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cdled names are often used as abscripts on quantities to denote for which
dipde/monopde they correspondto. Often for a quantity such as those mentioned at the
beginning of this sdion, the subscript has four charaders. The first two always denote
the monopde on the first dipoe and the second fEir always denctes the monopde on the
seond dpde. For instance the resultant force between the negative monopde on the
first dipde and the positive monopde on the second dpole would be denoted as Fo 110
(showninfig 2.1).

o+
ot
Monpde-00 onpde-10

Dipole-0 — « Dipoe-1

Monpde-01
o Monpde-11
6_

Figure 2.1. Display of the naming convention for dipoles and monopdes.

2.1.2. Coordinate Systems

The doiceof coordinate system plays a very important role in the mathematicd model. It
is therefore important to choaose the best coordinate system to fit the gplicaion. The
most commonly used coordinates are Cartesian coordinates. These ae simply three
mutually orthogonal axes, X, Y, and Z. Sphericd Polar (SP) coordinates allow any point
on the surface of a sphere to be defined with two angles ¢and 0 (with ogiondly r, a

radia distancefrom the origin).
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| Z

G

/0**5

b %

%
Figure 2.2. Splerical Polar coordinates.
However this g/stem does not work well for describing rotations in multi ple planes.
Euler Angles however are mmposed of three angles (¢, 6 and ¢). This system works very

well for describing general rotations in multi ple planes[21, p.89.

Figure 2.3. Euler Angles.

2.1.2.1. Simplification by special case of local coordinate system

Despite Euler angles being far more versatile for performing rotations of an oljeq, it is
hard to compute. If aninitial configurationin space ca be chasen such that it is clea the
dipde can ony rotate in ore plane, then SPcoordinates can be dhosen. This smplifiesthe
mathematica treament as well as the required computer programming, yet still yields the

same results as Euler anglesin the same configuration.
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Such a @nfiguration can be eaily seen to exist. If dipoe-0 is held static (as discussed)
and pardle to the Z-axis, then dpde-1 can be & any angle to the Z-axis as long as it
completely liesin the YZ plane. It shoud be noted that the overall dipadle torque has two
contributions. Each monopde @nitributes to the overall rotation similar to a seesaw or a
balancing scde. From such a configuration, al X-comporents of torques will cancd out
because of the symmetry of the cnfiguration, i.e. it is balanced. Furthermore, there ae
no X-comporents in the dipae's length; hence, al distances between the COM and the

monopdes are zero in the X-diredion. Seesedion 2.1.4.3adefiniti ons of torques.

2.1.2.2. Local and Global Coordinate systems

With the previous sdion in mind, the doice of coordinate systems for the simulationis
clea. A Globa coordinate system will tradk the COM positions of the dipales, as well as
being the wordinate system in which all dipde-dipde interadions are cdculated. Since
the global system will only be used for point values as well as line of sight values, which
have Cartesan comporents (e.g., force), it is logicd to choose a Global Cartesian
coordinate system. Having a locd coordinate system simplifies the cdculation d the
dipde'srotation. It has alrealy been stated that only one dipoe will rotate and orly then
in asingle plane, so to choose aSPlocd coordinate system is adequate (Seefig. 2.2. In
this case if 0 is measured clockwise from the x-axis, then this can be held at a value
constant at 172 radians, and the angle @ (clockwise from the z-axis) can be used to
measure the dipole’s rotation in the 6=172 (Y Z) plane. To convert SP coordinates badk
into Cartesian coordinates compatible with the global system there ae astandard set of

transforms.
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dx =1 $in(p) [tosP) (2.1
dy =1 [3in(p) [3in(6) (2.2
dz=1[tos) 2.3

Wherel isthefull length of thedipade.

These transforms give us locd Cartesian coordinates relative to the COM. It shoud aso
be noted here, that these cordinates are the amordinates of the pasitive monopde since
the SP angles are measured from axes to the positive monopde. Given the symmetry of
the dipde, the transforms for the negative monopde ae simply the negative of the
pasiti ve monopde transforms.

