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In the paper, w stug certain computer simulations of a modified version of the
SPC/Ewater model, to see if it can predict correctlye density maximum wofater.
This is done using the BOING@ased Leiden Classical application developed by M.
F. Somers. Next, wiavestigate an interesting structune which the molecules are
aligned in four sheetd-inally, wetry to solve the problem of the calculated average
pressure in the systebecoming (and staying) negatiwe conclude that this was
due to a bug in the used application. The structuesfourd might be caused by
artefacts in the simulation similar to the flying ice cube effect.

1. Introduction

Since the advent of computers in the second half of the twentieth century, scientists have sought for
ways to use them in their research. One of thess W8y simulating molecular structures on a scale
which is not easily observed otherwise; the scale of individual atoms and moléetutemiscale
experiments have yielded impressive results, useful laws and praggptaiationsor hundreds of
yearsbut translating these into events on a molecular level have always been limited to the theoretical
imagination of the researcher. Of course, theregh@adybeen theories and laws about the behaviour
of atomic patrticles, but applying these to a compdidatystem, endlessly repeating calculations is not

a task reserved for the human mi@dmputers, however, do not grow tired of calculating. They are
patientlyperforning the same task over and over again for millions of times if necessary, am are
concerned with the practicality of their work. This makes simulation of relatively complex structures
and behaviours possible on a multitude of scales.

Water (HO) is one of the most widelysed and vital of abubstancgin daily life. Beside this, it ab

has some very interesting chemical and physical properties which make it such an intsueigting

to study. This holds true also for computer simulatidie difficulty however with water lies in

exactly those same interesting properties makingci s versatile material. How, for example, do

you simulate effectively the dissolution or ionisation of other molecules in water? And what about
hydrogen bonds, the formation of acids and bases or its behaviour when it nears its exceptionally high
freezirg point of 273 K?

It is therefore not surprising that an exceptional number of models have been designed to mimic
certain behaviours of the,B molecule. Because the structure of liquid water is in effect still hardly
understood, the best that can be disrte create a model that fits certain properties of water, but fails

to correctly demonstrate others; of course the search for a better model is still ongoing. But before that
moment, the best we can do is to determine if a known model behaves confeicttyis thesubject

of this research.

The paper is structured as follows. In section 2 some backgrounds of molecular computer simulation
are sketched. Section 3 deals with the theory used in this paper. Sections 4 and 5 focus on the methods



and the redts of our research. Finally, we end our paper with a discussion about our results (section
6) and the main conclusions (section 7).

2. About computer simulation

In the late 1940's, the first methods were devised for using the newly developed digitakcsrigout

the complex and repetitive calculations required in the field of molecular dynamics. Systems with
multiple particles, all with their own force fields, could now be simulated and studied without the need
for a laboratory.

Of course, computers indbe days used large amounts of space, and the calculations performed used
equally large amounts of time; modern pocket calculators will likely perform them faster.
Nevertheless, it was an achievement not to be ignored, and over the following decadémtegy

made such progress that simulations of hundreds of molecules can be performed on a home PC
generating useful results within a human time frame.

Exactly this fact raises the question: what are the advantages and disadvantages of this kind of
simulations™One major advantage is that lots of theories can be tested without ever needing to
conduct a physical experimets longas the model is goo@This development has, of course, grown
in strength with the development of the Internet.) Thisahs® made possible the testing of outlandish
theories for which no suitable physical means of observation exist; quantum mechaniygantdcs
are example

Simulations of this kind can also be of interest in the field of computer science; writjagesnd

efficient simulation environments and developing realistic models is an art form in its own kind and
abilities of this kind do not necessarily have to stay within the fietthemistry With computer

science being in itself an emerging sectarvhich developments are rapidly taking place and much
progress is being booked, there can be a lot to learn from making and studying these kinds of models.

A notable disadvantage of simulating models theoretically derived from physical observations is the
imminent disconnection from reality; for complicated materials such as liquid water a reliable model
has yet to be developed. If something interesting or extraordinary happens within the simulation, it is
more likely to be an artefact caused by imperfectibthe model than it is to be a physical possibility.
Thereforegit is still best to keep regarding test results obtained solely from simulation to only be of
theoretical value

The large difference between various mathematical approximations of esalitheir subsequent

effects on the models derived from them also indsthiz there is still a lot to happen in this field and
that axioms are yet to be arrived at. Nevertheless, the still emerging field of computer simulations has
a lot of future pantial, even if it should be just a theoretical exercise for the time being.

3. Theory

As discussed above, there are many different models to simulate water. We use a slightly modified
version of the SPC/E modethere the HO-H bond bendnd the GH bond s$retchpotentials are

taken from the Ferguson forfield®. This allows the water to be a nragid rotor. The SPC/E model
was not able to predict the right density maximum of iaserwe wanted to find out if this modified
version would.



Force ancenergy

The simulations that are run here make use of the classical laws of dynamics as formulated by
Newton, especiallf® = & @; the force of a particle is the product of its mass anaciteleration
vector.

The total knetic energy is caldated usig the classic formula:
o
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where K is the total kinetic energy, N the number of particlethemmass of a particle angdthe
speed of a particle.