To completely transform the monopde wordinates to the global coordinate system,
simply add together the locd monopde Cartesian coordinates to the global Cartesian
COM coardinates. Thisis shown below, the alditions refer to the positive monopde and

the subtradions refer to the negative monopde.

X = Xcon £ dx (2.4)
Y =Yeoy £ dy (2.9
Z =2y tdz (2.6)

2.1.3. Cartesian comporents of systems

Since it is a standard tedhnique to dvide dmost al dynamic quantities into Cartesian
comporents, there ae cetain geometricd issues to be cnsidered. Of prime interest in
this work is the dfed on dpade torques. The overall torque is divided into comporent
torques, eat pardlel to the Cartesian axes. Calculating a torque comporent entail s
looking at the dipodle dong the ais abou which the rotation is being cadculated. The

dipole has afixed length in space This length can be said to have X, Y and Z comporents
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in space (depending on aientation). Consider the torque paradld to the x-axis, when
looking along the x-axis only the Y and Z comporents of its length can be seen, sincethe
X comporents of itslength are paral e to the line of sight and hence have zero length.

z

dz

L,
Y T

Figure 2.4. lllustration d Virtual Dipole length viewed parallel to the X-axis.

Unlessthe dipde is axialy aligned, considering the dipde from the perspedive of eat
axis, the whole length would never be observed. Looking aong the X-axis, ony the
length in Y and Z are seen. Looking along the Y-axis only the X and Z lengths are seen,
etc. The aial torques aso seethese lengths, therefore the orientation d the dipdein a
given cooardinate system affeds the value of the torque (and all quantities derived from
the torque). This leads to the cncept of Virtua dipde lengths, which are simply
projeaions of the dipde length peralel to ead axis. Consider Fig. 2.4,which shows the
virtual dipde length in X-diredion, the length seen from the COM to monopdeis clealy
half the total length of the dipdle, thisleads us to the general form for cdculating a virtual

dipaelength as.
l, =20/d} +d; (2.7

2.1.4. System of equations used for mathematicd model.

This smulation, like any other MD simulation wses a set of equations that are drcularly
interdependent. Initialy the potential energy of the system is evaluated by summing all
the inter-dipole potentials between monopdes based on initial monopde @ordinates.
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Next, the forces on all monopdes are cdculated and resolved into Cartesian comporents.
The forces are then used to cdculate the torques on the dipdes; in turn the angular
acceeration is derived from the torques. Subsequently, the rotational kinetic energy and
angular displacanents are cdculated from the angular acceeration. Finally, the angular
displacements enable the cdculation d the new monopde mordinates. The new

coordinates allow cdculation d the new total potential energy value, and so on.

2.1.4.1. Total Potential Energy

The total potential energy is simmed ower al the potentials between all inter-dipoe

monopde pairs. The overal expresson (and algorithm is);

V= i ZVOM, j (2.9)

Where the monopde pair potential Vg1 IS expressed as;

I

0ilLj ~ 4TE, HOM’] (2.9

Thevariable Iy; 1 ; istheradial distance between monopde Oi and 1.

2.1.4.2. Forces

The expressonfor force obeys the genera form of,

F=-0OV (2.10
Which when evaluated gives,
_ 9lo,
F 0iLj~ (2.1)
' A, [ﬁro,i,l, j )2

Thisisaresultant force between monopdes, however Cartesian comporents are required.

Fortunately, they are eaily evaluated, algebraicaly and computationally.
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(0,11) BCLB:FO,“ (2.12
(0,1]) BLB]:O,“ (2.13
(Foins), E&HTM, (2.14

Where dx, dy and dz are the Cartesian comporents of r (the subscript is negleded onthe
gpatial terms, it isimplicit that they refer to the same monopdes referred to by the force
subscript). Equations 2.12 2.13and 2.14can be eaily proved by use of Pythagoras

theorem to recombine the comporents.
2.1.4.3. Rotational Dynamics

2.1.4.3aDefinition of torque
The genera expresson for torqueis used here,

T=rxF (2.15
In general thiswould expand to,

T, =dylF, —dz[F, (2.19

T, =dz[F, —dx[F, (2.17

, =dx[F, —dy[F, (2.18

The dx, dy and dz terms are the Cartesian transforms of the SPlocal coordinates. In ather
words, they are the distances between the monopde and the COM.
For eat torque componrent, the same agument for virtual dipoe lengths (sedion2.1.3,

appliesto force @mporents. Given that in this caseit is known that only the x-torque will

be non-zero, hence, only the X comporent (egn.2.16 shall be used. It can be seen from
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sedion 2.1.2.2that equations 2.17and 2.18will bemme zero since monopde

contributions cancd ead aher out, as £a in the orientation dscusson earlier.

2.1.4.3. Definition of angular accderation
The following relation is well known (L is angular momentum and | is the moment of
inertia, wisthe angular velocity),

L=1 o 2.19

Where for adipoe with monopde massM and length R (projeded along axis), the

moment of inertiais,
| =2MR? (2.20
(Obvioudly dipde weighs twice & much asamonopde).

It foll ows from egn. 2.19then,
L=1IT[d (2.2)

Where L and w aretime derivatives.

It isaso well known that,

L=t (2.22

Therefore,

T=1 Dh) (2.23

Which finally leads to an expresson for angular acceeration,

w=" (2.24
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2.1.4.2. Rotational Displacement and Ki netic Energy

The instantaneous rotational velocity of the dipole @out any axis for the i iteration of

the simulationis cdculated by,

w =w_, +o [t (2.29
Where dt is the time step for the simulation. Equation 2.25shows that angular
acceeration and instantaneous rotational velocity are cdculated in the same iteration.

Clealy, angular acceeration must be cdculated first in ead iteration.

Hencethe angular displacanent can be expressd as,
do = w [t (2.26)
Similarly the (rotational) kinetic energy in thei™ iterationis caculated as,

KE, =% [t’ (2.27

2.1.4.4. Spatial Displacement
The gpatial displacanent of the monopdes is governed by the dange the SP
@coordinate. In the i iteration of the simulation, the new value for @is caculated as,
@ =@, +do (2.28
The 0 angle does not need to be re-evaluated in this case, sinceit is explicitly assumed
that the dipale will not move beyondthe Y Z plane. Once @ has been re-evaluated, the

Cartesian coordinates can be updated, bah locdly and globally for all monopdes. See

equations2.1t0 2.6insedion2.1.2.1.
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2.2 Computer Model

The program is written in the C programming language [22]. This language is chasen
because of its power and flexibility. Other languages are often constrained in such a way
that relatively simple dgorithms can be complicated to implement. C however, alows
you to do amost anything you want, in a simple and efficient way. The work in this
projed has been caried ou in the Unix environment.

The program itself consists of threefiles; dipole.c: This is the main source ®de which
contains the main function and al sub-routines., dipole.h: This is the header file, this
contains al the numericd constants and definitions of the dipde structures (see next
sedion), prototypes.h: Thisis the prototypes file which contains alist of all sub-routines.
The compiler program (“cc”) requires information abou the sub-routines prior to

compil ation d source @de.

2.2.1 Computer description d dipole

One of the biggest challenges when writing a program with many related values, is a
systematic and easy to uncerstand raming system. The C programming language has a
fadlity known as structures. A structure is smilar to an array variable. However, al the
elements of the structure may have individua names and do no have to be of the same
variable type. Furthermore, orne can nest structures within structures and even dedare
arrays of structures. This flexibility was cgpitalised on when forming the model of the
dipde. Structure and element names are simply separated by a period, when being cdled
in aprogram, for example;

structure. el ement 1. el enent 2.
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Array elements are cdled by an index number, for example, if the dowve structure was
dedared as an array with two elements, the following two lines of C code muld access
both array elements.