In addition to this, the Verlet algorithm is used to calculate the positions and trajectdhies
particles in the systein

Temperature
The temperature is kept constant during the simulation using a temperature rescaling algorithm, which

means that adir eachy, the velocities of the particles (velocity, of course, causing temperature) are
rescaledi s i ng t-choeu plwieragké met hod Jdf H.J. C Berendsen et

The pressure
First, let's examine the code which the Leiden Classical application usessionidng the pressure

in the system simulated:
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where P ighepressure, Kishetotalk i net i ¢ iseha wial gng V istligvolume.
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For thevirial parameter in this calculation, the followifgrmulais used
0
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where Q is the viri dlhetotd forcehom a partiche largthe pasitionpfar t i cl e s
particle. This functionis the summation over all particles of the dot product of the force on the
particle, and the position of the particle widspect to the origin of the system.

The dot product is defined as the lengths of the vectors times the cosine of the angle between them;
thus, if the two vectors have roughly the same direction (desgethar®0 degrees), the dot product is
positive, while if they are in opposing directions, the dot product is negative.

For a pressure calculation, this makes sense; if the force of a particle is directed away from the centre
of the box, its position vector habout the same direction, thus the force is exerted on the wall of the
box, which causes pressure in the system.

The (2:1)/3 relation between the kinetic energy and the virial is explained by the fact that Newton
defined kinetic energy as i (to cancel out the %, the kinetic energy is multiplied by 2) and the
force of a particle can express itself as pressure in one of 3 dimehsions



About the box

In addition to this, the box is periodiccording to the minimuraysteraimage conventionThis

means thaivhen a particle leaves the box, it enters the box again from the opposite side as to keep the
model realisticlt must be noted that the physical partigains outside the box; only an image of it
entesthe box, thus making it possiblegomulate diffusion of the particles.

The position vector is therefore calculated from the box origin, while the force vector is derived from

placing the particle in the origin of a new b®nly the particles (and/or images this boxaretaken

into account. Otherwise, the calculation would b
to another being submitted to an entirely different set of force interactions, or the pressure (and other
things) would become incalculable as infinitetgny boxes full of particles are exerting forces at the

same time.

4, Methods

We simulated 64 water molecules in a periodic cubic box. The size of the box was changed to find the
size where the pressure would be 1 atfith normal water, thisvould bea boxwith sides of 23.465

bohr.All test runs were done with a temperature of 298 Kelvin, except the lastlmmerogram we

used to simulate the water was ClassicalDynaraitepen source program written by M.F. Somers

and developed at the Leiden Universityhe simulations were calculated on computers around the

world using the BOINC based Leiden Classical computef.grid

In the first test run, we took th@ovidedwater model and changed the box size. After this change, we
let the simulation run for sommame, to let the water molecules spread through the newly created
space, and afterwards, the size of the box was changed again.

After changing the size of the box a couple of times in this way, a very interesting and strange thing
happened. When, by appig the above
mentioned method aficreasing the size of
the box andhe box size became 40x40x40
bohr, the water molecules were all aligned i
four sheetgsee image 1)

To investigate this behaviour further, we
started by changing the box size of this ne
structure Because the position seems very
optimal, changing the box sizgasdone in
another way. First, increase or reduce the si
by 2bohrand scale the moleculéBhen do a
conformation runusing the steepest decent
algorithrﬁ’, to remove the side effect of the
implicit translation, namely the scaling of the
H atoms.Then let the simulation run for 1.0
ps, to let the molecules settle from the chan8

in size. Image 1- 64 water molecules in a box with a
volume of 64.000 hofr



In the last run, we tried to find out if there is@relationbetween temperature and pressure. In order
to investigate this, we usékde structurewith a box size of 32x32x32ound in the previous test run
changing the temperature ireps of 5degrees. We gave thegructurel.O ps to settle at this new
temperature.

5. Results
The first thing that catches the eye in figure 1 is that the pressure is negative. Another interesting thing

is that the pressure does not reach 1 atm (3.35448 &.1p). We stopped at a box volume 0835
bohr, because making the box smaller would create a very instable situation.
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Figure 1- Average pressure after 0.1 ns. These values were found by changing the volume of
the box.

In the second test we investigated aligned structure a little more by varying the size of the box with
the aligned structure (figure 2). It is interesting to note the figure of the graph from 4086bohr
157464 boht(figure 3). A line can be drawn through the points, using thevidtig function:

0 = 02150 18 with P in a.u.p and V in bohr

Note that the molecules are ordered in different ways at different volumes. As expected, the box with a
volume of 40x40x40 bohr is still aligned in the same way as image 1, but th&t frgeturein this

graph, with box dimensions of 56x56x56 bohr, has the molecules cluttered together in a relatively
small space (saenage 3. It can be noted that the molecules straicturewith a big volume are not

aligned, while they often are atigd in boxes with a smaller volumkhis is easy to explain, as the
molecules in smaller boxes are being affected by the forces of the molecules in neighbour boxes, while
molecules in big boxes are not affected by these forces.
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Figure 2- Average pressure of the aligned wagtnucture after 0.1 ns. Note that the pressure

is negative.
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Figure 3- Same as figure 2, but cut off at 180,000 Baimd with trend line.
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Image 2- The 64 water molecules of the aligretdicture in boxes of different sizes.