structure[0].elenentl. el enent?2

structure[1]. el enent 1. el enent 2.
This provides the basis for a logicd and systematic haming system suited to the dipole-
monopde naming system.
Firstly, many quantities in the simulation have Cartesian comporents, so a structure
named “threeD” was defined which had three éements cdled “X”, “Y” and “Z”, all of
type doule (a floating point variable, highest avail able predsion). Next, a structure was
defined to describe amonopde, by virtue of all its properties. Then a structure to describe
a dipde was defined, this included properties that were exclusive to a dipole, as well as
having an array of two monopde structures, since adipole indeed has two monopdes. In
doing this, the dipde inherits al the properties of the monopdes and monopde properties
would then be cdled in the program explicitly as part of the dipale.
The monopde structure included the following quantities; Mass (constant), force
(externa forcefelt, of type ‘threeD’), distance from COM (locd Cartesian coordinates, of
type ‘threeD’), torque (eat monopde must contribute to the overal torque of the dipale,
of type ‘threeD’).
The dipde structure included the following quantities; COM coordinates (of type
‘threeD’), virtua length (projedions of length discused in sedion 2.1.3 of type
‘threeD’), theta and ph (SPlocd coordinates, of type doule), rotational velocity (of type
‘threeD’), rotational kinetic energy (of type ‘threeD’), and two monopdes (see dove).
The program dedares an array of two dpales, thus an array of two dpales, which have

two monopdes ead, perfedly suits the naming system described in sedion 2.1.1
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Below is an example of this naming system showing the full name of the resultant force
onmonopde 10in they diredion:

di pol e[ 1] . npol e[ 0] . force.y

2.2.2. Program Structure

The program is based onits main function. The main function kegins with a series of
initi ali zation commands. These ae followed by aloop, which contains commands to cadl
sub-routines, energy evaluations and ouput functions. The Main function is completed
with commands to close dl of its outpuit fil es.

The initialization sedion o the program dedares al the variables that will be used,
including the dipale aray. The dipde aray is dedared as aglobd variable, which simply
means all of its elements can be accesd from any subroutine. Next, all the required
output files are aeded, ready for data to be saved in them. A speda function is then
cdled to initialize dl the values in the dipde structures; this takes values that are hard-
coded into the dipale (such as dipde length and monopde mass and COM coordinates
which are @nstants, and initial SP coordinates which are dtered between simulation
runs). All other values such as forces, torques and kinetic energies, are dl set to zero, to
make the system start from rest. This function also cdls two sub-routines that are utili zed
later on by the main loop. The first cdculates the locd Cartesian coordinates of the
monopdes (see @uations 2.1 to 2.6), the second cdculates al of the virtual dipoe
lengths. Upon completion, control is returned to the main function. Having now set al of
the @ordinates, the main function then cdls the potential energy function and saves the
value & the total energy of the system. See sedion 2.1.4.1for details on the potential
energy expresson. Thisis done because the system is explicitly started from rest, so there
is zero kinetic energy. Thisvalue is then stored as the initial total energy of the system. At
the end d the simulation, the initial total energy can be cwmpared with the fina total
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energy, to seehow well the energy is conserved through the simulation. This completes
theinitialization phese, the program then continues to the main simulation loop.

The main simulation loop hkegins by cdling the force caculation sub-routine. This
performs a set of cdculations, which will give dl the Cartesian comporents of the
resultant force on ead monopde. The force routine operates by caculating al the forces
on the monopdes of the first dipde (dipae-0) from the seaond dpade (dipae-1). It then
sums al the forces on ead monopde and similarly infers (by Newton's third law) and
sums all the forces on the monopdes of the second dpade. See sedion 2.1.4.2for the
force euations. Having cdculated forces the main function loop then cdls the sub-
routine which contains al of the rotational dynamics cdculations; these ae based onthe
equations in sedion 2.1.4.3.This sub-routine first caculates moments of inertia and
torques, then angular acceerations, angular displacenents and rotational kinetic energy.
The main function loop then cdls the monopde ordinate update and virtual dipoe
length subroutines to updite respedive variables. The main function loop then cdls the
potential energy sub-routine to recdculate the potential energy based on the new
coordinates.

Having gone through all the main equations, the kinetic energy comporents are summed
together to oltain the total kinetic energy of the system. The total kinetic energy and total
potential energy are summed together and saved as the total energy of the system. This
sum shoud aways gay constant if the simulation is to obey the law of conservation o
energy. It does not adually stay constant becaise of the predsion d the cdculations. The
deviation d this value is a good gauge of the smulation's acaracy. As well as total
energy, total kinetic energy and total potential energy, the change of these energiesis also

saved to ouput files o the energy derivative can be seen. If the program is operating
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corredly, the dhange in kinetic energy shoud refled the dange in pdentia energy
through time.

The main loop continues urtil it has performed the number of iterations edfied in the
header file. Once the loops exits, the main function grints to the computers <reen the
initial and final total system energy and the duration d the simulation (which is the
number of iterations multiplied by the time step). Finaly the main function closes all the

output fil es and terminates.

Chapter 2. Theory Page 25 of 43



Moleaular dynamics smulation o dipole interactions. David.R.Gilson
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Figure 2.5. Schematic of the program structure.
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2.2.3 Output Files

The output of the program isin the form of ASCII text files. These fil es are then taken
and are loaded into commercia graph dotting software (example being XMGR for Unix
work stations and Origin 4.0for Microsoft Windows work stations).

There are two types of output fil e from the smulation, energy profil es and spatial
trgjedories. The energy profil es are two-dimensiona plots, energy versustime. Total
energy, change in total energy, total kinetic energy, change in total kinetic energy, total
patential energy and changein total potential energy are dl saved in separate files. Plots
of these can be seen in Chapter 3. The spatial plotsinclude trgjedories of both monopdes
on dpade-1 (10and 11) through threedimensional space Also, sincethe monopdes do
nat move in the X diredion, there ae dso 3D plots of the paths of monopdes 10and 11

intheY and Z diredions through time. These ae dso shown in Chapter 3.
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Chapter 3. Results and Discussion

Before ay results are shown o discussd, the parameters of the simulation, which all
results clealy depend on, shoud be reviewed. Despite the simulation nd adualy
simulating any spedfic physicd system, parameters were diosen to refled the orders of
magnitude used in MD simulations. The monopde masses were set to approximately the
mass of an Oxygen atom. The monopde darges were simply set to £1 eledron charge
(+1.6¢10™ C) respedively and the dipoe length (c.f. a bond length) was =t to 5
Angstroms. As discussd in chapters 1 and 2, the SP coordinates were chasen so that
dipde-1 was perpendicular to dpoe-0 with resped to the X-axis (8p=0 and 06,=172, 0
measured clockwise from X-axis). The dipole COM coordinates were dso chasen so that
the dipoles were dose but nat so close that monopdes could collide. In pradicethisisthe
effed of the LJ patential, to give an equili brium separation d moleaules. All dynamic
quantities of the dipoles were initially set to zero to infer the system was garting from
rest.

Other quantities in the simulation were the number of iterations and the time step. The
order of magnitude of the time step was estimated by reviewing the values used in
equations 2.24to 2.26 The spedfic value was altered by a processor trial and error. The
number of iterations was again set by trial and error. It is worth nding that whereas a
large number of iterations are desirable to have agood pcture of the simulation through
time; a constraint arises from the cnsiderable anount of data produced, which could be

impradicd to hande. Below is atable summerising al parameters for this smulation.
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Constants

Time Step 7 «10"® Semonds
Iterations 144458(=2.1ps)
Monopde mass 1.6 +10*°Kg
Monopde charges +1.6022¢10° C
Dipodlelength 5A (both dpoles)

Dipde-0 (x,y,2)=3A, 34, 3A

COM coordinates Dipde-1 (x,y,2)=9A, 34, 3A

Initial Values to variables

Dipde-0(6,9 =0, 0
Dipde-1(6, @) =0, 74

Dynamic quantities | All quartitieson bdh dpoles st to zero

Initial SPcoordinates

Table 3.1. List of constants and initial values.

3.1. Results

Initially, energy profiles for the simulation are plotted. By plotting the total system
energy, it can be gauged hov well energy was conserved in the simulation. Total energy
shoud clealy remain constant over time if energy is conserved well. Also, a plot of
Kinetic and pdential energy shoud refled ead aher over time if total energy is to

remain constant. SeeFigure 3.1.
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Figure 3.1. A compasite plot of total system energy, kinetic and pdential energy.

Summing the kinetic and pdentia energies in ead loop d the simulation cdculated the
total system energy lineinfig. 3.1(shownin green).
It can also be seen how kinetic end pdential energy vary naot just with time but also with

angular separation between the two dipoes (SeeFigures 3.2.and 3.3).
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Figure 3.2. Variation d potential energy with anguar separation andtime.
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Figure 3.3. Variation d kinetic energy with anguar separation andtime.
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Figures 3.2 and 3.3were obtained by plotting a3 dmensional data set of time, SP @ angle
on dpade-1 and the patential/kinetic energy (respedively). Please note the subscript on
the @ axis labd, it means this is the ¢ angle on dpade-1. Then, rather than plotting a 3
dimensional curve, projedions of the data on ead plane ae shown to make the data more
readable.

Having now considered the energetic variation d the simulation, Figs. 3.2and 3.3 Ilning
us on to considering the adual motion d the dipole through space The variation d @
with time, clealy demonstrates rotational displacement. The next figure shows the

pasitions of bath dpadesin space ad hav dipde-1 rotates.

KE‘;F:
@ Positive monopoles
@ Megalive monopoles

= Trajectory of
monopole 10

Indicates the
bi-directional
rolation of
dipole

Figure 3.4. Schematic of Dipole positions and movement.

Figure 3.4is adualy a plot of data. The red curve is the trgjedory of monopde 10. The

spheres represent the initial, intermediate and final coordinates of the monopdes, with the
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conreding blad lines representing the bond tetween monopdes. The blue axchor lines
from the monopdes of dipde-1 (which is rotating) are there to demonstrate that the
dipde has no X-comporent in its path.

Figures 3.2 and 3.3show a periodic variation d @ with time. This implies an oscill atory
motion. Thisis represented in fig. 3.4 ty the bi-diredional arrow. However, this periodic

motion can be seen more dealy infig. 3.5
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Figure 3.5. Path of monopde 10 in the YZ plane throughtime.

Figure 3.5 shows the path of monopde 10 in the YZ plane through time. Projedions of
this path are made on ead plane (in grey) to allow better visualization d the movement.
This is esentialy the same & the trgjedory in fig. 3.4, bu the x-axis has been replaced

with time. Thisis demonstrated by comparing fig 3.4with the YZ planein fig. 3.5.
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Finaly, when the program terminates, it returns information abou the smulation. The
initial and final total energies are shown for comparison and the duration d the

simulationisgiven. Thisis siown in the table 3.2.

Initial total system energy (eV) 0.770025
Final total system energy (eV) 0.770027
Energy drift (% of initia) +0.0003%
Simulation duation (Pico-semnds) 2.1

Table 3.2. System energy and duration of simulation.

3.2. Discussion

The results diown in the previous sdion hghlight the key feaures of this smulation.
With resped to the dynamics of the simulation it has been shown haw the dipole moves
and that the motion is oscill atory. With resped to the system energies, it has been shown
that energy is conserved well and which relative paositions of dipoes give apotential

energy minimum.

3.2.1. Energetics

Figure 3.1 shows that the change in kinetic and pdential energy over time were well
balanced. Fig. 3.1 aso shows that total energy remained (approximately) constant over
time, which is to be expeded given that the total energy is the sum of kinetic and
potential energy. As siown in table 3.2 the adual diff erence between the initial and final
total energy was only 0.0003%. This is clealy sufficient acarracy. Also, it suggests that

for future simulations the time step could be dlowed to be longer than it was in this
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simulation (seetable 3.1). A longer time step would increase the ‘energy drift’. However,
given the value 0.0003%, an increase on this could be tolerated.

Figures 3.2 and 3.3 show the variation between time, energy and relative angular
separation. Note, since only dipae-1 moves, the ¢ SP coordinate is effedively the
relative angular separation. It is of interest to knowv which relative paositions give us a
potential energy minimum. This will tell us the configuration a system of many bodes
would tend to relax into over time. Consider the potential energy minimain fig. 3.2,it can
be seen that these crrespond to a value just greaer than 3 radians. Upon closer
examination d the data file itself, this value is approximately 3.14 (approximately m)
radians. This grongly suggests that the energy minimum position for two dipoles is
anti-parallel. The angle, @, is always a measure dockwise from the Z-axis to the positive
monopde. Therefore an angle of Ttwould pasition the dipae paral e to the Z-axis with
the negative monopde paointing in the paositive Z diredion from the dipole COM. In this
case ¢ isthe dfedive angle between dipades becaise @ has a mnstant value of O radians.
Therefore, since dipae-0 is parall €l to the Z-axis with its positive monopde pointing in
the pasitive Z diredion from its COM, then dpde-1 must also be paralld to the Z-axis
with its negative monopde poainting in the positive Z diredion. Obvioudy, this
description ony applies to the wordinate system used in this particular case, bu for two
dipales with fixed COM’s, these results suggest that anti-parallel would give an energy
minimum pasition. If both dpades could fredy rotate dou their COM’s, this particular
configuration may only be alocd potential energy minimum, since there culd be more

compli cated configurations that would yield an even lower ‘potential well’.
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3.2.2. Dynamics

Figure 3.4 shows that the movement of dipole-1 is circular in the YZ plane. Thisisto be
expedaed given that dipoe-1 has a fixed COM and that it has aready been shown that it
would orly fed atorque &ou the X-axis (seesedion 2.1.4.33. Looking at fig. 3.4 ore
may carelesdy asume that it is an incomplete drcle becaise the simulation dd nad run
long enough. Upon examination d the ¢-time curves on ether fig. 3.2 o 3.3, it can be
seen that the dipdle rotates from its initial position to a maximum angle, and then rotates
badk to approximately where it started. This would seam to indicate that the trgjedory in
fig. 34 is adually overlapping itself with a return journey. Figure 3.5 takes fig. 3.4and
extendsit intime. In fig. 3.5it can be seen that the dipdle rotates, stops, and rotates in the
oppdasite diredion. This would explain the doule potential energy minima in fig. 3.2.
Dipde-1 passes through the energy minima position in a dockwise rotation, so it must
passbad through this paosition onthe anti-clockwise return journey. Conversely, this also
explains the doule kinetic energy pe&ksin fig. 3.3,since d a point of minimum potential
energy maximum kinetic energy must also be adieved.

This can be understood when the energies invalved in this motion are @nsidered. Put
simply, dipae-1is guck in a potential energy well. The patential well may be visuali sed
by viewing the variation d potential energy with ¢, in fig. 3.2. The initial orientation d
dipde-1 bestows uponit a cetain amourt of patential energy, which it will use to move
under the influence of the dipdar eledric field. The dipoe caina have more or less
energy than it initialy starts with. As it rotates through this field, it will be stopped when
it reates a field paentia equal to that of where it started. Using the potential well
analogy, orceit climbs to a paint that is equal to where it started, it has climbed as high
up the potential barrier as possble. The patential barrier arises due to the dedric field

emanating from ead monopde. The potential barrier rises as like-charged monopdes
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approach ead aher (c.f. monopde 10 approaching monopde 00 as it rotates). If the
dipde had enowgh initia kinetic energy, it may be ale to surmourt this potential barrier
(using up it’s kinetic energy) and fall down the other side (hence building up kinetic
energy again), bu in this case it starts from rest, so the only way it could ever have the
energy to surmourt this barrier would be if the simulation started with the dipde & the
top d the potential barrier. For a smulation starting from rest, the higher the dipde is
initially placed onthe potential barrier determines how far it may rotate. Conversely, if
the dipde was placal at the bottom of the potential well to start with and hed no knetic

energy, it would nd rotate & all.

3.3. Review of discussions

This smulation satisfies logicd expedations. It is modelled on well-known laws of
physics, and daes indeed olbey the law of conservation d energy (which was nat
explicitly programmed into the simulation!). Given the mutual repulsion and attradion o
monopdes, it is aso logicd to exped there to be potential (and kinetic) energy maxima
and minima, which would form a patential well. Furthermore, lacking sufficient energy,
the dipole would be @nfined to this potential well. The oscill atory motion d the dipde
provesthat it isindead confined to a potential well.

A noteworthy paint is that the oscill atory period d dipde-1 is approximately 2 Pico-
seonds. Some MD simulations utili ze Pico-second to Femto-second time steps [21].
While Femto-seaond time steps may be suitable for this model (subjed to testing), it is
clea that such alarge time step as a Pico-semndis clealy not acceptable for this model

given the period d oscill ation d the dipde.
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Chapter 4. Summary

4.1. Results

This smulation dsplayed severa key feaures. One dipole was not permitted to move in
any way. Therefore, the simulation can be regarded as the interadion d a dipde (which
has a non-moving COM) with a fixed dpodar eledric field. Because the dipde had a
fixed COM, it became trapped in the potential well of the fixed field. This gave rise to an
oscill atory rotational motion.

Given an initia potential energy of 0.77 eV with zero Kinetic energy the period d
oscill ation was approximately 2 Pico-seands.

It was also shown that when the dipoles becane aiti-paralel, the minimum potential
energy was reated. From fig. 3.1 the minimum potential energy was approximately
-1l.1eV.

Throughou the simulation it was demonstrated that there was an equal exchange of
kinetic and pdential energy, which lead to a mnstant total system energy. Conservation

of energy was good there was only a +0.0003% drift from the initial energy.

4.2. Limitations and solutions

The principa limitation in this smulation was the @ordinate system used to cdculate
rotational motion. Spherica Polar coordinates were used to measure the orientation d the
dipde in space However, SP coordinates are insufficient to caculate non-planar
rotations. The problem was avoided in this case by choosing an initial configuration such
that planar rotation was the only possble motion. However for rotational motion abou

any Cartesan axis, Euler angles must be employed to evaluate such angular
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displacements. The mathematics for this are more wmplex than for SP coordinates, bu
are obviously more useful.

The other limitation d the simulation was that even though there was a dipdle that could
rotate, it could only rotate, its COM could nd move through space To alow free
trandation d the COM, the mathematicd analysis would have to be extended to consider
the resultant trandlational forces on the COM. This would orly mean a modest
modificaion to the computer program. Once dipoles can be translated through space a
extra fador has to be mnsidered. If the dipdes can move towards and away from eat
other, they could collide or even be so close that their monopde bonds could cross
swords as they rotate. They could also drift apart so far that their mutual fields have littl e
effed on eat aher. So, it would have to be a@nsidered whether or not to impose a
simulation box with periodic boundary condtions [23]. This would limit the volume of
spacein which the smulation took gace Periodic boundary condtions operate by taking
a particle that was passng beyond the wall s of the simulation box and repladng it on the
oppdasite side of the box, as if particles were flowing through the simulation box. Also,
use ould be made of the Lennard-Jones potential, which impaoses a paotential on particles
that creaes an equili brium separation between particles. This would perhaps remove the
need for a simulation bo for a small number of particles becaise the LJ potential would
keep them all at a suitable separation.

This smulation hes also shown that when considering rotational motion, the time step
canna be & large & for sphericaly symmetric particles if a cwntinuous motion is to be

adhieved. Continuows motionisimportant for energy conservation.
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4.3. Future Work

Future work on this model will consist of applicaions of the arrent model and
extensions of the model (and applicaions there of!). The most important next step shoud
be to replacethe SP coordinate system with Euler angles s that non-planar rotations can
be simulated. Investigations of the interadions between more than two dpales could then
be caried ou. Also, toleranceto longer time steps could be experimented with. Diatomic
lattice structures could be simulated using the fixed COM dipades by having a large
number of regularly arranged dipaesin a smulation. The monopde darges and masss
could be dtered to reflea the mnstituent atoms of the lattice

An extension to the model could be made to allow the dipde completely free movement
in space by alowing trandation d the COM. Having adieved this; adua diatomic
moleaular dynamics can be performed, by setting the monopde charges and masses to
appropriate values for particular moleaules.

Once this can be dore, it would be logicd to try and incorporate thermodynamic
quantiti es into the simulation to acourt for volume, presaure, temperature, etc.

Oncethe &ove extensions to the original model have been completed, an attempt shoud
be made to model more cmplicated structures (than linea moleailes). Then true
moleaular dynamics of polyatomic moleaules can be performed. Since there is © much
interest and dfficulty in MD simulations of water, it would be of interest to try modelli ng

the H,O moleaule.
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